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FOREWORD 

During the last fifty years fluid dynamics has become 
indispensable in the solution of industrial problems, 
particularly those associated with aviation. Technology has 
advanced so rapidly that, to meet its demands, research on 
a gigantic scale is necessary. A regrettable consequence of 
this is that advances in the field of fluid dynamics have 
become too numerous for one person to be able to survey 
them. There is therefore a pressing need for surveys of the 
various branches, so that a reader can obtain a view of the 

Gottingen, 
October, 1956 

whole subject and can be informed on the questions of 
greatest importance. Unfortunately, little has been 
accomplished in this direction; the chief reason is that few 
workers have a real mastery of their field. Consequently, 
this book is most welcome, since it provides a clear and 
comprehensive survey of the subject of wing profiles. It is 
highly desirable that similar books should be written on 
other subjects. 

ALBERT BETZ 





PREFACE TO THE ENGLISH EDITION 

Dr. Riegels's book was written with the needs of German 
workers in mind, yet it should appeal to a much wider 
circle of readers. Our knowledge of a scientific subject is 
never complete, but further advances in the subject of 
wing profiles are likely to be small-scale; therefore, a book 
that surveys all the main theories and discusses many of the 
experimental investigations should be most valuable. Not 
the least useful part of the book is the large amount of 
tabular and graphical information on the geometrical and 
aerodynamic characteristics of profiles. 

In times when slenderness is such a desirable attribute 
of wings, and supersonic speeds are commonplace, there is 

Farnborough, 
Feb-ruary, 1960 

a tendency to think of low-speed, two-dimensional flow as 
an outdated topic. It is forgotten that the subject is still of 
importance: it is continually required in the design of ship 
propellers, turbines, and compressors; and it is still of use 
for a wide variety of aircraft, ranging from gliders to model 
aeroplanes. 

I wish to thank many of my colleagues at the Royal 
Aircraft Establishment (not all of them German-born) for 
their ready help. It is a pleasure to express my gratitude to 
Mrs. W. T. Lord for performing the secretarial work so 
competently. 

D. G. RANDALL 
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1. NOMENCLATURE. GEOMETRY. 
SURVEY 

1.1 Definitions. Scope of Book 

Every body moving through a fluid is subjected to a 
force. Of particular importance are those bodies for which 
the component of force opposite to the direction of motion 
is small compared with the component of force normal to 
the direction of motion. Bodies with this property are called 
"wings" if the dimension in one direction, the" thickness", 
is substantially smaller than the dimensions in two direc
tions normal to each other and to the first direction, the 
"chord" and the "span"; the direction of the chord is 
approximately that of the flow at infinity, the "free 
stream". A section normal to the span is called a "wing 
profile" -briefly, a "profile". We shall be mainly con
cerned with two-dimensional flow about a profile-in 
others words, with flow about a wing of infinite span. The 
wing is assumed to be moving with a constant speed V; if 
we use a system of co-ordinates fixed with respect to the 
wing, the speed of the fluid at infinity is assumed to be V. 

1.2 Characteristic Geometrical Quantities 

1.2.1 Thickness Distribution and Camber Line 

The ordinates of the profile are measured from some 
suitable axis, the x-axis. It is usual to regard the profile as 
formed by superposition of a "thickness distribution" 
y(t)(x), symmetrical about the x-axis, on a "camber line" 
y(c)(x). The camber line, sometimes called" mean line" or 
"skeleton line", has been defined in two ways. The older 

Fig. 1.1. General definition of the camber line 

definition assumes that the complete profile is given; the 
camber line is then the line joining the centres of inscribed 
circles (Figure 1.1). The second definiti(ln assumes that the 
two parts of the profile are separately given; the complete 
profile is then formed by measuring the ordinates of the 
thickness distribution from the camber line in a direction 
normal to this line. These two definitions are approximately 
equivalent·t Using the second definition, we obtain for the 

t On the difference between the two definitions see BAUSCH. 

ordinates of the upper or "suction" side (suffix u) and the 
lower or "pressure" side (suffix l) 

Xu = x - y(li sin y 

XI = X + yet) sin y , 
Yu = y(c) + y(l) cos Y , 
YI = y(Cf _ y(l) cos y ,(1.1) 

w here tan y = dy(c) Idx. This is the method used for the 
design of N ACA profiles; it is the most usual one nowadays. 
Simple addition and subtraction of the camber line and 
thickness distribution are usually sufficient for slightly 
cambered profiles (small y): 

Xu = x , Yu = y(c) + y(l) , 
XI = X , YI = y(C) - y(l) (1.2) 

The co-ordinates x and yare generally divided by the chord, 
e, of the profile, the origin of co-ordinates lying at the 
leading edge. In addition to the co-ordinate system (x, y) a 
second one (~, y) is often employed, in which the origin 

y 

~.e -elZ -cIt! 
() 

c 
() 

Fig. 1.2. Usual co-ordinate systems 

lies at x = c/2, Y = ° and the co-ordinates are divided by 
el2 instead of bye (see 'Figure 1.2). The following relation 
holds between these two systemst: 

c ~ x 
~ = x - -, or - = 2 - - 1 (1.3) 

2 e/2 e 

The x-axis is defined as the straight line joining the ends 
of the camber line, and so it is possible that a few points in 
the region of the nose of a cambered profile have a value of 
x less than 0, or a value of ~ less than -(eI2); usually this 
occurs only when the camber is large. To avoid it we use the 
longest line joining two points of the profile as reference 
axis in the theory of Chapters 7 and 8; this axis is obtained 
from the axis used above (the chord of the camber line) 
by rotation through a small angle aR; in Table 11.1 this 
angle is given for some common profiles. The chord of 

t The experimenter prefers to work in the region 0 ~ x ~ c; 
the theorist, to make use of certain symmetrical properties of 
the formulas, prefers -(cj2) ~ $ ~ (cj2). Both definitions are 
used in this book; when no confusion is possible, c is occasionally 
set equal to 1, or (to avoid the decimal point) to 100. 
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the pressure side or the tangent at the traili~g edge on 
the pressure side have been used as reference axes for the 
ordinates when the profile has large camber. For sym
metrical profiles (or for thickness distributions) the axis of 
symmetry is always used as the reference axis. 

1.2.2 Parameters 
For fixing the geometrical form with the help of a few 

data, the following parameters are suitable. 
(a) For the camber line (Figure 1.3): 

Fig. 1.3. Geometrical parameters of the camber line 

1. the ratio of the maximum camber,J, to the chord, 
e-briefly, the "maximum camber", fie; 

2. the position of maximum camber, XI, divided by 
the chord-briefly, the "position of maximum 
camber", xlle. 

(b) For the thickness distribution (Figure 1.4): 

Fig. 1.4. Geometrical parameters of the thickness distribution 

1. the ratio of the maximum thickness, t, to the 
chord-briefly, the "thickness ratio", tIc; 

2. the position of maximum thickness, Xt, divided 
by the chord-briefly, the "position of maximum 
thickness", Xtl e ; 

3. the nose radius, referred to the chord, 

~ = lim {_! (dy(t)/dX)3} . 
e ... -0 c d2y(t) Idx2 ' 

(1.4) 

4. the slope at the trailing edge, tan 7:T = -dy(t)ldx 
at X = c. In special cases it is useful to know: 

5. the leading edge coefficient,t 

tan 7:L = lim (dy(t) _ Jro) ; 
x-o dx 2x 

(1.5) 

6. the radius of curvature at the maximum thickness, 
referred to the chord, 

1 1 
at C d2y(t)ldx2 

X=Xt. (1.6) 

The parameters flc and tIc are generally regarded as 
sca.le factors of an affine transformation. To have the 
remaining parameters in a form that remains constant 

t This quantity, which by its definition is limited to the thick
ness distribution, is positive or negative when the nose is 
respectively hyperbolic or elliptic. 

1. NOMENCLATURE. GEOMETRY. SURVEY 

when the scale factors change, the following characteristic 
combinations of parameters are frequently used; they are 
designated by the quantity that is made dimensionless. 

(a) N d· roe ose ra IUS: (10 = t2' (1.7) 

(b) Sl' t th T d tan 7:T (1.8) ope a e tral mg e ge: ET = -1-' 
t e 

(c) L d· d ffi . tan 7:L (1.9) ea mg e ge coe clent: EL = -1-' 
t c 

(d) Radius of curvature at the maximum thickness: 

(1.10) 

If the profile is designed empirically the parameters must 
be found graphically. To determine the camber line, 
inscribed circles are drawn and their centres joinedt 

(Figure 1.1); the quantities t andf can then be measured. 
For the determination of the nose radius, role, and the 

leading edge coefficient, tan 7:L, the quantity y(t)/Vx is 
plotted against X (Figure 1.5). The slope at the trailing 

-J( 

Fig. 1.5. The determination 

of!! and tan <L 
c 

Fig. 1.6: The determination 
of the position of maximum 

thickness, ~ 
c 

edge, tan 7:T, can be measureu sufficiently accurately if y(t l 

is drawn with an enlarged scale near x = c. The pesition 
of maximum thickness, Xt, is obt~ined as in Figure 1.6, 

where the quantity ± J ~ - y(t) is plotted against x. When 

Xt has been thus found, the radius of curvature at the 
maximum thickness, rIle, is obtained by plotting 
(x - Xt)2 

(tI2) _ y(t) against x (Figure 1.7). 

(x-xli 

1-./tJ 

-J( 

Fig. 1.7. The determination 
of the radius of curvature at 
the maximum thickness,., 

In the construction of profiles by the NACA method it is 
useful to know the initial slope of the camber line, because 
the centre of the circle of curvature at the nose is ·assumed 

t For a refined method see BAUSCH. 

' . .;. 
t 

) '1 

,I 
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1.3 EXPERIMENTALLY INVESTIGATED FAMILIES OF PROFILES 3 
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to lie on this line; for NACA profiles it is usual to give the 
initial slope of the camber line in addition to the nose 
radius; for a certain class of camber lines, with infinite 
slope at the leading edge, it is further agreed to give the 
slope at x/c = 0·005, and to use this for constructing the 
profile nose. 

1.2.3 Introduction of the Parametric Angle 
In theoretical work it is convenient to introduce a 

parametric angle, cp, in place of x by the relationship 

c c 
x = - + - cos m or 2 2 T' 

c 
; = - coscp 

2 
(1.11) 

(see Chapter 7). Any profile can be represented by a 
Fourier series 

y co 
- = E (a,. cos PCP + b. sin Pcp) , (1.12) 
c/2 .-0 

c being the greatest chord of the profile; the cosine series 
represents the camber line, and the sine series represents 
the thickness distribution. 

We end this section by showing how the nose radius is 
determined from the representation of y as a function of cpo 
If the profile is not pointe,d at the nose it can be described 
in the region of the nose by an equation of the form 

b b 
y = bVX + ... ; hence, y' = 2 x-(1/2) and yN = -4 x-(3/2) I 

so that ~ = ~ or b = J 2 ~. If y is now plotted against cp 

in. the neighbourhood of cp = 7l, the slope of this curve is 
1 dy dy dx b - - = - - = -- when cp = 7l. since this slope is 
c dcp dx cdcp 2 ' 
proportional to the constant b, it is a measure of the nose 
radius. 

1.3 Experimentally Investigated Families of Profiles 
1.3.1 Gottingen Profiles 

"Gottingen" profiles are numbered approximately in the 
order in which they were tested. Figure 1.8 is a survey of 
the profiles described here; in general, the few profiles 
have been preferred which form systematic groups with 
common characteristics. To these belong the following. 
(a) The symmetrical profiles: Go 409, 410, 459, 460. 
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Fig. 1.9. Survey of measured Joukowsky profiles 

(b) The profiles whose pressure side is predominantly 
straight: Go 436, 508, 564, 593; the series Go 622, 623, 
624, 625 (with thickness ratios tic = 0'08,0·12,0'16, 
0,20). 

(c) Profiles which are segments of circles. 
1. With sharp nose and trailing edge: Go 608, 609, 

610, 708 (ratio of radius of circular arc to chord is 2·8, 
2·45,1·9, 1·75, so that/Ie = 0·045,0·051,0·066,0'071), 
and Go 1K, 2K, 4K (with/Ie = 0·0385,0·0735,0·1475). 

2. With nose and trailing edge rounded: Go 5K, 6K, 
7K, 8K, an affine series with thickness ratios tic = 
0·037, 0·075, 0·110, 0·1485; Go 9K, 10K, 11K, 12K, 
13K, an affine series with tic = 0'0245, 0·0385, 0'0745, 
0·1110,0·1480; Go 14K, 15K, 16K, an affine series with 
tic = 0'12, 0'15, 0·1815. (The K which follows the 
numbers signifies that measurements were carried out 
on these profiles in the presence of cavitation.) 

(d) The American profiles: M6, identical with Go 677; 
M12, identical with Go 676. 

(e) The Joukowsky profiles (Figure 1.9), which are shown 
here because of their extraordinarily large maximum 
cambers and thickness ratios. 

The remaining profiles are mostly without systematic 
behaviour, but, because of their special properties, they 
have proved to be of use for certain purposes. The ordinates 
of the profiles are collected together in Table 11.3. 

1.3.2 Four-figure NACA Profiles 
Figure 1.10 is a survey of typical profiles of this kind; 

their designation is descriptive of the profile geometry, and 
the figures have the following meaning [R460]. 

The first figure: the maximum camber as a percentage 
of the chord. 
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The second figure: the position of maximum camber in 1.3.3 Five-figure NACA Profiles 
tenths of the chord. These profiles differ from the four-figure series by having 

The third and fourth figures: the maximum thickness a camber line with a smaller value of the position of 
as a percentage of the chord. maximum camber [R537]. In the designation of these 

EXAMPLE: the profile NACA 4412 has a maximum camber profiles the first figure denotes an aerodynamic property, 
of 4% at 40% of the chord, and a maximum and the last four figures again denote geometrical proper-
thickness of 12%. ties. For the profiles of the series beginning with 2 the 

Thickness Distribution: Type Dl of Section 7.3; for this figures have the following meaning. 
type the position of maximum thickness lies at 30% of the The first figure: 20/3 of the" lift coefficient at the ideal 
chord. angle of incidence, ct" (see Section 3.l). 

Camber Line: Type S2 of Section 7.2; the first two The second and third figures: twice the value of the 
numbers, together with the preceding N ACA, define the position of maximum camber as a percentage of the 
general behaviour of the camber line (in the example: chord. 
NACA 44). Table 11.2 gives ordinates and aerodynamic The fourth and fifth figures: the maximum thickness as 
characteristics of the camber lines NACA 62 to 65; those a percentage of the chord. 
of the camber lines NACA 42 to 45 and NACA 22 to 25 can EXAMPLE: the profile N ACA 23018 has a ct of 0·3, its 
be obtained from those of NACA 62 to 65 by affinely maximum camber lies at 15'% of the chord, 
reducing, with. factors 4/6 and 2/6 respectively. and it has a maximum thickness of 18%. 
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Thickness Distribution: Type Dl of Section 7.3. 
Camber Line: Type S4 of Section 7.2. 
The following small table gives the geometrical para

meters of the camber lines of this series. 

Camber line 210 220 
Maximum camber, 

230 240 250 

fie = 0'0111 0·0154 0·0184 0·0208 0·0226 
Position of maximum 

camber, x/Ie = 0'05 0·10 0·15 0·20 0:25 

The ordinates and the aerodynamic characteristics are 
given in Table 11.2; Figure 12.2 shows the shapes and the 
pressure distributions. Modifications to this series for 
other ct are made by affine transformation of the ordinates 
of the camber line; examples of such modifications are the 
profiles whose first numbers are 3, 4 and 6 (the correspon
ding ct being 0'45, 0'6, and 0·9). A survey of these profiles 
is given in Figure 1.11. 

The employment of a different camber line is indicated 
by the third figure: if a 1 stands in this position the 
camber line of Type Sa (with fixed centre of pressure) has 
been used (see Section 7.2). 

1.3.4 First Extension of the Four-figure and Five-figure 
NACA Series 

Occasionally the extensions affect the camber line, but 
mostly they affect the thickness distribution. Some of the 
four-figure profiles have camber lines with a point of 
inflexion, so that systematic variations of the pitching 

44012 64021 

moment at zero lift can be investigated; to this group 
belong, for example, the profiles 2Rl12 and 2R212 [R460]. 

The first modifications to the thickness distribution 
affect only the nose radius, and they are indicated by an 
appended capital letter: T (smaller nose radius, more 
pointed shape) ; or B (larger nose radius, bluffer shape). 
In the later modifications the position of maximum thick
ness is also .systematically varied [R492]. For both the 
four-figure and five-figure profiles these modifications are 
described by the addition of two figures following a short 
horizontal dash; in the designation of such profiles the 
figures have the following meaning. 

The first figure· after the dash: a measure of the nose 
radius. In detail: 

0, zero radius of curvature (pointed nose); 
3, one-quarter of the normal radius of curvature; 
6, normal radius of curvature; 
9, three or more times the normal radius of curvature; 

the "normal" radius of curvature is that belonging to 
the thickness distribution D1, role = 1·1 (tlc)2. . 

The second figure after the dash: the position of maxi
mum thickness in tenths of the chord. 

EXAMPLE: the profile 0012-34 is symmetrical, it has 12% 
thickness ratio, its nose radius is one quarter 
of the normal radius, and its position of 
maximum thickness lies at 40% of the chord. 

Thickness Distribution: Type D2• 
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1.3.5 Extension of the NACA Series by the DVL 

The first extension involves changes in the thickness 
distribution similar to those of Section 1.3.4, but the 
gradations in the variations of nose radius and position of 
maximum thickness are refined. The following have been 
in vestiga ted. 

7 

position of maximum camber, XI, equal to 
0·35e; it has a thickness distribution with 
maximum thickness t = 0·12e, the nose radius 
is f-normal, the position of maximum thickness, 
XI, is equal to 0·4e, and the slope at the trailing 
edge is half the normal value. 

(a) Normal nose radius, eo = roc/t2 = 1·1. 
.i-normal nose radius, = 0·825. 
i-normal nose radius, = 0·55. 
i-normal nose radius, = 0·275. 

(b) Position of maximum thickness: Xt/e = 0·35, 0'40, 
0·45,0'50. 

The second extension involves, in addition, a change in 
Tp (the angle at the trailing edge) and in the corresponding 
parameter Ep = (tan Tp)/(t/c). 

The method of designation is purely geometrical and, 
as the example has shown, the series of figures gives 
immediately the parameters necessary for the description 
of the profile geometry (see Section 1.2). Figure 1.12 gives 
a survey of these profiles; for the ordinates see Table 11.3, 
for the aerodynamic coefficients see Table 11.1, and for the 
pressure distributions see Chapter 12. 

1.3.6 Extensions of the NACA Series with regard to the 
Pressure Distribution. Laminar Profiles 

Thickness Distribution: Type D2• Camber Line: 1.3.6.1 Series 1 to 6 
Mostly Type S2. 

EXAMPLE: the profile 1 35 12-0·825400·5 has a camber 
line with maximum camber f = O·Olc, and 

The modem NACA profiles (see Figure 1.13) are recognis
able by the altered arrangements of figures in the designa
tions. Camber lines and thickness distributions are so 
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designed that they have a prescribed pressure distribution 
at a certain value of 0 L. 

This mode of procedure is suited to a study of the 
behaviour of the boundary layer; it is particularly helpful 
in the problem of reducing the drag of profiles, especially 
at large Reynolds numbers; in addition, it facilitates. the 
design of profiles suitable for high speeds. The figures have 
the following meaning. 

The first figure: this characterises a definite series of 
profiles-I, 2, 3, 4, 5, or 6; usually the prescribed pres
sure distributions of each series have a common funda
mental property. 

The secondfigure: the position of minimum pressure in 
tenths of the chort!. 

The first figure after the dash: the value of 0: in 
tenths; hence, a measure of the amount of camber. 

The second and third figures after the dash: the thick
ness ratio. 

EXAMPLE: the profile 64-208 belongs to the "NACA 
6-series", the thickness distribution has 
minimum pressure at 40% of the chord, 0: 
(the lift coefficient at the ideal angle of inci
dence) is 0'2, and the maximum thickness is 
8%. 

Thickness Distribution: Calculated theoretically from 
the prescribed pressure distribution. 

Oamber Line: Type S5. 

In shape and in pressure distribution the profiles of the 
I-series are similar in character to those of the DVL series 
described in Section 1.3.5. The profile series which begin 
with 2, 3, 4, 5 [L345] are no longer in use since the 6-series 
profiles have better properties [R824]. 

Extra numbers or letters are frequently added to the 
basic arrangements if a more detailed designation is 
required. 

(a) The thickness distributions of the 6-series are generally 
combined with camber lines that have either constant 
pressure over the whole chord (camber line of Type S5 
in Section 7.2) or constant pressure up to a certain 
point Xa of the chord (the point where the minimum 
pressure for the thickness distribution occurs, or a point 
lying further back) after which the pressure decreases 
linearly (camber line of Type S6). When the pressure 
distribution has the latter behaviour it is described by 
adding "a = .... " to the profile designation; the 
number to be inserted is the value of xa/c. If no such 
addition to the profile designation exists this usually 
means that Type S5 has been used. 

(b) An index after the second figure gives the extent of the 
range of OL (in tenths) for which the smooth, sym
metrical profile is of laminar character (that is, for 
which it has extremely small drag). 

9 

EXAMPLE: the profile 643-018 belongs to the 6-series, the 
minimum pressure occurs at 40% of the chord, 
the profile is of laminar character for a range of 
o L of extent JO L = 0·3, it is symmetrical, and 
its thickneRs ratio is 18%. 

(c) A figure following a comma has approximately the 
same significance. It gives the extent of the range of 0 L 

(in tenths) for which a favourable pressure gradient 
exists on both sides of the profile; the profiles differ 
only trivially from those of (b). 

EXAMPLE: the profile 64,3-418 a = 0·6 belongs to the 
6-series, the thickness distribution has mini
mum pressure at 40% of the chord, the pressure 
distribution is favourable in a range of 0 £ of 
extent JO L = 0·3, 0 L at the ideal angle of 
incidence (0:) is 0'4, the thickness ratio is 
18%, and the camber line is Type S6 with 
a = 0·6. 

(d) Changes in the thickness ratio are usually made by 
affine transformation of a profile that already exists in 
the thickness distribution series; they are indicated by 
the addition of the thickness ratio of the latter profile 
in brackets. 

EXAMPLE: the profiles 64(318)-419 and 64(318)-419 
belong to the 6-series, they have their pressure 
minimum at 40% of the chord, the pressure 
distribution is favourable (that is, the profiles 
are of laminar character) in a range of 0 L of 
extent JO L = 0·3, ot is 0·4, the thickness 
ratio is 19%, and the profiles are obtained by 
affine transformation of profiles of thickness 
ratio 18%. 

(e) Employment of several camber lines is denoted by an 
addition which gives details of all the components. 

. {a = 0·6 ot = 0.3} 
EXAMPLE: the profile 64,3-418 a = 1.0 0: = 0.1 has 

the same thickness distribution as Example (c); 
its camber line is formed by the addition of two 
camber lines, one of Type S6 (with ot equal to 
0·3) and one of Type S5 (with 0: equal to 0'1). 

(f) Changes to the rear part of the profile are denoted by 
the use of capital letters in place of the dash. 

EXAMPLE: the profile 643 A 018 differs from that of 
Example (b) by the contour's being straight for 
the last 20% of the chord. 

1.3.6.2 Series 7 and 8 

The profiles of the 7 -series differ from those of the series 
just discussed by the possibility of a larger laminar 
region on the pressure side. The last three figures of the 
designation have the same significance as in the profiles of 
the 6-series; the two figures after the" 7" give the positions 
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of minimum pressure on the suction and pressure sides. 
The capital letter placed between these two groups of 
figures distinguishes the actual combination of thickness 
distribution and camber line which possesses the properties 
expressed by the figures; another possible combination of 
thickness distribution and camber line with the same 
properties would require a different capital letter. The 
camber line of such a profile is usually produced by addi
tion of several basic camber lines. 

Up till now only a few profiles of the 7 -series to which 
this method of designation has been applied are known: for 
example, 

and 

NACA 747 A 315{: : ~:~ 

{

a = 0·4 
NACA 747 A 415 a = 0·7 

a = 1·0 

ct = 0·763 } 
ct = -0·463 

ct = 0·763 } 
ct = -0·463 
ct = 0·1 

The basic thickness distribution NACA 747 A 015 has 
minimum pressure at 40% of the chord on pressure and 
suction sides; the cambered profiles built up on it have 
mi~imum pressures at 40% on the suction side and at 70% 
on the pressure side. Some profiles of the 8-series have been 
described and are designated by the letters A, B, C, D 
[R947]; various superpositions of thickness distributions 
and camber lines are used; in other respects the figures 
have the same meaning as in the 7-series. 

1.4 Theoretically Developed Families 9C Profiles 
1.4.1 Joukowsky Profiles and Generalisations 

The best-known theoretical families of profiles are those 
of JOUKOWSKY and KARMAN-TREFFTZ; VON KARMAN and 
BURGERS (see Section 1.5.1) and SCHRENK (see Section 
1.5.3) have given excellent descriptions of. these families, 
so that we can confine ourselves to a few remarks. As is 
well-known the profiles are derived by applying the 
J oukowsky transformation, 

(1.13) 

to a circle, which is eccentrically placed with respect to the 
circle, = ae iii ann touches this circle; the first circle has a 
radius of a(1 + El), a little greater than a. These profiles 
have a cusped trailing edge (trailing edge angle equal to 
zero), and their maximum thickness lies usually at a 
distance from the nose of from 23% to 27% of the chord. 
Variation in the thickness of the prQfile is caused by a 
small displacement of the centre of the transformed circle 
in the direction of the abscissa; camber (the camber line 
being a circular arc) is obtained by a small displacement of 
the centre in the direction of the ordinate. A rearward 
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displacement of the position of maximum thickness, and 
hence a generalisation of this type of profile, is obtained 
(following BETZ) by enlarging the radius of the eccentrically 
placed circle to R = a(l + El + E2)' The new circle does 
not touch the circle' = aetiji and, as a result, the trailing 
edge is not cusped but rounded. For vanishing camber the 
circle corresponding to El = 0 transforms into an ellipse 
(with maximum thickness at 50% of the chord!). SCHLICHT
ING-ULRICH have performed the calculation for sym
metrical profiles; for the shape of the profile they obtain 

(1.14) 

1] .-( 1) -;=ksIn'P I- N ' (1.15) 

where k = 1 + El + i2 and N = k2 + El:f - 2E1k cos cp. 
With a as unit of length, the profile chord is obtained from 

and is given by 
ell 
-=2k+ +--
a k- El k + El 

(1.16) 

Figure 1.14 shows the connection between El and E2 and the 
thickness ratio and position of maximum thickness. 
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Numerically, the position of maximum thickness (at which 
ip = iiJI) is determined from 

The thickness ratio, tic, can be obtained from Equations 
(1.15) and (1.16); from Equations (1.14) and (1.16) 

:~ = k + El + __ 1 ___ + (~) . 
c (k + El) a q;~1 

(1.18) -

In addition to this generalisation, which affects the thick
ness distribution and the shape near the trailing edge, an 
extension to other camber lines has been undertaken: 
Joukowsky profiles with camber lines which, instead of 
being circular arcs have points of inflexion, can be designed 
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and calculated (SCHMIDT); they do not have the dis
advantage of rapid movement of the centre of pressure, a 
disadvantage to which the simple Joukowsky profiles are 
subject because the position of maximum camber lies so 
far back. 

1.4.2 Karouin-Tretftz and Betz.-Keune Profiles 

The Karman-Trefftz profiles differ from the Joukowsky 
profiles by having a finite angle at th~ trailing edge; they 
are derived by the same process as the Joukowsky profiles, 
but the transformation to be applied is 

z-ka C-a 
In =kln--

z+ka C+a 
(1.19) 

where k = 2 - (Tj7&). The form of this equation has led 
BETZ and KEUNE to a very simple construction for the 
profile shape and the velocity distribution. If the field of a 
source-sink distribution is drawn and the equipotentials 
and streamlines suitably numbered, then the values of 
potential, <P, and stream-function, lJI, can be read off from 
this network-in particular, the quantity 

<P + i lJI = C In [ (C - a) / (C + a)] (1.20) 

the constant 0 depends only on the manner of numbering. 
To be able to use the same source-sink network for both 
sides of Equation (1.19), we write C* = kC; then, 

o In z - ka = <P, + ilJl, = 
z+ ka 

= k<P, + iklJl, = kOln C*-ka 
C*+ka 

(1.21) 

This means that if the source-sink network is regarded as a 
system of curvilinear co-ordinates, and the co-ordinates 
(<P, lJI) of a point PIon the circle 01 are read off (see 
Figure 1.15), then P, the point on the profile corresponding 
to PI, has the curvilinear co-ordinates (k<P, klJl) in the same 
network. We see that the manner of numbering is of no 
importance since the constant 0 drops out. 

For once we anticipate the results of Chapter 7: the 
determination of the velocity distribution still requires 

I d
d; I = k2 I z + ka I 
.. I C* + ka I 

IZ-kal 
I C*-ka I (1.22) 

The various quantities appearing here can be measured 
from the drawing (see Figure 1.15) so that (allowing for the 
change in velocity at infinity) the velocity at the point P 
of the profile becomes 

w 2 h NPI TPI 
V = k2R NP TP (1.23) 
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Here, h is the perpendicular distance of PI from the line 
drawn through T parallel to the free-stream direction, and 
R = MT is the radius of the circle through PI and T. The 
lift coefficient is given by 

87& R 
OL = - - sin (a + Po) , k c 

(1.24) 

where Po is equal to the angle MTN, and c denotes the 
profile chord. On this basis the same authors have obtained 
a generalisation of this profile, the camber line having a 
point of inflexion. To obtain a point of inflexion the value 
of lJI must be decreased near the trailing edge and must be 

Jolg.1.15. Construction of the Karman-Trelftz profiles. The intersection of the 
free-slream'direction (shown in the figure) with the transformed circle gives 
I he position of the stagnation point on this circle 

increased near the nose; in addition, the function to be 
superimposed must be regular outside the c~rcle C = aeiiF 

and must vanish at infinity. The doublet flow has just 
these properties: the complex potential of a suitably· 
orientated doublet is purely imagina~y, ±i,u, at the points 
C* = ±ka; by addition of this potential only the stream 
function is increased or decreased (by an amount ,u). This 
superposition then leads to ~ generalised mapping function, 

z-ka C*-ka. ka 
In z + ka = kin C. + ka +~,u F" (1.25) 

Profile shape and velocity distribution can be constructed 
in a way similar to that described for the Karman
Trefftz profiles. Investigation of the profile properties shows 
that the profile has a fixed centre of pressure if,u is chosen 
so that 

k (k 2 -1) 
,u 1»1 4 Po 1 + 2 k2 (1.26) 

If, instead of one singular point near the nose, several 
singular points are assumed to exist in the interior of the 
profile, then (following VON MISES) a large number of 
special classes of profiles can be obtained in addition to 
the ,Toukowsky and Karman-Trefftz profiles and their 
generalisations; the number of free parameters is increased, 
and a diversity of profile shapes results. 
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1.4.3 The Hyperbola Family 
We shall now refer to a special family of profiles intro

duced by PIERCY, PIPER, and PRESTON, and treated in 
Germany by RINGLEB. The principle of generation of this 
family is that the inversion of a branch of a hyperbola with 
respect to a circle whose centre is the focus lying outside 
the branch (or a point near to this) leads to contours 
having the form of profiles. As we see from Figure 1.16, two 

Fig. 1.16. Formation of the symmetrical hyperbola profiles 

parameters are initially at our disposal: the trailing edge 
angle of the profile, which is identical with the angle be
tween the asymptotes of the hyperbola; and the profile 
thickness, which is given by the distance E of the centre of 
inversion, 0, from the outer focus of the hyperbola. The 
position of maximum thickness and the nose radius depend 
on the choice of trailing edge angle and maximum thick
ness. The profile shape can be further varied if curves 

Fig. 1.17. Generation of camber 
and of a point of inflexion in 
the hyperbola profiles 

deviating slightly from the hyperbola are subjected to this 
inversion process. The calculation of the velocity distribu
tion is performed by conformal mapping of the exterior of 
the profile into the exterior of the unit circle; this is possible 
by a chain of intermediate conformal mappings. 

Starting from the plane containing the circle it is 
possible to choose two more profile parameters, the 
maximum camber and the position of a point of inflexion 
in the camber line, by the following modifications. If, 
instead of mapping a circle containing two symmetrically 
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placed singular points A and B, we map one that passes 
through these points, we obtain profiles whose camber 
lines are circular arcs; as usual the upward displacement of 
the centre of the circle serves as a measure of the camber. 
We can obtain a point of inflexion in the camber lines, and 
thereby more favourable pitching-moment behaviour, if, 
instead of transforming a circle, we transform an ellipse 
passing through the two points A and B (Figure 1.17); as a 
measure for the amount of inflexion we can use the angle 
that this ellipse makes with the circle at the point B 
(corresponding to the trailing edge). 

1.4.4 Remarks on Further Families of Profiles 

A simple approximation to the hyperbola profiles just 
described is designated as Type Ds in Section 7.3.2 
(following LOCK-PRESTON). The EO and EQ profiles, which 
are built up from several parts and have algebraic equa
tions, are also treated there. 

Modern development of profiles tends to start from a 
prescribed pressure or velocity distribution; the shape of 
the profile is then determined by means of a theoretical 
procedure (see Section 8.3). 
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2. ON EXPERIMENTAL METHODS. 
WIND TUNNELS AND CORRECTIONS 

2.1. Some Details of Wind Tunnels used for Profile 
Measurements 

2.1.1 Gattingen Wind. tunnels 

2.1.1.1 2 m x 2 m Wind· tunnel of the MY A 

First Operated: 1908. Rebuilt in 1918; in operation again 
in 1920. 

Cross-section: quadratic, 1·96 m X 1·96 m, closed-throat 
test-section; from 1920, octagonal open
jet with diameter of 1·2 m; from 1934, 
elliptical open-jet with axes 1·06 m and 
1·5 m. 

Contraction Ratio: at first 1: 1; from 1920, 1: 3·3; from 
1934, 1 :3. 

Maximum Speed: 10 m/sec; with nozzle (from 1920) 
30 m/sec. 

Velocity Variation: (deviation from the mean value of the 
velocity in the test section) ::::: ± 1 %'. 

Turbulence Factor: :::::1·7 (before 1920). 

Balance: 3 or 4 component balance, description in 
[AVA II]. 

Models: rectangular wings; span b = 1·00 m or 
1·20 m, chord c = 0·20 m. 

Corrections:t the measured values are converted to 
A = 00 by formulas for the additional 
angle of incidence and the additional drag 
(be in m2). 

a = Ci - (20'9c/b - 2'2bc)CL 
(a in degrees), 

CD= CD - (0'33c/b - 0'038be)CL2, 

which contain jet-boundary corrections 
and corrections for the lift distribution on 
the rectangular wing (see Section 2.3). 

2.1.1.2 2·25 m Wind. tunnel of the AVA 

First Operated: 1917. 

Test Section: circular cross-section of diameter 2·25 m; 
length, 3·4 m; open jet. 

Contraction Ratio: 1: 4·85. 

Maximum Speed: 58 m/sec; in continuous running, 50 
m/sec. 

t See Sections 2.3.1 and 2.3.2. 

Degree of T'urbulence: :::::0,0024. Turbulence Factor: ::::: 1·16. 

Balance: 

Models: 

Corrections: 

3 and 6 component beam-balance; de
scription in [AVA I, II]. 

0·2 m X 1 m rectangular wings; wing-tips 
usually blunt. 

jet-boundary corrections (given in [AVA 
I-IVl); conversion of the measured 
values to A = 00, with allowance for the 
lift distribution on the wing, by the 
formulas 

a = Ci - 4·18CL (a in degrees), 
CD = CD - 0'066CL2 

2.1.1.3 4·7 m x 7 in Wind. tunnel of the AVA 

First Operated: 1936. 

Test Section: elliptical cross-section (minor axis 4·7 m, 
major axis 7·0 m); open jet, 8·5 m length; 
can be used at pressures of from 0·25 to 4 
atmospheres. 

Contraction Ratio: 1: 3. 

Maximum Speed: 

Pressure 20·minute ContinuouB 
bursts running 

1 atmosphere °59 m/sec 55 m/sec 
4 atmospheres 38 m/sec 35 m/sec 
0·25 atmospheres 96 m/sec 88 m/sec 

Degree of Turbulence: ::::: 0·003. 

Turbulence Factor: :::::1·26 (1944), 1·4 (1940). 

Balance: 

Models: 

Corrections: 

6-component counterpoise balance, oper
ated by remote control. Description by 
KLEIN. 

rectangular wings, b = 4·0 m and.c = 
0·8 m; wing-tips blunt, and with tip
fairings of various types; maximum chord 
for wings with end-plates, 2-3 m. 

conversion of measured values to A = 00, 

with allowance for the lift distribution on 
the wing, by the formulas 

a = Ci - H8CL (a in degrees), 
CD = CD - 0·066CL2• 
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Jet-boundary correction is also required. 
The 4 m X 5·4 m wind-tunnel of the AVA 
is identical with the one just described, 
except that it has a smaller nozzle. 

Test SectilYTl: elliptical cross-section (minor axis 4 m, 
major axis 5·4 m); open jet, 7·5 m length. 

ClYTitra.ctilYTl Ratio: 1: 4·5. 

Maximum Speed: 

Pressure 20·minute Continuous 
bursts running 

1 atmosphere 74 m/sec 66 m/sec 
4 atmospheres 48 m/sec 42 m/sec 
0·25 atmospheres 117 m/sec 104 m/sec 

Degree of Turbulence: ~0·0026. Turbulence Factor: ~1'21. 

Models: normal rectangular wings, b = 3 m, 
c = 0·6 rn. 

2.1.1.4 Cavitation Tunnel 

First Operated: 1927. 

Cross-sectilYTl: rectangular, 0·06 m X 0·161 m, closed
throat test-section. Fluid used in experi
ments: water. 

Maximum Speed: 8 mJsec. 

Balance: 

Models: 

Corrections: 

spring balance. 

rectangular wings mounted on a revolving 
plate, flush with the tunnel wall. 

to allow for the effect of the walls, static 
pressure and kinetic pressure are measured . 
in a section at a distance of about three 
times the chord in front of the wing; these 
measurements, together with Bernoulli's 
equation and the equation of continuity, 
are used to convert the results for the flow 
about the profile and cavitation layer to 
free fluid. In addition, a deduction in the 
angle of incidence must be made, because 
of the influence of the horizontal walls on 
the flow round the profile; this deduction 
is proportional to C L, and is given by 

L1a = ~ (iYCL 
(c = wing chord, H = tunnel height). 

2.1.2 Wind Tunnels of the DVL 

2.1.2.1 5 m x 7 m Wind Tunnel 

First Operated: end of 1934. 

Test SectilYTl: elliptical cross-section (minor axis 5 m, 
major axis 7 m); open jet of length 9 m. 

C IYTitractilYTl Ratio: 1: 4. 

Maximum Speed: 65 mJsec. 

Velocity VariatilYTl: about 1'5%; on the major axis of the 
elliptical cross-section about 0'5%. 

Direction Variation: ±0'5° on the jet axis. 

Turbulence Factor: ~ 1·1. 

Balance: 

Models: 

C orrectilYTlS : 

6-component counterpoise balance 
ated by remote control, with 
recording apparatus; described 
KRAMER .• 

oper
data

by 

normal wings, 0·8 m X 4·0 m. Welded steel 
skeleton with plaster surface (10 mm 
thick), polished. Wing-tips rounded. 

jet-boundary correction and conversion to 
A = 00. 

2.1.2.2 2·7 m High-speed Wind-tunnel 

First Operated: 1939. 

Test SectilYTl: circular cross-section of 2·7 m diameter, 
and length of 2·7 m; closed-throat test
section. 

Contraction Ratio: 1: 7·2. 

Maximum Speed: without models M = 0·93; with models 
(c = 500 mm) M ~ 0·86. 

Turbulence Factor: ~ 1·04. 

Balance: 

Models: 

C orrectilYTls : 

3-component counterpoise balance oper
ate,d by remote control; experimental 
results (including pressure) given on paper 
tape. 

made from light alloy, either with 0·1 mm 
layer of plaster and lacquer (ground to 
required degree of fineness and polished) 
or with a simple metallic surface. 

(I) correction of free-stream velocity for 
constraint due to model; (2) correction for 
additional constraint due to wake; (3) 
jet-boundary correction (see GOTHERT). 

2.1.3 Wind Tunnels of the NACA 

2.1.3.1 Variable-density Wind-tunnel (VDT) 

First Operated: built 1923; rebuilt 1928 after destruction 
by fire. 

Test Section: circular cross-section of 5 ft diameter; 
closed-throat test-section; excess pressure 
up to 21 atmospheres [R416]. 
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Maximum Speed: 72 ft/sec. 

Velocity Variation: ±0·5%. 
/' 

Direction Variation: less than ±0·25°. 

Turbulence Factor: 2·64 [R558]. 

Balance: 

Models: 

Corrections : 

built 1929; 3-component balance for lift, 
drag, and pitching moment. 

normal rectangular wings, A = 6 (5 in X 
30 in). Made from Dural or steel, to 
accuracy of 0·001 inches; highly polished. 

(1) conversion to free air; (2) conversion to 
infinite aspect-ratio, with allowance for 
~ljfL distribution o~·-;tng;·(3) 
support ~terlerenceTori drag and pitching 
moment); (4) allowance for the flow at the 
tips of the rectangular wing (,.., =value 
for model of finite span), 

CLmu. = I-07('Lma%., 

'" 
dOL = 0.96 dCL, 
da da 

a = eX + 0'39CL (a in degrees), 

CD = CD + 0·OOI6CL2 - 0'OOOI(t-6), 
(t ~ 6) 

where t is the maximum thickness of the 
wing as a percentage ofthe chord; (5) the 
adjustment to effective Reynolds nUlll~e~ --------_._------ -_ .. _ .. _... .-- .-. - . 

req~r~f!...!L('?.Q.rrection. of the drag coeffi.-
ci~~~_a.nq ma:iimiimlift~cQ~]jia~n.§~Jor 
wings with flaps deflected a further 
approximate correction is required. See 
[R586, 669]. 

2.1.3.2 Full-seale Wind-tunnel (FST) 

First Operated: spring 1931. 

Test Section: nozzle with parallel upper and lower walls 
and semicircular side-walls; cross-section 
30 ft X 60 ft; open jet [R459]. 

Contraction Ratio: 1 :4,9. . 
Maximum Speed: 174 ft/sec. 

Turbulence Factor: 1·1. 

Degree of Turbulence: ~ 0·003 [R558]. 

Balance: 

Models: 

6-component balance for three forces and 
three moments; printing device gives 
simultaneous recording of all quantities. 

A =6 (6 ft X 36 ft to 8 ft X 48 ft). Made 
of metal coated with aluminium skin 
(0·064 in thick) and lacquered. Wing-tips 
blunt; later, rounded semicircularly. 
Mounted on stings. 

Corrections: (1) jet-boundary and constraint correction 
(slight ch~...QLReY!!Q!ds "!!llmber with 
~gle~Li~idencel.; (2) supp~..:~_ inter
ference (on the drag); (3) fbr direction of 
f~surement in normal position and 
reversed position). Conversion of the 
corrected value from A = 6 to A = 00 by 
the formulas 

a = eX - 3·580L (a in degrees), 

CD = CD - 0·0560L2• 

2.1.3.3 Langley Two-dimensional Low-tmhulenee Tunnel (LTT) 

First Operated: 1941. 

Test Section: closed-throat tunnel, rectangular cross
section, of 3 ft width and 7·5 ft height 
[R824]. 

Contraction Ratio: 1: 20. 

Maximum Speed: 230 ft/sec. 

Degree of Turbulence: ~ 0·0003. 

Balance: 

Models: 

Corrections: 

for moments only. Lift obtained from the 
pressures on the roof and floor of the tunnel. 
Drag from measurement of momentum 
loss. 

wooden models, mostly with chord of 2 ft; 
for small 0 L, also with chord of 8 ft. 

wall effect, and constraint correction --- . [R824]. 

2.1.3.4 Langley Two-dimensional Low.turhulenee Pressure 
Tunnel (TDT) 

First Operated: 1941. 

Test Section: closed-throat tunnel with rectangular 
cross-sectibn (3 ft width and 7·5 ft height). 
Pressure: variable, from 1 to 10 atmo
spheres [NI283]. 

Contraction Ratio: 1: 17 ·6. 

Maximum Speed: 440 ft/sec at 1 atmosphere; 
330 ft/sec at 3 atmospheres; 
230 ft/sec at 10 atmospheres . 

Degree of Turbulence: increasing with speed, from ~0·0002 
to 0·001 [R940]. 

Balance: 

Models: 

for moments only. Lift obtained from the 
pressures on the roof and floor 6f the 
tunnel. Drag from measurement of 
momentum loss. 

normal models made from wood; chord of 
2 ft. Laminar profiles: 8 ft chord, for small 
values of the lift. Reynolds number in 
usual experiments: 9.106• Maximum Rey
nolds number: 60.106. 

----------------------_ ... -..... _._--_ ... -
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Corrections: wall effect and constraint correction 
[R824]. 

2.1.S.5 1 ft x st ft High.speed Tunnel, Ames Laboratory 

First Operated: 1944. 

Test Section: closed-throat tunnel with rectangular 
cross-section ofl ft X 31 ft. [R832, R947.] 

Maximum Speed: M = 0·9. 
Models: 6 in chord. Manufactured from aluminium 

alloy. 

Balance: none. Lift obtained from the pressures on 
the roof and floor. Drag from measurement 
of momentum loss. 

2.1.4 British Wind·tunnels 

2.I.4 •• 1 CAT Compressed Air Tunnel (NPL) 

First Operated: 1932. 

Test Section: pressurised tunnel, p :::;; 25 atmospheres. 
Open, circular section; closed return
circuit. Nozzle diameter, 6 ft. 

Contraction Ratio: 1: 3·6. 

Maximum Speed: 88 ft/sec. 

Turbulence Factor: 2·l. 

Models: rectangular wings, 8 in X 48 in; manu
factured from aluminium, polished surface. 

Corrections: jet-boundary and constraint correction, 
and correction for support interference on 
the drag. For conversion to A = CIJ, with 
allowance for the rectangular shape of the 
wing, the formulas to be used are 

ex = ex - 3·55CL (ex in degree~), 

CD = CD - 0·0555CL2. 

2.l.U 20 in x 8 in High-speed Tunnel (NPL) 

First Operated: 1941. 

Test Section: closed-throat tunnel with rectangular 
cross-section of 20 in X 8 in, and length of 
64 in; provided with movable side-walls. 
Running time: 20 minutes. [R & M 2005, 
2067.] 

Maximum Speed': M = 0·94. 

Models: 5 in chord. 

2.1.5 Some Other Wind. tunnels 

2.1.5.1 Large Wind.tunnel of the Aerodyuauiic Institute of the 
ETH in Ziirich 

First Operated: 1936. 

Test Section: open-jet or closed-throat; rectangular 
cross-section with chamfered comers, 
3·00 m wide and 2·10 m high. Adjustable 
diffusor. 

Contraction Ratio: 1: 3·25. 

Maximum Speed: for intermittent running (20 min), 90 
m/sec. 

Degree of Turbulence: ~0·004. 

Balance: 6-component balance; forces are measured 
singly; balance arranged to rotate viith 
model. 

Models: rectangular wings, 0·25 m X 1·50 m; manu
factured from wood. 

2.1.5.2 High.speed Wind·tunnel in Guidonia 

First Operated: 1939. 

Test Section: open-jet between plane walls. Rectangular 
cross-section of 0·4 m X 0·54 m. Pressure in 
the test section: variable, from 0·1 to 1 
atmosphere. 

Speed: 0·4 < M < 2·9. 

Models: wings of 0·04 or 0·05 m chord, spanning 
the tunnel. 

2.2 On the Turbulence of Wind Tunnels 

2.2.1 Degree of Turbulence and Scale of Turbulence 
Deviations from the mean velocity occur to some extent 

in the test sections of all wind tunnels; these deviations 
(the disturbance velocities u', v', w', in the three co
ordinate directions) exhibit large fluctuations. To obtain a 
measure for these \ve define a degree of turbulence, T, of the 
wind tunnel; this is the ratio of the mean disturbance 
velocity to the mean flow velocity, V, so that 

IV 1 r;; - -) T = - - \U'2 + v'z + W'2 
V 3 

(2.1) 

here, u'2 is the square of the disturbance velocity 'in the 
axial direction averaged over a time interval t, so that 

t 

- 1 I u'Z = t U'2 dt. (2.2) 
o 

v'2 and w'2 are the corresponding quantities in the two 
co-ordinate directions normal to the axis. In the considera
tion of wind-tunnel turbulence the last two quantities are 
often assumed to be of the same order of magnitude as the 

first; therefore, T can be taken as V u'2/V. 
Direct measurement of the degree of turbulence has 

become usual only in recent times.; the mean value of the 
disturbance velocity is determined from the cooling of one 
hot wire. Suppose we use two hot wires to measure the 
disturbance velocities UI' and U2' at two points in a cross
section, and vary the distance (y) between them; we can 
then obtain a correlation coefficient from such measure-
ments, 
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U'l . u/
a F (y) = ---:::=---===-

YU'lz YU/
Z

I 

(2.3) 

By integration we obtain a length called the scale oj 
turbulence: 

'" 
L=fF(y).dy. (2.4) 

o 

L can be regarded as a measure of the size of eddies; 
together with the degree of turbulence, it characterises the 
state of turbulence in the wind tunnel. 

2.2.2 The Critical Reynolds Number for Turbulence 
As a means of comparing the turbulence of various 

wind-tunnels PRANDTL has suggested the use of the critical 
Reynolds number of the sphere; this is the Reynolds 
number at which a sudden sharp drop in the drag coefficient, 
CD, occurs, the drop being caused by a change in the type 
of flow in the boundary layer; as the turbulence of the air 
in the tunnel increases, the Reynolds number at which the 
drop occurs becomes smaller. To define this number more 
exactly, DRYDEN and KUETHE choose as critical Reynolds 
number that at which a CD of 0·3 is reached. HOERNER, 
in his measurements, uses the fact that an equally sudden 

O'I/C'O~ Co-o·J I 

o·c I 
I 
I 

.IL 
O'C q 

o 

-O'C 

.IL -0 
q--H---

Fig. 2.1. Deftnltlon of the critical 
Reynolds number for a sphere 

rise in pressure, p, on the rear part of the sphere (very 
close to where the sting is attached) is associated with the 
sudden drop in CD; this is another easily determined 
quantity that can be used to define the critical Reynolds 
number. To obtain approximately the same value of 
Rerlt. as given by CD = 0·3, plq (q being the kinetic 
pressure, -if! V2) is plotted against R and the value of R 
corresponding to plq. = -0·22 read off. The latter value is 
the one recommended by PLATT: HOERNER suggests that 
plq be taken as zero; this leads to larger values for the 
·critical Reynolds number (see Figure 2.1). 

2.2.3 The Turbulence Factor 
To be able to compare the turbulence of wind tunnels 

PLATT introduces a characteristic quantity, the turbulence 
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factor (t.f.), defined by the ratio 

t f = Rerlt. in free air . 
. . Rerlt. in the wind tunnel 

For" Rerlt . in free air" he uses the value 3·85 . lOS (obtained 
from flight measurements, and corresponding to plq = 
-0·22) ; for the denominator he uses a mean value obtained 
from a number of measurements on spheres. If we now 
suppose that, to a first approximation, the critical Reynolds 
number varies inversely with the turbulence, we can use 
the turbulence factor to convert the experimental results 
for profiles in various wind-tunnels to an "effective 
Reynolds number" (corresponding to free air with very 
low turbulence); the conversion formula is 

Rerr. = (t.f.)R, (2.5) 

where R = Vclv. This procedure has proved fairly 
successful for the maximum lift coefficient (that is, for 
predicting the onset of separation); it has not proved 
successful for other profile properties (in particular, not 
for the drag). 

2.2.4 Influence of the Diameter of the Sphere. More Exact 
Definition of the Turbulence Factor 

Modern wind-tunnels possess very small turbulence (the 
values of Rerlt . lie between 3.105 and 4 105); so it is not 
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Fig. 2.2. Measurement of Rerlt. (defined by ~ - 0) plotted against 
velocity. 

(1) Free nlr. 
(2) to (7) In A VA wind· tunnels : 

(2) low· turbulence wind· 
tunnel; 

(4) ),3 m tunnel; 
(5) 2·25 III tunnel; 
(6) 4 III x 5'4 m ~unnel; 

(3) 0·36 m Elffel·tunnel; (7) 4·7 m x 7 m tunnel. 
(SEIFERTU) 

sufficient simply to utilise mean values from a number 
of measurements on one sphere, because the value of 
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Rerit. depends on the diameter, D, of the sphere, and on 

the speed, V. This fact has been known for some time; it is 

I verified by measurements on spheres, which SEIFERTH -n------------- performed in five Gottingen wind-tunnels in 1943/44. In 

SEIFERTH proposes that, to characterise the turbulence, 
the value of R erit. corresponding to a definite diameter of 

the sphere, about 22 em, be chosen; as the measurements 
.show, this suggestion leads to a well-defined parameter. 
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Fig. 2.5. Degree and scale of turbulence (shown respectively left and top right), from 
measurements made behind grids with the following mesh·widths: (a) 2'45 em; (b) 
1·27 em; (e) 0'64 em. Curve shown bottom right: wind· tunnel measurements (for meaning 
of symbols see Figure 2.2). Point (d), at the left end: from measnrements made behind a 
grid 'in the 1·3 m tunnel (number 4); the right end is the value for rree air 

Fig. 2.3. The measurements of Figure 2.2 plotted 
against diameter of sphere. (SEIFERTH) 

these measurements the pressure, p, on the rear part of the 

sphere is measured, and the criterion plq = 0 used to 

determine R erlt. For the critical Reynolds number in free 
air a mean value of 4,11.105 (corresponding to plq = 0) 

is taken; this is derived from the measurements of HOERNER 

and PLATT (after obviously erroneous measurements have' 
been rejected). The dependence of R erit. on the speed, V, 

Fig. 2.4. Influence of the contraction 

ratio. ~, on Rcrlt. for Gattingen 
wind-tunnels (for meaning of symbols 
see Figure 2.2). S 1 and S I are res
peetlvely the cross-sectional areas of 
the settling chamber and of the nozzle. 

~ = 0 gives the value for free air 

Rerif 10-5 
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and on the diameter of the sphere, D, is reproducedt in 
Figures 2.2 and 2.3. On the basis of these measurements 

t In the computation of these experimental values II has been 
taken as a constant, equal to 0,15.10-4 m2/sec. F. W. SCHMITZ 
has made further measurements on the spheres, and has shown 
that corrections are required to allow for the influence on II of 
the temperature at the measured point. 

The method is possible only for test sections in which a 

sphere of this diameter does not occupy too large a part of 

the cross-section; it cannot be applied to small wind
tunnels. 

In Figure 2.4 Rerlt . thus determined is plotted against 

the contraction ratio, 8 2/81, of some wind-tunnelst; it is 
seen that this ratio has a decisive influence on the turbu

lence of the wind tunnels. 

2.2.5 Comparison Between Hot-wire and Sphere Measure
ments 

DRYDEN has carried out hot-wire measurements 
behind grids in the presence of strong turbulence, and 

compared his results with measurements on a sphere of 

21·5 cm diameter (see Figure 2.5); the dependence on 
mesh size, which is present in the Figure, disappears if 

..; u'2 (D) 1/5 vi u'2 -V L ,instead of -V' is plotted against Rerit. 

The quantity L increases as the degree of turbulence, T, 
decreases, reaching values up to 1 cm. Hot-wire measure
ments made at Gottingen for the determination of the 
degree of turbulence of the wind tunnels gave the following 
results: 

for the 2·25 m tunnel vi u'21V ~ 0·0024; 

for the 1·3 m tunnelt ~ 0·0009; 

for the low-turbulence tunnel § ~ 0·0002. 

t 8 2 is the cross-sectional area of the nozzle, 81 that of the 
settling chamber. 

t Since dismantled. 
§ See the footnote in Section 2.3.1. 
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These values are in good agreement with the points ob
tained by DRYDEN; in Figure 2.5 a curve (lower right-hand 
side) is drawn through them, and this curve can be easily 
extrapolated to pass through the point corresponding to 
fre~ air; in this way a connection between hot-wire and 
sphere measurements is demonstrated (see SEIFERTH). 

2.3 General Remarks 00 Experimeotallnvestigations 

2.3.1 On Profile Measurements in Wind Tunnels 

At first, weighing was the only method of importance for 
the experimental determination of force and moments 
(see BETZ-SEIFERTH). Nearly all the 3 and 6 component 
balances of the most important wind-tunnel8 have been 
exhaustively described; in Section 2.1 a reference is given 
to the appropriate place in the literature for the description 
of each tunnel, and the type of balance is stated. In general, 
the measurements have been carried out upon rectangular 
wings of aspect ratio A = b2/S = 5 or 6. With the help of 
known formulas for the conversion of wind-tunnel 
measurements from one aspect ratio to another [AVA II], 
the measured values of forces and moments ca!l be con
verted to A = 00, which corresponds to a wing of infinite 
span; the conversion formulas have been derived on the 
assumption of a constant lift coefficient, C L. The formulas 
are: 

(a) for the angle of incidence (in radians), 

a=a (2.6a) 

(b) for the drag coefficient, 

- CL2 
CD = CD - :rr:A (1 +T2); (2.6b) 

here, ~ and {) D denote values measured at an aspect 
ratio A. In this form the correction formulas (originally 
derived for an elliptical distribution of lift) contain 
factors, (1 + TIl and (1 + T2), which allow for the actual 
lift-distribution. The following table for rectangular wings 

is taken from GLAUERT; it is assumed that dd~L has its 

theoretical value of 2:rr:. 

A 4 5 6 7 8 

0'122 0·145 0·163 0·183 0'201 
0'026 0·037 0·046 0·055 0.064 

9 

0·216 
0,072 

10 

0·228 
0-080 

The increased accuracy of weighing and the close 
approach to uniform flow in modern wind-tunnels mean 
that variations in the details of model manufacture, in the 
quality of the model surface, in the type of suspension 
used, and in the shape of the wing-tips, now produce ! 

) 'detectable effects. Al a result, the profile drag (that is, the 

L
' part of the drag due to friction) is no longer obtained by 

. • ~,;ghing follow,d hy ,ubt=tion of th, vo,"" d"'g, hut 
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is found directly by measurement of the momentum lost 
in the wake. The theoretical foundations of this method 
have been given by BETZ, B. M. JONES, G. I. TAYLOR, and 
(for high speeds) by GOTHERT: the practical applications 
are described by MUTTRAY, DOETSCH, SILVERSTEIN and 
KATZOFF, GOETT, and others (see the references of Section 
2.4). 

In later times, wind-tunnels intended for profile measure
ments have been built by the NACA and at Gottinge,nt; in 
these tunnels the wings are placed between plane walls in 
an attempt to produce two-dimensional flow. Disturbances 
caused by the apparatus for measuring forces are largely 
avoided in the American wind-tunnels LTT and TDT by 
determining the lift from an integration of the pressures 
on the floor and on the roof of the wind tunnel; only the 
moments are still measured by weighing. 

2.3.2 On Wind-tunnel Corrections 
Because of the finite dimensions of the stream of air, the 

lift measured in a wind tunnel differs from that measured in 
air of infinite extent. In an open-jet tunnel the lift is 
smaller: in a closed-throat tunnel the lift is greater 
(assuming that the angle of incidence remains unchanged). 
However, following a proposal of PRANDTL, it is more 
useful not to apply the necessary correction to the lift, but 
rather to correct tIre angle of incidence and the drag 
coefficient at constant C L (the procedure that is used in the 
conversion from one aspect ratio to another). 

The most important correction, a correction for the 
induced downwash on the wing, depends on the lift 
coefficient (C L), on the ratio of wing area (S) to the cross
sectional area of the jet (So), and on a factor that allows 
for the influence both of the shape of the cross-section and 
of the wing span .. The latter factor is written (}a in the 
correction for the angle of incidence, and () D in the correc
tion for the drag; many Authors have calculated it (under 
the assumptions of potential theory), and the most diverse 
cross-sectional shapes and spans have been considered. 
RIEGELS has given a comprehensive summary of such 
results for incompressible flow, in which other kinds of 
correction are also considered (camber corrections, 
constraint corrections, etc.); LUDWIEG is engaged on a 
supplement, a corresponding summary for compressible 
flows. 

To show the order of magnitude of the correction first 
mentioned, we give the values for the circular jet (worked 

t A two-dimensional low-turbulence wind·tunnel was built 
at Reyershausen near G6ttingen during the war; the test cross. 
section was 1·5 m X 3 m, and the speed was 90 m/sec. Measure
ments concerning its velocity distribution and state of turbulence 
were made, but it was then dismantled without having served its 
purpose-the carrying out of profile measurements. This 
tunnel (with a smaller test-section) has since been rebuilt in 
Giittingen; the deg ree of turbulence is small (0·0004), the cross
section is 0·35 m X 1·50 m, and the speed is 40 m/sec; it was first 
operated in 1955. ' 
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out by PRANDTL); in terms of the wing span, b, and the jet 
diameter, D, there results 

3 (b)4 5 (b)8 15=1+- - +- - + ... ;(2.7) 
16 D 64 D 

the correction for angle of incidence is 

CL S 
Aa = -15 - -, 

8 So 
(2.8) 

and for the drag 

(2.9) 

For normal profiles of 1 m span and with A equal to 5, in 
the Gottingen 2·25 m wind-tunnel, the angle of incidence 
and the drag coefficient corrected for jet-boundary effects 
are given by 

a = aM - 0·36CL (a in degrees),· 

CD = CDjJf - 0·OO635CL2; 

the uncorrected, measured values are designated by the 
suffix M. For normal profiles (0·6 m X 3 m) in the elliptic 
jet of the Gottingen 4 m X 5·4 m wind-tunnel, 

a =:; aM - 0·64CL (a in degrees), 

CD = CDjJf - 0·0112CL2. 

Further corrections may be necessary because of support 
interference (see Section 2.3.3). 

2.3.3 InHuences of Wing-tips and Supports 
All the earlier profile measurements made by the AVA 

and by the NACA have been carried out on wings with 
blunt tips, but measurements in the DVL wind-tunnel 
show that considerable differences in. the experimental 
values arise, depending on whether the ~ngs are blunt at 
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Fig. 2.6. Values of CLmax• 

for the profile-series NACA 
24 with: (a) blunt tips; (b) 
rounded tips. Wind tunnel: 
DVL 5 m x '1 m. Effective 
Reynolds·number: approxi
mately 3.10'. 

the tips or are rounded (that is, fitted with tip-fairings). 
These measurements have been carried out at a Reynolds 
number of 2.7.106 ; for this reason the drag coefficients are 
smaller than previous results. In Figure 2.6 C

Lmax
.' for the 

NACA profiles 2409 to 2421, is plotted against thickness; 
this example shows how the thickness changes the effect 
of rounded tips. The tip-fairings employed here are of the 

usual type; at each point of the chord they have a radius 
equal to half the local thickness. Neither kind of tip is 
entirely satisfactory: because of the complicated vortex 
formation, wings that are blunt at the tips give too large 
values for the measured drag coefficient (whrn the lift 
coefficient is close to zero); on the other hand, too large 
values in the upper range of CLare found when" normal" 
tip-fairings are used. 

(J.(J060-"-"-""''---'---'''1 -'--'L--r I, -'Y-I Fig. 2.7. Drag correction 
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From measurements in the 4 m X 5·4 m tunnel of the 
AVA, REGENSCHEIT is able to show that both these dis
advantages can be overcome to a certain extent by using 
a particular type of tip-fairing. This tip-fairing is of the 

. same form as the normal one up to the position of maximum 
thickness; from this point on it is elliptic (the minor semi
axis being half the local thickness, and the major semi-axis 
being half the maximum thickness). Measurements of the 
drag of wings with such tip-fairings are fairly close to the 
true values (Figure 12.74). 

The means of suspension of the wing automatically 
introduces errors; this can be seen, for example, from the 
measurements of momentum loss shown in Figure 4.8. 
JACOBS and ABBOTT [R669] give corrections that should be 
appli~d to the drag to allow for support interference. They 
are applicable to the measurements made in the NACA 
variable-density wind-tuI).nel from 1931 to 1939, and are 
reproduced in Figure 2.7. 

2.3.4 ln1Iuence of Turbulence in the Air 
In Section 2.2 the problem of turbulence in wind tunnels 

has been very thoroughly treated, because the state of 
turbulence of the air-stream has a decisive influence on the 
formation of the boundary layer; this in turn affects the 
drag and, above all, the maximum lift. When measurements 
made on models are applied to free air of low turbulence it 
is, therefore, essential to take the origin of the measure
ments into account. Both the American VDT aI).d the 
first 2 m X 2 m tunnel of the Gottingen Institute for Model 
Tests have a particularly high degree of turbulence; 
consequently, the maximum lift coefficients measured in 
these tunnels are not usually attained in free air, and the 
measurements should not be applied to free-flight models 
(even if the Reynolds numbers seem to lie in the correct 
range); instead, later measurements made 'in low-turbu
lence wind-tunnels should be applied. The results of 
SCHMITZ are of interest here. 
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Attention is drawn to a source of errors of a special kind 
which has up till now received little attention; sometimes 
it can exert a considerable influence upon the measured 
maximum lift since it causes a change in th'e state of the 
boundary layer. Suppose that the wires used to measure 
the drag component, which are fastened to points on the 
leading edge of the wing, do not both run parallel to the 
free-stream direction to two points in front of the wing, 
but are brought together in V-form to a single point; the 
effect is the same as if a "turbulence wire" were stretched 
in front of the wing, parallel to the leading edge; as a result 
there is transition of the laminar boundary layer to a 
turbulent one, 'and an apparent increase in the values of 
CL

m 
.. : The measurements on some G6ttingen profiles 

(from Profile 456 to Profile 592, but there are exceptions) 
have been made in the presence of such a V-shaped wire
suspension, and therefore require certain corrections; this 
is particularly true of the CLmaz . results. 
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3. FORCE AND MOMENT COEFFICIENTS 

3.1 Characteristic Aerodynamic Quantities 
The force on a moving wing is proportional to the area, 

S, of the wing (or, in the two-dimensional case we are 
considering, to the chord, c, of the profile) and to the 
kinetic pressure, q = (e/2) V2 (where e is the density of the 
fluid). Consequently, it is usual to give the drag, D, and 
the lift, L, in the form of dimensionless coefficients: 

D 
OD = qS' '0 L L --' - qS' (3.1) 

in wind tunnels these coefficients are measured for various 
values of the angle of incidence, 0; (the angle made by the 
profile with the free-stream direction). 

For symmetrical profiles the axis of symmetry is always 
used in the definition of angle of incidence, but various 
possibilities exist for cambered profiles (see Section 1.2.1). 
From the aerodynamic point of view the following angles 
of incidence are of particular interest: 

(a) the angle of incidence at zero lift, o;c~_o' or, more I 

briefly, 0;0; 

(b) the ideal angle of incidence, 0;*; this is the angle of 
incidence (for cambered profiles) at which the flow does 

J.. not turn abruptly round the leading or trailing edges 
of the camber line, but attaches smoothly and leaves 
smoothly; in theoretical work 0;* is sometimes called 
the" design angle of incidence "t. For further remarks 
see Sections 8.2.1.2 and 8.2.5. 

According to theory, a simple relation exists between 
lift coefficient and angle of incidence, 

O dOL. ( ) 
L = TaSIn 0; -0;0. (3.2) 

Experimental results confirm this equation for. small 
angles of incidence, In which range the relationship is 
linear, being 

(3.3) 

Because of viscous effects the constant value for the lift

curve slope, df:, is less than the theoretical value. It is not 

possible to find a similar simple theoretical relation for the 
drag coefficient, 0 D. 

t The German expression for a* is "der Anstellwinkel des 
sto.l3freien Eintritts", "the angle of incidence of shock·free 
attachment" . 

Drag and lift are to be regarded as components of the 

total force, R = V L2 + D2, in the direction of the free 
stream and normal to this direction respectively (see Figure 
3.1). If the total force is resolved in the direction of the 

Fig. 3.1. Resolution of total 
aerodynamic force (R) into 
drag (D) and Iift (L). or into 
tangential Ilnd normal forces 
(respectively Nand T) 

chord and in a direction normal to the chord the respective 
components are called the tangential force (T) and the 
normal force (N), and the respective coefficients are 
written as 

N 
ON=-' qS 

(3.4) 

If 0; is the angle between the direction fixed with respect to 
the profile and the direction of the free stream, then the 
formulas connecting the coefficients are 

OT =,-OL sin 0; + OD cos o;} (3.5) 
ON = 0 L cos 0; + 0 D sin 0; 

for small values of 0; these become 

(3.6) 

In addition to these forces we are interested in the 
pitching moment of the total force with respect to a fixed 
point of the profile-for example, the leading edge 
(suffix l); we write 

(M)z = (Om)zqSc; (3.7) 

it is taken to be positive if its effect is to increase thfJ angle 
of incidence. The total force, R (resulting from the lift, L, 
and the drag, D), cuts the line chosen as reference axis in 
a point at a distance h from the leading edge; the reference 
axis is a line fixed with respect to the profile, examples 
being the chord and the free-stream direction at zero lift. 

Hence, we can write 

(M)z = -h(L coso: + D sin a) = -hN. (3.8) 
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3.1 CHARACTERISTIC AERODYNAMIC QUANTITIES 

The point (at a distance h from the leading edge) that is 
the intersection of the profile chord and the line of action 
of the total force is called the centre of pressure of the 
profile; its position is given by 

h (Om)z c= - ON' (3.9) 

In general, this value varies considerably with the angle of 
incidence, 0:; but for a symmetrical profile (that is, for a 
profile with a straight camber line) the centre of pressure 
lies at one quarter of the chord from the leading edge, a 
theoretical result which is well confirmed by experiment 
(see Equation 8.44 and Figures 3.19 to 3.23). 

According to theory a simple relation exists between the 
moment coefficient and the angle of incidence: 

O 1 (dOm) . 
( m)l = 2 do: Ism 2(0: - 0:0 - y); (3.10) 

here, y is an angle shown in Figure 3.2; its significance 
appears in the following discussion. 

L Fig. 3.2. Definition of y and z 

Additional theory. In inviscid flow D = 0; since the lift is then 
normal to the free· stream direction, M = -hL. The angle of 
incidence is now measured from the free·stream direction at zero 
lift and, since D = 0, it is written with the suffix "in" (inviscid 

dOL. 1 (dOm ) flow). Then OL = -d sm aln and (Om)l = -2 -d x 
ain aln' I 

sin 2 (at?! - y); for the arm of the moment (the perpendicular 
distance, z, of the line of action of the lift from the point to 
which the moment is referred) we find 

sin 2(atn - y). 

sinaln 

Choose co·ordinates x* and y* with origin at the point to which 
the moment is referred; let the x* axis be parallel to the free· 
stream direction at zero lift, and the y* axis be normal to this 
direction. The line of action of the lift cuts the x* axis at the 
point h = zjcos aln, and the equation of this line is 

x* + y* tan aln = _z_ ; 

( tan aln (k, say) occurs as a parameter here. The family of lines of 
o' action F(x*, y*, k) = ° has an envelope whose equation is 

cos aln 

~ 
c" of L by_~t~ 1b.t_n F ~ 0 =d_O_k_=_O. The 
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equation of the envelope is 

[ .. +,g}~2Yr 
_ . (d;:) I .. [* C(d;:)l. ]. 
- -2c ed~L) sm2y y + 2 (d~L) sm2y , 

the envelope is called the metacentric parabola. Its axis is parallel 
to the y* axis; its apex, A, lies at 

. (dOm) 
da I 

xl = -c dOL cos 2y, 

(~) 
and its focus, F, at 

(
dOm) 

.. ~l 
X F = -c --- cos 2y 

(
dOm) 

.. ~ I . 
YF = --c --- sm 2y. 

(d~L) , (d~L) 

We see that the distance between the focus and the point to 
which the moment is referred is 

(
dOm) 
da I 

c (d~L)' 

and that the straight line joining these two points is inclined 
at an angle 2y to the free· stream direction at zero lift. 

If we now refer the moment of the lift force to the focus of the 
lift parabola we obtain for the arm 

(
dOm) 

c da I sin 2y 
Zp = -- --- ---, 

2 (dOL) sin aln 
o' da 

and for the moment coefficient referred to F 

1 (dOm) . (Om)P = 2 da Ism 2y; 

(Om)P is, therefore, independent of angle of incidence. 

The method by which the behaviour of the moment has 
been obtained is strictly valid for inviscid flow only; 
but the assumptions made concern only the dependence 
of OL and (Om)/ on O:in. According to measurement, 
OL and (Om)! differ from the theoretical values; therefore, 
the focus almost always lies at a point different from that 
just determined, and the moment with respect to this 
point is not exactly constant. Nevertheless, even in 
viscous flow, a point exists referred to which the moment is 
approximately independent of angle of incidence; this is 
true for every profile in a certain (sometimes very limited) 
range of 0 L. The point is called the aerodynamic centre 
(a.c.) of the profile or, so~etimes, the neutral point of the 
profile; it corresponds to the focus of the lift parabola in 
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inviscid flow, and in general lies very close to the point on 
the chord which is at a distance of one quarter of the chord 
from the leading edge. 

If the moment is measured with respect to some point 
(x, y) then the position of the aerodynamic centre (suffix a) 
can be obtained from the relation 

(Om)a = Om + (xa - x) ON _ (Ya - ~ OT. (3.11) 
C c 

If the dependence of Om, OL, and OD on a is known, then 
the required values (xa, Ya, and (Om)a), can be obtained by 
using this equati9n three times: when 0 L = 0; when 0 L is 
close to its maximum; and when 0 L lies somewhere be
tween these two valuest. From its definition (Om)a should 
be approximately constant over the whole range of angle of 
incidence (up to separation). 

3.2 Review of Experimental Results 

3.2.1 Angle of Incidence Ranging from 00 to 3600 

.?A knowledge of the forces and moments occurring at all 
possible angles of incidence is highly desirablet(for example, 
in problems concerning helicopters and variable-pitch 
,propellers). In Figure 12.105a measurements for the 
profilefNACA 0012 between plane walls are reproduced; 
these give an indication of the forces and moments to be 
expected at other free-stream conditionsjil 

In addition, measurements on rectangular wings of 
aspect ratio 5 are shown in Figures 12.51b, 12.61, and 
12.72b; the profiles are flat and cambered plates, and the 

3. FORCE AND MOMEN'f COEFFICIENTS 

3.2.2 Normal Range of Angle of Incidence 

Extensive investigations of profiles have been carried 
out in the wind tunnel of the old Gottingen Institute for 
Model Tests (MV A); the results are published in the 
"Technical Reports" of the first world war (see Section 
l.5.2). The Reynolds number is usually about 7 .1()4 and, 
although these old measurements have long ceased to have 
any value for the aircraft constructor, they have great 
interest today precisely because of the small Reynolds 
number. For example, they are useful in estimating the 
characteristics of free-flight models and for determining 
the best possible setting of turbine blades. Some of the 
experimental results for such ,profiles are reproduced in the 
Tables of Section 1l.5 and in the Figures of Section 12.5.1 ; 
before they are used the remarks in Section 2.3.4 should be 
noted. 

After the 2·25 m tunnel of the AVA at Gottingen had 
been put into operation measurements on profiles were 
made exclusively in this tunnel, mostly at Reynolds 
numbers of about 4.105• Since 1937 measurements have 
also been carried out at higher Reynolds numbers in the 
large wind-tunnel of the AVA; in extreme cases the value 
R = 7.106 has been reached. Details of a selection of the 
profiles investigated in these tunnels are included in this 
book; the ordinates are given in the Tables of Section 1l.3, 
and the measured force and moment coefficients in the 
Tables of Section 11.5. In the original publications the 
reference point for the moment is the leading edge or, 
more accurately, the point of the profile chord which lies 

-EJJ.i!E055 50 2'J~
·Z 

-E1]g.12-o-5550 1'ZC::=:--
1-2 

-E:ff10 12-06550 o-51::=>-
1·2, 

-CL 

*0 ao *0 ''0 

Fig. 3.3 Induence of trailing edge angle on CL(a) and CL(Cm). Wind tunnel: DVL 2.7 m 

two profiles Go 420 and Go 623. Although the assumption 
of two-dimensional flow made elsewhere in this book does 
not hold here and a conversion to A = 00 would have 
little meaning, these measurements should be regarded as a 
welcome addition to our knowledge. 

t Instead of the three values of CL proposed here the NACA 
(see [R537]) determine the aerodynamic centre and the cor
responding moment by using Equation (3.11) twice (when 
CL = 0; and when CL = C~, C~ being close to CLm,x) and by 

making ~~; have the measured value at CL = O. 

on the perpendicular from the leading edge (the coefficient, 
(Omh, is positive when the tendency is to decrease the 
angle of incidence!); for the profiles Go 758 and beyond, 
the reference point lies at one quarter of the chord from 
the leading edge (the coefficient, Om, is positive when the 
tendency is to increase the angle of incidence); the latter 
definition is here used throughout (that is, for the older 
profiles as well). In the figures and tables, jet-boundary 
corrections have been applied, and the conversion to 
A = 00 has been performed with allowance for the effect 
of the lift distribution on the wing (see Section 2.3). 



3.2 REVIEW OF EXPERIMENTAL RESULTS 

The Gottingen profile Go 398 (with its maximum thick
ness at 30% of the chord) has proved particularly favour
able (this profile is approximately the same as the Clark Y 
profile); its thickness distribution is, therefore, the basis of 
the extensive systematic measurements made by the NACA 
in the VDT (see Section 7.3.2, Type D l ). These measure
ments, carried out at the high effective Reynolds number 
of 8 .106 [R460], have led to a number of standard profiles 
(in particular, the 24 and 230 series) with distinctive 
properties. Although later measurements in low-turbulence 
wind-tunnels of the DVL and the NACA reveal a number 
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After verification of the properties of the NACA 24 and 
230 series by measurements in the 5 m X 7 m wind-tunnel 
of the DVL (DOETSCH), an extensive programme was 
carried out in this tunnel to determine the effect of changes 
in the thickness distribution (in particular, the effect of 
varying the nose radius and the position of maximum 
thickness); the results of these measurements can be found 
in the collection of data of Table 11.1 and also in Table 11.5. 
The investigations, carried out at a Reynolds number of 
2'7.106, demonstrate the favourable influence on the drag 
both of a rearward displacement of the maximum thickness 
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R =IH.l0~ 

/ rz:;;; r---' 
1/ ft!-Plate 

~ 

I II ./ ~ , 

II 1/ 
/" 

I 

W ,a.-a.. I 
B ,. B 11" 16 ~ 

R=H.tiI 
~ 

V 
V 

/" 

1/ ~61S 
ai~ / 

1/11 ~. FLat Plate 

/ V ~ 

7J 
If rot...a.. 
0 ,. 

Fig. 3.4a, b. Dependence of lift coefficient on Reynold. number, for typical proflles 
(SCHMITZ). Wind tunnel: Cologne 

of deficiencies in these results, such a systematic investiga
tion gives considerable insight into the influences of 
. thickness, camber, and position of maximum camber. 
The deficiencies are removed to a certain extent by the 
application of corrections (in. particular, for the maximum 
lift (CLm .. ) and the minimum drag (CD

m1n
) [R669]) and 

by new measurements in low-turbulence wind-tunnels 
[R 824]. Because of the existence of later measurements, 
we do not reproduce the old experimental results, but 
simply refer to the literature. 

from the normal value of 30% of the chord and of a 
decrease in nose radius from the normal value role = 
1·1 (t/e)2; it is found possible to obtain significant laminar 
effects (that is, to keep the boundry layer laminar longer 
than is usual with "normal" profiles). Unfortunately, 
undesirable changes frequently occur in' the lift-curve 
slope and in the behaviour of the moment; they are 
caused by the unfavourable movement of the transition 
point on profiles of this type. These changes are eliminated 
only when the trailing edge angle is made smaller (Figure 
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3.3). The resulting profile (or, better, pressure distribution) 
is close to that which the NACA take as a basis in a sys
tematic investigation, carried out at about the same time 
in the low-turbulence wind-tunnels LTT and TDT; the 
pressure distributions were prescribed and the correspond
ing profiles designed by theoretical methods. At high 
Reynolds numbers the drags are lower than those of the 
earlier profiles, and the remaining profile properties are also 
satisfactory. The results of these later measurements are 
given in the Figures of Chapter 12 and in Table 11.1. The 
Reynolds numbers for the measurements are 3.106, 6.106, 

and 9.106 ; each profile is measured with and without a 
split-flap deflection of 60° [R824]. Some models have 
been investigated at Reynolds numbers of from 0,7.106 

upwards [N1945, R964], the high value of 5.107 being 
reached. Most models have been measured both with a 
smooth surface and with "standard roughness" (see 
Section 4.1.3). 

3.3 Behaviour of the Lift 

3.3.1 Lift-curve Slope 
The theoretical value for the lift-curve slope of the flat 

1 . dOL 2 'f . d . d' dOLO 11 P ate IS a;; = n, 1 Ct IS measure ill ra lans, or Ta = . 

if Ct is measured in degrees. We introduce an efficiency 
factor, 1J, by the relation 

(3.12) 

For the Gottingen flat-plate measurements (Figure 3.4b), 
the value 1J = 1 is very nearly reached, but the measured 
value becomes smaller as the Reynolds number decreases, 
and falls to 1J = 0·84 when R = 4·2.104. 

The behaviour of 1J for the cambered plate is anomalous 
(Figures 3.4a and b); although 1J increases theoretically by 

a factor of only [1 + k( f)2], if{ is small, the measurements 

on, for example, Go 417 a for 0 L < 0·6, give the high valuet 

1J :::::; 1'38, corresponding to df: = 2·8n; this value is 

alm<Jst independent of Reynolds number from R = 4·2.104 
up to R = 4·2.10s. For 0 L > 0'6, 1J certainly decreases 
with increasing OLand is soon less than 1. 

The usual profiles of finite thickness, with maximum 
thickness at about 30% of the chord, have a poor value of 
1J in the sub-critical region, but 1J increases with the Rey
nolds number and reaches values of about 0·9 in the super
critical region, at a Reynolds number of 4 . lOS. At Reynolds 
numbers of the order of 106 , and with not too large a 
thickness ratio, 1J becomes almost equal to 1. For a constant 
Reynolds number (say, R = 6.106) a fall is detectable 

t This high value results from separation on the pressure side, 
the expected suction not being realised. 

3. FORCE AND MOMENT COEFFICIENTS 
-' 

t 
with increasing thickness ratio (to 1J = 0·9 when - = 0·23) 

c 
(Figure 3.5). According to potential theory the value of 

df: should become larger 'than 2n as the thickness in

creases (see Section 8.2.5), but the relatively thick bound
ary layer causes 1J to decrease as the thickness- increases. 
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Fig. 3.6. Influence of Mach 
dCL number on (i';" for sym-

metrical NACA proilies. Wind 
tunnel: DVr. 2'7 m 

The later profiles with small nose radius and maximum 
thickness lying further back display a somewhat different 
behaviour; because of the favourable pressure distribution 
the boundary layer remains very thin even in the turbulent 
region; turbulent separation does not occur until near the 
trailing edge, so that the influence of viscosity is con
siderably smaller. At Reynolds numbers above 6.106, 

therefore,1J continues to increase with thickness and reaches 
values up to about 1·07. However, if the rear part of the 
profile bulges too much (large trailing edge angle), as in 
profiles investigated by the DVL and in those of the NACA 
I-series, the unfavourable pressure distribution causes a 
thicker boundary layer, and hence a decrease in 1J; for 
such profiles an increase in camber leads to improvement. 

In general, the factor 1J decreases considerably with 
Reynolds number at high 0 L values, the cause being the 
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3.3 BEHAVIOUR OF THE LIFT 

large increase in boundary layer thickness. The influence 
of" standard roughness" of the surface (see Section 4.1.3) 
on the lift-curve slope is shown in Figure 3.5. 

From the Prandtl-Glauert rule (see Section 10.3) df: 
increases with Mach number as . / 1 _; this is weli 

v1-M2 
confirmed for profiles of small and moderate thickness, until 
the critical Mach number is reached, but considerable 
deviations occur at higher Mach numbers and 0 1, values 
(Figures 3.6 and 3.7). As the Mach number increases there 
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is initially a considerable rise, then a fall, and finally 
another rise. As the camber is increased, the measured 

values of diaL cease to show the theoretical increase with 

Mach number, and OL no longer behaves linearly with a. 

Th . . . I I' . dOL hi h h h e mitia arge mcrease m a;;' w c occurs w en t e 

critical Mach number is exceeded, is predicted by more 
accurate theory, but the changes occurring as the Mach 

29 

number increases still further are caused by the appearance 
of shocks and their interaction with the boundary layer. 

When the Mach number is greater than unity, but not 
large compared with unity then, if the flow is wholly 
supersonic and the angle of incidence is small, a linear 
behaviour is agai~ observed; according to a well-confirmed 

dOL . 4 . 
theory da then takes the value (M2 _ 1)1/2 (see SectIon 

1O.5.3). 

3.3.2 Angle of Zero Lift 
The angle of zero lift for the flat plate is independent of 

Reynolds number but, for a cambered plate, a small 
decrease with increasing Reynolds number is detectable 
(Figure 3.8); the effect of Reynolds number is most 
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marked on cambered, thick profiles. ao is always relatively 
small for sub-critical Reynolds numbers, but it jumps to a 
large negative value when the critical Reynolds number is 
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exceeded (that is, when there is transition to turbulent 
flow in the boundary layer); it then rises with increasing 
Reynolds number to an almost constant value. This value 
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is essentially dependent only on the camber for medium 
and high Reynolds numbers; it is almost completely 
independent of the profile thickness (see Table 11.1). 
Deviations from the theoretical angle of zero lift usually lie 
between ±IO%, the actual amount depending on the type 
of camber line; for the camber line which has a constant 
velocity deviations of -25% are found. 

The angle of zero lift does not change rapidly with Mach 
number until shocks appear; the change then depends very 
much on the profile shape. The behaviour with increasing 
Mach number is usually as follows: there is a small 
decrease in ao, until a Mach number of about 0;8 is 
reached; the decrease is then usually followed by a sudden, 
large rise. For the NACA 230-series (Figure 3.9) only a 
small dependence on Mach number is detectable until far 
beyond the critical Mach number. When the Mach number 
is greater than 0·8 the large changes already mentioned 
appear, and they increase with thickness. Figure 3.10 is a 
comparison of the variation of angle of zero lift with 
Mach number for three profiles of various shapes [R947]; 
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Fig. 3.10. a.(M) for some modem profiles. 

with a flap deflection of _6°, the profile having a fairly 
large at shows approximately the same variation as the 
other two profiles with no flap deflection. 

For a fixed, supersonic Mach number the angle of zero 
lift decreases as the square of the thickness ratio; this is 
shown in Section 10.5.4 for the profile whose suction side 
is a circular arc and whose pressure side is straight. ao 
increases with Mach number in supersonic flow. 

3.3.3 Effect of Increase in Mach Number on the Relation 
between Lift and Angle of Incidence 

Because of the large irregularities as sonic speed is 
approached (from below), diagrams of the behaviour of 
either angle of incidence for constant a L or a L for constant 
angle of incidence are frequently used in addition to 

diagrams for d~L and ao. An example of the first type of 

·diagram is given in Figure 3.11; according to the Prandtl
Glauert rule the curves of a against M should be ellipses, 
and these are also drawn in the diagram; the ellipses have 
zero slope when M = 0, and infinite slope at a = 0, M = 1. 

3. FORCE AND MOMENT COEFFICIENTS 

By a combination of suitable thickness and camber 
distributions, it is possible to design profiles for which at 
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remains almost constant as the Mach number increases, up 
to a value of M between 0·85 and 0·9 (NACA 836DllO and 
847BllO). 

3.4 Maximum Lift 

There is generally a considerable variation of maximum 
lift with Reynolds number. Figure 3.12 shows a small 
selection from the large amount of material in Table 11.1. 

I 

I NAJ230~~ V vrJ I I 
i N1~-Zr2 

I V i--'" ,,);t~ lLrlJ.;-~ 

/ vVj V 'j",J ..... ........ 

~917~ T I'" v 
..... - -~/ 

I NACA 65-oh6 j 

1·2 

1·0 

Flut Plate 

(}6 
¥- 6 81r1 2 

Fig. 3.12. lIIaxlmum 11ft as a function of Reynolds number, for selected 
profiles 

For sub-critical flow only very small lifts are reached 
throughout (the cambered plate forming an exception): 
after the critical Reynolds number is passed, a Lm&x. 

increases very rapidly at first; when the super-critical 
state is reached its growth is again slow, and this behaviour 
often continues up to high Reynolds numbers, but is 
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sometimes disturbed by a temporary fall. In general, the 
maximum lift increases with camber. 

For a fixed Reynolds number OL
max

., when plotted 
against thickness, shows pronounced maxima, the position 
of these maxima depending on the profile series being 
investigated; for profiles whose maximum thickness lies at 

t 
about 30% of the chord they are usually close to - = 0·12. 

c 
If the maximum thickness lies further back, the maxima 

occur at higher values of the thickness ratio (~ = 0.16); for 

the NACA 66-series OL
mas

• has a high, constant value 

in the range of ~ from 0·15 to 0'21, provided that the 
c 

Reynolds number is high (9.106). 

The influence of nose radius on the maximum lift is 
quite large (see Figure 5.2). For the DVL series (R = 
2'7.106) 0 Lmax ., with normal thickness ratios of 12% and 
15%, shows the following behaviour as the nose radius 
is decreased: from the normal value of nose radius down to 
one half this value there is a slight fall; but, when the nose 
radius has become one quarter the normal value, OLmas . 

has sunk to almost one half of its initial value. 
Other factors affect the behaviour of 0 L : both the 

max. 

state of turbulence of the air and the quality of the surface 
have a decisive influence (see Sections 2.3.4: and 4.1). 

3.5 Profile Drag 

3.5.1 Incompressible Flow. Minimum Drag 
The minimum drag of a profile occurs at vanishing lift 

(OL = 0) for symmetrical profiles and, generally, at the 
ideal angle of incidence for cambered profiles (that is, 
when 0 L = Ot). Figure 3.13 gives a survey of experimental 

0·1 
6 
5 

" 
Z 

(}01 

~~ 
r- G55Z5 (ZO·/.) 

X WrZ
¥(T5%) 

~k 1'\ ~5Z3(TZ%) 

N50(lZ,t%, I/D- -," .. ;< :./ZZ (6 ".J 
Without ............. 

~ t.w -:..:::.:: I 

t-Withtw. "' 

31 

values in the Reynolds-number range R = 2.104 to 
R = 6.107• The drag of the flat plate is wholly skin
friction drag and agrees with theoretical predictions: on 
the other hand, the camber~d plate (in a super-critical 
stream) is almost completely independent of Reynolds 
number at ex = 0 (that is, the drag is predominantly 
form drag). For cambered profiles of finite thickness both 
types of drag occur, and a strong dependence on Reynolds 

number ... ~ec?~~~_~_p~!lnt::~~~. is veryhigh in sub
critical flow because the contribution of the form drag is 
high; when the critical Reynolds number is exceeded the 
drag falls suddenly, because the boundary layer is no 
longer laminar when it separates; the region of separated 
flow is then considerably smaller, since the turbulent 
boundary layer remains attached for longer. Therefore, a 
turbulent boundary layer is desirable in this region of 
Reynolds number (usually beyond R = 105); the effect is 
to reduce the drag, because flow that would otherwise have 
separated stays attached, and so the form drag contribu
tion is reduced/For normal profile shapes transition of the 
boundary layer usually occurs in the first third of the 
profile chord; this is true of the four-figure NACA profiles 
(shown together with Gottingen profiles in Figure 3.13) in 
the range of Reynolds number between 105 and 106• }Vith 
increasing Reynolds number the skin-friction drag be~ ,. 
CQm~~ m~eimportant. A glance at the theoretical curves 
for the flat pl~te (Figure 9.15) shows that large reductions 
in drag are obtainable at higher Reynolds numbers, if it is 
possible to increase the length of laminar boundary layer 
(that is, to displace rearwards the point of transition). 
With a suitable pressure distribution or profile shape it is 
possible to achieve these reductions, as measurements in 
all wind-tunnels of sufficiently low turbulence have shown. 
In Figure 3.13 are also plotted the drag coefficients of some 
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characteristic profiles for which the point of transition has 
been displaced rearwards to 60% of the chord. It must be 
emphasised that these profiles, though favourable at high 
Reynolds numbers, may have higher drag coefficients at 
low Reynolds numbers than profiles with a maximum 
thickness at 30% of the chord; this is because the large 
pressure-rise behind the minimum pressure gives rise to 
laminar separation, and so produces an increase in the 
form drag. 

The behaviour of the. drag coefficient as a function of 
thickness and camber, at constant Reynolds number, is of 
interest. Measurements carried out at a Reynolds number 
of 4.105 on Joukowsky profiles lead to the approximate 
formula 

a Dmin. = 0'004,6 + 0·044 - + c 

this has been derived by a careful study of the results in 

h . t f 
t e regIOn - < 0'25, - < 0·11. We see that the drag 

c c 
coefficient increases as the first power of the thickness 
ratio, but as the third power of the camber. Corresponding 
approximate formulas for other profiles and Reynolds 
numbers can be easily derived from Table 11.1. This table 
shows that, at a Reynolds number of 6.106, the approxi
mately linear rise with thickness ratio is still valid. For the 
four and five figure NACA profiles we have, approximately, 

t aDmin• = 0·0038 + 0·016 - for R = 6.106, - < 0·15; 
c c 

and for the NACA 66-series we have 

t t aDmin.= 0·0026 + 0'007 - for R = 6.106, - < 0·15. 
c c 

With increasing thickness ratio, terms of higher order 
appear and these soon become dominant. For example, 
HOERNER (see Section 1.5.1) gives the following formula: 

aDmin
• = 1 + 2 ~ + 60 (~)4, 

(OD) flat plate C C 

which is derived from older measurements for 3 .106 ~ 

t 
R ~ 8.106 and - < 0·5. 

c 
The measured NACA profiles have small camber, and a 

dependence of drag on camber is barely detectable. When 
the position of maximum thickness is moved back, a 
decrease in drag is noticed; as the Reynolds number is 
increased this decrease is initially more pronounced, but at 
very high Reynolds numbers (from 2.107 to 5.107) 

instability of the boundary layer leads to transition and 
the drag again increases. 

3. FORCE A!'i"D MOME!'i"T COEFFICIEXTS 

3.5.2 Incompressiltle Flow. Dependence on Lift Coeffi
cient 

Figure 12.66 and Tables 11.5 contain measured polars for 
Joukowsky profiles at R = 4.105• An important feature 
(which is true of all profiles) is that the effect of camber, 
provided it is small, consists simply in a shift of the whole 
polar to a higher value of 0 L; more radical changes in the 
shape of the polar occur only when the camber is large 
(above 10%); these become more noticeable with increas
ing thickness. 

There is no basic change in this behaviour at higher 
Reynolds numbers. For laminar profiles, the region of 
minimum drag is shifted in the same way. 

The point of transition moves forward suddenly when 
o L exceeds a certain value, and so the laminar region is 
generally sharply delimited; for example, almost all 
measurements on the profiles of the NACA 6-series show 
this. The width of the region increases considerably with 
thickness; in particular, its upper limit moves to higher 

a L values. For thickness ratios ~ ~ 0·12, the width of the 
c 

a L region with minimum drag is usually less than.10 L = 
0·1. The measurements show clearly that this region 
becomes smaller as the Reynolds number increases; this 
is confirmed by an investigation of the profile NACA 
65(421)-420 carried out up to very high Reynolds numbers 
(up to R = 35.106) [R824]. Once the laminar region has 
ended, a steep rise in the drag occurs (usually very soon), 
an effect that becomes more noticeable as the Reynolds 
number is increased. It is interesting that exactly the 
opposite behaviour is observed with the usual four and 
five figure NACA profiles (with maximum thickness at 
30% of the chord): the drag decreases with increasing 
Reynolds number at the higher 0 L values. If we were to 
examine the range of OL in which the drag is small, we 
would find that, in contrast to the laminar profiles, these 
profiles show a broadehing of the region with increasing 
Reynolds number. If the position of maximum thickness 
is moved still further forward, the drag coefficient remains 
approximately constant up to very high 0 L values (see, for 
example, the profile Go 769, Figure 12.88). 

3.5.3 Compressiltle Flow 
The behaviour of the drag, as the free-stream speed 

increases and approaches the speed of sound, is of particular 
importance. The diagrams in Figures 3.14 to 3.18 show the 
characteristic behaviour of 0 D with Mach number for three 
profile series. In the first the position of maximum thick
ness is normal (at 30% of the chord), and in the second the 
position of maximum thickness is varied (in both these 
series the profiles are symmetrical); the third is a series of 
cambered profiles with maximum thickness at 40% of the 
chord. Each figure corresponds either to a constant value 
of 0 L or to a constant value of a. Further results for the 
NACA series 1, 6, and 8 are contained in the figures of 
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Chapter 12. For profiles with normal position of maximum 
thickness, the sharp rise in drag usually begins soon after 
the critical Mach number is exceeded; this Mach number 
becomes higher as the thickness decreases, because the 
disturbance velocities are smaller. For profiles whose 
maximum thickness lies further back, the critical Mach 
number can often be considerably exceeded without a 
consequent rise in drag. For the first class of profiles the 
Mach number at which the drag rise begins becomes lower 
as the angle of incidence (or C L) increases; but, if the 
thickness lies further back and the nose radius is suitably 
chosen, the Mach number at which the rise begins is 
practically the same for a small C L as for a fairly high 0 L. 

The reason is that the shocks on a profile of the latter class 
interact with a boundary layer which is thin and usually 
subjected to a favourable pressure gradient, so that it is 
not likely to separate (see Section 10.4.1). 

3.6 Moment Coefficient, Centre of Pressure, and 
Aerodynamic Centre 

3.6.1 Incompressible Flow 
At a fixed, not too small, Reynolds number the moment 

coefficient at a = cco, Omo' is proportional to the camber. At 
a Reynolds number of 6 .106 the four and five figure N ACA 
profiles show a very slight increase of Omo with thickness, 

but the Omo values of the 6-series are practically inde
pendent of thickness and position of maximum thickness. 

For symmetrical profiles the aerodynamic centre usually 
lies at 0·25c, but on the cambered four and five figure 
profiles it moves forward as the thickness increases (for 

t 
example, at R = 6.106, to about 0·23c when - = 0·24). 
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Fig. 3.19. Position of centre of pressure of NACA proflles 

In contrast, the NACA profiles of the 6-series show a 
rearward movement to a value of between O'27c and 0'28c 

when : = 0·21' this movement becomes smaller as the 
c ' 

position of maximum thickness moves rearward" (see 
Table ILl). 

Figure 3.19 shows the position of the centre of pressure 
on some symmetrical profiles at high angles of incidence 
IN3241]. For s~all Reynolds numbers, Figures 3.20 to 
3.23 show measured positions of centre of pressure; we see 
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Fig. 3.20. Movement of centre of pressure at 
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that for flat and cambered plates the Reynolds number 
influence remains small, but that for profiles with thickness 
a considerable influence is apparent. At higher Reynolds 
numbers the influence of Reynolds number usually becomes 
insignificant . 

3.6.2 Compressible Flow 

The influence of Mach n.umber on :g; is shown in 

Figures 3.24 and 3.25; at first the coefficients increase 
slightly with :Mach number, and then there is a fall. For 

fil h ··· I . f dOm . 'd' bl some pro es t e mltla mcrease 0 dOLlS conSl era e, 

but, after the critical Mach number is exceeded, the fall is 
all the greater. This fall is sometimes followed by a further 
rise. The position of aerodynamic centre should theoretic
ally be independent of Mach number. Nevertheless, a 
slight forward displacement of the aerodynamic centre is 

b d . di h ... l' . dOm Th o serve ,correspon ng to t e lnltla mcrease m dOL' e 
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explanation lies in the development of the boundary layer: 
because of the increasing Mach number, this is subjected to 
a pressure distribution similar to that of a thicker profile, 
and the result is a forward movement of the aerodynamic 
centre. If the Mach number is so high that shocks occur, 
the movement of the shocks along the chord determines 
whether the aerodynamic centre moves forwards or 
backwards, as an examination of the appropriate pressure 
distributions confirms. From Figure 3.25 we see that this 
forward and backward movement of the aerodynamic 
centre is different for each profile and for each C L value, so 
that general remarks are not possible; in a particular case 
all that can be done is to use the behaviour of the moment 
for a suitable profile which has been experimentally 
investigated (see, for example, Figures 12.133 ff). 
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4. SPECIAL PROBLEMS· 

4.1 Influeuce of Quality of Surface 

4.1.1 Older Results 
The quality of the surface has a large effect on the profile 

properties. From an old AVA measurement (Figure 12.63), 
at the relatively small Reynolds number of 6·3. lOS, we 
can see the main effects caused by a surface which is not 
smooth: a considerable increase in: drag; and, usually, a 
decrease in maximum lift. The roughening for this measure
ment was rather coarse: it was produced by a wire net of 
0·5 mm gauge, with 38 square meshes in a length of 10 
em; the net was soldered on to a wing of sheet metal, the 
profile being Go 449. According to this measurement the 
suction side is very sensitive to roughness; this is generally 
true, the nose of the profile being particularly sensitive. 
Figure 4.1 illustrates the effects of various amounts of 
coarse roughness on the suction side for the profile N ACA 
0012 at a Reynolds number of 5 .106• The same behaviour 
occurs at higher Reynolds numbers, as will be shown. 

4.1.2 Surface Roughness 
DOETSCH has investigated the effect of the roughness 

caused by paint on some industrially manufactured wings; 
the profiles are mostly those of the NACA 24-series, and 
the range of span is fairly large. DOETSCH obtains the 
following result: an increase in drag over that of an ideal 
smooth wing is found in the Reynolds number range of 
4 .106 to 107• A J u 288 wing shows an increase of 46%, an 
He 177 wing 60%, an Me 109B wing 50%, and an FW 190 
wing 33% ; the wings are all painted with camouflage paint, 
and no priming has been used; the average height of 
roughness is about 0·019 mm (Ju 288), 0·014 mm (He 179), 
and 0·007 mm (FW 190). Figure 4.2 shows the results from 
the measurement of momentum loss along the span of the 
FW 190 wing. A Mustang wing (including armament), 
measured at the same time, gives an increase in sectional 
drag of 41 % over the ideal smooth value; the latter value is 
actually obtained over large parts of the span, and is very 
small, CD being 0·0044. The effect of various kinds of 
surface at high Reynolds numbers can be clearly seen from 
Figure 4.3. Further information on the effects of surface 
roughness has been obtained from flat-plate measurements 
(see Section 4.1.5). 

4.1.3 Standard Roughness 

We have already mentioned that roughness near the 
profile nose is especially harmful. An example at R = 

26.106 (Figure 4.4:) shows how the effect of roughness 
varies with the place on the chord at which it occurs. 
Figure 4.5 shows the influence of the height of the rough
ness when this occurs at the nose; in this experiment there 
is only a strip of granular roughness along the leading edge. 
When such a strip (made from a carborundum layer of a 
certain grain size) is placed at a certain point of the chord, 
this is practically equivalent to making this point the 
point of transition (certainly for the Reynolds numbers of 
most interest today). The flow past profiles with roughness 
over the whole surface obeys the laws of turbulent flow over 
a rough wall, and so the aerodynamic characteristics do 
not change with increasing Reynolds number; however, 
profiles with rough strips on an otherwise smooth surface 
show a continual decrease of the drag with increasing 
Reynolds number (Figure 4.6). The" standard roughness" 
applied at the nose consists of a carborundum layer with a 
grain size of 0·28 mm, which covers between 5 and 10% 
of the surface in the region 0 ~ x ~ 0'08e, on the suction 
and the pressure sides. To investigate the effect of such 
roughness in modern NACA measurements (where it is 
used to control transition), the profile characteristics have 
been measured in the LTT, usually at a Reynolds number 
of 6.106, both with a smooth surface and with standard 
roughness at the nose; the chord of the rectangular wings 
used in these measurements is 2 ft. Results of this kind can 
be found in the figures of Chapter 12. It is not difficult to 
see from these measure~ents that roughness, at first sight 
seemingly insignificant, can completely counteract any 

Fill. 4.1. NACA 0012 with 
various amounts of coarse 
roughness on the suction side. 
Reynolds number: 5.10' 
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tunnel: TDT. Reynolds number: 26_10'. Chord: 0-915 m 
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4. SPECIAL PROBLEMS 

favourable influence that the profile shape has on the 
drag; as the lift coefficient increases, roughness certainly 
leads to considerably increased drags; and the maximum 
lift generally suffers a large reduction. The lift-curve slope 
of a profile with standard roughness decreases with 
increasing thickness (Figure 3.5), and sometimes the angle 
of zero lift and the moment are noticeably influenced as 
well. Drag measurements on wings in their original 
construction, with various types of nose, confirm the above 
experimental results (Figure 4.7). 

4.1.4 Isolated Disturbances 

Flg.4.5. PoJars for the profile 63( ... )-422, with various types of roughness at the 
nose. Smooth (0); shellac (+). Size of grain: 0'051 mm (x); 0'0102 mm (0); 
0'028 mm (0). Reynolds number: 26.10'. Chord 0'915 m. Wind tunnel: TDT 

Isolated disturbances on a surface on which laminar flow 
exists produce transition of the boundary layer in a region 
which extends rearwards; the region is conical at first, 
with an angle of 140 to 18°, but then broadens more 
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Fig. 4.6. PoJars for the prodie 63(11.)-422 (moditled), with standard roughness at the nose. 
Reynolds number: 6.10' (0); 14.10' (x); 26.10' (0). Wind tunnel; TDT. Chord: 0'915 m 
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Fig. 4.7. Actual FW wing with smoothly polished metal-surface (without paint). 
Profile: NACA 2415. Reynolds number: 10'4 10'. Wind tunnel: DVL 5 m x 7 m. 
(1) Front spar (FS) at 30% of the chord. (2) FS at 30% of the chord; de-Icing slot 
(DS) at 27% of the chord, on the suction side. (3) FS at 10% of the profile chord. (4) 
FS at 10% of the chord; DS at 4% of the chord, on the suction side. (5) FS at 10% 
of the chord; DS at 2 % of the chord on the suction side and 8 % of the chord on the 
pressure slde 
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point of transition. In the vicinity of an isolsted 
disturbance (suspension wire). Wind tunnel: 5m x 7m 
DVL. Reynolds number: 2,7.10' 
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4.1 INFLUENCE OF QUALITY OF SURFACE 
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Fig. 4.9. Effect of coarse, Isolated disturbances (two small 
plates, 22 mm square) at various distances from the nOBe. 
Proflle: Go 777. Chord: 0-6 m. Wind tunnel: 4 m x 5-4 m 
AVA. Reynolds number: 2-3_10' (see also Figure 12.91) 

rapidly. Figure 4.8 shows how the drag changes in the 
neighbourhood of such a point; in this case the disturbance 
is produced by the suspension wire of the model. Figure 
4.9 shows an example of the influence of isolated dis
turbances on the lift and drag coefficients at various angles 
of incidence. 
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Naturally, there is particular interest in the question 
what additional drag is to be expected from the very varied 
isolated disturbances occurr,ing in practice in an already 
turbulent boundary layer. Among many measurements 
which have been made in attempts to answer this question, 
the systematic investigations of WIEGHARDT and TILL
MANN lIil'e ·particularly worth mentioning, because they 
permit a direct application to isolated roughness elements 
on an arbitrary profile in the region where the boundary 
layer is turbulent. A coefficient for the additional drag, 

LlCD = ~~, has been introduced, whereS is the maximum 

croBs-sectional area (normal to the flow direction) of the 
protuberance causing the disturbance, and ij is the average 
kinetic pressure over the height, k, of the protuberance, so 
that 

u(y) is the velocity distribution in the boundary layer on a 
flat plate (see Section 9.2). If the disturbances are caused 
not by protuberances but by indentations, then ij is the 
average of the kinetic pressure at the outer edge of the 
boundary layer and S is the plan area of the indentation. 
The ratio of the height of the protuberance (or depth of the 
indentation) to the boundary layer thickness at the 
disturbance is very important in detennining the effect of 
the disturbance; the investigations of WIEGHARDT and 
TILLMANN have an advantage over others, since this 
quantity is considered in every case. 
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Fig. 4.10. Skin-friction drag of rough plates. k" height of roughness (sand); If, momentum thickness; 0" drag coefficient for one side 
of plate 
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Fig. 4.13. Flight measurements for 
various qualities of surface, Profile: 
NACA 66 (215) - 1 (14'5). 0: factory 
made, with camouflage paint, 0: 
smoothed. 0: waviness reduced, ~: 

visible waves 6lled up, surface waxed. 
[R 824] 

symmetrical profile (.) in front third of a 15 % thick profile 

4.1.5 Permissible Size of Grain and Critical Height of 
Roughness 

We now investigate the effect of surface roughness on 
the skin-friction drag of flat plates. Figure 4.10 (from 
measurements by PRANDTL and SCHLICHTING) shows that 
the skin-friction drag of the plate deviates from the curve 
corresponding to a smooth surface, and becomes constant 
from a certain Reynolds number onwards, this number 
depending on the grain size. From this it follows that, at a 
given Reynolds number, the skin-friction drag of a plate 
with a rough surface is the same as that of a smooth plate, 
provided that the grain size is below a certain permissible 
value; in other words, the surface can be regarded as 
"aerodynamically smooth" if the grain size is below a 
permissible value. According to SCHLICHTING the permis
sible grain size is given approximately by 

'II 
kperm, ~ 100 V' or kperm, ~ 100. 

c R' 

these results come from measurements on flat plates but, 
to a first approximation, similar results are found for' 
profiles with finite thickness. 

6. :,,-l- S 8 
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Fig. 4.14. Drag coefll.cient of wings with various types of 
waviness (see Figure 4.15). 

Model 5: NACA 66 (215)-116 L at CL _ 0·1. {
a - 1'0; C' = 0'2 } 

a = 0'6; C1- -0'1 
Model 6: NACA 66 (215)-116 at CL - 0'15. 
Model 8: NACA 66 (21115)-116 at CL .. 0·1 

The relationships are rather more favourable if the 
boundary layer is not turbulent; we then speak of a 
critical roughness height, and understand by this the 
roughness height that just induces transition. Some 
examples of the behaviour of this quantity with Reynolds 
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4.2 PROBLEMS OF HIGH SPEED IN LIQUID MEDIA: CAVITATION 

number are shown in Figures 4.11 and 4.12; the measure
ments have been· made on isolated disturbances ([R824 
(Figure 19)] ; DOETSCH; YOUNG; TANI). New measurements 
and calculations by TANI and DRYDEN give the ratio of 
roughness height to the displacement thickness at the 
disturbance; they confirm that, for profiles with a favour
able pressure gradient, there is approximately the same 
dependence on the critical Reynolds number as for the 
flat plate. 

4.1.6 ~a~e8S 

Free-flight measurements on a modern profile (Figure 
4.13) show that the effect of flight roughness is sometimes 
insignificant compared with the effect of surface waviness. 
Figure 4.14 shows the behaviour of OD with Reynolds 
number for profiles with various tyPes of waviness (see 
Figure 4.15): model 8 is largely free from waviness; in the 
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Fig. 4.16. Drag coefficient as a 
function of a L: (a) with a 
discontinuity in curvature that 
causes a large disturbance; (b) 
with a discontinuity in curva· 
ture that does not cause a 
large disturbance; (c) without 
discontinuitl!: in curvature 
(DOETSCH) 

neighbourhood of the nose of model 5 and, especially, of 
model 6, considerable waviness exists, which leads to an 
increase in the drag. 

Similar effects (changes in the pressure distribution, 
which lead to premature transition) can also occur when a 
profile has a discontinuity in curvature at a certain point 
(see DOETSCH). From Section 7.3.3 we see that the velocity 
distribution possesses a point of inflexion and that ,a 
relatively large variation of the velocity occurs in the region 
of this point. Figure 4.16 shows that this behaviour 
can lead to transition. By rounding off the nose of a 

circular arc profile (~ = 0.1) with another circular arc, 

of radius O·Olc (the two parts having the same slope at the 
join), a discontinuity in curvature is obtained; the radius 

of curvature changes from ~ = 0·01 to eII = 2·6. The 
c c 

behaviour of polar (a) shows that the expected forward 
movement of the point of transition (the existence of which 
is confirmed by direct measurement) produces a consider
able increase in drag. Polar (b) corresponds to a smaller 
nose radius, and hence to a still greater discontinuity in 
curvature; the influence of this is masked to a certain 
extent by the sharp drop in ptessure at the nose. Only a 
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parabolic nose with continuous curvature at the join 
causes the behaviour expected of lI. laminar profile: small 
drag for small lift-coefficients, as in polar (c). 

Profiles with a discontinuity in curvature are very 
sensitive to changes in Reynolds number, because of the 
large influence of the discontinuity on the onset of transi
tion. 

4.2 Problems of High Speed in Liquid Media: 
Cavitation 

In an incompressible medium the pressure falls when the 
free-stream speed increases; the smallest pressure that can 
occur in a liquid is the vapour pressure of the liquid (if we 
ignore the possibility of delay in boiling). When the liquid 
boils, cavities filled with vapour occur; this phenomenon, 
known as "cavitation", occurs on ship propellers when in 
rapid motion, and also in water turbines; decreased 
efficiency and, sometimes, corrosive effects are associated 
with it. In the flow about a profile the smallest pressures 
occur on the surface and so, if cavitation occurs, it starts 
from the surface; the flow separates from the profile and 
forms a free surface (of constant pressure), which encloses 
the region of cavitation. This region extends to various 
distances in the direction of flow; it ends in a turbulent 
mixing region of liquid and vapour, where a sudden 
increase in pressure takes place. 

The state of cavitation is characterised by the" cavita
tion number", 

p - Pv. a=---, 
q 

in particular, this characterises the magnitude of the 
cavitation region. p is the pressure in the undisturbed 
flow, Pv is the vapour pressure of the liquid (dependent on 
the temperature), and q is the kinetic pressure of the 
undisturbed flow. The cavitation number is defined more 
accurately if, instead of Pv; the actual pressure in the region 
of cavitation (pc) is introduced. pc is the same as pv only 
for liquids in which no gas is present; for liquids with gas 
present (for example, water containing air) pc is greater 
than pv (REICHARDT). 

If we wish to avoid cavitation on profiles we must 'be 
familiar with the manner of its formation and with its 
effect on the profile polars at various cavitation-numbers. 
Measurements on profiles with normal position of maximum 
thickness show that the lift falls with decreasing ca,.vita
tion number. It is found that shapes whose maximum 
thickness lies further forward are unfavourable because of 
the high minimum pressure and the consequent premature 
occurrence of cavitation. Profiles with a uniform pressure 
dIstribution are favourable; the circular segment profile 
(whose maximum thickness occurs at half the chord) has a 
pressure distribution of approximately this type. 

Measurements of forces on profiles show three typical 
forms of cavitation (see Figure 4.17). 
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1. cavitation on the suction side which starts from the 
leading edge-this occurs if the front stagnation point 
lies on the pressure side, so that the flow accelerates 
round the nose from the pressure side and the point of 
minimum pressure lies very far forward; 

2. cavitation which starts approximately from the position 
of maximum thickness when the profile is at the ideal 
angle of incidence or when the front stagnation point 
lies on the suction side; 

3. cavitation on the pressure side which starts from the 
leading edge-this occurs if the front stagnation point 
lies on the suction side, so that the flow accelerates round 
the nose from the suction side. 

Measurements by W ALCHNER of lift and drag coefficients 
of circular segment profiles at various cavitation-numbers 
are reproduced in Figures 12.150 to 12.152. The points are 
not experimental points, but have been obtained by 

Fig. 4.17. Dependence of lift coefficient, CL, on the cavitation number, for 
three different types of cavitation: 

(1) suction·side cavitation starting from the leading edge; 
(2) suctlon·side cavitation starting from about half·chOrd; 
(3) pressure·.ide cavitation starting from the leading edge. 
- - - start of cavitation on circular segment prolUe. 
-- start of cavitation on improved profile 

averaging the experimental values; points corresponding to 
the same angle of incidence are designated by the same 
s·ymbol. The figures show that considerable falls in lift are 
associated with a decrease in cavitation number. From the 
appended diagrams we can see how the extent of the 
cavitation region depends on angle of incidence and 
cavitation number. Further measurements have been made 
on circular segment profiles with suitable rounding of the 
leading and trailing edges (from which the profiles Go 5K 
to 16K have been derived); these measurements show that 
such rounding can considerably increase the region free 
from cavitation (Figures 12.153 ff). For the original 
circular segment profiles, cavitation is unavoidable if 

IJ < 5 ~; the smallest cavitation number compatible with 
c 

flow free from cavitation is given by IJ ~ 4 ~ for profiles . c 

t 
5K to 13K and by IJ ~ 3 - for profiles 14K to 16K. At 

c 
small cavitation numbers the diminution of the pressure
side cavitation is also noteworthy; it has almost completely 
vanished ·for the profiles Go 14K to 16K (intended to be 
used on propeller hubs) in the range of positive lift. 

4. SPECIAL PROBLEMS 

A theoretical treatment of cavitation is difficult, but the 
following results have been obtained. For completely 
developed cavitation on the suction side BETZ found that 
the shape of the suction side (hence, in general, the profile 
thickness) is unimportant. For profiles with a flat pressure
side the theory gives 

the first term is the lift coefficient (according to KIRCH

HOFF'S theory) of a flat plate at a small angle of incidence, 
a, the flow having separated; the second term allows for the 
fact that the dominant pressure on the suction side is not 
that of the undisturbed flow, but the vapour pressure, 
which is smaller than the undisturbed pressure. If we take 
the skin-friction drag (G/ ) into account, the drag coefficient 
becomes 

Measurements confirm these theoretical estimates only if 
the whole suction side is covered by a cavitation layer; 
otherwise, the profile properties are worse than the 
theoretical predictions. 

If cavitation starts from the middle of the suction side 
(a phenomenon that can occur simultaneously with 
cavitation on the pressure side) there is a similarity rule 
for profiles of different thickness ratios (HELMBOLD); 

thickness ratio, angle of incidence, and cavitation number 
must be small quantities whose squares are negligible. The 
rule states that the same condition of cavitation exists on 
two similar profiles of thickness ratios il and i2 if the 
respective angles of incidence and cavitation number are 
proportional to i1 and i2; this follows because, under the 
stated conditions, the disturbance pressures vary linearly 
with thickness ratio. For the lift coefficient, G L, it follows 
that, at the same cavitation number, the values of GL for 
two similar profiles of different thickness ratios il and i2 

are proportional to il and i2 respectively; accordingly, 
with a suitable plotting, a collapse of experimental results 
for profiles of different thickness ratios but of similar shape 
can be obtained. As the experimental results show (Figures 
12.162 to 12.164), the rule is well confirmed. 
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5. PROFILES WITH FLAPS 

5.1 Survey 

The simplest method of increasing the maximum lift of a 
profile is to increase the profile camber by deflection of a 
flap. The possible ways of fitting a flap on to a profile are 
numerous, and the effects on the profile properties are 
extraordinarily varied. The principal arrangements are: 
1. plain flaps; 
2. split flaps; 
3. slotted and double-slotted flaps; 
4. nose flaps; 
in addition, the most diverse combinations of these 
arrangements are used. Since the representation of the 
experimental results in diagrams would take too much 
space, the reader is referred to Table 11.6 (a survey of the 
results) and, for more detail, to the literature (see Section 
5.6). The influence of Reynolds number can be estimated 
from the table, but hardly any profiles with flaps have been 
investigated over a large Reynolds number range. Some 
brief remarks about the resultst follow. 

5.2 Plain Flaps 

The maximum lift depends essentially upon the ratio of 
the flap chord, c1)' to the profile chord, c, as well as upon 
the flap deflection, 1]. Ratios ~/c that lie in the range 0·2 
to 0·25 are favourable when 1] is about 60°; the increased 
maximum lift rises with thickness. For laminar profiles 
the range of OLin which the drag is small can be displaced 
to higher OL values by small flap-deflections (a small 
camber has the same effect). As with all flaps it is essential 
that the unavoidable gap between wing and flap be kept· as 
small as possible; otherwise losses in lift cannot be avoided 
(see Figure 5.1). The increase in the moment coefficient 
(.10m) is proportional to the increase in the lift coefficient 
(.10L ), and is in fair agreement with the theoretical value; 
the normal forces and hinge moments also agree well with 
theoretical predictions (see [R634]). Section 12.4 contains 
some pressure distributions on wings with flaps. 

5.3 Split Flaps 

With a split flap the suction side of the profile remains 
unaltered, but on the pressure side a downward flap
deflection is possible at the rear. The effect is similar to that 
of a plain flap, but considerably more marked. OL maJ:. 

t The published experimental results are usually for wings of 
finite span, and only in rare cases for two-dimensional flow. 

increases with thickness ratio, but so do the flap deflection 
and tne size of flap required to produce the prescribed 
maximum value of OL. An additional camber is. more 
effective on thin profiles than on thick ones. The shape of 
the front part of the profile has an important effect on the 
efficiency of a split flap; this can be seen from Figure 5.2, 

2·2 

'l.max. 

t 
1·8 

Fig. 0.1. Effect of an 
"!nslgnlftcant" gap of 1·2 
0'0032 c at a plain ftap 
(ftap chord being 20% 
of wing chord). Profile: 1-0 
Clark Y. Aspect ratio: 
6. Reynolds number: 
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in Which are plotted the results of a large number of 
o Lm... measurements on profiles with split flaps, for 

various values of thickness, position of maximum thick
ness, and nose radius; the results are plotted against the 

t ,
parameter -2 I~· 

c '" Xt 

Table 11.6 and many diagrams of Chapter 12 conhin 
further numerical results. The theoretical behaviour of the 
moment is not so easily predicted as for plain flaps. 

5.4 Slotted Flaps 

A still higher lift--coefficient can be obtained by the use 
of a slotted flap, but the geometrical shape of the slot 
must be carefully considered if the desired increase is to 
be realised; for this reason it is difficult to give definite rules 
for the best position of the flap. Sharp edges at the begin
ning of the slot are to be avoided as much as possible on thick 
profiles, but thin profiles are less sensitive in this respect. If 
the suction side is bent round at the trailing edge in the 
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direction of the upper side of the flap, there is often a 
favourable effect. Numerous results for wings with slotted 
flaps are shown in Table 11.6. The use of a double-slotted 
flap can produce a further increase in maximum lift
coefficient, but this is realised in practice only at the expense 
of a considerable increase in constructional weight. 

5.5 Nose Flaps and Slats 

Profiles with small nose-radius have very small maximum 
lift. W. KRUGER recommends the use of a nose flap to 
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Fig. 5.3. Increase in C Lmax. from nose dap on various prodles, as a function 

of the nose radius (see Equation (1.7». (0): without spilt dap. (~): with split 

ftap; S! - 1)'2; '1 - 60°. [FB1948] 
c 

Fig. 5.2. Spllt-dap measurements for the NACA 6-series (fuIllihe, ! - 0'06 
c 

to 0'21), and the DVL series (dashed line, ~ - 0'09 to 0'18, ~ ~ 0'3 to 0'5). c c 
~Ieaningofsymbols: (0) 63-series; (0) 64-series; (~) 65-series; (x) 66-series 

improve the value of OLmax.; with a suitable arrangement 
an increase in maximum lift coefficient, LlOLmax., of between 
0·6 and 0·7 is obtained. The additional use of a split flap 
then produces a further increase, so that in the most 
favourable case OL is increased from 0·7 (without flaps) 

max. 

to 2·2 (with nose flap and split flap). According to the 
existing measurements the most favourable angle between 
nose flap and wing chord is about 130°. With decreasing 
flap-chord, and especially with increasing nose radius (see 
Equation (1. 7)), the effect diminishes (see Figure 5.3). The 
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Fig. 5.4. Cbaraeteristica of a double·wedge prollle (~- 0'0423; wedge angie - 5'1°; circular arc Calred In Crom 0'425 .. ~ .. 0'575) with nose flaps oCchords 

~ - 0·12 and 0'25. -- with no dedection, '1 - 0'. - - - with deflection. '1 .. 30° (~ = 0'12). _. -. -with deflection,'1 - 30' (~ .. 0'25). [N2018]. 

Reynolds number: 5'8.10'. Mach number: 0'17 
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remaining aerodynaInic coefficients change less than, for 
example, when a split flap is used. This flap arrangement is 
of importance for the take-off of aircraft having supersonic 
profiles (with pointed noses); Figure 5.4 shows the aero
dynaInic coefficients of such a profile. 

For profiles with normal nose radius, retractable slats. 
can be recommended as a means of increasing C Lm ... 

Measurements on a profile, NACA 23012, equipped with 
them [L-261] show that LlCLmax . = 0·5 and that the cor

responding angle of incidence is increased by between eight 
and ten degrees; for further experimental results see 
Table 11.6. 
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6. BOUNDARY LAYER CONTROL 

6.1 Suction as a Means of Increasing the Lift 

Only a limited increase in lift can be obtained by 
arrangements of flaps; to gain a further increase. the 
distribution of energy in the boundary layer must be con
trolled by suitable means. This can be done by sucking 
away the fluid in the boundary layer near the wall (this 
fluid is deficient in energy) or by blowing out air in the 
direction of flow-that is, by bringing in additional energy 
(see Section 6.2). It is customary to use a dimensionless 
coefficient for Q, the amount sucked away or blown out, 
called the volume-flow-rate coefficient, 

CQ =Q/VS (6.1) 

(where S is the area of the part of the wing surface affected). 
For the required suction or blowing pressure, P" the 
coefficient 

R .1'7.10' 
M'-~""";;-+:":"::--l 

NACA 23015 

:E-.. ~ 
0-01 -c 0-03 

(6.2) 

R .1·7.10' 

'L .... , 

t 

0-10 _ tic 0'20 

Fig. 6.1. Suction behind a flap, on profiles with hinged and split 
flaps (a, - geometrical angle of incidence). (AVA) 
Fig. 6.2. C L maz. as a function of profile thickness, for various 
volume-f1ow·rate coefficients. (A VA) 

is used (negative when the pressure is less than the free
stream pressure). 

The older experiments on boundary-layer suction (by 
BETZ, ACKERET, and SCHRENK) were concerned with the 
generation of high lift, in conformity with the state of 
aircraft development at that time. For practical application 
it seemed advantageous to use a wing with a flap and apply 
suction at the flap; this arrangement has been more 
accurately investigated by SCHRENK and REGENSCHEIT, 
and they obtain better results by sucking through two 
slots, one slot lying in front of and the other behind the flap 
(Figure 6.1). In this way maximum lift coefficients, OLmu., 

greater than 3·5 are obtained, and the volume-flow-rate 
coefficient has a practical value (cQ < 0·02). The suction 
aircraft of the A VA (AF1 and AF2) have been tested in 
flight by STUPER; an increase in OL of about 1·5 is m&J:. 

obtained (from 0 L = 2·6 without suction to 0 L = au.. maI. 

4·1 with suction); suction is applied at a flap, the value of 
cQ being 0·02. 

From Figure 6.1 it is seen that the behaviour of 0Lmaz. 
with increasing CQ is usually as follows: at first there is a 
sharp rise in OLmu., up to a value of about 3; a relatively 
small increase follows, despite the application of a large 
amount of suction. From theoretical calculations of the 
point of separation of the turbulent boundary layer it is 
found that, in the range of CQ corresponding to the steep 
rise in OLmaz ., there is n~ danger of separation before the 
point at which suction is applied (that is, before the flap); 
consequently, in this range the only purpose of suction is to 
guide the flow past the flap and to keep the flow attached 
despite the adverse pressure gradient existing on the suc
tion side of the flap. In the range of CQ corresponding to the 
shallow rise in OLm& •• (that is, for values of OLmaz . greater 
than 3), the adverse pressure gradient on the front part of 
the profile is so great that a danger of separation exists 
before the point at which suction is applied; with suction, 
separation is prevented by a reduction in the pressure 
gradient on the front part of the profile, the reduction 
being produced by the sink effect of the suction; the 
reduction in the pressure gradient has a noticeable effect 
only at large values of CQ, so that small increases in 0 L 

.. mal:. 
reqwre a relatively large amount of suction. 

The influence of profile thickness has been investigated 
by REGENSCHEIT for the profile series NACA 230 at a 
Reynolds number of 1,7.106 (Figure 6.2). If the volume
flow-rate coefficient is kept constant, OL

mu
. at first 



54 

Fig. 6.3. Intluence of position 
of suction slot on the cQ 
necessary for a certain in· 
crease in C Lmax. 

x/c-O·l 

2·0-+---+.,;C-+-j 

£L 

t -++#-4--+----1 

-OCoo 300 

Fig. 6.4. C Lmax. correspond· 
ing to the most favourable 
PQsltion of suction slot. 
Profile: NACA 23015 

increases with thickness ratio; it reaches its greatest value 
at a definite thickness ratio (dependent on cQ). Profiles 
without suction behave similarly. For the still practical 
value CQ = 0·02, the favourable thickness ratio lies 
between 0·15 and 0·20. W ALZ has investigated theoretically 
and experimentally the influence of the position of a single 
suction slot; the profiles have a split flap but no plain 
flap; the results are shown in Figures 6.3 to 6.6. From these 
investigations and from further measurements by REGEN
SCHEIT and EHLERS it appears that there are two places on 
the profile where suction is most advantageously applied. 
One of these favourable positions lies at the point where, 
at the required value of 0 L max ., separation would occur in 

the absence of suction; separation is prevented by remov
ing from the boundary layer fluid which is deficient in 
energy. According to a proposal of W ALZ, for the practical 
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Fig. 6.7. Intluence of position of Ruction slot on the increase In lift obtained 
for a given volume·tlow·rate coetllcient. Flat plate (theoretical) 

Fig. 6.5. Intluence of nose 
radius Q (see Equation (1.7» 
on the most favourable 
position of suction slot (with 
split tlap): 

(a) for Increasing C Lmax. ; 
(b) for increasmg aCLmu. 

6. BOUNDARY LAYER CONTROL 

R - fHJ.10'-1·3.1O' 

Fig. 6.6. Intluence of nose 
radius on the increase in 
C Lmax" when the suction 
slot Is at the most favourable 
position (no tlap-detlection) 

application of this result on profiles with a flap there 
must be a further suction slot in either the riddle or the 
forward part of the profile so that the behaviour of 0 Lmax. 

with CQ can be improved near OL
max

• = 3·0. Using the 

first of these arrangements QUINN has been able to increase 
the lift of a wing with a double-slotted flap from OLmax • = 
3·5 to 0 Lmax. = 3·68 when CQ = 0·024, and to 0 Lmax. = 4·16 

when CQ = 0·04. 

According to REGENSCHEIT, the other favourable posi
tion for a suction slot is the trailing edge of the profile. 
Removal of portions of the boundary layer is then of no 
importance; the change in the flow is caused only by the 
sink effect of the suction, and can therefore be treated by 
potential theory.' Figures 6.7 and 6.8 come from theoretical 
calculations by EHLE~S for the flat plate; they show the 

0·01 ~OZ O·OJ O·O~ 0·05 0'06 
_cQ 

Fig. 6.8. Intluence of width of suction slot. for suction at the trailing edge. 
Flat plate (theoretical) 
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6.2 BLOWING AS A MEANS OF IXCREASING THE LIFT 

-- - sic· 00168 
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Fig. 6.9. a L plotted against a for Fig. 6.10. Control by auction at tbe 
various cQ. for suction at tbe trailing tralllni edge 
edge 

very large effectiveness of a suction slot at the trailing 
edge with small values of CQ. These calculations and the 
experimental investigations of REGENSCHEIT confirm that 
suction at the trailing edge, with a suitable shape of slot, 
can produce an increase in the lift, no change in the 
angle of incidence being required; LlOL is of the order of 1 
(see Figures 6.9 and 6.10). The particular advantage of this 
system is that a value of OLm ... can easily be reached at 

which the pressure gradient on the front of the profile 
would have led to separation in the absence of suction; 
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hence, it seems that trailing edge suction is particularly 
suitable for control purposes, a possibility that has been 
investigated by THWAITES. 

These investigations demonstrate the rather small 
influence of the shape and width of the suction slot on the 
effectiveness of suction, apart from trailing edge suction. 
No systematic measurements on the influence of Reynolds 
number exist; it might be expected that the required 
amounts of suction and power decreases as the Reynolds 
number increased (because of the decrease in boundary 
layer thickness), but this has not been confirmed by the 
American measurements made up till now. 

6.2 Blowing as a Means of Increasing the Lift 

Following older, more tentative experiments, SCHWIER 
has investigated an arrangement for blowing, which is fitted 
to a profile with a slotted flap; air is blown out over the 
flap throllgh a slot at the trailing edge. The results are 
equally as good as and sometimes better than those obtained 
with the corresponding arrangement using suction and a 
plain flap (Figures 6.11 and 6.12). 

However, the measurements for small values of the 
volume-flow-rate coefficient usually show only a tiny 
change in lift (assuming the angle of incidence is kept 
constant). The lift increases rapidly with CQ only if CQ is 
large (greater than 0·01); this is because the air blown out 
has a favourable effect on the outer flow only if it has 
approximately the same speed as the flow. Clearly, the 
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Fig. 6.14. Control by blow
Ing over a rounded traWng 
edge. Blowing CIln be 
performed on either the 
suction side (a) or the 
pressure side (b). (AVA) 

'---"- -fO--'----' 

Fig. 6.15. Control by blow
Ing against the dow direc
tion. Blowing can be per
formed on either the suction 
side (a) or the pressure side 
(b). (AVA) 

value of CQ required to produce a certain inc,rease in 
o L becomes smaller as the width of the slot decreases max. 

(that is, as the blowing speed increases). In contrast to 
suction the value of CQ required to produce a certain in
crease in lift is always dependent on the width of the slot: 
the narrower the slot, the more effective the blowing; 
however, the required pressure and power «Op)8CQ) 
increase (see Figure 6.13). 

Another form of blowing that results in an increase in 
OL

max
., but which does not directly influence the boundary 

layer, is the blowing of a jet of air out of the profile on the 
pressure side (a proposal of BETZ). This produces an effect 
similar to that of a split flap [UM 3192] ; the necessary value 
of cQ is relatively high (Figures 6.14 and 6.15). 

6.3 Suction as a Means of Reducing Drag 

6.3.1 Keeping the Boundary Layer Laminar 
Suction is frequently used to keep the boundary layer 

laminar; the present state of the theory on this subject is 
described in Chapter 9. Theoretical work usually assumes 
continuous suction, which can be easily visualised physic
ally; it is of great practical interest, being theoretically the 
most efficient form of suction. With continuous suction 
(for example, on a flat plate) gains in performance of 50% 
and more are possible, the gains being particularly large at 

high Reynolds numbers. 

6. BOUNDARY LAYER CONTROL 

To reduce the technical difficulties, suction through a 
number of slots has been tried as a means of keeping the 
boundary layer laminar. It has even been found possible to 
make the boundary layer stay laminar by a special design 

of profile, which leads to a pressure distribution favourable 

right to the trailing edge (with the exception of the slot 
itself); this is illustrated in Figure 6.16 (GOLDSTEIN). 
HOLSTEIN and, independently, ACKERET, RAS, and 
PFENNINGER were the first to demonstrate that gains in 
performance can be realised which are of practical value, 
but that the number and position of the simultaneously 
operated suction slots must be carefully chosen. Some of 
these results are quoted in Table 6.1. 

Table 6.1. Measurements by HOLSTEIN on the Karman-Trefftz 
Profile 0015, with Suction to Keep the Boundary Layer Laminar; 

R = 1,6.106 

With suction at (Cp)mID. (see Equation (6.6a)) 

Without 
CL suction. 

"', upper; Percentage 

lOSCD 
l.lower. reduction. 

Open slot at 
lOS,CD l()4.cQ lOS.Cp 

x/c = CD Cp 
1-

0 6·75 0·4", 5-40 3·3 5'85 20 13 
0 6·75 0'4u 0·4l 4-23 5·9 4·94 37 27 
0 6·75 0·4",0·& 5·12 5·9 5·84 24 13 
0·09 7·85 0·3", 0'00 0·7", 4·95 11·8 6·30 37 20 
0'09 7·85 0·4l0·6l 6·70 4·4 7-10 15 10 
0'23 7·35 0·2", 0·4", 0·6", 4'52 9-4 5·64 38 23 
0'23 7·35 I 0'4l0'61 6·34 4·0 6'70 14 9 

In all these tests a result of fundamental significance is 
obtained: it is possible to increase the length of laminar 
boundary layer by suction only if the suction slot lies in 
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Flg.6.16. Protlle with a sl1ctlon slot. the pressurp rise being displaced 
rearwards to the slot; designed by Grlftlth (see GOLDSTEIN) 



6.3 SUCTION AS MEANS OF REDUCING DRAG 

the original laminar boundary layer (it is then certainly 
possible, even with an adverse pressure gradient). Once 
the boundary layer has become turbulent it seems im
po§sible to bring it back to a laminar state by suction (in 
agreement with older measurements by GERBER). In
vestigations on the effect of the number of suction slots 
and the distances between them lead to the important 
result that, as the Reynolds number increases, so also does 
the number of suction slots necessary to achieve worth
while gains. The exhaustive measurements show that 
considerable reductions can be obtained with relatively 
small amounts of suction if the number of slots is suf
ficiently large (see also Figure 6.17). 

In the present stage of technology the manufacture of a 
wing with a large number of suction slots (or, better still, 
the realisation of continuous suction) w011.ld be extra
ordinarily difficult; however, the large gains in performance 
predicted by theory for continuous suction provide a 
strong stimulus to look for solutions of this technical 
problem. Some progress has already been made: of 
particular interest are successful experiments (RASPET) 
with a specially designed sailplane; and, above all, the 
results obtained by BRASLOW and others [R1025] on a 
wing with a porous surface made from sintered bronze 
(Figure 6.18). 

Suction applied to the boundary layer at higher Mach 
numbers is of particular importance; this is confirmed by 
one of the first experiments in this field, carried out by 
REGENSCHEIT; the results are shown in Figure 6.19. 

6.3.2 Control of the Turbulent Boundary Layer 

The technical difficulties of an attempt to reduce the 
drag by controlling a turbulent boundary layer are 
expected to be smaller than in an attempt to reduce the 
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Fig. 6.17. CL plotted against 
CDtot. (which Includes power 
consumed In turbine) at several 
Revnolds numbers, for a 
laminar suction profile designed 
by Pfenninger. Profile with 12 
Blots on the suction side and 10 

on the pressure side. ~ - 0'105; 
C 

t _ 0'019' DO - 1'04 (see 
C ' .. 

Equation (1.7»; no co
ordinates available. Total cQ In 
all cases less than 0'0016. Wind 
tunnel: Zurich 
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drag by keeping the boundary layer laminar. We can 
obtain either a reduction in the form drag by sucking 
away the boundary layer in the region of the trailing edge, 
'Or a reduction in the turbulent skin-friction drag by 
blowing away the more slowly moving air (following a 
proposal by BETZ). The latter case has yet to be investi
gated, but results exist for the former one. 

In the region behind a suction slot the thinning of the 
boundary layer (when this is not kept laminar) always 
increases the skin-friction drag and decreases the form 
drag; the nearer the suction slot is to the trailing edge, the 
less is the disadvantage of the increased skin-friction drag; 
the gains in performance are expected to be largest if the 
suction slot can be placed at the trailing edge. Measure
ments by WALZ [FB 1611] on the profile NACA 23015 at the 
small Reynolds number of ()'8.1 06 show a gain in per
formance of about 7% for an arrangement in which the 
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--~ -.---.- .. 
1---

_c 001 

o 0·000, O·OO/M (}0012 0{}016 _ c~ (}0020 
Fig. 6.19. Reduction In drag of 
profile by suction at higher Mach 

. numbers. Profile: circular arc with 
rounded leading edge. Reynolds num
ber: 1·1.10' to 1'2.10'. (AVA) 

FIg. 6.18. Drag of the proftle NACA 64A010 with porous surface. at C L - 0, as a function 
of volume-Bow-rate coelllclent, cQ. Wind tunnel: TDT. Reynolds number: 5'9.10' (0); 
12 10' (0); 19'8.10' (<». Full line is total drag. Dashed line Is portion of drag arising trom 
suction; (C,,), - 1·32 
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suction slot is at approximately 95% of the chord (OL:::: 0). 
REGENSCHEIT [FB 1550] has carried out other measure
ments, at R = 2'2.106, with an arrangement in which a. 
suction slot is placed exactly at the trailing edge, the 
opening of the slot lying on the suction side (Figure 6.20). 

2·0 --.--,.---y----., 

-C~A~I~ 

1-0 ---i--ii---rt---\ 
~I 

f Fig. 6.20. Improvement of polars by 
suction at the trailing edge. 

CDtot. = CD + cQ[l - (C.),] 

002 

In contrast to the results of W ALZ a gain in performance 
occurs only for values of 0 L greater than 0·4; at 0 L = 1 it 
amounts to roughly 25% (referred to OD). The arrangement 
of the suction slot at the trailing edge has the great 
advantage that an increase in OLma>. can be achieved at 

take-off and landing with the same suction slot. 
Although the control of the turbulent boundary layer 

as a method for drag reduction still seems problematic at 
low lift coefficients, it is undoubtedly of considerable 
importance at larger values of OL, and so is suitable for 
improving polars. The suction is particularly effective if the 
slot is placed immediately behind the nose (or the suction 
peak), and is supported by an independent slot in the 
middle of the wing; this is demonstrated in Figure 6.21. 

6.4 Pressure and Power Requirements for Boundary 
Layer Control 

In a report on suction measurements it is customary to 
give the requisite suction pressure, pa, in a dimensionless 
form by referring it to the kinetic pressure q according to 
Equation (6.2); Pa is the pressure necessary to draw the 
sucked air into the interior of the wing. The separate 
portions of PB are the static pressure, P, in the outside flow 
at the point of suction (in general, lower than the free 
stream pressure), and the loss in pressure, PI, caused when 
the sucked air is drawn through the slot into the interior of 
the wing. Hence, we have 

(Op), = P, = E. + l!1. 
q q q 

(6.280) 

The sucked air moves into the interior of the wing with a 
small speed, because of t1!e generally large cross-section of 
the interior; hence, the "slot loss" is approximately equal 
to the kinetic pressure formed with the speed in the slot, 

V 
VI = cQ kslc' 

6. BOUNDARY LAYER CONTROL 

and can be written as 

PI (VI)2 cQ2 q = V = (kslc)2' (6.3) 

The factor k (0 ~ k ~ 1) appears in this expression because 
the width of the slot, s, is not wholly effective; the loss in 
efficiency is caused by separation at the sharp edges of the 
entrance; in the suction measurements carried out in 
Gottingen k is usually between 0·3 and 0·5. 

If the sucked air is blown out in the free-stream direction 
with a velocity Vb, then the power, P" required for the suc
tion is given by 

p. = -Qps + Q ~ Vb2 

= CQ [(~r - (OP)4] ~ vaS. (6.4) 

To decide whether suction, when it is used to reduce 
drag; does result in a. saving of power, we must consider 
the sum of the power required to overcome the drag, 

VD = OD ~V3S, and the power required for the suction; 

the sum is 

P = {OD + cQ [(~r - (Op).]} ~ V3S. (6.5) 

We now introduce the power-consumption coefficient,Op; 
this is defined by 

OD+CQ [(~r -(Op).]=OP. (6.6) 

It can be verified that 0 p has a minimum w)1en Vb = V 
(see SCHRENK), so that 
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6.5 REFERENCES 

In the analysis of drag measurements for profiles with 
boundary layer control it is usually assumed that Cp has 
this minimum value; it is occasionally referred to as the 
total drag coefficient (CDtot )' 

In the practical application of boundary layer control to 
an aircraft, additional losses (increasing rapidly with cQ) 

arise in the ducting and the pump; these pipe losses can be 
essentially greater than the power required to suck the air 
into the interior of the wing (particularly for large values 
of cQ). When values of (Cp )8 obtained from wind-tunnel 
measurements are used in calculations, the calculations 
have meaning only if cQ is very small (for example, when 
the suction is used to reduce drag). For further estimates 
of the pressure and power requirements on an aircraft with 
boundary layer control the reader is referred to the ex
haustive work of KRUGER. 
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7. THE THEORY OF WING PROFll..ES I 

Profile Shape and Pressure Distribution in Inviscid 
Incompressible Flow 

7.1 General Remarks 

The velocity distribution on the surface of a profile is 
primarily determined by the distribution of curvature. 
In inviscid incompressible flow the velocities can theoretic
ally be found for an arbitrary contour (see Section 8.2). If 
the flow is not initially regarded as inviscid, the velocity 
distribution can often be calculated theoretically (see 
Section 9.1) by correcting for viscous effects, although the 
necessary calculations are more lengthy. A calculation is 
always possible if the flow has not separated from the 
profile; it can frequently be carried out even if this require
ment is not met. 

Suppose the speed of the free stream is V and its pressure 
is poo; let the speed at a point on the profile contour be w 
and the pressure there be p. The pressure coefficient, Cp , is 
defined as the difference between the pressure on the profile 
and the free-stream pressure (.dp) divided by the kinetic 
pressure q,where q = ie V2; it is given by Bernoulli's 
equation as 

The corresponding relationship for compressible flow is 
derived in Section 10.2. 

Direct measurements of the pressure distribution, made 
by small pressure holes bored in the profile surface, show 
that the theoretical distribution is· accurate enough for 
practical purposes, provided that the influence of viscosity 
has been allowed for (see Section 9.1). The theoretical 
values for inviscid flow provide a good basis for comparison 
of profiles; at small angles of incidence or for small lift 
coefficients, they are usually quantitatively satisfactory as 
well. 

The pressure distributions given in Chapter 12 can be 
divided into three classes: 

(A) pressure distributions calculated on potential theory 
for inviscid incompressible flow, which agree approxi
mately with experiment only at small lift coefficients 
and for moderately thick profiles; 

(B) pressure distributions calculated theoretically, with 
an allowance for the effect of viscosity, which agree 
well with experiment except in a region at the rear of 

the profile, the length of this region being a small 
percentage of the chord; 

(C) experimental pressure distributions. 

The velocity or pressure distributions for camber lines 
given in Section 7.2 and Chapters 11 and 12 are of type (A); 
those for thickness distributions in symmetrical flow 
(0: = 0) given in Section 7.3 are also of type (A); those for 
symmetrical profiles at incidence or for cambered profiles 
in Chapter 12 are mostly of type (B). For a comparison 
between theory and experiment see Figure 12.27. Theoreti
cal pressure distributions on profiles with flaps are much 
more difficult to obtain, because of the occurrence of 
separation; experimental results, type (C), have usually 
been chosen for these. Figures 12.35 and 12.36 compare 
theoretical and experimental pressure distributions on 
profiles with flaps at small and large lift coefficients, with 
and without separation. 

In compressible flow at subsonic speed the pressures 

increase by a factor v' 1, ,to a first approximation; 
1-M2 

they vary more rapidly as the speed of sound is approached, 
and if this is locally exceeded significant deviations from 
the simple rule are observed (see Section 10.3); the pressure 
distribution is also considerably altered, a feature that is 
treated in more tletail in Section 10.4. In Chapter 12, 
pressure distributions at these Mach numbers are ex
perimental results from'wind tunnels (that is, of type (C)). 
If the free-stream speed is sufficiently greater than the 
speed of sound then the pressure distributions can again be 
determined theoretically with good accuracy, except for a 
small region on the upper side of the profile near the trailing 
edge (see Figures 12.48 and 12.49). 

7.2 Camber Line and Velocity Distribution 

We first consider inviscid incompressible flow. In the 
theoretical results of this and the next two sections the 
upper and lower signs refer to the upper and lower sides of 
the profile respectively. 

7.2.1 Simple Special Cases 

If the free-stream speed is V then, from Section 8.2.1.2, 
we find for the local speed, w: 



7.2 CAMBER LINE AND VELOCITY DISTRIBUTION 

(a) on the surface of a flat plate at an angle of incidence a, 

to V;-=-; V =cosa±sina -x- (0 ~ z ~ c); (7.2) 

if the angle of incidence is small, 

w V~-=-; -=I±a --
V z 

(7.3) 

(b) on a circular arc of small camber f, whose contour is 
given by the equation 

!!... = 4 { !!.... (1 - ~-) (0 ~ z ~ c), (7.4) 
c c c c 

at the ideal angle of incidence, 

10 I Vz ( z) -=1±8- - I--
V c c c 

(7.5) 

(c) on a profile with a point of inflexion, whose contour is 
given by the equation 

(where h is assumed small), at the ideal angle of 
incidence, 

W 24 k ( z) Vz ( z) -= 1 =j=-- 1- 2- - 1-- .(7.7) 
V 5 c c c c 

7.2.2 Various Types of Camber Line 

Some common camber lines are now described, and, 
where possible, the corresponding velocity distributions are 
given. 

Of the two purely geometrical parameters, maximum 
camber (flc) and position of maximum camber (:£tlc), the 
first is usually regarded as an affine scale-factor. F?r 
further parameters, aerodynamic quantities are ge~erally 
used: the lift coefficient at the ideal angle of incidence, 
Ot-the "design OL" (see Sections 3.1 and 8.2.1.2); and 
the moment coefficient referred to a point fixed with 
respect to the profile-for example, the aerodynamic 
centre (Section 3.1). Other important quantities are the 
ideal angle of incidence, a*, and the angle of incidence at 
which the lift vanishes, ao. 
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Type 8 1 : Birnbaum-Glauert camber lines. 
The special cases (a) to (c) of Section 7.2.1 are known as 

the Birnbaum-Glauert basic distributions. Other camber 
lines can be derived from these by linear superposition. 
We can easily obtain further special camber lines from the 
following series (which does not include a term containing 
the angle of incidence): 

where 
2z 

~=--l. 
c 

(7.8) 

HELMBOLD and KEUNE have systematically investigated 
such camber lines. With the notation employed here and 
with retention of the first three terms only, this camber 
line may be written 

y(c) I z ( z) ( z ( Z )2 ) - = 4 - - 1- - 1 + l - + 12 -c cc !: lC C 

z 
O~-~l. - c - (7.9) 

From Section 8.2.1 the velocity distribution is given by 

W I Vz ( z) -=1±8- - 1-- X 
V c c c 

X (do + d1 : + dll (:)2). (7.10) 

o 1 
where do = 1- "4 11' 

3 1 
d1 = "211 - "2 l2' 

From Section 8.2.5 we obtain for the angle of incidence at 
zero lift, ao, the ideal angle of incidence, a*, and the 
moment coefficient at 0 L = 0, Omo: 

(7.11 ) 

(7.12) 

(7.13) 



~. w / 64: 

Type 8 2 : a well-known camber line, that of the four
figure NACA profiles, which consists of two parabolic arcs 
having continuous slope at their join; 

= i_I (2X ~_ (~)2 ) 
e ex2 Ie e 

1 

y(c) 

x 
for O;:;! c;:;! 21, 

(7.14:) 
y(c) 
-= f 1 [(1 _ 2 x ) + 2 x _.x _ 

e (1 - 21)1 lIe e 

with Xl = :xtle. 
The corresponding velocity distribution is 

w f cosa(Sin9'-=-~J)+sina(I-COS9') 
_=_ ;(7.15) 
V e . V (cos 9'1 - cos 9')2 

sm 9' 1 + 16 (1 ± )' cos 9'1 

where the positive sign is to be taken for 9'1 ~ 9' ~ 
(211: - 9'1) and the negative sign for -flJl ~ 9' ~ 9'1, and 

Here, 

9' 
t = tan 2' 

7. THEORY OF WING PROFILES 1 

e 2 (1 + cos rp) = x, 

e 
2 (1 + cos rpll = Xl· (7.16) 

(1 am indebted to Dr. G. JUNGCLAUS for the derivation 
of Equations (7.15), (7.18), and (7.4:1).) The velocity 
distributions corresponding to positions of maximum 
camber x/Ie = 0·2, 0·3, 0·4:, 0·5, 0·6, and 0·7 are given in 
Fignre 12.1 and in Table 11.2; the maximum camber,j, is 
equal to 0·06e. Results for smaller values of the maximum 
camber can be obtained by affinely reducing the velocitie::; 
in proportion to the maximum camber. A discontinuity in 
curvature exists at the point where the two parabolas join. 

Type 83 : consists of two cubics, which are joined to
gether without a discontinuity in curvature, 

(7.17) 

kl. k2, and 9' are chosen so that a prescribed value for ot 
results and (Om}a = O. Hence, camber lines of this type 
have a fixed centre of pressure. The numerical values of 
the constants are: 

Table 7.1 

>:/ 0·10 0·15 0·20 0·25 

>:1 0·13 0·217 0·318 (H41 

CL·/(fJc) 19 14'3 12'5 11 

1:1/CL· 173'3 52·62 21-73 10-64 

1:2/1:1 7-64 67·70 303 1355 

The velocity distribution is 

(7.18) 
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7.2 CAMBER LINE AND VEI,QeITY DISTRIBUTIOS 

where a = k2/kl' and 

b = 1 for lPl ~ lP ~ 2Jt - lPb 

b = a for -!pI ~ lP ~ lPl. 

The abbreviations are defined by Equation (7.16); J* is 
given by 

J'=- (1~:.')' {G M! p'+p,),,-

[ 
~ PI tl ( ~ PI + PI }l 

- (I-a) (1 + tll)1 + 1 + til + 

+ (: PI + PI + 2P3) tan-l 
il + 

where 

Type 84 : this is another well-known NACA camber line 
(Figure 12.2). The front part consists of a cubic with a 
monotonically increasing radius of curvature; this is 
joined to a straight line, which forms the rear part. The 
ordinates are given by the equations 

'-= - k x 3 1 - - for x S - S 1. y(c) 1 (x) x 
c 6 I I C 1- C -

(7.19) 

Here, x = Xl is a point lying a little behind the position of 
maximum camber, X = XI; the relation between Xl and XI 

L 

65 

is XI = Xl (1 - J~). kl (and hence f) is usually chosen 

so that a prescribed value of at results. The numerical 
values are 

"'I 

%1 

CL*/<J/c) 
kl/CL" 

0·06 

()0()68 

26'9 
1206 

Ta.ble 7.2 

0·10 

0·1260 
19'6 

172-l 

0·2025 
16" 
1\3'2 

0·20 

0'2900 
14-5 
22'13 

0·25 

0'3910 
11·3 
10·77 

The velocity distribution comes from Equation (7.18), if a 

is put equal to zero. 

Type 8 5 : this has a special analytical representation, and 
possesses the property that the pressure distribution is 
constant over the whole chord. If the prescribed velocity 
distribution is written in the form 

1.0 aL* 
y-=I±T (7.20) 

the equation of the camber line is 

y(C) a L * [( x ) ( x ) -=-- 1-- In 1-- + 
c 4" c c 

x z] + - In - . c c (7.21) 

Type 8 6 : the pressure distribution is constant up to a 
certain point of the chord, x = ac; it decreases linearly 
until it becomes zero at a point given by x = be, and it 
then remains zero up to the trailing edge [1-345]. The 
velocity distribution may be written 

1.0 
-= v 

1 

The equation of the camber line is 

x 
o ;;! C ;;! a, 

x 
b ;;! - ;;! 1. 

c 

(7.22) 
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where 

g = - b 1 a [al (! lna- ~)

-bl (! lnb- ~) 1 
1 [1 h = +-- -(I-a)1 In (I-a)-

b-a 2 

- ~ (I-b)1 In (I-b)+ 
2 

1 1 ] +-(I-b)I--(I-a)1 +g. 
4 4 

The ideal angle of incidence, a*, is given by 

(7.24) 

The camber lines for which b = 1 are the most popular at 
the present time; the formulas then simplify; for b = 1, 
a = 1, they reduce to those of Type S5. Table 11.2 gives 
numerical values for b = 1 and a = 0,0·1,0·2, 0·3, 0·4, 0·5, 
0·6,0·7, 0·8, 0·9, and 1; Figure 12.2 shows some examples. 

Type 87: this camber line has the equation 

If the terms beyond 'JI = 5 are ignored, the velocity 
distribution is (from Section 8.2.1.2) 

; = 1 ± m V: (1 - : ) [co + c1 (1 - :) + 

+ C I (1 - :)' + c3 (1 - :)' J; (7.26) 

where 

7. THEORY OF WING PROFILES I 

For the angle of incidence at zero lift, <XQ, the ideal angle of 
incidence, a*, and the moment coefficient (referred to the 
leading edge) at CL = 0, (Cmoh, there results 

Special Case: if we put a. = 1, 'JI = (n + 1), and 

m. = ~ (1 + n) ,the separate terms of the equation lead 

f n(I _~) 
to camber lines identical with those given by KA W ALKI. 

These are characterised by the fact that all derivatives 
higher than the first vanish at the trailing edge. If we 
write 2x/c = 1 + cos p, the velocity distribution becomes 

w c (n + 1) 1. 3. 5 .... (2n - 1) X 
-=1±2- 2 
V f ( XI) 2. 4. 6. . .. n 1--

c 

[
. (n - 1) . 2 

X -smq;>+(n+2)sm q;>-

(n - I)(n - 2) . <.b + 
- (n + 2)(n + 3) sm "'t' 

(n - I)(n - 2)(n - 3) . 4 ] 
+ (n + 2)(n + 3)(n + 4) sm q;> - . .. . (7.27) 

Table 7.3 gives characteristic aerodynamic quantities for 
some values of n. 

.- 3 

"'lIe 0·370 
o J.·(f/c) 12-46 
(C.)./(I/c) _ 1-870 
g·/(//c) 1-'64 

Table 7.3 

0·3313 
12·S. 

- 1-4106 
1·367 

0·3012 
13·29 

- 1-423 
1·296 

6 

0·2770 
13·72 

- 1·288 
1·249 

7 

0·257 
14-15 

- 1-180 
1-212 

Figure 12.1 gives the ordinates and velocity distribution! 

for n = 3, 4, 5, 6, 7. 
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7.3 THICKNESS DISTRIBUTION AND VELOCITY DISTRIBUTION 

Type 88 : the flat plate with a point· of discontinuity. 
The equation of this camber line is 

(7.28) 

= A Xl (1 -..:.) for X ~ .:. ~ 1. 
·e 1- C -' 

where A is a function obi (the position of the discontinuity) 
and of the jump in local angle of incidence, 'YJ (flap deflec
tion). A is given by 

A = VI + 4X1(I - Xl) tan2 'YJ - 1 
2X1(I - Xl) tan 'YJ 

(for 1'YJ1 ~ n/2, A ~ 'YJ). (7.29) 

From Equation (8.21) the velocity distribution is 

; = F (A, Xl) [cos a { 1 - ~ (- 91lt + In I :~ +: I + 

+ n (1 - Xl) t } + t sin a] ' (7.30) 

where 911, t, and t1 have been defined by Equation (7.16). 
t > 0 for the upper side and t < 0 for the lower side; t1 is 
always greater than zero. The function F(A, Xl) is given by 

(for I 'YJ I «n/2 F = 1). 

*Equation 7.34 
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7.3 Thickness Distribution and Velocity Distribution 

7.3.1 Simple Special Cases 

(a) The ellipse of thickness ratio tie is given by 

c e 
X =- + - cos91 2 2 y = ~ sin 91; (7.31) 

the velocity distribution is 

cos a sin 91 + sin a (l-cos91) 
. (7.32) 

VSin191 + (~ y cos~ 
(b) The symmetrical circular arc section of thickness ratio 

tie = l' is given by 

2y =_! -1'2 + _1_ ¥(I + 1'2)2_41'2 :J:1I 
e 2 l' 2 't' 

_ 2x 
:J:=--I e 

, J (7-'3) 
where 

at IX = 0 it has the velocity distribution 

I Equation 7.34,* 

For small thickness ratios the circular arcs can be 
replaced by parabolic arcs: 

c c t 
z = '2 + 2 costp , y = ± 2 (I-cos2 tp) . (7.35) 

1 21'Z In (I+i)[(I+1'2)1_41'2i+(I-1'2)¥(I+1'2)1_4T2:J:1l] 

n 1 + 1'2 (I-:J:) [(1 + 1'2)2 + 4 1'2z + (1-1'2) ¥(I + 1'2)1- 4T2z2] 

(7.34) 
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The velocity distribution can be derived either from 
Equation (7.35) or by linearising Equation (7.34); it 
has the simple form 

w 4T[ (x 1) c-x] 1 + ---;- 1 + c -"2 In -x- . (7.36) v 

Infinitely large velocities are predicted at the leading 
and trailing edges when linearised theory is used to 
determine the flow over a circular arc section (un
cambered and at zero incidence); the singularities are 
of the form log C, and for practical purposes they 
become unimportant at a very small distance from the 
points of infinite velocity. 

(c) The contour of the symmetrical Joukowsky profile has 
the approximate equation 

c 
x = 2 (1 + cos9'). 

e . 
y =2 Sln9' (1- cos 9') ; (7.37) 

the velocity distribution is 

1 Equation 7.381-

when e = 0 this reduces to the velocity distribution for 
the fiat plate. Results obtained by using this approxi
mate equation are in very good agreement with the 
exact values; the velocity distribution shows small 
deviations from that calc)llated by means of exact 
conformal mapping (see below) if the thickness ratio is 
too large (tIc> 0·2); this is primarily because the 
linearised equation for the body, Equation (7.37), is no 
longer in good agreement with the exact equation. 

The parametric representation for the shape of the 
symmetrical generalised Joukowsky profile (Equations 
(1.14) and (1.15» comes from exact conformal trans
formation: the velocity distribution for zero angle of 
incidence is 

w _ N (~) 
- = 2 sin 9' --;::===~====:::::::::-
V y (N _1)2 + 4k2 sinZ9' 

(7.39) 

for the meaning of the symbols see Section 1.4.1. 

7. THEORY OF WING PROFILES I 

7.3.2 More General Thickness Distributionst 

Type Dl: the NACA standard profile, of which the 
ordinates (Table 11.3) are given by 

yll) = ± 5 t (0.2969 Vz - 0'1260x - 0'3516x2 + 

+ 0·2843z3-0·10l5z&) 

and the geometrical parameters by 

Xt - = 0·3, III = 0'27, eo = 1'1, er.,= -1'26. 
c 

It has the following velocity distribution when ex = 0: 

(7.41) 

where 

1 {ao 1 + Y;; 1 - x ..4- - --In -a1ln ----
-n 2Y;; I-yx x 

( I-X) , 
- 2 az 1 + x In -x- -

(I I-X) 
- 3aa -2 + x + x2 In --x- -

(
1 I I-X)} - 4a, 3" + 2' x + Xl + z3in -x- , 

t For simplicity c is set equal to unity in this section; 

x and Xt represent : and ~ respectively. 
c c 

-Equation 7.38 

w 
-= 
V 

cos a [ (1 + + ) sin 9' -7 sin 29' ] + sin a (1- cos 9') (1- 2 + cos 9' ) 

VSinZ 9'+ :: (C089'-C0829')2 

(7.38) 
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Type D2: profiles with various positions of maximum 
. thickness can be obtained by joining two curves together 

(without a discontinuity in curvature); the equation of 
such a profile is 

y, = ± 5 t (ao y;- + a l x + a2 x2 + as x3) 0 ~ x ~ Xtl 

= ± 5 t [0'002 + d l (I-x) + ds X (7.42) 

X (1 - X)2 + da (1 - X)3J Xt ~ x ~ 1. 

The slope at the trailing edge, BT, is related to the position 
of maximum thickness, Xt, by the equation 

2·24 - 5·42 Xt + 12·3Xt 2 

1 - 0'878xt 

The parameters of this thickn~ss distribution are given in 
Table 7.4; the coefficients in Equation (7.42) can be 
obtained in terms of the parameters; they are given by 

-- Xt 2 

2asxt 3 = 0·2 - 0'15 Y2 eo Xt - --, 
5el 

ds (1 - Xe)2 = 0·294 - 2d l (1 - Xt), 

Ta.ble 7.4 

z, = 0'2 0'3 Q-4 

aT = 2'00 2·34 3-15 

" II. 11,= ()O4776 0·3766 0'3428 

0 0 'L = 14'5812 9·2034 6'333 
3 ()O2711 8'3625 4'1259 1'9357 
6 1-1 2-1438 -49516 -2-4616 
9 3-3 -6·97 --8'38 -&90 

Type Da: the symmetrical profile 

0'5 
4'65 
()O4064 

4'7696 
()O8366 

--3'0964 
--8'86 

(0~x~1). 

()O6 
7'00 
1-1428 

4'4750 
0'8843 

-2'7063 
-7'97 

(7.43) 
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The slope is given by 

t 1 
y' = '2 y;- [1 + 3 (al -1) x + 5 (aa- all x2 

+ 7 (as - as) x3 + 9 (a, - as) x' 

+ 11 (as - a,) X5 -13 a5x6] • (7.44) 

When ex = 0 the velocity distribution is 

w 

v 

+C3x3+C4z4+C5x5)] 1 , (7.45) YI + y'2 

where 

Cs = 

111= 

If a3, a4, and as are zero then, when the profile is at an 
angle of incidence ex, 

Wv = Y 1 ( cos a (1 + .i. In 1 + y; 
1 + y'2 n I-V; 

X [1 + ~ (Y' + 4x(i-xJ In ~ ~~ 

- ~ ( .. '+0'" + ""'J] } ; (7.46) 



70 

where 

Type D4: the symmetrical profile 

x (1 - x) . t 1 - 2xt 
y(l) = a 1 b Wlth a = -2 2; b = 2' (7.4:7) 

+x Xt Xt 

The position of maximum thickness is variable (it depends 
on b), the contour has no point of inflexion, and the slopes 
at the leading and trailing edges are finite. When ex = 0 the 
velocity distribution is 

w 1 { 1 a [ I+b 
V = VI + y'2 1 +:n; (1 + bX)2 1 + -b - X 

X In(I+b)+(l-2x-bx l )ln
i 

x x+ bx]}.(7.4:8) 

Finally, we give some other thickness distributions, for 
which the velocity distributions have been calculated but 
for which no simple algebraic formulas exist. 

Type D5: a simple approximation for the contour of the 
hyperbola profile (see Section 1.4:.3) is 

y(I) = k (1- x) V(l + b) x - bx l . (7.4:9) 

Type D6: profiles designated EO or EQ (R & M No. 4:726, 
No. 4978) are constructed by joining two curves together. 
The front part of the profile is an ellipse and the rear part 
is either a cubic (EO) or a quartic (EQ). The formulas for 
the two curves are 

y(l) = V Ax- Bx2 o ;::;! x ;::;! Xl' 
(7.50) 

= bo + btx+ bzXI + bax3 + b,x' Xl;::;! x ;::;! 1, 

in which b4 = 0 for EO profiles. 

7. THEORY OF WING PROFILES I 

Profiles designated EQH or EOH are composed of three 
curves; the rear part is a hyperbola. The formulas are 

= VO (1- x) + D (I-x)2 XI ;::;! X ;::;! 1, 

... (7.51) 

in which b4 = 0 for EOH profiles. 

The camber lines with which these thickness distribu
tions are usually combined are those of Equation (7.9)' 
with Z2 = O. 

7.3.3 In1luence of a Sudden Change in Curvature of the 
Profile Contour 

Engineers and designers often approximate a curve of 
high order by simple curves (for example, straight lines or 
parabolas); they usually ensure that the change from one 
curve to another occurs so that the function and its first 
derivative are continuous, but higher derivatives are 
frequently not made continuous. Profiles are occasionally 
designed by joining curves together in this manner. For 
example, DOETSCH has investigated a symmetrical circular 
arc section the front part of which is replaced by a parabola; 
the curvature is made continuous at the join, but the third 
derivative is not continuous, so that the curvature has a 
"kink". The camber line" of the four-figure NAOA profiles 
provides another example (see Section 7.2.2). It is com
posed of two parabolas; at the join the curvature is not 
continuous, so that the curvature has a "jump". The 
questions arise, what effects such discontinuities have on 
the velocity and pressure distributions, and how the result
ant changes in these distributions affect the boundary 
layer. These questions have been investigated many times 
and the answers are now clear. It is shown below that a 
jump in the curvature leads to a point of inflexion in the 
velocity distribution, the slope at the point of inflexion 
being infinite; and even a kink in the curvature manifests 
itself in a slight concavity in the pressure distribution. 
The latter behaviour has been confirmed both theoretically 
and experimentally for the symmetrical circular .arc 
section with a parabolic nose (see Figure 12.3). 

Let us consider a jump in curvature, at which the radius 
of curvature changes from Rl to R2 ; let the x axis lie along 
the tangent at the point of discontinuity, and_assume that, 
in the neighbourhood of this point, the contour is given by 
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Xl I Y = 2R + a3 z3 + a,x' + .... (x < 0), 

1 (7.52) 
Xl 

Y=-R +aa z3 +a,x'+ .... (x>O). 
2 2 , 

By an approximate calculation BETZ has been able to show 
that the velocity in the neighbourhood of such a point 
may be written in the form 

(7.53) 

where W 0 is the velocity at x = 0, and F(x) is a regular 
function that can be determined only when the exact 
shape of the contour is known. A point of inflexion exists 
at x = 0, the slope being infinite there. 

Special Case: a semi-infinite body with a semi-circular 
nose. The equation of the body is 

y = VI- x0
2 for -1 ~ Xo ~ 0, I 

Y = 1 for Xo ~ 0, 
(7.54) 

x being measured from the join; the velocity distribution, 
calculated by the method of Section 8.2.2, is 

W 3 ,/-- x 1 +YI-x2 
-=-yl-x2 --In-';''''':---
V 2 n Ixl 

for-l ~ x ~ 0, 

3 x 1 +YI-x2 
=-- In 

2 nYl- x2 x (7.55) 

for o~x ~ 1, 

3 
x ( ~-~) =-+ sin-1 

2 nVx2-I x 2 

for 1 ~ x ~ co. 

Figure 12.4 shows that the pressure distribution has a 
point of inflexion at x = 0, the slope being infinite there. 

Similar results are obtained by exact conformal mapping 
of special profiles with a prescribed behaviour of curvature. 
Examples are: profiles consisting of three circular arcs; 
and profiles consisting of two semi-circles joined by two 
parallel straight lines. The latter have been investigated by 
SCHMIEDEN; his results are reproduced in Figure 12.5. 

The boundary layer often reacts very strongly to sudden 
rises in pressure, and the preceding example suggests that 
contours formed from a combination of curves should be 
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used with caution; this is especially true if, as a result of its 
previous development, the boundary layer at the join is 
expected to be sensitive to pressure rises. 

We must emphasise that the point of inflexion (with 
infinite slope) in the velocity distribution occurs only on 
the contour itself; at an arbitrarily small distance from the 
wall no singularity of this nature exists. To investigate 
this, BETZ has considered the simple example represented 
in Figure 7.1. Far away from the singular point the 
velocity, V, is parallel to the straight section of the wall; on 
the circular arcs of radius +R and -R the velocity is 
respectively greater and smaller than V; it is equal to Vat 
x = ° for reasons of symmetry. At a point (x, y) near the 
wall, 

=xln V(a+x)2+ y2V(s-x)2+ y2 
x2 + yi 

S (a _X)I + yl 
- In + 
2 (a + X)2 + y2 

+!I (tan-1 s: x _ tan-1 a !I x _ 2 tan-1 ;). 

... (7.56) 

the symbols are explained in the figure. The behaviour of 
the velocity is shown for various values of the distance 
from the wall. Although the point of inflexion and the 
infinite slope do not appear to be dangerous, since the 

Kli In 2!::.. 
s V 

-1-5 -1 -0,5 

Fig. 7.1. Behaviour of the velocity 
distribution in the neighbourhood of a 
discontinuity of curvature according 
to potential theory (BETZ) 

0·5 1 x 1·5 --·s 
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slope is finite at an arbitrarily small distance from the 
wall, the total fluctuation of the velocity in the neighbour
hood of such a point is considerable. It is advisable not to 
expose sensitive boundary layers to such fluctuations. 

7.4 Cambered Profiles 

For small camber, camber lines and thickness distribu
tions can be additively superimposed: the corresponding 
velocity-distributions can then also be additively super
imposed, to a good approximation. Even if the cambered 
profiles have not been constructed by simple superposition, 
the velocity distributions can still be thus determined 
provided that co-ordinates with the longest chord as 
abscissa are used in the calculation (as required in the 
theoretical treatment in Section 8.2.3). Theoretical 
pressure distributions on some profiles, with allowance for 
viscous effects, are given in Figures 12.7 ff, for various lift 
coefficients; these distributions have been calculated by 
the method described in Section 9.1. In Section 12.4 
experimental pressure distributions are reproduced, in 
which the influence of various arrangements of flaps can be 
examined. The regions of separated flow are prominent; 
they are recognisable by the pressure's becoming suddenly 
constant. 
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8. mE THEORY OF WING PROFILES IT 

Numerical Methods 

8.1 The Flow Field 

Two-dimensional incompressible flow about a profile can 
be treated as potential flow throughout most of the field; 
the only exceptions are small regions very close to the 
profile in which viscous effects dominate (see Section 9.2). 
It is therefore possible to determine most of the flow field 
theoretically, so that experiments are necessary only in 
special cases (for example, when the effect of large regions 
of separated flow is to be investigated). If we continue to 
ignore changes in density, the inviscid flow about a profile 
at normal speeds (those compared with which the speed 
of sound, a, is very large) is governed by the equations of 
continuity 

divw = 0, (8.1) 

and irrotationality 

curlw = O. (8.2) 

A velocity potential, (/J, and a stream function, ':1', can be 
introduced by means of the equations 

o(/J 0':1' 
------'10 ox - oy - s' 

o(/J 0':1' 
--=--- ='10, oy ox y 

(8.3) 

where '10:1: and 'lOy are the components ofw. It follows that 
both (/J and ':1' satisfy Laplace's equ,ation: 

V2(/J = 0; V2':1' = o. (8.4) 

This differential equation has been treated by the most 
diverse mathematical methods. If an accurate knowledge 
of the flow in the immediate neighbourhood of the profile 
is required, the method of conformal transformation is the 
most appropriate one. The flow at larger distances is more 
easily determined if the profile is replaced by source and 
vortex distributions, or simply by isolated singularities 
(sources and sinks, and vortices). 

The former method has remained limited to special 
profile families. The method of TREFFTZ for the construc
tion of Joukowsky profiles has become well-known; in an 
extension of this RUDEN describes a graphical procedure 
(later simplified by PERES) for the determination of the 
velocity vector at an arbitrary point, P, of the flow field. 
The construction requires no auxiliary lines, the magnitude 
of the velocity being determined from the following quan
tities (the notation is that of Figure 1.15): the distance 
PO of P, the point being considered, from 0, the origin; 
the distance PM between P and M, the centre of the 
transformed circle; the distance P N between P and N, the 
singular point near the nose; and the distance PS between 
P and S, the front stagnation point on the transformed 
circle. We find that 

v 
(PO)S. (PS) 

(PM)2. (PN) 
(8.5) 

The direction of this velocity makes an angle {} with the 
free-stream direction, where 

{} = <;. N P S + 2 <;. MPO. (8.6) 

SCHRENK and WALZ have extended the graphical method of 
RUDEN to Karman-Trefftz and Betz-Keune profiles; the 
effect of a change in.profile shape can be found from their 
results. The advantage of all these methods is that they 
can be used to determine the whole flow field, including the 
immediate neighbourhood of the profile. 

If we are interested only in the flow at some distance 
from the profile we can obtain information much more 
quickly by placing sources, sinks, and vortices along the 
chord, and determining the flow field from these singu
larities. At very large distances isolated singularities 
usually suffice; at distances of from a quarter or a half of 

. the profile chord to about four times the profile chord, it is 
more accurate to place suitable distribution!l of sources, 
sinks, and vortices along the chord. For profiles of zero 
thickness vortex distributions alone are sufficient. WEINIG 
has calculated the fields of the vortex distributions for the 
flat plate at incidence, for profiles whose camber line is a 
circular are, and for profiles whose camber line has a point 
of inflexion. The theory uses the function log ('10:1: + i'lOy) = 

log '10 - iv: for profiles with small camber this has the 
advantage that both log '10 and)l (the angle made by the 
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free-stream direction with the tangent to the profile) are 
usually small, so that log w = log (1 + Llw) ~ Llw gives 
the disturbance velocity directly; here, the disturbance 
velocity is the deviation from the free-stream velocity 
divided by the magnitude of this velocity. KEUNE (1938) 
has coJilstructed similar fields, in which, as usual, the 
complex velocity (wz + iwy) is used. 

For profiles of finite thickness PISTOLESI and KEUNE 
have developed simple methods of calculation that use 
source and sink distributions in addition to vortex dis
tributions. KEUNE'S method involves the construction of 
networks representing the flow fields of certain hasic 
distributions (as in the method for thin profiles); these are 
immediately applicable to other cases. PISTOLESI chooses 
the same form for both the vortex distribution and the 
source and sink distribution: 

( 
8 Q) ) x 

I' = V ao cos "2 + 1 a" sin n8 , c- = - cos 8; 

(8.7) 

He considers a combination of the two distributions, 
I' + iq; by using complex variable notation for the velocity 
components, he arrives at the simple result 

2w.. sin 8 1 
V = -aocosh82-cos81 + 

Q) 

- L (a" sin n81 + b" cos n(1) . ~I, 
1 

2 w,. ( sinh e2 ) ---a 1- + 
V - ° cosh e2 - cos 8 1 

sinel 

+ bo cosh e2 - cos 8 1 

Q) 

(8.8) 

- L (a" cos ne1 - b .. sin nell . ~I. (8.9) 
1 

e1 and e2 can be determined from d1 and d2, where d1 and 
de are respectively the distances of P, the point being 
considered, from L (leading edge) and T (trailing edge), 
the end points of the line of singularities that replaces the 
profile; the relations are 

1\. as - d l = 2c cos e l , aa + d l = 2c cosh8:a. (8.10) 

L_-

Methods involving the use of singularities are simple, but 
unfortunately they do not give the velocity distribution on 
an arbitrary profile to the required accuracy. BIRNBAUM 
and GLAUERT were able to solve this problem only for the 
special case of a "thin" profile: lat!lr, RIEGELS gave a 
suitable solution for profiles of finite thickness; the results 
of this extended theory are presented in Section 8.2. 

8.2 Calculation of the Pressure Distribution for a 
Prescribed Shape of Profilet 

8.2.1 Velocity Distribution on a Thin Profile; Vortex 
Distribution 

8.2.1.1 Vortex Distribution on a Straight Line of Length c 

Suppose vortices are distributed along the x axis from 
x = 0 to x = c. This vortex distribution, rex), induces 
velocities, Wy, normal to the x axis; if Wy is positive when 
its direction is upwards, then 

c 

w = _1_ J -.:r,--(x_')_ ax'. 
,. 2n x'-x 

(8.11) 

o 

When the normal velocity is prescribed this is an integral 
equation for the circulation rex). If in place of x we 
introduce a parametric angle, rp, by the relation 

c 
x = "2 (1 + cosrp) , (8.12) 

the required vortex,distribution can be shown to be 

- cot ~) drp'; (8.13) 

the second term in the brackets ensures that at x = c (that 
is, at rp = 0) the Kutta condition is satisfied, so that 
I' = 0. there. Corresponding solutions in x have also been 
given. If the Kutta condition is not satisfied (that is, if 
rex) tends to infinity both when x approaches c as well as 
when x approaches 0) then 

c 
2 f w (x') Ilx' (c-x') 

I' (x) = - ~ ~ ax'; (8.14) 
nVx(c-x) x-x 

o 

t "The second main problem of profile theory. " 
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if the vortex strength vanishes at x = c, we have 

c -J V-2 c-x x' dx' 
y(x) =--V-- W (x') --, --,-, (8.15) . 

:It x ' c-x x-x 
o 

which corresponds to Equation (8.13). 

8.2.1.2 Flat and Cambered Plates (Camber Lines) 

We can obtain the flow past camber lines (bodies of 
zero thickness) in a simple way by superimposing a parallel 
flow (of speed V) on the flow produced by a vortex 
distribution. The vortices are distributed along a straight 
line having the direction of the parallel flow; but, if we 
suppose that the parallel flow makes a small angle a with 
the x axis, it is sufficiently accurate to regard the vortices 
as distribute.d along this axis. Suppose that the chord lies 
along the x axis, and that Wy is the normal component of 
the velocity induced on the x axis by the vortex distribu
tion. The surface boundary condition may be written 

W, + V sin a dy(c) 
Veosa = d;-

(8.16) 

If a is small this may be linearised to 

W dy(c) 
-'+a=~-, 
V dx 

(8.17} 

where y(C) denotes the ordinate of the plate at station x. 
For the flat plate that coincides with the part of the x axis 

dy(c) 
lying between x = 0 and x = c, dx = 0, so that Wy = 

-a V; from this, with the help of Equation (8.13), we 
obtain the familiar expression for the distribution of 
circulation along a flat plate, 

1- coslP IP 
Yj = 2 Va. = 2 Va tan -2 = 

SllllP 

V
-
c-x 

=2Va, -x-· (8.18) 

From Equations (8.17) and (8.12) we find that, for plates 
of small camber at zero incidence, 

W = V !:y(C) = V dy(c) dIP 
, 'dx dIP dx 

2 Y 1 dy(c) 
= - -c - sin IP ---a:;p (S.19) 

s. THEORY OF WING PROFILES II 

From this, with the help of Equation (8.13), we can derive 
the distribution of circulation along an arbitrarily cambered 

plate, 

~" 

Yc = _ ~ _1_ f dy(c) (cot IP' -IP -
c sm IP 2 :It d IP' 2 

o 

IP') - cot"2 dIP'· (8.20) 

No assumption at all about the vortex strength at the 
leading edge has been made in the derivation of this 
equation. In general, infinitely large velocities occur at the 
leading edge; by superimposing a term containing angle of 
incidence (see Equation (8.18» it is always possible to make 
the vortex strength zero at the leading edge; the angle of 
incidence necessary to do this is called the "ideal" angle 
of incidence (see Section 3.1). 

Because the camber has been assumed small the 
corresponding velocity distribution along the chord can be 
obtained by linear superposition; it is 

w = V ± Yj /2 ± yc/2 ; (8.21) 

the upper and lower signs refer respectively to the upper 
and lower sides of the plate. 

8.2.2 Velocity Distribution on a Symmetrical Profile; 
Source Distribution and Additional Vortex 
Distribution 

Consider a syinmetrical profile whose contour, y = y(t)(x), 
makes a small angl~ almost everywhere with the x axis. 
Suppose the flow is symmetrical, with a free-stream speed 
of V cos a. The profile can be replaced by a distribution of 
sources along the x axis, q,(x), where 

dy(l) 
q, (x) = 2 V cos a dx ; (8.22) 

this source distribution induces a velocity WZI along the x 

axis, where 

c 
1 f q,(x') , 

Wz,= --2 -,-- dx. 
:It x-x 

(8.23) 

o 

The approximation is not satisfactory if the angle between 
the x axis and the tangent _to the profile is large; in 
particular, it breaks down at the nose of the profile. We 
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can circumvent this difficulty by resolving along the body 
contour the sum of the free-stream velocity and the 
disturbance velocity in the x direction; we find that 

1 
10 = (V cos a +10%,) .1 . 

Y 1 + (dy/dx)2 
(8.24) 

It has been proved that the velocity distribution thus 
obtained agrees with that obtainEld by exact conformal 
mapping, when the latter is expanded in powers of a 
thickness parameter and the linear terms only are retained 
(RIEGELS). 

If the flow is not symmetrical (a =1= 0) further considera
tion is necessary, since a free-stream velocity component 
V sin a appears in the boundary conditions. The surface 
boundary condition requires that the flow direction at 
each point of the profile coincide with the slope of the 
contour, and so we must distribute additional singularities 
along the x axis, in order to induce an additional down
wash, .:1wl/; this downwash must compound with the 
tangential velocity from the vortex distribution (yt) of the 
flat plate to give a resultant velocity having the direction 
of the profile contour. Here it must be remembered that 
the downwash induced by the vortex distribution of the 
flat plate is constant only along the x axis, and that its 
magnitude changes as the distance, y, from the x axis 
increases. The conditions can be fulfilled by means of an 
additional vortex distribution along the x axis, Yv, which 
induces a correction velocity of just the right amount; Yv 
is given by 

- Equation 8.27 
c 

2 ~-x yv = - - Vaina 
n x 

c 

f ( dyl/) y(I») dx' 

dx' - 2x'(c - x') x' -x . (8.25) 

o 

Equations (8.18), (8.22), and (8.25) give the source and 
vortex distributions that replace a symmetrical profile at 
an angle of incidence a. The contributions to the velocity 
from these distributions are as follows: 

W%t = ±(Yt/2); W%B from Equation (8.23); 
Wzv = ±(Yv/2). (8.26) 

If the velocity on the x axis is resolved along the profile 
contour and the tangential component of the free-stream 
velocity is added to the above contributions, there results 
for the velocity: 

IEquation 8.271. 

In terms of q; this equation is 

IEquation 8.27al·· 

8.2.3 Velocity Distribution on an Unsymmetrical Profile 
or Finite Thickness and Small Camber 

The technique that we used in the previous section for 
the determination of the influence of angle of incidence can 

10 1 [ { 1 f ay(I) _dx_'_}± 
V =J [dy(t)] 2 cos a 1-~ dx' x' - x 

1+ dx 0 

·-Equation 8.27a 

10 

V 

± sin a V_c -_x_ {I _ ~·fC(_dY_(') __ Y:--(I}_) 
x n ax' 2x'(c - x') 

1 

o 

2,. 

[ { 
. 2 1 f dy(I) 

cosa sin q; - - -- --cot 
c 2 n dq;' 

o 

2,. 

{ 
2 1 f ( dy(I) y(l)) + sin a (l-cosq;) 1--;-- --+-. - cot 

c Sin q; 2n a q;' SIn q;' 
o 

q;' - q; 
2 

(8.27) 

(8.27a) 
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obviously be applied to bodies whose mean line is not 
straight. If, however, we consider only profiles with small 
camber (in practice, the camber of most profiles is small), 
the contribution of the additional term proportional to 
sin ex can be neglected. Unsymmetrical body shapes 
y = y(x) (more exactly: y = yu(x) for the upper surface, 
and y = yz(x) for the lower surface) can be regarded as 
having been formed by a superposition of symmetrical 
profile shapes y(t) on cambered plates y(c) : 

yu + yz ± yu - yz y = y(c) ± y(t) = "'--_"'--
2 2 

or, in terms of rp, 

() 
'y(rp) + y(-rp) + y(rp) - y(-rp) 

y rp = 2 2 

(8.28) 

In the calculation of the corresponding velocity contribu
tions along the x axis a contribution due to the camber, 
Wxc = ±!yc, where Yc is given by Equation (8.20), must 
be added to those listed in Equation (8.26). It is now 
possible to write down an equation corresponding to 
Equation (8.28), in which both y(t) and the ordinate, y, of 
the cambered, thick profile appear: 

!Equation 8.29!-

8.2.4 Simpler Formulas for Practical Calculation 

In the further development of these fundamental parts 
of the theory it is convenient to write y as a Fourier series: 

Cr2 = ; (a. cos vrp + b. sin vrp). (8.30) 

. 
The cosine series represents the camber distribution, and 
the sine series the thickness distribution. We can easily 

-Equation 8.29 

w 
v 

-- Equation 8.34 

8. THEORY OF WING PROFILES II 

show that, if b. = 0, the usual theory of thin profiles 
results: using Equation (8.30) with Equation (8.29) we 

find that, for small ~;, 

w L cosvrp-I rp 
-V = I + va. +atan-2 , (8.31) 

sinrp 

this being the expression familiar from the theory of thin 
profiles (see DURAND II, p. 41). The term that is singular at 
the leading edge can be written separately if we split the 
series up into its even and odd terms; we find that 

w .. cos 2vrp-l 
1+ L2va2. . + 

1 SInrp V 

CD cos (2v -I)rp - cosrp 
+ L (2v- 1) a2,_1 + 

1 sinrp 

+ (a-a·)tan~, (8.32) 

where ex*, the ideal angle of incidence, is given by 

a* = Y' (2v -1) ~,-l. (8.33) ..... 
1 

For bodies of finite thickness (b. "# 0) Equations (8.30) 
and (8.29), after some manipulation, lead to 

IEquation 8.34!" 

(8.29) 

CD CD CD CD 

{ cos a (sinrp + L va. cos vrp + LV b. sin vrp - L va.) + sin a (1- cosrp) (1 + L {Jp cos p,rp)} w 
_______ ~l ____ ~===l~=;~7===~l===;~==~===7--~--~o-----

Vsin2rp + (L v b, cos vrp - L va. sin Vrp)2 V 
(8.34) 

where {Jo =f vb" 
1 
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For an exact calculation from this equation the contour 
must be given in the form of a Fourier series. This can be 
avoided by using a suitable approximate procedure: if we 
are given the ordinates at certain fixed values of x we can 
replace the Fourier series by a finite series whose terms 
consist of products of the ordinates with certain fixed 
coefficients; the fixed values of x are given by t 

1 ( nn) 
:1:" ="2 1 + cos 11 . (8.35) 

The velocity distribution is 

1.0 (Xn) 1 [0 cos a ± D sin a]; (8.36) 
-V = ye" + (dy/dqJ)2 

where 

N-l N-l 

0= la,,1 + L A_x2y",IJl ± L 8",,, x2Ym(c) , 
... -1 111_1 

N-l 

D = I b,,1 + L B_ x 2Ym(C). 
",_I 

The upper and lower signs refer to the upper and lower sides 

of the profile respectively. ~: denotes the slope of the profile 

with respect to the parametric angle; we can easily obtain 
this by plotting y against q; or n; it is important only near 
the nose. 2N is the total number of fixed points at which 
the ordinates Ym (on the suction side) and Y2N-m (on the 
pressure side) are prescribed; Ym(t) and Ym(C) are given by 

an, Cn, A mn, 8 mn, and Bmn are fixed coefficients, which 
can be tabulated for arbitrary values of N; they are given 
in Table 11.8 for N = 12. If we wish to shorten the 
labour of calculation, we can calculate the values at the 
points n = 2, 4, 6, .... and introduce the intennediate 
points (those in the series n = 1, 3, 5, ..•. ) after, ifnecessary. 

8.2.5 Forces and Moments 

To determine the force and moment exerted on the body 
we require the vortex distribution along the x axis in 
Fourier form. Let the numerator of the right-hand side of 
Equation (8.34) be denoted by F(q;); then the vortex 

t For practical reasons x and y are here referred to a. chord of 
unity (c = 1). 

distribution (the difference between the velocities 
1.Ovl + y'2 on the upper and lower sides of the axis) is 

{ 
F (q;) F (2n-q;) } 

y(q;)=V sinq; - sin (2n-q;) 

F(q;) + F (2n-q;) 
=V . , 

SInq; 

or 

y (q;) = ~ {cosa [i:. vay(cos vq; -1)J + 
SInq; .=1 

An integration along the chord gives the force normal to 
the free-stream direction: 

c n 

L = (! V I y(x)dx = (! V I y (q;) sinq;dq;; 
o o 

its coefficient is 

The following formulas are obtained by the use of an 
approximate procedure (TRUCKENBRODT): the lift-curve 
slope is given by 

n 

dOL ( 2 f y(I) (q;) ) - =2n 1 + - -.-dq; 
da. n SInq; 

o 

( 

N-l :\ 

= 2n 1 + ~A",X2Ym(t); (8.39) 
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the angle of incidence at zero lift by 

" 2 f y(c)(q:» co, 
CXO =-- -.-- dq:>= Y va. 

n SIn q:> ""T' 
o 

N-l 

= L B". X2Ym(C); 
1 

(8.40) 

and, from the theory of thin profiles (y(t) = 0), the ideal 
angle of incidence by 

,. 
,2 f cosq:> a* = - - -.- y(C) (q:» dq:> 

, n Sill2q:> 
o 

ao N-l 

= L (2 v -1) a~._l = L E"..X2Ym(C); (8.41) 
1 1 

the corresponding lift coefficient is 

" 
=4f y(.C)(q:>_) dm 

CL*= 2n(a* - CXO) T 
sm2 q:> 

o 

'" N-l 

= -4n L pat. = IF". X2Ym(c). (8.42) 
1 1 

When calculating the moment we must remember that 
the source distribution, as well as the vortex distribution, 
makes a contribution. If we refer the moment to the point 
x = 0, then "the contribution from the source distribution 
has the value 

c 

LI(Mh = (! V sin a f q (x) x dx; 
o 

so that, for the total moment referred to the point x = 0, 
we have 

c 

(Mh = - (! V f [ y(x) - aq(x) ]x dx 

o 

" 
= - (! V ~ [f y (q:» (1 + cosq:» sinq:> dq:> -

o 
,. 

-a fq(q:»Cosq:>sinq:>dq:>]. 

o 

8. THEORY OF WING PROFILES II 

2V '" 
where q (q:» = - -. - L vb. cos l'q:>; 

smq:> 1 

the positive sense of the moment is clockwise, if the flow is 
assumed to come from the left; the coefficient is 

(Cm)=~= 
I (! 

"2VSc2 

~ [-a1 + 2..tva.-a( 1 + 2b1 + 2~ b2.)} (8.43) 

d~~:h can be written in the form 

" 
d(Cm), 1 ( 2 f I+2cosq:>-2cos2q:> ) 
--= -- 1 + - . y(t)(q:»dq:> 

dOL 4 n smq:> 
o 

(8.44) 

The moment at zero lift is 

" 

f 2cosq:>-cos2q:> n '" 
Cmo= - 'y(cf (q:» dq:> = - L pa. 

I-~osq:> 22 
o 

N-l 

= L D". X2Ym(c). 
1 

(8.45) 

Numerical values of Am, Bm, etc are given in Table 11.7. 

8.3 Calculation of the Profile Shape for a Prescribed 
Velocity Distributiont 

The problem described in the title has been solved 
approximately by RIEGELS (1943) on the same basis as in 
the preceding sections: by use of the method of singularities. 
The process is based on relations that are the converse of 
.those derived in the previous section. A convenient 

t "The first main problem of profile theory. " 
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approximate method has been given by TRUCKENBRODT. 
We shall describe only the results necessary for practical 
application. 

8.3.1 Thin Profiles 

Suppose the velocities on the upper and lower sides of the 
chord are different from one another at each point, but 
that they satisfy the relation W = V ± WI, where the 
upper and lower signs refer to the upper and lower sides 
respectively; this corresponds to the camber line of a 
profile at a certain angle of incidence, a. For the flow to 
leave the trailing edge smoothly WI must vanish there. We 
can regard the distribution of WI as induced by a vortex 
distribution assumed to lie along the chord. From the 
condition that the normal velocity vanish on the camber 
line we obtain the following formula for the slope of the 

dy(e) 
camber line, dx' by using Equations (8.11), (8.17), and 

(8.21). 

c 

dy(e) = a _ 2. f WI (x') 
dx 31: V 

dx' 
(8.46) 

x-x' 
o 

here, y(e) denotes the ordinate of the camber line, and a the 
angle of incidence (both being measured from the chord). 
Let gee) denote the prescribed velocity distribution, so that 

WI (w) g(e)=V=± V-I; (8.47) 

if gm represents the value of g at the point Xm, then the 
local angle of incidence oi the camber line, a(e), is given by 
the following finite series: 

N-I 

a(e) = ~ d"p". + dN lim (g sin cp) ; (8.48) 
", .. 1 9'''''' 

the ordinate of the camber line at the point Xn is 

(c) N-l 
Yn = ~ d".,.g". + dN .. lim (g sin cp). 

c "..1 
(8.49) 

The fixed coefficients dm and dmn are given in Table 1l.9a. 

8.3.2 Symmetrical Profile at Zero Incidence 

Suppose the velocities on the upper and lower sides of 
the chord are the same at each point; this corresponds to a 

symmetrical profile, y(t), at zero incidence, the direction of 
its chord coinciding with the free-stream direction. Such a 
velocity distribution can be written W = V + W2, where 
W2 denotes the disturbance velocity associated with the 
thickness distribution. A stagnation point occurs at the 
leading edge of the profile (that is, W must vanish there). 
We can think of the distribution of W2 as induced by a 
source distribution assumed to lie along the chord; since 
the normal velocity on the surface of the profile must be 
zero, E,quation (8.24) represents an integul equation for 
the slope of the upper side. 

ThiS equation becomes 

dr' ~-~j[; Vl+(dt7-} 
o 

V x' (c-x') dx' x -----
x(c-x) x-;r;!' 

(8.50) 

By an approximate procedure the solution can be obtained 
as a finite series (if we approximate the distribution of w 
by a finite series). If yet) is written in the form 

c y') = - L b. sin vcp, 
2 1 

(8.51) 

this ensures that the profile is closed at both the leading 
(cp = 31:) and trailing (cp = 0) edges. After some manipula
tion we obtain 

_, '1 dy(t) N-l 

Y .. =--d =~a".J".. 
c ,cp ". ~l 

(8.52) 

The quantity 1m is the value off, the velocity function, at 
the point x = xm; I is given by 

f=~; -1, where ~ = JI + (~~r· (8.53) 

The factor ~ is important only at points of large curvature 
(at the profile nose); elsewhere it is negligible. 

For the pth stage of the approximate procedure w~ have 

I «(» = ~ (f» I (D)+ ~ ((» - 1 . '" ". '" '" , (8.54) 

V (-I (f>-I) )2 
where ~".((» = 1 + Y". a". , 

and I".(D) = (;)".-1. 
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am and am'll are constants; they are given in Table 11.9b 
for N = 12. In the execution of the iterative procedure it 
is an advantage if amn vanishes whenever (m - n) is even. 
To calculate the zero approximation, we put "m(O) = 1, so 
that f m can be immediately obtained from the prescribed 
velocity distribution. The values are then inserted into 
Equation (8.52), and the profile slope, fin'(O), is determined 
at the points n = 1, 3, .... With the help of Equations 
(8.54) and (8.53) the values offm(i) for the same points are 
easily calculated, and these are inserted into Equation 
(8.52); this gives the first approximation, fin' (1) , at the 
points n = 2,4, .... The succeeding approximations are 
obtained similarly. In order that the approximation should 
converge rapidly, it is advisable to calculate values at 
the leading edge (YN) and at the trailing edge (yo). Once 
the behaviour of fi'(p) is known the desired profile 
ordinates can be obtained by an integration with respect 

top. 
In addition to this iterative solution we can also derive a 

solution from the Fourier representation, which allows an 
immediate calculation of the profile ordinates; we obtain 

" 
y(l) 1 f ' . , 1-cos (p + p') , 
- = -4- t (p ) sm p In 1 ( ') dp. (8.55) 
en-COS p-p 

o 

For numerical evaluation this solution can be replaced by 
the following finite series: 

(8.56) 

TRUCKENBRODT has given the coefficients bmn for N = 12. 

8.3.3 Unsymmetrical Profile at Incidence 

Suppose the velocities on the upper and lower sides of the 
chord are different at each point; we can then write 

(8.57) 

The additional velocity component aW3 arises if the body 
of finite thickness is at an angle of incidence a. If the 
velocity distribution on the upper surface is denoted by 
Wu and that on the lower surface by Wz, then 

Wu-WI 
WI + aWa = - 2 . (8.58) 

8. THEORY OF WING PROFILES II 

To convert the velocity on the surface to that in the 
direction of the chord we must multiply the former by a 

factor '" where ,,= vI + (dy/dx)2. The factor is of 
importance only at points where the profile curvature is 
large; it is the thickness distribution that produces such 
points, and hence the influence of the camber line can be 
neglected at such points, so that y may be replaced by y(t). 

With this simplification the thickness distribution can be 
calculated immediately, if the velocity distribution in 
Section 8.3.2, w, is put equal to !(wu + wz) ;fis then given 

by 

I =!!.... Wu + WI _ 1. 
2 V 

The iteration procedure described in Section 8.3.2 gives 
the profile slope as a function of p; the ordinates fi(t) of the 
thickness distribution are then obtained by integration. 
We suppose first that W3, which depends only on the thick
ness distribution, is known; the shape of the camber line 
and the local angle of incidence can then be calculated as 
described in Section 8.3.1. There the required velocity 
distribution is denoted by Wi; for Wi we must now write 

so that Equation (8.47) becomes 

where 

" Wu - WI 
9 =- --- +Llg, 

2 V 

Wa 
Llg=-a,,-. 

V 

(8.60) 

(8.61) 

We first put Llg = 0; then, carrying out the calculatioI 
described in Section 8.3.1, we find that 

or 

lim (g sin p) = [Wu ;- WI \ ! ddy(t) \.] _ ; (8.62 
~" c P ~-" 

here, the factor " is taken from the calculation for th 
thickness distribution. From Equations (8.48) and (8.49 
we can obtain the local angle of incidence, ale), and th 
ordinates, y(e), of the camber line. The previously neglecte. 
velocity component W3 is determined by using Equatio 
(8.27); TRUCKENBRODT has shown that the influence ( 
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this term, which is produced by the incidence of the thick
ness distribution, can be considered simply as an additional 
change in the camber line; the corresponding change in the 
local angle of incidence is found to be 

(
y(t) cp) [2 dy(t)] 

Lfa = -a lim - tan -2 = a - -d . 
_" c c cp '1'=,. 

(8.63) 

The total local angle of incidence, a, obtained from the sum 
a = ale) + Lfa, is 

ale) 

a = [ 2 dy(t)] 
1---

c dcp '1'=,. 

ale) 
(8.64) 

We find that the change in the ordinates of the camber line 
IS 

( 

(t) 
Lfy(e) = -a(1 - cos cp) Jf-- + 

smcp 

and, at the points n = P.. N, we have 
x 

[
dy(t)] ); 
dcp '1'=" 

(8.65) 

(8.66) 

where the ,constants, Pn. and qn, have been calculated for 
N = 12, and are'given in Table 11.9c. The three parts, 
y(t), y(e), and Lfy(e), must be combined to give the required 
ordinates: 

y = y(t) ± y(c) ± LJy(c). (8.67) 

8.4 Remarks on the Rigorous Methods of Conformal 
Mapping 

8.4.1 Older Solutions of the Second Main Prohlem 

Mathematical methods for the conformal mapping of 
the exterior of a given profile (lying in the z plane) into the 
exterior of the unit circle (lying in the C plane) are based on 
'the mapping function 

(8.68) 

("Riemann's Mapping Theorem"). In the familiar pro
cedures of VON KARMAN and TREFFTZ, MULLER, HOHN
DORF, and THEODORSEN, the given profile is mapped into 
an ap'proximately circular figure by using a known 
mapping function (for example, that of the Joukowsky 
transformation or that of the Karman-Trefftz tranSforma
tion); this figure is then transformed by another procedure 

into a circle. Almost all the authors do the second stage by 
an iterative procedure, in which the imaginary part of an 
analytic function is determined from a knowledge of the 
real part. Both MULLER and VON KARMAN and TREFFTZ 
use the convenient method of harmonic analysis for this; 
the reader is referred to DURAND for a description of the 
process (by VON KARMAN and BURGERS). THEODORSEN 
and GARRICK determine the imaginary part, without 
using harmonic analysis, by direct evaluation of the 
Poisson integral 

2,. 

- -, cp - cp -, 1 f -,-
e (cp) = - 2x 'P (cp ) cot -2-- dcp . (8.69) 

o 

Here e = p - 8; it is the angular difference between the 
vectors of two points connected by the mapping function, 
one on the approximately circular figure (C', with angular 
coordinate 8), and one on the circle (C, with angular 
coordinate p); this is illustrated in Figure 8.1. C' and 
log WI = 'P are known functions of the angle 8, since C' 
is the distance from the point chosen as centre of the 
circle to the point on the approximately circular figure, 
and so C' can be obtained graphically. If we write p' ~ 8 
and use 'P(8) as the distribution function in Equation 
(8.69), we can find a first approximation, e(l); from this we 
obtain an improved value of p, p(l) = 8 + e(l); e(2) is 
formed from 'P(p(l») in the same way, and an iteration 
procedure carried out until successive approximations 
cease to differ significantly. 

The idea sketched here has been used by the authors as a 
method of calculation. In an extension by WALZ it is made 
the basis of a graphical procedure, by which even irregular 
contours (for example, profiles with flaps and dead-water 
regions) can be mapped into a circle; the graphical aids 
are used mainly in the construction of the approximately 
circular figure and in the evaluation of the Poisson integral. 
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Fig. 8.1. Mapping the approximately circular ftgure Into the circle (C) 
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BETZ and KEUXE treat the first problem with the help of a 
network based on the source-sink flow field; the second 
problem is solved with the aid of a suitably numbered 
network. For normal profiles the iteration converges 
rapidly, and only a few steps are necessaryt. In the 
determination of the velocity distribution the derivative of 
the mapping function is required; this can be obtained in 
terms of distances between certain points, as described in 

Section 8.1. 
We end this brief description of other procedures that 

use potential theory by referring to some later work. 
RINGLEB and ROSSXER have been able to represent more 
general types of profiles by a combination of known 
mapping functions; the significance of the methods used 
can be easily understood intuitively. THEODORSEN, 
GOLDSTEIN, LIGHTHILL, THWAITES, and others have 
succeeded in obtaining solutions of the first and second 
main problems in a different way: they have treated the 
mapping problem analytically; there is then little need for 
intuitive assumptions about the form of certain functions, 
but the mathematical analysis cannot be described as 

simple. 

8.4..2 Iteration without Intermediate Mapping 

The procedure of Theodorsen requires the evaluation of 
a Poisson integral; such an integral frequently occurs in 
boundary value problems concerning a circle. Graphical 
methods are not always the most accurate of procedures; 
and a direct calculation of the integral is often both 
inaccurate and inconvenient because of the singular 
points. For these reasons WITTICH approximates the 
distribution function by a trigonometric polynomial, and 
determines the coefficients by considering the integrand at 
certain fixed .values of (ji; by this method the integral is 
approximated in the sense of the method of least squares 

(Gauss). 
Instead of the integral 

2n 

- 2~ f I (qi') cot qi' -; qi dqi' = h (qi) , 

° 
we obtain a finite series, 

h (qi .. ) = } N N . 
h (- ) = ± La", .. S",- L P", .. dm , 

C{J2N-n m=o m_o ' 

where 

(8.70) 

(8.71) 

t WITTICH has investigated the basic question of the conver· 
gence of the Theodorsen procedure; he finds that, in general, it is 
assured provided that the approximately circular figure is 
stellar (that is, its radius vector is a one-valued function of the 
polar angle) and that the maximum value of IdlJl/dE>1 is less 
than approximately 1/12. 

8. THEORY OF WIXG PROFILES II 

Here, (jim = n;;(m = 0, 1, ... , 2N); amn and pmn are 

constants that can be calculated once and for all, 

1 1-(_1)"'+" a", .. = X 

p",,. = I 4N 

( 
n (m+n) n (m-n) ) 

X cot 2 N ± cot 2 N ; (8.72) 

2N is the number of values of cpo 
WITTICH realises that, with the help of this representa

tion, the function that maps the profile into the circle can 
be obtained by iteration from a simple initial approxima
tion, and that an intermediate mapping into an approxi
mately circular figure is unnecessary. This idea leads him 
to a representation of the mapping in the form of an 
integral equation for x(<ji), 

x (qi) = ao + 2a cos ;p - 2 b sin qi -

2" 

1 f qi'_qi 
- 2n f (x (qi») cot 2 dqi'; (8.73) 

n 

this equation is a relationship between the co-ordinates of 
the profile, x and y ( = !(x)) , and the angle <ji. The constants, 
ao, 2a, and 2b are determined from the chosen normalisa
tion of the profile; if the longest chord is chosen as the x 

axis, we can make the point on the circle for which <ji = ° 
go into the trailing edge (x = 1), and another point on the 
circle, <ji = <ji*, go into the leading edge (x = 0). These 

conditions can' be written; 

(dx) . 
x(o) =1, d- _ =0: 

cp ~=O 
x(<ji*) = 0, (dd:) _ _ = O. 

cp y=q* 

The solution of the above integral equation, Equation 
(8.73), is obtained by the following iteration procedure. As 

a first approximation we take Xo = !(1 + cos <ji); we find 

that 
2" 

- 1 f (-I cp' - qi d-' hdcp) = - 2n Yo cp ) cot 2 cp , 
o 

where yo = !(xo); we determine the constants and so 
obtain the second approximation, 

(8.74) 

with Yl = h(x) we obtain the third approximation, X2, in 
the same way. For the calculation of the Poisson integral 
h,(<ji) we use WITTICH'S finite series. Numerical calculatiom 
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show that the sequence converges fairly well. For thick 
and uncambered profiles the convergence of the process 

can be improved by using the following procedure from X2 

d . - Xl + X2 d f h' d . onwar s; we wrIte X2 = --2- an , rom tIS, etermme 

h . - X2 + Xa d f h' d . Xa; we t en wrIte Xa = --2- an , rom tIS, etermme 

X4; and so on. A procedure due to IMAI (proposed at 

about the same time) differs only in minor details; Tables 
11.4 contain velocity distributions that have been cal

culated by IMAI, KAJI, and UMEDA, with the help of this 

method. 

If we restrict ourselves to symmetrical profiles, the 

determination of the constants is greatly simplified; it can 

be reduced to the solution of the two linear equations 

ao + 2a + h (0) = 1, ao - 2a + h (n) = O. 

In this case the original idea of RIEGELS-WITTICH (to 

determine the mapping constants by iteration, without 
using the preceding integral representation) is easily 

carried out; this has been shown by RINGLEB. 
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9. mE mEORY OF WING PROFILES III 

Viscous Flow 

9.1 Inftuence of Reynolds Number on Pressure 
Distribution and Lift 

It is easily confirmed that, if the flow has not separated, 
pressure distributions obtained by potential theory agree 
well with measurements at small values of C L (apart from 
the immediate neighbourhood of the trailing edge). At 
higher values of C L systematic deviations occur; a familiar 
result is that the measured lift-curve slope is less than the 
value predicted by potential theory (Figure 9.1). A 

Fig. 9.1. Deftnition of Lla 

calculation using potential theory leads to larger peak 
suctions and C L values than are measured, provided that 
the angle of incidence is the same as in the experiment: the 
same calculation carried out for a smaller angle of incidence, 
such that the theoletical value of C L is the same as the 
experimental value, produces peak suctions that are too 
small. Provided that the value of C L is not too high, the 
fact that the boundary layer thickens rapidly near the 
trailing edge (so that the potential flow is displaced out
wards) is responsible for only a small part of the discrep
ancy. Usually a more important cause is that the Kutta 
condition, that the flow leave the trailing edge smoothly, 
is not fulfilled, and so a change in the circulation Occurs. 
BETZ has therefore proposed that the rear stagnation point 
should be moved a small distance from the trailing edge 
and be placed on the suction side of the profile. PINKERTON 
has successfully extended this proposal by assuming that 
the slope of the profile changes in a way dependent on the 
local state of the boundary layer; the distortion corresponds 
to a reduction in local camber (that is, to a decrease in the 
local angle of incidence). The distribution along the chord 
of the change is arbitrarily assumed to have the form 
Lta 
"2 (1 + cos tp), since the approximate behaviour only is 

required; Lta is the amount by which the angle of incidence 
must be changed to produce the experimental value of C L 

(see Figure 9.1). Because a is a small angle we can obtain a 
linearised representation for the corrected pressure 
distribution, 

+ 2x .. (D =t= C sinal =t= 2a .. ; ] 

... (9.1) 

The derivation of this equation is based on the theory of 

Section 8.2; Lt: and; are respectively the pressure and 

velocity distributions at the angle of incidence of the 
experiment, a, determined according to Equation (8.36); 
the meanings of the double sign and of the remaining 

quantities (including F = en + (~~r) have already been 

explained. The correction term,Lta (dependent on Reynolds 
number), is a function of CL and can be taken from an 
experiment on the profile being considered; if no such 
experiment is at our disposal we can either estimate the 
behaviour of CL(a) from the results of a similar profile or 
try to derive an approximation from the calculated 
boundary layer thickness near the trailing edge. 

Figure 12.27 illustrates the agreement to be expected 
between theory and experiment when a slide rule and 
graphical aids are used; attached flow is assumed. We 
usually find that large discrepancies between theory and 
experiment occur only in the neighbourhood of the trailing 

edge (approximately, between ~ = 0·9 and ~ = 1)' they 
c c' 

arise mainly from the assumption that the rear stagnation 
point lies at the trailing edge, this being only approximately 
true. 

We have seen that the influence of Reynolds number on 
the pressure distribution is small, if the flow is attached. 
Figure 12.38 shows that important changes Occur if 
separation of the boundary layer takes place (for example, 
at a sufficiently high angle of incidence); the pressure 
distribution is then strongly influenced by the appearance 
of regions of separated flow. A remarkable feature is that 
the variation of pressure along th!l whole chord is altered; 
as the Reynolds number decreases, the theoretically high 
suction peaks are considerably reduced and finally dis
appear almost completely. Consequently, at small Rey-
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noIds numbers and high angles of incidence the pressure 
distribution shows the typically constant behaviour that 
corresponds to separation; at sufficiently high Reynolds 
numbers vestiges of the theoretical suction peaks occur in 
the immediate neighbourhood of the nose. 

9.2 Calculation of Boundary Layers 

9.2.1 Introductory Remarks 

From the previous section the influence of the boundary 
layer on the pressure distribution can be crudely estimated. 
We now give a more detailed description of the results of 
modern boundary layer theory: we show how to determine 
the remaining profile characteristics (a theoretical de
termination is often to be preferred to wind-tunnel 
measurements); and we indicate the value of the results 
for the aircraft constructor. 

The boundary layer is the generally very thin layer on 
the profile in which the velocity changes from its value in 
the outer, potential flow to zero; the boundary layer can 
show laminar or turbulent character. For an estimate of 
its thickness (b) it is tempting to use the following simple 
formulas, which apply to the flat plate (that is, to constant 
pressure in the outer flow): in the laminar case we have 

(
V Z)_I/. 

6 FI::S 5z --

" 
(9.2) 

and in the turbulent case 

(9.3) 

where x denotes the length of the boundary layer. These 
are not sufficient to make an accurate forecast of the 
boundary layer development on a profile; the reason is 
the strong dependence of the velocity distribution in the 
boundary layer on the pressure distribution in the outer 
flow. 

In general, the velocity profile u(y) is concave towards 
the axis in a favourable pressure gradient; if the pressure 
begins to rise, a point of inflexion soon appears in the 
velocity profile, and this becomes convex near the wall 
(see Figure 9.2 for the laminar case). At the wall the slope 

f h I · du d h k' f' . du o t e ve OClty, dy' an t e s In nctIOn, 't' = f-L dy' 

decrease as the outside pressure increases, and finally 
become zero ("laminar separation"). However, according 
to TOLLMIEN, velocity profiles with a point of inflexion are 
unstable-that is, small disturbances can be amplified 
to such an extent that transition from a laminar to a 
turbulent bouRdary layer takes place. The velocity profile 
is also strongly influenced when air is sucked in or blown 
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Fig. 9.2. Influence of various pressure gradients: velocity distribution in the 

boundary layer for potential flows w - x"'. {J = (1 ~ m) Is a measure of the 

pressure gradient. {J = 0: flat plate. {J = -0'199: separation. (HARTREE) 

out along the surface (see Figure 9.3). Suction has a 
stabilising effect on the velocity profile, similar to that of a 
fall in the outside pressure: on the other hand, blowing has 
a destabilising effect, similar to that of a rise in the outside 
pressure (see Section 9.3.1). 

The solution of Prandtl's boundary layer equations for 
an arbitrary pressure distribution has been attempted in 
various ways. Among others, PRANDTL, GORTLER, and 
MANGLER have sought exact solutions of the differential 
equations; more details of these and other procedures can 
be found in the exhaustive works of TOLLMIEN (see 
Section 1.5.2) and SCHLICHTING (see Section 1.5.1). Before 
any of these procedures had been devised, the methods of 
VON KARMAN and POHLHAUSEN were of great importance; 
these methods use the momentum theorem as a starting
point for a theoretical calculation. There is an inevitable 
loss in accuracy, because the velocity profiles in the 
boundary layer are assumed to be a one-parameter family 
of curves; familiar choices are the boundary layer profiles 
calculated by HARTREE for the special potential flows 

w "'. X(2~{J) (x being the arc length of the contour), and 
the polynomial distributions used by POHLHAUSEN to 
represent an arbitrary velocity distribution along the 

,.g r-------,r-:::::=O-~=-----:::I==---__, 

..!!.. 
//I 

t 
O·51-j.....,'----.4-----,.,L-+------i~ ----I 

Fig. 9.3. Infiuence of suction, for the fiat plate; suction velocity given by 

v, = - ~ ~. Figure shows velocity distribution in the boundary layer for 2"'% 
various suction-parameters G = cQv'R. G < 0: blowing. G = 0: Blasius. 
G > 0; suction. (SCHLICHTING-BUSSHANN) 
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contour 

The corresponding boundary layer quantities are given in 
Tables 9.1 and 9.2. 

Table 9.1 

Characteristic boundary layer quantities for potential 

flows of the form w '" xm, m = 2 ~ P (1IARTREE) 

""8' T.8 d· 
/J -

p.w 8 

---{j-1988 ~0682 0 4-038 
---{j-I90 ~0632 0'0496 3-4SO 
---{j-lSO ---{j-0580 0-0730 3·296 
---{j·I60 ~0488 0·1053 3-091 
---{j'14O ~0407 0·1290 2-963 
-0'10 ~0266 0·1644 2·797 

0 0 0·2204 2-591 
0-1 0'0190 0·2556 2·481 
0·2 0·0333 0·2802 2·412 
0-5 0'0611 0'3241 2-307 
1·0 ()O0854 0'3602 2·217 
2-0 0'1063 0'3891 2-157 
00 0-142 ()O435 2-07 

Table 9.2 

Characteristic boundary layer quantities for arbitrary 
potential flows w = W(X); ). = (dwJdx) ()2/V 

(POHLHAUSEN) 

-
p.w 8 

-12 ---{j-1567 0 3·600 
-10 ---{j-1369 ()O039 3·276 
-8 ---{j·1130 0·079 3-084 
-5 ~0720 0-140 2'847 
-3 ~0429 0-179 2-716 
-I ~014O 0-217 2-604 

0 0 0·235 2·554 
1 ()OOI35 0-252 2-508 
5 000599 0-310 2·361 
7'052 ()O0770 0-332 2·308 

10 ()O0920 0'351 2-260 
12 ()OO94O 0'356 2·250 

Essential simplifications in and improvements to the 
original methods of calculation have been achieved by 
transformation of the governing differential equation and 
choice of suitable parameters. The latest procedures, 
following WIEGHARDT, employ an energy theorem for the 
boundary layer, in addition to the momentum theorem; 
we shall discuss these in the next section. 

Hence, the problem of determining the laminar bound
ary layer for an arbitrary pressure distribution (that is, 
for an arbitrary wing and angle of incidence) can for 
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practical purposes be considered as solved; nowadays a 
laminar boundary layer calculation can be performed with 
speed and ease. 

The theory of the turbulent boundary layer has not yet 
reached the stage where the development of the boundary 
layer can always be successfully forecast, and it is still 
necessary to make use of experimental material. However, 
great improvements have been made in recent years, 
allowing a uniform treatment of the laminar and turbulent 
cases; we now consider these new resultst. 

9.2.2 Basic Equations. Momentum and Energy Theorems 

In this section x and y denote the co-ordinates res
pectively parallel and normal to the body surface; u and 11 

are the velocity components inside the boundary layer in the 
x and y directions respectively. The general problem is to 
calculate the velocity components u and 11 (for ° ~ y ~ <5) 
by solving Prandtl's differential equations 

au au 1 dp 1 aT 
U-+1I-=---+-- , ax ay (! dx (! ay 

1 dp dw 
--=-W-, e dx dx 

(9.5) 

together with the equation of continuity 

(9.6) 

The boundary conditions are: u = 0, 11 = 110, • = .0, at 
y = 0; and u = w, • = 0, at y = d. In general, exact 
solutions of these equations are obtained only by laborious 
procedures. Fortunately, approximate solutions are usually 
satisfactory for practical purposes; the complete detailed 
solution is not of great importance, only certain integrated 
quantities being of interest; integral theorems (for 
example, the momentum and energy theorems) suffice for 
the determination of these quantities. 

For the formulation of these theorems we introduce 
various integrals (the integration being from the profile 
surface to the outside flow): 
(a) "Displacement thickness", 

6* (9.7) 

t K. KRAEMER has developed a convenient boundary layer 
slide-rule for carrying out the procedures described_ 
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(b) "Momentum thickness", 

(c) "Energy thickness", , 
6 = f : [ 1-( : YJ dy; 

o 

(d) "Work done against shearing stress", 

(9.8) 

(9.9) 

(9.10) 

Using, these quantities, we can derive the following 
theorems: 
I. Momentum theorem (VON KARMAN, POHLHAUSEN), 

1 d «5* d1.O T 
--(1.01.0)+---= -; 
1.01 dz 1.0 dz (11.01 

(9.11) 

II. Energy theorem (WIEGHARDT, ROTTA), 

1 d - D+ T 
-- (1.0 3«5)=2 ---

1.08 dz (!W8 
(9.12) 

The right-hand side of Equation (9.12) requires clarifica
tion. For the laminar boundary la.yer the work done 
against shearing stress is simply equal to the dissipation, 
D (that is, the energy converted into heat): for the 
turbulent boundary layer the work done against shearing 
stress contains a further contribution; this is the turbulent 
energy produced per unit time, and is written T; it is 
usually so small that it need not be taken into account in 
the determination of approximate solutions. 

9.2.3 1'RUCKENBRODT's Approximate Procedure 

We introduce the ratios H = ~ and a = ~, replace J 

in Equation (9.12) by af}, and from this equation subtract 
Equation (9.11) multiplied by a; the result is 

dH - {} dw D + T - To 
{}-=(H-l)H--+2 -H-

dz to dz (!W3 (11.01 

... (9.13) 

TO D+ T TRUCKENBRODT shows that -2 and --3- can be ex-
(11.0 (11.0 
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Fig. 9.4. Turbulent skin-friction. 
(Full line: ROTTA. Dashed line: 
LUDWIEG-TILL)[AN) 
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Fig. 9.5. Turbulent dissipation. 
(R<n'A) 

pressed as functions of wi} (a Reynolds number based on 
11 

the momentum thickness) and H (see Figures 9.4 and 9.5). 

In addition, a fixed relationship exists between Band H, 
if it is assumed that the velocity distributions in the 
boundary layer form a one-parameter family (Figure 9.6). 
Equations (9.12) and (9.13) then represent two equations 
for the two unknowns f} and a; the first of these is to be 
obtained from the energy theorem, Equation (9.12), the 
second from Equation (9.13). 

We now describe TRUCKENBRODT'S approximate pro
cedure, which is applicable to an arbitrary profile; the 
derivation and details are omitted. In practice the velocity 
distribution on .the profil-e, 1.o(z), and the Reynolds number 

1·9 

ii 

t 

7·6 

Fig. 9.6. R as a function 
of H. (Full line: ROTTA. 
Dashed line: WIEGHARDT) 
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9.2 CALCULATION OF BOUNDARY LAYERS 

based on the chord, V c, are prescribed; we wish to know 

" the development of the laminar and turbulent boundary 
layers (that is, the behaviour of the momentum thickness, 
fj(x), and the form parameter, B(x». The formulas for the 
laminar and the turbulent boundary layers are placed side 
by side. 

First, fj(x) is easily obtained from 

* (x) * (x) 
; (9.14) --= --= 

C C 

in these equations 

A., (x) = c1 + A,(x) = Cl + 

where 

( 
Vc)-l/l 

0Il = 1-328 -;- , 

(Blasius) (Falkner) 

and Cl = 0 if the boundary layer starts from the point 
Xl = 0; if we are given that W = WI and fj = fjl at the 
point X = Xl, then 

laminar turbulent 

for a turbulent boundary layer we sometimes have to 
take Cl from a previous laminar boundary layer calculation. 
We obtain L, a parameter characterising the velocity 
profiles, by using the auxiliary variable 

~= 

A,6·S (for decreasing 
pressure), 

A,S (for increasing 
pressure), 

defined in terms of the functions A,(X) or At(x), which have 
already been calculated; the required expression for L is 

f 
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where 

b=O. 
wi} 

b = 0·07 log - - 0·23. 

" 
The corresponding form parameter, B, and (in the laminar 

case) the skin-friction coefficient, TOfj, can be read off from 
pw 

Figure 9.7. In the turbulent case, the skin-friction co
efficient can be found subsequently from the values 

obtained for Band wI}, as described by either LUDWIEG 

" and TILLMANN or ROTTA (Figure 9.4 and Section 9.4.3). 

Initial Values 
(a) A boundary-layer calculation is usually started at the 

stagnation point (so that Xl = 0); at this point W = ex 

where C = (ddW
) • For the laminar boundary layer 

X z-O 

the following initial values are then valid: 

V: fjo =0·271; Lo=Q-0260; Ho=2·25. 

(b) After a certain distance the boundary layer changes 
from the laminar to the turbulent state. This happens 
in a region of transition, in which the behaviour of 
fj(x) and B(x) changes; the latter quantity decreases 
from a high value (about 2·6 for the fiat plate) to a 
smaller value (between 1·2 and 1·4 for the flat plate). 
The phenomenon of transition is still not well under
stood. As an approximation we assume that transition 
takes place at a certain point (suffix T), and we write 

fjt(XT) = fj,(XT), 

(9.16) 

where for .dB we use values corresponding to the fiat 
, wfj 

plate (.dB = 1'2,1'32,1'38, when - = 103,104, lOS, 

" respectively); L(XT) is read off from Figures 9.7 and 
9.8 and is then placed in Equation (9.15), where it is 
written as L1• 

Separation oc~urs in a laminar boundary layer when 
TO = 0; that is, when B = 4·038 and L = -0·318. 

Fig. 9.7. Hand Toil as a 
/.lUI 

function of the parameter 
L. for laminar flow. 
(TRUCKBNBRODT) 

L = !..!. L + In W W +.!. I[b (r) -In!" (E') Jd E' (9.15) 
E 1 WI E WI' ,. 
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Fig. 9.8. H as a function of L, for turbulent tlow. (TRUCKENBRODT) 

According to recent work (Figure 9.4) TO in a turbulent 
boundary layer does decrease as H increases, but it never 
vanishes completely; as an approximation TRUCKENBRODT 
and also DOENHOFF and TETERVIN take the smallest value 
of H at which separation begins to be 1·8 and the largest 
value to be 2·4. The corresponding values of L are -0,13 
and -0,18. 
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Fig. 9.9. Comparison ofa NACA experiment (0) witb a theoretical 
boundary layer calculation as described in Section 9.2.3 
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Figure 9.9 gives a comparison between results from this 
method and from a N ACA experiment [R772] on the profile 
NACA 65 (216)-222. 

9.2.4 Effect of Compressibility 

An allowance for the effect of compressibility on the 
boundary layer leads to a considerable complication in 
the theoretical methods and solutions, because not only the 
velocity profile but also the density (or temperature) 
profile is unknown. Nevertheless, there already exists a 
large number of theoretical results for the flat plate (with 
constant pressure) and for boundary layers in favourable 
and unfavourable pressure gradients. 
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Fig. 9.10. Example of a boundary layer calculation for compressible tlow, 
M = 0'7. Dashed line: incompressible calculation for the same pressure 

w'lI l 

distribution. A, = -: Pohlhansen parameter. Danger of separation when • 
'1 "" 0'8, '1 being Gruschwitz parameter. Reynolds number: 4.10'. Protllp: 
23009. IX - 1'47°, CL - 0'34. (W.uz) 

An attempt to determine the effect of compressibility 
meets still greater difficulties when the boundary layer is 
turbulent, since the approximations made for the density 
profile in a laminar boundary layer are not valid in a 
turbulent boundary layer. To obtain a first estimate W ALZ 
introduces an average density, which is dependent on the 
Mach number and the velocity of the outer flow but not 
on the velocity profile of the boundary layer. Figure 9.10 
shows results for boundary layers on the profile NACA 
23009 at a Mach number of 0,7, which have been obtained 
by this method; also shown is a calculation performed for 
the same pressure distribution on the assumption that the 
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9.3 RESULTS OF STABILITY CALCULATIONS AND CALCULATION OF THE CRITICAL REYNOLDS NUMBER 93 

flow is incompressible. We see that there is little change in 
the quantities {} and "I ("I is a boundary layer parameter 
introduced by GRUSCHWITZ and used in the calculation): 
on the other hand, the displacement thickness, 15*, 
increases considerably with Mach number. 

We conclude this section by mentioning the later work of 
COPE, LEVY, MANGLER, MOORE, VAN DRIEST, WILSON, and 
YOUNG. 

9.3 Results of Stability Calculations and Calculation 
of the Critical Reynolds Number 

9.3.1 The Critical Reynolds Number 

No satisfactory answer has yet been given to the question 
where the position of the point of transition from a laminar 
to a turbulent boundary layer is. Considerable progress has 
been achieved by using the theory of small disturbances, 
which was developed by TOLLMIEN and considerably 
extended by SCHLICHTING and PRETSCH. According to this 
theory, the reason for transition is that the laminar 
boundary layer becomes unstable to small disturbances at 
a sufficiently high Reynolds number. Under certain con
ditions these small disturbances can be amplified; when 
they become sufficiently large they cause transition to the 
turbulent state. The original small disturbances arise in 
practice from surface roughness, or from isolated rough
nesses such as rivet-heads or small pieces of metal; they 
also come from turbulence in the air (for example, in a 
wind tunnel). We shall discuss only the results of the theory, 
which has been experimentally confirmed by SCHUBAUER 
and SKRAMSTAD. 

Fig. 9.11. Result of a stability calculation. for the boundary layer In a 

potential flow w = V + :~ x. Instability inside, stability outside, the region 

enclosed by thick line. R.rlt. = (W:.) .rlt., the "critical Reynolds number" 
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Fig. 9.12. The critical Reynolds numbers (Wd.) and (1116) for 
"crit. " crit. 

the Pohlhausen class of profiles, as a function of pressure gradient 

(more accurately, of the form parameter, A, - ~~) 

The extensive calculations lead to diagrams in which 
a!5* is plotted against log (w!5*/v) (see Figure 9.11). Here, 

a: = 2;, where A. is the wave length of the disturbance 

superimposed on the potential flow; hen~e, apart from a 
factor of 2n, a:!5* is the reciprocal of the disturbance 
wave length referred to 15*, the displacement thickness; 
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Fig. 9.13. Position of the point of instability on a Joukowsky profile 

(~ -0'15), for various values of lift coefficient and Reynolds number. 

(SCHLICHTING-ULRICH). A: position of laminar separation 
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Fig. 9.14. The critical Reynolds number. (V dO) • for the lIat plate with 
.. edt. 

Buction or blowing. as a function of the coefficient CQV R or -~ J!f. The 
1 

suction velocity behaves as either tJ, - vi or tJ, = const. a corresponds 

to the asymptotic suction prollie 

W"* is a Reynolds number formed with theJocal velocity, 
v 

w, and the displacement thickness. The curves shown in the 
figure are the boundaries between the regions of stability 
and instability: points inside the boundary correspond to 
an unstable state; those outside to a stable state. The 
lowest Reynolds number at which instability can occur is 
denoted by Rerit., and is called the critical Reynolds 
number. The authors mentioned above have investigated 
the stability of various boundary layer profiles in favour
able and unfavourable pressure gradients, the profiles 
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being characterised by the parameter ~2 ~:. Figure 9.12 

shows the critical Reynolds numbers (W"*) obtained 
v crit. 

from stability calculations on the boundary layer profiles 
of Pohlhausen; compared with these, the numerical 
values for the Hartree class of profiles show only trifling 
differences. For an arbitrary pressure distribution we need 
only perform a boundary layer calculation as described in 
Section 9.2.4; the stability or instability of the boundary 
layer can then be determined with the help of Figure 9.12 . 
Figure 9.13 shows the results of such a calculation. 

Investigation of the stability of boundary layers when 
suction or blowing is used leads to the remarkable result 
that suction (like decreasing pressure) stabilises the bound
ary layer, whereas blowing (like increasing pressure) has a 
destabilising effect. In Figure 9.14 the critical Reynolds 

number is plotted against the coefficient 0 = cQ..;'R for 

the flat plate: we see that the critical Reynolds number 
can be approximately 100 times higher than its value when 
no suction is usedt; consequently,_ the effect of an adverse 
pressure gradient can be removed by using suction with a 
small value of the volume-flow-rate coefficient (see Figures 
9.12 and 9.14). We can obtain a fairly detailed picture of 

the behaviour of the critical Reynolds number, (W"*) , 
V crlt. 

if we plot this quantity against the ratio ~ (see Figure 9.15) 

t The results obtained by different workers contain small 
deviations; these are due to the various form parameters used 
and also to the approximations made in the extensive theoretical 
calculations. For the asymptotic suction profile, which appears 
on the :flat plate with uniform suction at a sufficiently large 
distance from the leading edge, the following va.lues of Rent. 
have been obtained: 70,000 according to ULRICH; 55,200 
according to PRETSCH; and (most recently) 58,000 according to 
WUEST. 
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for either a pressure gradient in the absence of suction 
(and blowing) or constant pressure with suction (or 
blowing). The results lie approximately on a single curve, 
so it can be presumed that this curve is valid for any 
combination of suction (or blowing) and pressure fall (or 
rise). 

9.3.2 Amplification and Transition 

The critical Reynolds number is not the only quantity 
that determines whether transition from the laminar to 
the turbulent state occurs; the amount by which dis
turbances are amplified is also of decisive importance. 
This is characterised by the parameter {hd*jw (the 
logarithmic increment of the amplification of the ampli
tude). This quantity has been calculated by SCHLICHTING 

---~~ 
~ ~ ~ :::: :::~ ~ ~ ::: :-.::::--

;: 

number wd* and the pressure gradient (characterised by fJ 
'JI 

or by a similar parameter). Whether the region of instability 
is reached depends on the wave length of the disturbance 
as well as on the Reynolds number; for disturbances of 
very small wave lengtht the region is not reached, so that 
if the boundary layer separates it does so when it is still 
laminar; for disturbances of large wave length, on the 
other hand, the amplification is usually very great in an . 
unfavourable pressure gradient, and this can lead to 
transition; it is conceivable that transition can occur even 
when the amplification is relatively small and a favourable 
pressure gradient exists over large parts of the chord. The 
solution of the problem of transition is still incomplete, 
because it is not yet possible to state what amplification is 
ne<;essary to cause transition. 
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Fig. 9.16. Skin-friction drag coeftlclent of the lIat 
plate, wetted on one side, as a function of Reynolds 
number for various values of the (chosen) position 
of transition point. The momentum thickness Is 
assumed continuous at the transition point 
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for the flat plate, and by PRETSCH for boundary layers in 
favourable and unfavourable pressure gradients. The 
essential result of PRETSCH'S work is that in the unstable 
region the amplification in the boundary layer is con
siderably larger in an unfavourable pressure gradient than 
on the flat plate or in a favourable pressure gradient. The 
following example illustrates this: for a Hartree profile 
(see Table 9.1) with fJ = 1 (corresponding to a favourable 
pressure gradient) the maximum value of the amplification 

is given by (fJ(d*) = 7,3.10-4 ; for the flat plate 
w max. 

(fJ = 0) the value is 3.45.10-3 ; for fJ = -0·1 (correspond
ing to an unfavourable pressure gradient) the value is 
1.55.10-2 ; finally, for the separation profile (fJ = -0'1988) 
the value is as high as 8.10-2• In addition, the curves 

of constant amplification (constant fJ:*) for various 

pressure gradients (characterised by fJ) have been calculated 
for the whole unstable region of the disturbances; con
sequently, it is possible to predict theoretically the 
amplification of disturbances along the whole of a profile 
for an arbitrary pressure distribution; all that is required is 
to determine at each point on the profile the Reynolds 

9.3.3 Keeping the Boundary Layer Laminar at Higher 
Reynolds Nuinhers 

It is shown in Section 9.4:2 that a large reduction in drag 
can be obtained if the boundary layer is kept laminar at 
higher Reynolds numbers; for this it is necessary to 
displace the point of transition rearwards from its position 
on normal profiles (which is a point somewhere on the first 
third of the chord); this is clearly true both for the flat 
plate and for a wing profile. Whether it is at all possible 
to keep the boundary layer laminar in this way can be 
easily decided by a stability calculation. We might think 
that the stability of the boundary layer can be controlled 
by a suitable choice of pressure distribution (that is, by a 
suitable shape of profile); however, stability calculations 
for a large number of profiles with systematically varied 
pressure distributions show that, for a prescribed minimum 
pressure (in effect, for a prescribed maximum thickness), 
it is almost impossible by purely geometrical means to keep 
the boundary layer stable over a large part of the chord, 

t For example: A < 350* when fJ = I; A < 21d* when 
fJ = 0; A < lld* when fJ = -O·}; and A < M* when fJ = 
-0·}988 (separation profile). 
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if the Reynolds number is above a certain value. For 
profiles with a thickness ratio between 10% and 12% this 
limit lies at about R = 107 ; for thicker profiles it is higher. 
We therefore presume that many of the laminar effects 
measured in the American low-turbulence wind-tunnels at 
still higher Reynolds numbers occur at points that lie in 
the unstable region; consequently the smallest disturbance 
can lead to transition, and this has actually been found 
(sensitiveness to finger marks; and other observations). 
This explains why in the profile measurements in German 
wind-tunnels all the characteristics of a laminar boundary 
layer disappear as the Reynolds number approaches 107, 

in spite of favourable pressure distributions and very 
smooth surfaces; the turbulence of the jet in the wind 
tunnel is sufficient to cause transition of the unstable 
boundary layer. 
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9. THE THEORY OF WING PROFILES III 

9.4.2 Drag of the Flat Plate with and without Boundary 
Layer Control 

The flat plate is often used to provide a crude estimate 
for the skin-friction drag of profiles as a function of 
Reynolds number; this is because the skin-friction drag of 
the flat plate is a minimum value. It is usual to consider 
the skin-friction drag coefficient of one side of the plate. 
For a laminar boundary layer, 

'" ! Todz 2t?(x) (X )-1/2 
(O,ham. = -- = -- = 1·328 - R ; 

~V2x X C 
2 

for a turbulent boundary layer when R < 107, 

(O,}turb = 2t?(x) = 0.074 (~ R)-1/5 ; 
• X C 

I 

(9.17) 

(9.18) 
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Fig. 9.17. Skln·frlctlon drag coefficient of the flat 
plate with suction as a function of Reynolds 
number. for various types of suction velocity and 
various volume·flow·rate coefficients cQ (without 
cd'nslderatlon of the stability of the boundary 
layer) 
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On the other hand, if suction is applied to the boundary 
layer it is possible to keep the laminar boundary layer 
stable even at higher Reynolds numbers, provided that the 
volume-flow-rate coefficient is above a certain minimum 
value, (CQ)crlt.; this is shown by calculations for the flat 
plate, described in Section 9.4.2. 

9.4' Calculation of the Profile Drag 

9.4.1 Preliminary Remarks 

On the basis of potential theory and boundary layer 
theory (as described in Chapters 8 and 9), and with some 
simplifying assumptions, it is possible to calculate approxi
mately the most important aerodynamic characteristics of 
an arbitrary wing profile at a given Reynolds number. 
This statement is not true if there is a region of separated 
flow; but otherwise it is possible to solve many problems 
in a time which is short compared with the time required 
for wind-tunnel experiments. 
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and for a turbulent boundary layer when R > 107 (from 
measurements by SCHULTz-GRUNOW), 

0·417 
(O,}turb. = [ () ] 2.64 

log ~ R - 0·407 . 
C 

(9.19) 

Figure 9.16 shows drag coefficients for a flat plate of length 
c, worked out by means of these formulas; the curves 
correspond to various positions of the point of transition, 
and it has been assumed that at this point the momentum 
thicknesses of the laminar and turbulent boundary layers 
join together continuously. 

When boundary layer control is applied, the formulas 
for the drag change; they depend on the volume-flow-rate 
coefficient, cQ, and on the variation of suction along the 
chord. Figures 9.17 and 9.18 show results for continuous 

suction (when v.,.., ;z)' and for uniform suction (when 

VB = const.). The smallest value of CQ necessary to keep the 
boundary layer laminar depends upon the variation of 
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Fig. 9.18. Skln·frlctlon drag coelllclent of the Aat plate with suction, as a 

function of Reynolds number, R - Ye. The figure shows the minimum • 
value attainable when the stability of the boundary layer has been considered, 
Cor various types of suction velocity. These types are: (a) II, - const.; (b) 

II, - ...!", with a coelllclent such that the critical Reynolds number Is nowhere 
Vz 

exceeded; (0) with optimum distribution of suction velocity, as shown in 
Figure 9.19. Asymptotic values for Reynolds number: 11,2'35.10-' for a; fI, 
3'6; .10-' for band e 

suctiont. BETZ considers the question what distribution of 
suction along a flat plate is necessary for the greatest gain 
in power to be obtained (that is, for there to be a minimum 
value of the sum of the power required to overcome the 
drag' and the power required by the suction). Such a 
distribution is clearly obtained if at each point of the plate 
a boundary layer profile exists whose Reynolds number 

(V;"') lies jus~ below the critical Reynolds number; 

using results obtained for the flat plate, PRETSCH has 
calculated this distribution of suction velocity (Figure 9.19). 
The drag coefficient corresponding to this. "optimum 
suction" is plotted in Figure 9.18, together with the 
minimum drag coefficients when the distribution of suction 

1 
is 'V, = const. and when it is 'V, ,.., Vz; the volume-flow-rate 

1 
t When ". "" vx the value of cQ is between H .10-4 and 

2·8.10-4; when ". = const. it is 1'18.10-4 (according to 
PRETSCH). 

o 5000 7IJ0II0 15000 

-~ 
Fig. 9.19. Optimum distribution of suction velocity for the Aat plate; 
this distribution results In the boundary layer profile's just being stable 
everywhere 
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coefficient for the last two distributions is chosen so that 
the critical Reynolds number is never exceeded. In the 
Reynolds number range 107 < R < lOS the drag is in all 
three cases reduced to between 70% and 90% of the 
turbulent drag of a flat plate without suction. To exploit 
this reduction in drag it is necessary to keep the boundary 
layer laminar over the whole of the chord: in the United 
States, experiments are in progress to achieve this aim by 
the realization of continuous suction; in England, special 
profiles have been developed in attempts to solve the 
problem by means of suction slots (see Section 6.3.1). 

9.4.3 Drag of an Arhitrary Profile 

What is probably the most accurate empirical formula 
for the local drag coefficient of a profile comes from meas
urements made by LUDWIEG and TILLMANN on a flat plate 
in favourable and unfavourable pressure gradients. The 
formula is 

(
w{})-o'268H 

0, = 0·246.10-o·678H v ; (9.20) 

to use it we require a knowledge only of the momentum 
thickness, D, and the form parameter, H, of the boundary 
layer profile; the exact behaviour along the contour is 
seldom required. 

Two approximate methods have been widely used for 
making a quick calculation of the drag of a profile in the 
absence of separation; both require a determination of the 
boundary layer thickness at the trailing edge of the wing. 
The first method (SQUIRE and YOUNG) applies the momen
tum theorem to the wake; the resulting approximate 
formula is 

OD = 2.~te (W;et2. (9.21) 

The second method determines the profile drag by addition 
of the skin-friction and form drags; the latter is estimated 
from the variation of displacement thickness in the wake 
with the outside pressure, so that the form of the turbulent 
velocity profile at the trailing edge must be considered. 
According to PRETSCH and W ALZ the drag coefficient is 
given by 

(9.22) 

the indices u and l refer respectively to the upper and lower 

sides of the profile; the function C( w;e) is shown in Figure 

9.20. 
A difficulty arises if we start from a velocity distribution 

calculated from potential theory; at the trailing edge the 

theory predicts a value of zero for w.; and an infinite value . 

for Dte ; consequently, the value ofOD is indeterminate. We 
c 
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Fig. 9.20. Function used in calcula
tion of the proftie drag, according to 
PRETSCH 

If 

. can avoid this difficulty by using the theoretical velocity 
distribution up to about 90% of the chord, and then 
extrapolating the velocity (in a way based on measured 
velocity distributions) to a value at the trailing edge, 

W;e, different from zero-usually between 0·75 and 1·0. 

CD varies but little with W;e in this range, because {} 

usually varies in the opposite way to V; the physical 

explanation of this is that in the region of the trailing edge 
kinetic energy is transformed into pressure energy with 
hardly any loss, because the dissipative effect of viscosity 
is less marked in a thick boundary layer. 
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Fig. 9.21. Effect of a suitable shaping near the trailing edge on the velocity 
distribution, momentum thickness, and form parameter; CL = o. (WALZ) 
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To avoid the boundary layer calculation required by 
Equations (9.21) and (9.22) HELMBOLD and SCHLICHTING 
have introduced approximate formulas for {) (see p. 467 of 
the reference in Section 1.5.1); only the velocity distribu
tion of the profile still appears in their formula. SCHLICHT
ING'S formula for the drag coefficient of one side of the 
profile is 

1 

CD = O:~~ {f ( ; J d ( :) + C rs
; (9.23) 

:t:T/C 

XT, the position of the point of transition IS assumed 

known; R is written for Ve, and 
• 'II 

1 ({}eT)5/4 
C = 0-0160 

{}T, the value of the momentum thickness at the point of 
transition, is obtained from 

'II 

The approximate formula used for the 'momentum 
thickness differs from that given in Equation (9.14), but 
the differences in the results (at least for small values of 
CL) are small. 

Recently TRUCKENBRODT has made a further step in the 
simplification of the drag calculation. On the assumption 
of a slender profile with small disturbance velocities he 
derives a simple approximate formula; the only quantities 
required are the profile ordinates, Ym (at fixed points xm), 
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Table 9.3 Constants in the dra.g formulsi.,Equation (9.24) N= 12 

z,.=z" 0 0-<1670 0·26 0-50 0·715 1'00 

.. 12 10 8 6 4 0 

p .. Q .. p .. Q .. p .. Q .. p .. Q .. p. Q. p .. Q. ----
0 1·0000 0-2588 0·9423 ()O5000 0·7814 0·7071 ()OM21 ()O8860 0·3047 1-11099 0 

--
"'I z .. p ... Q .. " p",. Q",,, p ... Q ... P- Q- P- Q- p .. " Q-

1 0·9830 0 1-8399 -0·0078 1·8606 -0·0187 1'9280 -000402 2·06715 -0·1020 2·36M JoII099 0 
3 0·81536 0 ()O6734 -000284 ()O6887 -0007115 ()O7442 -0'1726 0·8977 -0'7217 1'6914 ()O6893 0 
15 0·6294 0 0'4930 -0'0736 0'6199 -0·2107 006390 -008736 1-3239 1'1480 -0'7840 ()O4314 0 
7 0·3706 0 0'4930 -0'2314 ()O15671 -1-1267 1-1838 l'4836 -0-77915 ()O6197 -001467 0'4314 0 
9 ()o 1466 0 ()O6734 -l'6383 1-1696 2'4286 -0·7442 1'00159 -0·11540 0'7217 -000498 0'6893 0 

11 ()OO170 0 1'8399 8'1995 -006914 3·3963 -0'10151 2-3168 -0-0368 1'8697 -000130 1-11099 0 

and the drag coefficients of the flat plate, ell and 0lt (for 
smooth and rough surfaces). For symmetrical profiles the 
formula is 

o N-I 

: =Ofl(P .. + L P",,,2y,,,(t») + 
",~I 

N-I 

+Olt (Q .. + L Q", .. 2y",(I»); (9.24) 
",_I 

the constants are given in Table 9.3. 
A particular difficulty in the calculation of the profile 

drag is the uncertainty in the predicted position of the 
"p<?,int of transition", XT. If we assume an aerodynamically 
smooth wing then, for a prescribed velocity distribution, 
we can ~t least determine numerically a region in which the 
point of transition is expected to lie: the rearward limit of 
this region is the point at which the laminar boundary 
layer separa.tes; the forward limit is the point at which the 
critical Reynolds number is reached (according to the 
theory of small disturbances). For small Reynolds numbers 
the second point usually lies near the point of minimum 
pressure, so that we can simplify the calculations by defin
ing the point of minimum pressure as the forward limit for 
the point of transition. If the maximum thickness lies far 
back and the Reynolds number is high, the point at which 
the critical Reynolds number is reached can lie in front of 
the point of minimum pressure; nevertheless, the bouildary 
layer is strongly stable when the pressure is falling, and so 
transition would not usually be expected to take place 
before the point of minimum pressure. The results of 
calculations using the first of the theoretical positions are 
plotted in Figure 12.109. 

Figure 9.21 clarifies the question whether it is possible 
to reduce the portion of the drag that arises from the 
turbulent boundary layer; in general, this contribution is 
dominant. 

For this we must try to thicken the turbulent boundary layer 
in the first part of its length, since there the shear stress at the 
wall is usually high; in doing this we must avoid increasing the 

momentum thickness of the boundary layer at the trailing edge. 
W ALZ has made some calculations of the boundary layer 
quantities and of CD for a 13·6% thick profile with maximum 
thickness at 70% of the chord. These show that, with a suitable 
shaping of the rear part of the profile (the contour must change 
from convex to concave), a reduction in the value of CD can be 
obtained; it is assumed that the shaping does not cl?-ange the 
position of the point of transition, and that the rise in pressure 
is not so great that the turbulent boundary layer separates. A 
remarkable result of W ALZ'S calculations is that the percentage 
reduction in CD thus produced increases with Reynolds number: 
for example, suitable shaping of one profile produces a reduction 
in CD of 6'5% at a Reynolds number of 1.106, and of about 25% 
at a Reynolds number of 30.106• 

The calculations show further that, with this shaping of the 
rear part (which results in a small trailing edge angle, T), the 
danger of separation in the region of the trailing edge is reduced 
(cf. the behaviour of the form parameter of the turbulent 
boundary layer in Figure 9.21). Therefore, the flow in this 
regign can be subjected to a further rise in pressure (for example, 
by a control deflection) without the occurrence of separation; 
this improvement in the behaviour of the boundary layer is 
probably the reason why a control is more effective when the 
trailing edge angle is small. 

As a result of these theoretical calculations the following 
conclusion can be drawn: if the flow has to overcome a certain 
pressure rise, then both the drag and the danger of separation 
are reduced by displacing the main part of this pressure rise to 
the region in which the boundary layer is still thin; this measure 
becomes more effective as the Reynolds number increases. The 
numerous American measurements on the laminar profiles of the 
NACA 6·series confirm these theoretical results; further, the 
behaviour of the pressure on ordinary profiles when CL is near 
C Lrm.x. is in conformity with these ideas. 

9.S Calculation of Polars 

9.5.1 Calculation of the Maximum Lift 

The attainment of maximum lift coincides with the 
occurrence of separation on the suction side. Usually this 
begins at the trailing edge of the profile, and it generally 
moves quickly forwards as the angle of incidence is 
increased (more quickly for thin profiles than for thick 
ones). If the profile has a pointed nose, separation can also 
begin on the front part of the profile. In both cases it 
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appears that, at the Reynolds numbers reached in flight, 
the boundary layer is turbulent when it separates. 
Numerical procedures exist with which we can determine 
approximately whether a particular pressure distribution 
will cause separation; hence, if we have theoretical pressure 
distributions calculated for a number of values of 0 L, we 
can find an approximate value for OLmax .' 

In carrying out such a calculation we have to overcome 
a difficulty similar to that met in the determination of the 
drag: a theoretical calculation of the pressure predicts 
stagnation pressure at the trailing edge, which is contrary 
to reality; if we calculate the turbulent boundary layer 
for such a pressure distribution, we find that, since separa
tion occurs before the trailing edge even when 0 L = 0, 
we are unable to obtain a value. for 0 Lm.... A simple 

assumption enables us to proceed further: we use the 
theoretical pressure distribution up to a point (say, 

: = 0'90) before which the deviations of theory from 
c 
experiment are small; we then suppose that OL

max
• has 

been reached if, from the calculation, the flow separates at 
x 

or before - = 0·9. In the range of 0 L near 0 L a small c mu . 

. change in angle of incidence causes a large movement of 
the separation point; therefore, fixing 0 Lmax. by this 

criterion is not unduly arbitrary. As in the calculation of 
o D, a further difficulty is the uncertainty of the position 
of the point of transition, and we are forced to make 

. plausible assumptions about the position of this point. As 
described in Section 9.4 we can determine a section of the 
chord in which the point of transition lies; in the calcula
iion of 0 Lmax. this section is small because there is usually a 

large rise in pressure; it follows that the effect of an 
uncertainty in the position of the point of transition is 
usually not large. 

A further difficulty arises if, following PINKERTON, we 
calculate the pressure distribution with an approximate 
allowance for the influence of the boundary layer (for the 
estimation of this influence see Section 9.1); the apparent 
reduction in camber caused by the boundary layer is 
conside~ed, but not its displacement effect. At large values 
of 0 L this displacement effect can become noticeable even 

before the point : = 0·9, and the pressure rise over the 
c 

rear part then becomes less marked; consequently, the 
value of OLma •. obtained from a pressure distribution 

calculated by PINKERTON'S method may be too small if the 
displacement effect has not been taken into account. 
However, in the calculation of the pressure distribution it 
is possible to allow for the displacement of the potential 
flow away from the profile surface (by an amount equal to 
the displacement thickness of the boundary layer, <5*); 
W ALZ has calculated three examples and finds that, 
compared with calculations ignoring the displacement 
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effect, the danger of separation is reduced (by roughly the 
same amount in each example). 

These simplifying ideas allow us to determine the value 
of OLma •• and to predict the complete behaviour of OL(a). 

9.5.2 Behaviour of the Pitching Moment 

Once the pressure distribution has been found there are 
no basic difficulties in the calculation of the moment 
coefficient; if the leading edge is the point ofreference, then 

1 

(Omh = J L1: : d ( : ) . 
o 

The small deviations of the theoretical from the experi
mental pressure distribution near the trailing edge can 
produce relatively large discrepancies between the theoreti
cal and experimental behaviour of the moment; this is 
because the local forces acting near the trailing edge are 
further from the reference point than those acting at other 
points. An extrapolation of the theoretical distribution 
from a certain point to the trailing edge (as described in 
Section 9.4.3) removes this difficulty. A more exact 
consideration of the influence of viscosity appears to be 
necessary in other respects, even though the discrepancies 
are seldom so large that the result of a theoretical calcula
tion must be regarded as unsatisfactory. 
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10. mE THEORY OF WING PROFILES IV 

Compressible Flow 

10.1 General Remarks 

If the density, £I, of the medium is no longer constant 
then, in place of the simple equation of continuity (Equa
tion 8.1), a more complicated equation holds: 

div (ew) = o. (lO.1) 

Let u and v denote the components of the velocity vector 
w in the x and y directions respectively; it is then possible 
to obtain the following differential equation, 

au . av (av au) 
(all - u ll) - + (all - til) - - uv - + - = 0 ax ay ax ay 

... (10.2) 

(a non-linear equation); £I and a2 are functions of the magni
tude of the velocity, Iwl = w. If the flow is assumed to be 
irrotational we can introduce a velocity potential, if>, so 

h M> d oif> b· h J! ·1· . t at u = ox an v = oy ; we 0 tam t e laml lar equatIOn 

(1 - ::) if> u -·2 := if> s, + (1 - ::) if>" = 0 
... (10.3) 

the suffixes x and y denoting differentiation with respect to 
x and y. Our knowledge of mixed, non-linear, partial 
differential equations is limited, and it is almost impossible 
to obtain solutions of Equation (10.3), which satisfy 
boundary conditions on a profile, which yield numerical 
results, and which are valid in both subsonic and super
sonic regions; nevertheless, an inspection of the relevant 
literature (see Sections l.5.1 and l.5.2) shows that progress 
has been made during recent years. 

10.2 Relation between Speed and Pressure 

For compressible flows the relationship between speed 
and pressure is the general Bernoulli equation, which 
takes into account the variation in density: 

I' 

Wi f dp 2+ --e=const. (10.4) 

1'0 

If we assume that speed is "converted·' into pressure 
adiabatically, and vice versa, in the whole flow field (with 

the exception of points where shock waves occur), 
Bernoulli's equation can be integrated to give 

wI! = ~ .!!.!.. [ 1 _ (:L)~l] ; 
y-1 eo Po 

(10.5) 

y = cp is the ratio of the specific heats of the gas at 
Cv 

constant pressure and at constant volume; Po and eo 
denote respectively the pressure and density of the gas 
when brought to rest (the "stagnation" or "reservoir" 
pressure and the "stagnation" or "reservoir" density). 
For reference quantities we choose the free-stream speed, 
V (the" speed at infinity"), and the corresponding pressure, 

poo, and density, £100; if we write Moo =.!:., the Mach 
aoo 

number of the free streamt, then the previous equation can 
be written 

p { y-I 
pm = 1 - -2-- M! [ ( ; y - 1 ] y~l . (10.6) 

We now introduce the kinetic pressure, q, where 

l!m va y 2 
q = -2- = "2 pm M<r) (10.7) 

and we find for the pressure coefficient, 

C _~_P-Poo p- -
£100 V2 q 
2 

= _2 {[I _ (y -1) M2 (W2 _I)]l'~l -I} 
yM! 2 IX> V2 . 

(10.8) 

In terms of the local speed of sound, a, and the local Mach 

b M W h· .. num er, = -, t IS equation IS 
a 

. {[I + (y -1) M2]Y~1 } 2 2 OX) 

Cp --- . -1· 
- yM;, 1 + (y;- 1) M2 

(10.9) 

t In this section we distinguish between Uoo, the speed of sound 
corresponding to free·stream conditions, and a, the local speed 
of sound; there is a corresponding distinction between V and w. 
For simplicity, we write M instead of Moo in Chapters 3 and 12. 
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The nomogram of Figure 10.1 displays in a convenient 
manner the relation between pressure and speed given by 
this equation, and also the relation for the absolute 
pressure ratio. The pressure coefficient when M = 1 (the 
critical pressure coefficient) varies with the free-stream 
Mach number, and can easily be obtained from this 
nomogram; the values of this pressure coefficient are shown 
in the relevant diagrams of Chapter 12. The nomogram, 
which can be used to obtain other quantities, has been 
designed by MULTHoPP. 

10.3 Subsonic Flow 

10.3.1 The Prandtl·Glauert Rule 

Since the solution of the general problem is very difficult, 
PRANDTL reduces it to a linear one by assuming that the 
local velocity differs from the free-stream velocity only by 
a small amount, in both magnitude and direction; profiles 
with small thickness ratios and pointed noses are a class of 
bodies for which this assumption is valid. With this assump
tion Equation (10.3) can be reduced to the simpler equation 

(1.- M~ ) iP"" + iP"" = 0, (10.10) 

where Moo = !. denotes the ratio of the free-stream speed, 
am 

V, to the free-stream speed of sound, am. Equation (10.10) 
is of elliptic type if Moo < 1 (subsonic flow) and of hyper
bolic type if Moo > 1 (supersonic flow); with the latter 
type of eqution stationary waves are possible. If Moo < 1 
we can reduce the solution of Equation (10.10) to the 
determination of the field of an incompressible flow, by an 
affine distortion in the y direction with the factor 

vI - M';'; the equation then becomes the familiar 
Laplace equation. Further investigation yields the simple 
result that the pressure coefficients in compressible flow 
(suffix c) are greater than those in incompressible flow 

1 
(suffix i) by a factor vI _ M!, -the "Prandtl-Glauert 

rule':. For example, Figure 10.2 shows the increase in the 
mirumum ~alue of the pressure coefficient for tl).e sym
metrical N ACA profiles with various thicknesses, the angle 
of incidence being zero; both theoretical and experimental 
results are shown. The increase becomes more marked as 
the Mach number rises; more will be said about this later. 
The rule certainly cannot be used if the local Mach number 
becomes greater than unity, and strictly the deviations of 
the local velocity from the free-stream velocity should 
always be small compared with V. It follows immediately 
that the rule should be applied only to thin, pointed profiles 
at small angles of incidence; fortunately, comparison with 
wind-tunnel measurements (Figure 3.6) shows that its 
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Fig. 10.1. Nomogram for pressures and Mach numbers in adiabatic lIow. 
M = local Mach number; M", = free-stream )[ach number; Po = stagnation 
pressure (reservoir pressure); p", = free-stream static pressure; p - p", + 
.1p = local static pressure; q = e~v' _ kinetic pressure; Cp = .1: 
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Fig. 10.2. Minimum pressure coemcients plotted against Mach number, for 
symmetrical NACA prollles at a = 0·. Points: experimental values. Dashed 
line: Prandtl-Glauert rule. Chain-dotted line: sonic conditions 
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application to normal, not too thick, profiles at not too 
high Mach numbers gives results which are generally of 
practical use, especially if an integral of the pressure 
distribution (for example, the lift) is required; the ex
perimental results then show agreement, up to quite high 
Mach numbers, with the Prandtl-Glauert rule written in 
t.he form 

(10.11) 

The highest 'Mach number at which the rule can be used 
depends on the thickness ofthe profile (roughly, Moo = 0·8 

if ~ = 0·06 and Moo = 0:06 if ~ = 0.15). A corresponding 
c' c 

formula is valid for the moment of the profile: 

(10.12) 

10.3.2 Higher Approximations 

. To a first approximation the stream function satisfies 
the equation 

'Pxx (I-M~ ) + 'Pyy = 0, (10.13) 

which is identicar with Equation (10.10). If the neglected 
terms are re-introduced and placed on the right-hand side 
and the first approximation to 'P is inserted in them, the 
equation for the second approximation is 

'Pxx (I-M~ ) + 'Pyy = f (x, y). (10.14) 

BUSEMANN introduces a parameter, t', which is a measure 
of the maximum thickness or camber, and he expands the 
right-hand side in terms of this parameter. The trans

formation t = x, 'YJ = yvl - M!, then leads to the 

following differential equation, from which an improve
ment on the Prandtl-Glauert rule can be obtained: 

'Pu + 'PT/TI = F(~,fJ)· (10.15) 

Only terms up to order t'2 are considered in the second 
approximation; higher approximations are obtained by the 
retention of higher powers of t' on the right-hand side. 
HANTZSCHE and WENDT have been able to calculate 
typical special cases on this basis: for example, they find 
for the thin circular arc profile 

OL f (')3 -=,u-+2 - X 4 c c 

X I(~ ,u7 + _1_,u5 - ~,u3 - ~ ,u) M2 l 12 12 12 12 <Xl 

+ (1'-1) _,u7 + - ,u5 - _,u3 M4 (
25 1 1) } 
12 3 4 <Xl 
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... (10.16) 

where,u = V 1 ~ M!; and for the symmetrical J oukowsky 

profile at a small angle of incidence, they find 

(~)j(d~), = { ,u + : Vi ~ X 

(see Figure 10.3). 
We have still to mention the well-known, older method 

of JANSEN-RAYLEIGH, which uses a similar iteration 
principle, bu~ in which the right-hand side is expanded in 
powers of the Mach number (instead of the thickness); 
usually the equation for the potential is considered. The 
application of this method to profiles is limited, since too 
many terms are required at higher Mach numbers. 

The differential equation becomes linear if we change the 
independent variables from the two spatial co-ordinates to 

lO r----,--,---r---r-- 0.5 
@ t:' ® 

(~ .. J. ~ 
~ ," 
t 

/·2 

a (}2 fNj - If I1J 

Fig. 10.3. Lift In compressible flow. 

(a) For the circular are, !. = 0'1: (1), Prandtl-Glauert rule; (3). HANTZSCHE 
c 

and WENDT. 
(b) For Joukowsky profiles of various thicknesses: (0) Prandtl-GIauert rule; 

and HANTZSCUE and WENDT (t' - 0'05,0'1,0'2) 
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the magnitude of the velocity, w, and the direction of the 
velocity, e. According to VON KARMAN (1941) the equation 
for the stream function is 

(10.18) 

Particular solutions of this equation can be obtained in 
which the local speed of flow considerably exceeds the 
local speed of sound; the reader is referred to the literature 
for further details. CHAPLYGIN succeeds in simplifying 

E . ( b . h (1 - M2) . t t quatlOn 10.18) y assummg t at 2 IS cons an ; 
e 

this assumption means that, instead of the adiabatic 

relation between pressure, p, and specific volume, !, a 
e 

linear relation 

a2 112 
P = const __ 0_<:::_0_ 

e 
(10.19) 

exists; this straight line is made to touch the adiabatic at 
a certain point. CHAPLYGIN requires that the linear relation 
should best approximate the adiabatic at the point (Po, eo) 
corresponding to stagnation conditions, from which he 
determines the value of the constant in Equation (10.l9): 
on the other hand, VON KARMAN and TSIEN (1939) require 
that. the linear relation should best approximate the 
adiabatic at the point (Pro, (!ro) corresponding to free
stream conditions, and this leads to a different value of the 
constant; the Karman-Tsien approximation is more suited 
to the conditions of flow about a profile. From their 
simplified form of Equation (10.18) VON KARMAN and 
TSIEN derive simple approximate formulas for the velocity, 
We, and the pressure, pe, of the compressible flow in terms 
of the corresponding quantities in incompressible flow, 
w, and Pt. If we write 

Lip p - Pro 
-=--- , 
q (!ro V2 

2 

the formula for the velocity is 

(10.20) 

10. THE THEORY OF WIXG PROFILES IV 

and that for the pressure is 

(Llp/q); 
(10.21) 

( 
1-{J) {J+ -2 - (Llp/q); 

these formulas are superior to the Prandtl-Glauert 
approximation. 

The ve method of KRAHN (1942) differs from all the 
familiar methods. From the outset, no attempt is made to 
fulfil simultaneously the conditions of continuity and 
irrotationality. An empirical formula is used, 

V
-
(! ... 

W=Wj e 
(! and ware respectively the local density and speed; 
(!ro and V are respectively the free-stream density and 
speed. For moderate values of the pressure coefficient this 
approximation is quite satisfactory. An improvement can 
be obtained in the following way: we insert this approxima
tion in the differential equations of compressible flow 

(div (!~ w = 0 and curl w = 0); on the right-hand side 

certain expressions appear that can be regarded as a source 
field in the first equation and as a vortex field in the second 
equation; a detailed discussion shows that the fields of 
these sources and vortices tend to cancel-particularly on 
the profile contour; the reader is referred to the thorough 
investigation of BETZ and KRAHN for the theory of the 
second approximation, which considers the effect of the 
remaining vortex and source fields. Ellipses, the ratio of 
whose axes is 0,0·2,0·4, 0·6, 0·8, and 1, and some common 
profiles (for example, NACA 0009,0020,0030,23012) have 
been treated. KRAHN has given an empirical correction 
term to the Prandtl-Glauert rule, which is based on the 

formula for the minimum pressure coefficient, (LIp) . 
q c, mm. 

on the ellipse (derived from the second approximation); 
this formula contains the maximum disturbance velocity 
in the incompressible flow (W)i, max., and is particularly 
easy to handle; it is 

(
Lip) {I + (w>t, max. - V 
q c, min. = Vl- M! V 

X (VI ~ M! - I)} (LI:L min." (10.22) 

Because this formula is so simple KRAHN proposes that it 
should be used for the calculation of the pressure distribu
tion on profiles; (wk max. is to be replaced by the local 
incompressible velocity on the profile. Simple relations for 
the forces produced can no longer be given. 
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10.4 Mixed Subsonic and Supersonic Flows 

10.4.1 Appearance of Shock Waves 

At a sufficiently high Mach number a finite region of 
supersonic flow forms on the profile; Figure 10.4 gives a 
schematic representation of this. 

The theory of mixed subsonic and supersonic flow is still 
in its early stages, and most of our knowledge has been 
derived from experimental results. The schlieren and inter
ferometer photographs of Figure 10.5 show how the flow 
field in the vicinity of the profile alters with increasing 
Mach number. The transition from the supersonic region 

(al 

(e) 

Fig. 10.4. Subsonic 1I0ws with local supersonic region (a-without, b-with, 
shock wave), and supersonic lIow with local subsonic region (c) 

to the region downstream, in which the flow is again sub
sonic, usually takes place through a shock wave; and the 
appearance of a shock on the profile results in a dis
continuous behaviour of the pressure distribution (a sudden 
rise in pressure). If the angle of incidence remains constant 
while the Mach number increases, the supersonic region 
becomes larger and the shock wave moves rearwards 
along the chord; BETZ has determined the position of the 
shock from the requirement that Eheenergy losses in .. t-he 
shock must be equal to the pr. ess:;ire dr1l.g. -. ,.",.~ 

The pictures show that, as the speed of sound is ap-
proached, the appearance of shock waves considerably 
alters the behaviour of the flow, making it more com
plicated; this statement is true both for subsonic flows 
with local supersonic regions and for supersonic flows with 
local subsonic regions. The latter occur when normal 
profiles are placed in a supersonic free stream; a subsonic 
region (usually small) appears around the stagnation 
point, and the transition from supersonic velocity to 
subsonic velocity occurs through a shock wave lying at a 
short distance in front of the profile; this shock wave is of 
infinite extent, and is called the "bow wave" (see Figure 
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WAc}. The cases illustrated in Figures 10.4a and IOAb 
(local supersonic regions) have received the most extensive 
treatment. Whether supersonic regions and shock waves 
occur and, if they do, where they appear, are questions 
whose answers depend not only on the free-stream 
Mach number but also on the shape of the profile and on the 
angle of incidence. Figures 12040 to 12047 show pressure 
distributions for symmetrical and cambered profiles with 
various values of maximum thickness and camber. On the 
whole, the pressure rises resulting from shock waves 
measured in American wind-tunnels seem to appear less 
suddenly than those measured elsewhere; this more 
gradual transition is probably to be explained by the 
occurrence of unsteady processes (fluctuations in the 
position of the shock waves). 

In a consideration of the quality of a profile it is im
portant to know whether the shock waves (or, more 
generally, the local supersonic regions) lead to separation 
of the boundary layer or not. !~_thesupersonic region a 
fundamental instabilityca!l_o~eur between the outer flow 
and the boundary layer: the rapidly increasing displace
ment thickness of the boundary layer causes an increase 
in pressure in the outer flow and this in turn leads to a 
furtherincrease in the boundary layer thickness. Whether 
thi;p;ocess actually occurs dependsentireTyon the state 
of the boundary layer (hence, in particular on the Reynolds 
number and the pressure distribution on the profile). The 
diagrams of pressure distributions already discussed refer 
to flows with and without boundary layer separation. The 
presence or absence of separation can be decided from 
schlieren and interferometer photographs and also from the 
magnitude of the jumps in pressure and from the measured 
drag-coefficients (see, for example, Figures 3.14 ff). 
For profiles of the

o 
normal four-figure NACA series 

boundary layer separation usually occurs at the measured 
Reynolds number; the observed shock wave in this case 
runs obliquely to the direction of flow and causes separa
tion. For local Mach numbers below M = 1·2~ this shock 
wave bends round into a straight shock as the distance 
from the profile increases. If the speed of sound is further 
exceeded (M > 1·2), forked shock waves occur; the first 
oblique shock leads to separation of the flow, so that the 
rear shock starts from the boundary of a dead-water 
region (ACKERET, FELDMANN, and ROTT). 

Profiles which have a small nose radius and whose 
position of maximum thickness lies far back behave quite 
differently: a considerable increase in the speed of sound is 
frequently observed without the resulting shock wave's 
leading to separation (see Figures 3.16 and 3.17). The shock 
wave is straight and is normal to the profile; this ca;n be 
inferred from the pressure distribution, which corresponds 
to subsonic conditions downstream of the shock wave (the 
magnitude of the jump agreeing with the theoretical value 
for a normal shock). The observed drag coefficients for these 
profiles do sometimes show the increase caused by separa-
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tion of the boundary layer but only when the speed of 
sound is exceeded by a relatively large amount. 

10.4.2 Similarity Rules 

According to Sections 10.3.1 and 10.5.2 similar flows at 
different Mach numbers occur if the thickness ratio is 

changed by a factor vI - M! when the free stream is 

subsonic and by a factor VM! - 1 when the free stream 
is supersonic. In terms cof the local velocity components, 

the ratio ~ must change by the factors vI - M! and 

V M! - 1 respectively (Prandtl-Glauert and Ackeret 

rules). 
In the transonic range the speed of sound, a, is of the 

same order of magnitude as the free-stream speed, V. We 
introduce the critical speed, a*, where 

1'+ 1 1'-1 
-2- a*2 = aZ + -2- (u2 + v2

), (10.23) 

and compare the local velocity component in the x 
direction, u, with the critical speed, a*, by forming the 
disturbance velocity u' = u - a* (small in comparison 
with a*). In Equation (10.2) we then replace a2 ~ u2 by 
-(1' + 1) a* u', a2 - v2 by a*2, and uv by a* v; the 
resulting equation is 

au' ( au' dv ) OV (1'+ l)u'- + v -+- -a* - = O. (10.24) . ax dy ax dy 

The irrotationality condition is 

au' av 
dy -a;-=O. 00.25) 

In Equation (10.24) the order of magnitude of a* is 1, and 

that of u' is, say, e; it follows that ov ~ e2• If we assume 
oy 

o . 
that v ~ em then ay ~ e(2-m) and, from EquatIOn (10.25), 

e(3-m) - em = 0, so that m = ~; hence, the middle term 

of Equation (10.24) is proportional to e3, and can be neg
lected; consequently, the differential equations character
istic of the transonic range are 

au' 
(1' + 1) u' ax 

au' 

dv 
=a*-, ay (10.26) 
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These differential equations have received considerable 
attention. VON KARMAN has derived a similarity rule from 
them, which is of the greatest importance; it states that, 
when the free-stream Mach rrumber is close to unity, 
"similar" flows exist about geometrically similar bodies 
if the parameter 

(Moo -1) 

[ t] 2/3 
(1' + 1)(; 

(10.27) 

has the same value; an experimental verification of this 
similarity rule has been given by MALAVARD (among 
others). 

BOMELBURG has recently succeeded in removing the 
restriction that the free-stream Mach number must lie 
close to unity, and has given a more general similarity 
rule, containing two parameters; in the subsonic and 
supersonic regions this passes over into the Prandtl
Glauert and Ackeret rules respectivelyt. Applied to 
"similar" states 1 and 2, the rule consists essentially of a 
"generalised Prandtl-Glauert rule" valid for arbitrary 
Mach-numbers 

(10.28) 

but with the requirement that the values of Moo and ! 
c 

satisfy a further condition; this requirement corresponds 
to a second (" generalised von Karman") similarity 
parameter, and may be written 

where 

t2 F[(Moo)2,1'2] 
~ 0= F[(Mooh,1'l] 

(Moo =f 1), (10.29) 

(see Table 10.1); jt becomes more important as the free
stream speed, V, approaches the speed of sound. If the 
free-stream speed is approximately equal to the speed of 
sound we obtain the familiar von Karman similarity 
parameter, 

IMoo _11 3/2 
or 

(1' + I)G) 
IMoo -11 

[ 
t] 2/3' 

(1' + 1) C 
(10.30) 

t The derivation given here is due to a colleague of mine, 
E. MARTENSEN, and deviates considerably from BOMELBURO'S. 
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Mco=0·30 M I» =0·45 

M co =O·6Q Mco =0·72 

M co = 0·75 !Ji co = 0·77 JJf co = O.SO 

Fig. 10.5. Change in the flow field caused by increasing lIIach number. Schlieren and interferometer photographs for the profile NACA 0015-44 (ZOBEL) 
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Moo =0·305 
M co =1·29 

M co =0·915 

Moo = 1·01 1II 00 = 2·0 

Fig. 10.6. Flow about [\ symmetrical double wedge, for Mach numbers between O'S and 2'0 (BO~IELBURG) 
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by expanding F in the region of Moo = 1; with the help 
of Equation (10.28) we obtain the following relationship 
between the pressure coefficients 

(for Moo = 1). (10.31) 

The additional condition gradually loses significance as the 
free-stream Mach number moves away from unity; for 
smaller or larger Mach numbers, Equation (10.28) (the 
familiar Prandtl-Glauert or Ackeret rule) has unrestricted 
validity. Corresponding similarity rules are also valid for 
integrals involving the pressure distribution: for example, 
for the lift coefficient, C L, and for the moment coefficient, 

Cm ; in addition, d%: behaves as (LIt) / (~), and CD 
behaves as (LI:) G). 

10.5 Supersonic Flow 

10.5.1 The Flow Field 

- If the free-stream speed is supersonic and the profile so 
shaped that purely supersonic flow occurs, the flow can 
again be treated by simple theories. Purely supersonic 
flows had already received extensive theoretical and 
experimental investigation before the war, and the methods 
used have since been considerably extended. It is sufficient 
to give here a short description of the known results 
for supersonic flow, thereby completing the discussion of 
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Fig. 10.7. Supersonic flow about a flat plate (BUSElIANN). p, = stagnation 
pressure; Po' and Po" are the changed stagnation pressures behind the shocks; 
a - angle of incidence; " = angle of shock 

the relationship between pressure distribution and profile 
shape begun in Chapter 7; these results come primarily 
from the work of PRANDTL, MEYER, ACKERET, and BUSE
MANN (see PRANDTL'S book cited in Section 1.5.1). 

Small disturbances propagate with the speed of sound 
and so stay behind the profile, which is moving with a 
greater speed; hence the effect of a disturbance of the 
parallel supersonic flow is confined to a cone-shaped region 
behind the disturbance, which is called the" Mach cone". 
The basic character of such a flow can be illustrated by the 
example of the flat plate. If this is at a positive angle of 
incidence (see Figure 10.7), the flow expands around the 
"convex corner" on the upper side of the profile, until it 
has reached the direction of the plate; it then continues 
parallel to this: on the other hand, at the "concave 
corner" on the lower side of the plate, the direction of the 
flow is changed discontinuously by a shock wave. At the 
trailing edge of the plate a similar behaviour occurs. On 

Table 10.1 The Function F (for i' = 1·4) 

-
MaJ 

1 

0 I 

1 

2 

1 

3 

1 

4 I 5 

1 

6 I' 7 I 8 I 9 

00 - .CO 90·28 44-64 29'42 21'81 17·24 IH9 12·02 10·38 9·II4 
0'1 - 8'097 7'265 6'570 5·983 5-479 5'042 4'659 4·321 4'021 3'752 
0·2 - 3'510 3·291 3'092 2·910 2·743 2·589 2'448 2·316 2-194 2'081 
0'3 - 1-97491 87572 78284 69561 61356 53623 46325 39426 32896 26707 
0'4 - 1·20834 15254 09947 04895 00081 *95489 *9II06 *86918 *82914 *79083 

0'5 -0,75416 71903 56535 65306 62207 59233 56376 53632 50995 48460 
0.6 46022 43677 41421 39250 37161 35151 33216 31353 29560 27835 
0·7 26174 24576 23039 21560 20138 18772 17459 16198 14988 13827 
0·8 12715 II650 10632 09659 08730 07946 07005 06207 05452 04740 
0·9 04070 03443 02859 02319 01824 01375 00975 00628 00339 00119 

1·0 +0-00000 00117 00328 00597 00913 01265 01650 02063 02li01 02962 
1-1 03443 03943 04459 04991 05538 06098 06670 07253 07847 08451 
1-2 09064 09686 10317 10954 11599 l2250 12908 13572 14241 14916 
1·3 15595 16279 16967 17660 18356 19056 19759 20466 21175 21888 
H 22603 23321 24041 24763 25487 26214 26942 27672 28403 29136 

1'5 29871 30607 31344 32082 32821 33561 34302 35044 35787 36531 
1'6 37275 38020 38765 39Sll 40257 41004 41751 42498 43246 43994 
1-7 44742 45490 46239 46987 47735 48484 49232 49981 50729 51478 
1-8 52226 52974 53722 54470 55217 55965 56712 57459 58205 58951 
1-9 59698 60443 61189 61934 62679 63423 64167 64911 65654 66397 
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the upper side the direction of the flow is changed dis
continuously by a shock wave, so that it has a direction 
approximately the same as upstream of the plate: on the 
lower side a continuous expansion to this direction takes 
place. The exact direction at the trailing edge is determined 
by the condition that, behind the trailing edge, the upper 
and lower flows must be divided by a line (starting from 
the trailing edge) across which the pressure and the flow 
direction vary continuously. The energy losses through the 
upper and lower shock waves differ because of the different 
velocities in front of them; therefore, above and below the 
line of separation, the velocities, densities, and tempera
tures differ from one another; the differences are small if 
the angle of incidence of the plate is small (and this is 
usually so), and in the actual flow they soon vanish because 
of the effect of viscosity. If the angle· of incidence and the 
resulting compression on the pressure side are not so 
great that subsonic regions occur, then this example 
illustrates the most important properties of a purely 
supersonic flow. For small angles of incidence the energy 
losses through the shock wave are small and the whole 
flow field can be regarded as homentropic (as can all 

. subsonic flow fields). 

If instead of a flat plate we consider It profile, assumed 
to be pointed at the leading and trailing edges, we can 
approximate the curved surface by straight lines; at 
convex corners expansion waves occur, and at concave 
corners shock waves occur (their strengths being deter
mined by the change in angle). The symmetrical circular 
arc profile at zero incidence provides a simple example (see 
Figure 1O.8); the changes in flow direction at the leading 
and trailing edges are such that shock waves occur on the 
upper and lower sides; the shock waves become less 
inclined to the free-stream direction as the distance from 
the profile increases because they are gradually weakened 
by interaction with the expansion waves that come from 
the convex profile. At a sufficiently large distatlce from the 
profile, the shock waves become indistinguishal?le from 
Mach lines; the cosecant of the corresponding "Mach 
angle" is the ratio of the free-stream speed, V, to the speed 
of sound, a. The losses in stagnation pressure caused by 
the shock can be obtained from Figure 10.8; because of the 
relatively small change of flow direction these losses lie 
within moderate limits. 

A further example is given in Figure 10.6, which shows 
photographs of the flow about a symmetrical double 
wedge at six different free-stream Mach numbers; they 
have the character of schlieren photographs, showing the 
compressed and expanded regions of the flow field very 
clearly. These results have been obtained by use of the 
shallow water analogy, and this can be seen by the capil
lary waves lying in front of the shock waves; these die 
away with increasing distance in front of the shock; they 
are not present in an air flow. 

10. THE THEORY OF WING PROFILES IV 

Fig. 10.S. Supersonic flow about a symmetrical circular arc proftle (BUSEMANN) 

10.5.2 The Pressure Distribution in Supersonic Flow 

Now that we have become familiar with the behaviour 
of the flow at supersonic speed, we can consider the pressure 
forces occurring on a profile. For Prandtl-Meyer flow 
round a corner (see PRANDTL'S book cited in Section 1.5.1), 
the following relation holds: 

(10.32) 

An approximate solution of this equation (obtained by 
ACKERET and, later, by BUSEMANN) is applicable to 
profiles; in this approximation the integral of Equation 
(1O.32), the disturbance pressure at the profile, is written 
in the form of a power series, 

the first two coefficients are 

they are shown as functions of Mach number in Figure 
10.9. If the change in flow direction, p, is small, these 
formulas can be replaced by finite power series in p, the 
first approximation being as follows: 

2pu 
LJpu = - ,/ . 2 

. '( MaJ -1 
Pu = a + p,; (x), (10.34) 

on the suction side; and 

2p 
LJp = + I 

I VM~ -1 
P, = a + P', (x), (10.35) 

on the pressure side; the tangent to the profile contour 
must make a small angle with the free-stream direction if 
these formulas are to be applicable. This first approxima-
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_H. 
°1~---1~.5----2~·O----2~·5--~3·O 

Fig. 10.9. O. and O. 

as functions of Mach 
number 

tion gives good results for the flat plate at a small angle of 
incidence, but for profiles of finite thickness a knowledge 
of the second approximation is desirable (see Section 
10.5.4). If the expansion is taken as far as the third power 
of p, then the influence of shock waves must be considered; 
the extension of the method to this degree of approxima
tion is possiblet but, when this becomes 'necessary, 
graphical methods (not treated here) are preferable:/:. 

10.5.3 Approximate Formulas for the Forces on an 
Arhitrary Profile 

For arbitrary profile shapes an integration of the pressure 
along the profile chord gives the following results: for the 
lift, 

c 

L = f (,1PI cosf3,-,1pucos f3J ds; (10.36) 

o 

and for the drag, 

c 

D = f (,1P, sinf3, -,1P" sin t\) ds. (10.37) 

o 

For small slopes cosf3 ~ 1, sinf3 ~ f3; hence, to the first 
approximation, the lift and drag coefficients become 

4a 
OL=-;=:::::::=== 

VM~ -1 ' 
c 

~ 
OD= 20,+ 2 f (f3 '1 + P '2) dx + 

qIM!-1 u I 
o 

(10.38) 

in the second formula the total coefficient of skin-friction 

t The literature on this subject is not free from errors; M. 
SCHAFER has given a correct derivation. 

~ An explanation of the method of characteristics, which is 
used in the graphical construction of supersonic flow fields, can 
be found in the literature cited in Sections 1.5.1 and 1.5.2 (for 
example: BUSEMANN, OSWATITSCH, SAUER, TOLLMIEN). 
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drag, 20" has been included. In the second approximation 
there appear integrals involving the first, second, and third 
powers of the local slopes, P,/ and PI'; we write pu and PI 
for these integrals, where 

c 

B.u = ~ f(Pu')"dxu, 
o 

c 

B.I = ~ f (f3z')"dXl' (10.39) 

o 

The second approximation for the lift coefficient is then 

OL = 01(Bll + Blu) + 02(B2l - B 2u ) 
+ a{201 + 202(Bll - B 1u )}; (10.40) 

and that for the drag coefficient, including the skin-friction 
drag coefficient, is 

OD = 20, + 01(B2l + B2u) + 02(B3l - B3u ) + 
+ a{201(Bll + B1u) + 302(B21 - B 2u )} + 
+ a2{201 + 302(Bll - B lu)}; (10.41) 

here, 01 and O2 are the constants introduced in Equation 
(10.33) and plotted in Figure 10.9. 

10.5.4 Approximate Formulas for Special Profiles, and 
Comparison with Wind-tunnel Measurements 

The above considerations are easily applied to flat 
plates and profiles composed of circular arcs. Writing lu 
and II for the absolute values of the maximum ordinates 
of the suction and pressure sides respectively, we have 

(10.42) 

The coefficients B 1u ,l and B3u,l are zero for all profiles that 
are symmetrical about the y axis. We have the following 
special results: 

(a) the flat plate (first approximation), 

(IO.43) 

(b) the symmetrical biconvex profile (second approxima
tion), 

4a 
OL= 

VM! -I 
4 at 16 (tIc) 2 

OD= 20,+ II + - ,==;;===-
}' M! - 1 3 V M! -I 

(10.44) 
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(c) the circular segment profile with straight pressure 
side (second approximation), 

OD= 20/+ ~2 ( ~ y -yO;::M=;,=I==1 

(10.45) 

(d) the flat plate with a discontinuity In slope (first 
approximation), 

4(a+1/ l ) 
OL= 11M2 -1 

I' .00 

(10.46) 

where l is written for cTJ/c, the ratio of the chord of the flap 
to the chord of the profile, and 1/ is the flap deflection; for 
the moment about an axis at a distance hc from the nose, 
we have 

1 
(Cm)A= Y M~ -1 [(4h- 2) a + 1/ 1 (4h+ 2l - 4»); 

(10.47) 

and for the moment, MTJ = 011(~) V2~2, of the flap about its 

axis of rotation, we have 

2 (a + 1/) o =- -;=~== 
'1 V M! -1 

(10.48) 

Following rus derivation of the formulas for the sym
metrical biconvex profile, A. BUSEMANN considers the 

smallest attainable value of ~ ~ in supersonic flow; he finds 

that 

(10.4:9) 

This quantity is plotted against Mach number in Figure 
10.10; it is assumed that the skin-friction drag coefficient, 
Of, has the value 0·003; three thickness ratios are con-

sidered, ~ = 0, ~ = 0'02, and ~ = 0·04. From this figure 
c c c 

the influences of skin-friction drag and of profile thickness 

can be separately discerned; small values of (OOD) are 
L min. 

to be expected for very small thicknesses. 
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0·20 r--T-r--r----,.---r----, 

(~L i 0·15 

z 3·0 

Fig. 10.10. Influence of profile thickness llnd skin·friction drag on the 

variation of (Cc....!!) . with Mach number (BUSEMANN) 
. L nun. 

From the above simple formulas we see that the lift of 
an unsymmetrical circular segment profile has a negative 
value when the profile is at zero incidence; this has been 
confirmed by wind-tunnel measurements carried out by 
BUSEMANN and WALCHNER and, later, by FERRI. Figures 
12.147 and 12.148 show some of these wind-tunnel results 
for the circular segment profile; the theoretical curves 
(without the skin-friction drag, 20/) are also plotted. A 
striking feature is the good agreement between experi
ments (particularly FERRI'S) and theory, although the 
skin-friction drag has been ignored in the theory. Some of 
the experimental drag coefficients are less than the values 
predicted from a theory ignoring viscosity; the reason for 
this seems to be separation of the flow in the vicinity of the 
trailing edge, remarkable though this may sound. The 
theoretical pressure distribution of the circular segment 
profile has falling pressure right to the trailing edge (see 
Figure 12.48), and so there is little likelihood of separation; 
however, as a resUlt of the strong shock wave at the trail
ing edge, a sudden pile-up of boundary layer material 
occurs; consequently, 'the boundary layer separates at a 
short distance in front of the shock, in order to provide 
the necessary room in the supersonic flow for this materiaL 
This leads to the formation of oblique shock waves, which 
later coalesce with the main shock; at the same time the 
strong pressure rise at the trailing edge is replaced by 
several small rises on the profile; the observed reductions 
in drag result from this breakdown of the theoretical 
pressure distribution. 

10.5.5 Exact Solution Cor the Flat Plate 

If we abandon the assumption that the slopes of the 
profile are small, then, in the integration of Equation 
(10.32), we cannot assume a linear variation of density, e, 
speed of sound, a, and flow speed, w; however, the integra
tion can be performed numerically or graphically, without 
difficulty. The graphical method has been developed to a 
high degree, particularly in the last ten years, and a neat 
and quick treatment of fairly strong shock waves can be 
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Table 10.2 Pressures a.nd Forces on the flat plate at Supersonic Speeds (exact values from EL BADRAWY) 

3 

1·20 I 0·39146 68-75 1-0G6 0-43527 0-1054 

I 
0-0018 0-0175 

2 ()-37210 8HO H2O 0-48187 0-2158 0-0075 0-0349 

3 0-35403 64-37 H99 0-49444 0-3373 0-0177 0-0524 

3·7 0-35952 8&08 1-277 0-52881 0-4011 0-0259 0-0841 

1·40 I 0·29910 48-87 1-051 0-33027 000723 0-0013 ()'0175 

2 0028480 48-19 H04 0034892 0-1440 o-ooso ()'0349 

3 0-27114 49-57 H59 0-36420 0-2158 000113 0-0524 

4 0-211824 5H5' 1-219 0-38308 0-2888 0-0202 0-0899 

8 0023378 M'82 1-353 0-42517 ()O4415 ()'0464 0-1052 

8 0'21130 59-38 I-527 0-47984 006168 ()00867 0-1406 

9-03 0-20050 63'17 H56 0'52007 0'7321 0'Il59 0-1584 

}o60 I 0-22374 39-67 1-080 0-24939 ()'0608 ()'001l ()'0175 

2 0-21269 40-73 H04 0-25978 0-1116 ()'0039 0-0349 

3 ()o20207 41'82 H61 0-27300 0-1679 ()O0088 0-0524 

4 0-19191 42-93 1-219 0-28679 0-2244 ()'0157 0-0899 

6 0-17280 46-38 1-346 0-31637 0'3385 0-0358 0·1051 

8 0-15525 48-04 1-484 0-34938 ()04M7 0-0841 0-1406 

10 0·13914 
. 51'14 ].644 0-38685 0'5783 0-1019 0-1782 

12 0-12438 M'89 )0832 0043101 0'7110 0-1511 0-2125 

14'24 O'Il022 6l'65 2-143 0·50418 0'9052 0'2532 0-2532 

1·80 I 0-16403 U64 l'OM 0-18352 Q-0488 O-OOOS ()OO175 

2 0·15840 35-53 HI0 0-19318 000931 0-0033 ()o0349 

3 0-14813 38-48 1-170 0·20383 0-1404 ()O0074 ()O0524 

4 0-14019 37-44 1-230 0021407 0-1867 ()OO131 ()0()699 

8 0-12534 39-49 1-382 0·23704 0-2814 0·0296 0-1051 

8 0-11175 41-69 I-505 0-26193 0-3768 ()O0530 0-1406 

10 6-09935 #08 H61 0·28908 0'4734 0-0834 0-1763 

12 ()o08808 48-70 1-835 0-31938 0'5732 0-1218 0-2126 

15 0-07303 51-35 2-139 0-37227 007323 0-1962 0·2679 

18 0-08011 5&00 2·551 0-44398 ()'9249 0-3005 0-3249 

18-84 0-05788 61'28 2-740 0-47687 1-0045 ()o3427 0·3412 

2·00 I 0-12078 30-82 1-058 0-13521 ()'0404 0-0007 ()'0175 

2 0-11401 31-85 H18 0-14288 ()'0807 0-0028 0-0349 

3 0-10757 32-68 H81 0'15093 0-1211 ()O083 0-0523 

4 0-10141 33-40 1-247 0'15937 0-1618 0-0113 ()'0699 

6 0-08994 35-24 1-377 0-17726 0-2429 ().02M 0-1051 

8 0-07949 37-22 1-539 0·19668 0'3248 0-0456 0-1406 

10 0-07005 39-32 1-707 0-21815 .0'408 0·0719 0'1763 

12 0-08149 41'59 1-889 0·24141 004923 0-1048 0-2125 

15 &05024 46-34 2·195 0-28052 0-6222 0-1687 0·2679 

18 0-04070 49-78 H55 0·32653 0'7604' 0-2471 0-3249 

21 0'03285 55-67 3-014 0'38519 0-9207 0'3534 0·3838 

22-71 &02888 61-48 3-460 0-44219 1'0859 ()O4482 0-4187 

2-50 1 O-OS296 24-35 1·088 0-08251 0·0373 0-0008 ()OO175 

2 O-OS113 2&05 1-141 0008878 0-0811 ().0021 0-0349 

3 0-04772 25-82 1-216 &07117 ()'0914 0-0048 0'0524 

4 Q-044IiO 26'62 1·296 0-07586 0-1221 0-0085 ()o0899 

6 0·03857 28-27 1-462 0-08498 0-1826 0·0189 0-1051 

8 0-03455 30'00 1-858 0-09704 0'2416 0-0340 0-1406 

10 &02859 31'86 1-865 0·10916 0-3098 0-0538 0-1763 

12 0002446 33-81 2·091 0'12232 0·3738 0-0795 0-2126 

15 &01917 38-95 2-487 0-14439 004723 0'1266 0-2679 

18 &01484 40-40 2-895 0-16949 0'5742 0-1866 0-3249 

22 ()'01035 46-62 2-557 0·20816 0-7162 0-2893 0-4040 

28 0-00075 58-35 4·885 0-28592 009859 0-5138 0-5317' 

29-67 0000482 62-85 5-602 0-44220 1-0960 &6240 0-5895 

5-00 3-60 0-00118 14 I-Ml 0-00291 0-0523 0-0033 0-0827 

6-17 0-00084 16 2·051 &00388 000914 0-0098 0·1076 

10-68 0-00043 20 3-247 &00614 0-1698 0-0319 0·1879 

HI-60 0000018 26 5-436 0-01027 0-2926 &0869 &2972 

20-21 QoOOOO9 30 7-129 0-01347 0-3800 0-1393 0·3666 

26'78 0-Q0002 38 100893 &02059 0-5557 0-2792 0·5024 

31-21 00000009 44 13-913 &02629 &6805 0-4088 011000 

38'29 00000003 52 17·953 &03392 0-8284 0·6048 0-7301 

41'11 00000001 66 24·208 0-04675 1'0427 0-9098 &8726 
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Table 10.2 continued 

aO P ... /p, .\ 3 

10000 I 3·21 8 2'091 

7'65 12 4'877 
I 13'31 18 10'981 

18'63 24 19'135 

23'47 30 29'018 

28'17 36 40·154 

32'69 42 62'080 

3&54 48 54'263 

40'18 54 76'213 

~90 60 87'361· 

44'43 67-12 98'713 

CD 8'37 10 
16-67 20 

24·50 
. 30 

28'31 35 
32-05 40 
35·56 45 
38'81 50 

41-6 56 

43'9 60 
46'68 87'8 

carried out by this process; hence, it is possible to treat 
flows that are rotational (and, consequently, non-homen
tropic). Although the method can be directly applied to 
wing profiles, the angles of incidence are so small that it is 
not usually required; the interested reader is referred to the 
bibliography of Section 10.6. 

We now briefly discuss the exact behaviour of the flow 
quantities for the flat plate in wholly supersonic flow. 
Some quantitative resultst are given in Table 10.2; they 
have been derived from the exact non-linear equations. 

For each free-stream Mach number, the largest angle of 
incidence oonsidered is the angle for which the Mach 
number behind the shock on the lower side, M 2z, is unity. 
The table contains the values of the pressures on the upper 

Table 10.3 

Comparison of Exact and Linearlsed Solutions for the Flat 
Plate 

-
1'40 1 &00084 0-07228 0 0-0013 

2 0'00151 0'14399 0 0-0050 

3 0-00163 0·21556 &0001 0-0113 

4 0'00385 0·28881 0-0002 &0202 

8 0-01408 0-44162 0-0010 0-04M 

8 0-04690 0-61682 0'0072 0-0887 

9-03 &08950 0·73209 0-0148 0'1159 

6-60 4 0-0005 0·0523 0-0009 0-0033 

8 0·0030 0-0914 0'0010 0-0098 

12 0-02Ii5 0'1898 0-0063 0-0319 

18 0'0696 0·2996 0.()246 0-0889 

24 0-1391 0·3800 0-0341 0'1393 

30 0·1846 0-5567 0'1463 0'2'792 

36 0·3972 0-68Oli 0·2698 0'4088 

4H1 0-4669 0'8284 0-489Ii 0-6048 

t For the meaning of the symbols, see Figure 10.7. 
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0'0228 0-0013 0·0060 
0·0614 0-0082 0·1340 

0·11549 0-0365 0·23116 

0·2613 0·0877 0·3351 

0'3828 0'1662 0'4341 

0'5079 0'2726 0·6366 

0'6288 0·4017 0-6393 

0·7488 0'1iIi65 0·7437 

0·8M1 0'7292 0-8441 

0'9629 0-8862 0-9293 

1'0126 0-9926 0·9803 

0·0497 0-0073 0·1471 

0·1873 0-05M 0·2973 

0·3795 0·1731 0·4567 

0'4741 0·2569 0·5386 

0·5843 0·3662 0-6261 

0·6812 0-4846 0·7146 

0'7840 0-6121 0·800 

0-8735 0·7754 0·8876 

0-9462 0·9123 0·9623 

1'0001 1'0204 1-0200 

and lower sides (respectively PZu and pzz), the angle of the 
shock, <5, the lift and drag coefficients, and the ratio of these 

coefficients, °OD. The coefficients are formed as follows: 
L . 

L P21 - P2u OD = - = coso:; 
qo q 

(10.50) 

O 
D PZZ-P2u· 

L = - = SIno:; 
qo q 

(10.51) 

here, q = (~)pooM!. 
An example of the differences between the exact solution 

and the linearised solution (see Equation (10.43)) is given 
in Table 10.3 (from EL BADRAWY); the index 1 refers to the 

linearised solution. 

We note that the differences are considerable at high 
angles of incidence (particularly at high Mach numbers), 
the approximate values being too small; for small angles of 
incidence, which are the rule in practice, the differences are 

usually of no significance. 
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Table 11.1 Collection of Geometrical and ,Aerodynamic Data 

I~I ;/ 
0, l.. ... r 

dOl. .. c.:. 
R 5 "0 cl.ma aO "(j;; (0 .. ). z./e 1I./e eo lie :1:tlc 

"" 
:1:,/e ''1' Designation of profile .. .. ~ 0 Sources 

·10-' _.§ .10' ·10 ·10' ·10' ·10' ·10' ·10' ·10' .103 ·10' ·10' ·10' .10' 10' 

Il ~ 

~ ~ I 
Go 1 K I 0000 19 50 38 50 200 Hydromech. Pro.bl. 

2KI 0000 19 50 74 50 200 (1932) 
4K 0000 74 50 14·8 50 200 
5K 0440 18 110 03·7 50 250 KWJ·Bericht (1934) 
6K 0440 37 50 07·5 50 270 
7K 0440 55 50 no 50 290 
8K 0440 74 50 14·9 50 300 
9K 0970 12 50 02·5 50 290 

10K 0970 19 50 03·9 50 300 
11K 0970 37 50 07-5 50 310 

12K I 36 012.') 0970 55 50 1l-l 50 320 
13 K 28 0155 0970 72 50 14·8 50 340 
14 K 1I 0095 0600 60 50 12·0 50 350 
lliK 13 0125 0600 75 50 115-0 50 360 
16 K 15 0175 0600 91 50 18·2 50 370 

123 7 127 -37 101 85 0150 2550 64 35 05·6 22 TBI 
227 7 168 -97 1I0 65 0270 0610 94 47 14·6 26 TBII 
242 7 174 1I6 55 0280 0000 88 50 16-1 30 TBII 
243 7 150 108 80 0280 0440 106 50 19·2 17 TBII 
289 14 103 -88 094 55 0260 0750 85 40 16·8 30 102 TBII. EI. EIV 
301 168 138. -84 101 55 0100 1250 70 35 09·8 25 TBII 
335 7 151 -53 103 75 0200 1100 53·3 06·8 20 110 TB II. E I. E IV 
342 7 132 -42 108 90 0160 2400 67 40 05-4 23 TBII 
344 7 097 -17 100 35 0130 1630 44 32 7 20 TBII 
38'7 840 D 170 -66 097 30 0076 -093 243 040 76 30 14·8 30 098 EI. R669 
398 42 -07 097 64 0116 49 30 13·7 30 125 E I. R669 

810 D 168 -60 094 15 0076 -081 246 010 
409 42 076 093 0082 0700 12·7 35 101 EI 
410 42 A 095 06 101 0101 1200 16·2 27 052 EI 
417 A 4 106 -23 151 0260 0173 58 40 2·9 E III. Schmitz 

17 111 -27 151 0215 
42 129 -33 158 0092 

420 42 -09 099 20 0128 
824 D 151 -83 095 18 0104 -084 254 070 45 50 18·7 30 061 E III. R 628 

436 7 123 -40 100 65 0150 1250 39 35 11·0 30 113 EI. R628 
42 121 -53 097 0096 

805 D 168 -44 098 22 0082 -061 245 050 

449 42 133 -86 094 77 0095 0610 90 32 17·0 35 110 EI.EIII 
459 42 080 -04 101 23 0081 1200 00 00 12·7 31 151 EI. EIV 
460 42 096 -01 084 01 0109 1000 00 00 20·5 31 111 EI.EIV 
508 42 142 -77 095 0130 1700 58 43 16·6 34 099 EIV 
535 42 155 -85 105 0125 1800 58 49 16·4 24 105 E III 
549 42 133 -63 099 0075 0750 46 40 13·8 30 090 EIII 
564 42 106 -47 091 0084 1000 27 43 08·2 35 136 EIV 
570 42 119 063 0255 1100 9·7 42 33·8 33 168 EIIJ 
571 42 138 099 0244 0800 9·9 32 25-1 32 153 EIII 
596 42 113 -47 099 0079 1300 41 38 09·9 31 106 EIV 
608 42 084 -23 107 0059 0000 22·5 50 04·5 50 200 EIV 
609 42 089 -32 089 0070 0000 25·8 50 05·2 50 200 EIV 
610 42 094 -43 095 0071 0000 33·5 50 06·7 50 200 EJV 

620 42 141 -88 095 0128 0600 58 39 17·5 30 109 EIV 
622 12 096 -30 091 0170 0710 24 37 08·0 30 130 Lufo 13. 103 

A V A 41/14/29 

L". 
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(Continuation of Table 11.1) 

~ ~ cJ I 
0: a ..c: "'l 

dOL bile;;, 
R = - 0° d;" Designation of profile l: 0 0 C1 CDmin (C .. ). z.le Yole 110 I/e z"e tIc x,le BI' Sources 

.10-4 -:5 ~ ·10' ·10 ·10' ·10' ·10' ·10' ·10' ·10' • 10' ·10' ·10' ·10' ·10' ·10' .; .~ 
II~ .. ~ I 

t 

GIS 622 22 096 -34 091 0127 EIV 
43 100 -35 097 0082 
87 100 -34 100 AVA 46/W/6 

127 101 -35 102 
168 103 -35 098 
210 102 
245 103 

623 12 124 -53 094 0202 0780 36 37 12 30 130 Lufo 13, 103 
23 126 -55 094 0157 AVA 41/14/29 
42 126 -53 097 0110 EIV 

-'- 4~ 128 -52 095 0097 
'- 81 170 -56 096 LGL 141 

160 121 -56 096 
230 126 -56 104 
235 128 -56 094 
460 143 -53 096 

--, 
" 660 145 100 ~ 

624 11 133 -75 095 0319 OSlO 48 37 16 30 130 Lufo 13, 103 
23 137 -72 093 0196 

~-, 

A V A 41/14/29 
42 141 -07 097 0129 EIV 
86 136 -73 098 

170 138 -72 098 
230 137 -71 101 
233 127 101 
455 133 -68 lOt 
625 099 

625 2 061 -19 035 0742 0850 60 37 20 30 130 Lufo 13, 103 
4 061 -22 035 0734 A V A 41/14/29 
6 061 -24 034 0659 Schmitz 
8 061 -33 032 0708 

11 065 -137 096 0330 
12 106 -12 OS6 0333 
13 103 -141 OS9 0270 
15 121 -145 093 0242 

.I7 127 -150 093 0226 
22 142 -97 OS7 0216 
43 148 -87 091 0169 
85 155 -88 093 AVA 46/W/6 

170 138 -88 093 
240 lOS -88 095 
460 lOS -87 090 
650 113 091 

652 42 183 105 0196 1300 93 50 17'1 20 018 EIV 
676 42 105 -17 099 0087 0700 20 34 12 34 lOS ElY 
677 42 101 -03 118 0109 0900 24 33 12 34 132 ElY 

800 151 -08 095 0066 002 0·246 R 628,669 
682 42 129 --61 097 0060 1000 43 40 10'5 20 109 EIV 
683 1100 30 31 20 31 114 Unpublished 
708 42 125 -24 107 0118 0000 .35 50 7 50 204 EIV 
711 42 095 -46 097 0081 0500 70 35 15 34 123 Unpublished 
735 42 149 -93 OS2 0135 1100 43 30 20·1 31 075 Unpublished 
738 42 147 -20 114 0146 1300 23 30 15'4 27 068 Unpublished 
741 42 120 -05 116 0101 1200 49 32 14'5 25 048 Unpublished 
744 42 143 -33 116 0143 1300 70 32 9'9 25 063 Unpublished 
746 42 161 -37 129 0190 
758 42 124 -21 114 0133 0750 46 40 13'8 30 090 

150 122 -M 102 59 0101 
766 150 123 -06 105 0089 1100 15 20 12 25 100 Unpublished 

190 130 099 
240 134 101 

767 150 128 -36 109 0094 1600 15 20 12 20 076 Unpublished 
190 136 III 
240 139 111 

769 151 149 101 0093 2000 48 30 1401 22 085 Unpublished 
170 151 -58 101 0091 

I 
187 1M -58 103 0089 
207 147 -57 105 0089 



122 11. TABLES 

(Continua.tion of Ta.ble 11.1) 

I .. 
<: J 

dCr. -§,Q 
Designation of profile R e'S °I.mas 

0 Tv: 01 .011",10 (0 .. ). ",./e "./e fie "'tie I/c ",,/e ao Qo ''1' Sources 
·10-' -S g ·10' ·10 ·10' ·10' ·10' .10' ·10' .10' • 101 ·10' ·10' ·10' ·10' ·10' 

'i .~ 
II A .. ~ 

I I 
0 770 240 118 -32 101 47 0075 { wing. tips not 0750 20 30 15 30 090 AVA 41/14/28 

771 240 123 -29 lOS 0073 V' rounded 0667 40 30 15 30 OSO AVA 41/14/28 
G 

118 -30 098 49 0069 wing. tips rounded 
775 300 102 00 093 0113 1100 00 00 21 30 113 AVA 43/W/7 
776 310 100 -02 085 0124 1100 00 00 25 30 113 AVA 43/W/7 
777 205 144 -48 095 32 0105 0750 60 30 22 30 090 AVA 43/W/7 

310 125 -47 097 52 0097 
780 80 069 000 104 00 0078 0210 10 50 12 50 185 UM3040 

200 067 -01 103 09 0042 3056 
350 067 -02 097 12 0031 3159 

793 0224 13·2 60 FB 1522 
794 0238 13·6 70 
795 38 093 0009 0900 24 44 8 30 

} Unpublished 
796 38 115 0010 0900 37 43 12 30 
797 ~8 136 0012 0900 51 42 16 30 
798 38 150 0016 0900 65 41 20 30 

DVL 000061-10 30 320 00 lOS 00 0052 1100 00 00 6 30 113 FB 1490'), FB 1505' 
FB 1506'), FB 1884 

09 0·275 45 268 062 084 0038 0275 9 45 200 FB 1621, FB 1884 
09 0'55 40 266 067 091 0049 0550 9 40 171 FB 1621, FB 1884 

LGL 156') 
09 0'55 45 260 076 091 0037 0550 9 45 200 FB 1621, FB 1884 
09 0'55 50 265 069 OS7 0037 0550 9 50 236 FB 1621, FB 1884 
09 0·825 35 260 110 095 0056 OS25 9 35 148 FB 1621, FB 1884 
09 0'825 40 259 107 093 0048 0825 9 40 172 FB 1621, FB 1884 
09 0·82 45 260 073 093 0041 0825 9 45 200 FB 1621, FB 1884 
09 HO 30 320 105 0064 1100 9 30 113 FB 1490'), FB 1505' 

FB 1506'), FB 1769 
FB 1884, JB (1937), 
LGL 127') 

09 1-10 40 257 115 096 0048 1100 9 40 172 FB 1621, FB 1884 
09 1-10 45 250 104 092 0038 1100 9 45 200 FB 1621, FB 1884 
09 1-10 50 260 101 103 0052 1100 9 50 236 FB 1621, FB 1884 
120·27540 251 068 082 0050 0275 12 40 172 FB 1621, FB 1884 
120·27550 265 063 OS6 0039 0275 12 50 236 FB 1621 

c 

120·55 40 0550 12 40 172 OM 1167, FB 1621, 
FB 1884, FB 1910'), . AVA 45/W/16, 
TB 11 (1944) 

12 ()O55 45 270 111 ,OS6 0053 0550 12 45 200 OM 1363, FB 1621, 
FB 1884 

120·55 50 278 112 OS6 0047 0550 12 50 236 OM 1167 
120·55 50 264 098 086 0042 0550 12 50 236 FB 1621, FB 1884, 

TB 11 (1944) 
120·82535 259 121 093 0059 OS25 12 35 150 FB 1621, FB 1884 
120·82540 279 126 OS9 0053 0825 12 40 172 FB 1621, FB 1884 
120·82545 259 122 086 0044 0825 12 45 200 FB 1621, FB 1884 
12 HO 30 320 lOS 0072 1100 12 30 113 UM 1167,l!'B 1490, 

FB 1503, FB 1506, 
FB 1884, JB 1937, 
LGLI27'), 
AVA 45/W/15 

12 HO 40 254 126 090 0053 1100 12 40 171 FB 1621, F;B 1654, 
FB1884 

12 HO 50 263 122 089 0046 1100 12 50 236 FB 1621, FB 1884 
150·55 40 260 105 082 0057 0550 15 40 171 FB 1621, FB 1884 
150·55 45 273 112 079 0049 0550 15 45 200 FB 1621, FB 1884 
150·55 50 271 113 079 0041 0550 15 50 236 FB 1621, FB 1884 
150·82545 259 113 080 0047 0825 15 45 200 FB 1621, FB 1884 
151-10 30 320 105 0076 1100 15 30 113 FB 1490'), FB 1506' 

FB 1884, JB 1937. 
FBl505 

151-10 40 1100 15 40 172 FB 1227, FB 1329, 
FB 1621, FB 1884, 
JB(1941) 



11.1 COLLECTION OF GEOMETRICAL AND AERODYNAMIC DATA 

(Continuation of Table 11.1) 

Designation of profile 

DVL 000 15 HO 50 250 

K 

K 

K 

- 18 0'55 40 269 
18 0·55 45 274 
180·825 45 
18 0·825 45 274 
18 HO 30 320 

18 1-10 40 263 
18 1-10 50 259 
211-10 30 
25 0-55 40 
25 1-10 30 
251-10 40 
30 1-10 30 

1 35 12 0'55 40 
2 35 12 0'155 40 

4 35 12 0'55 40 

1 25 12 0'825 40 

o 00 10·1 -0·098 50 331 

o 00 10'5 -0-95 48 322 

o 00 10·75-0·356 467 321 
KP 
1·132510·75-0·356467 307 
KE 

o 00 1H -0-452452 322 
KE 
1-132511-4 -0-452 45~ 322 
KE 

o 00 1H -0-548 434 322 
KE 
1-13151H -0-548434 307 
KE 
1'-13251H -0-548 434 283 
KE 
1-1335 11-4 -0'548 434 303 
KE 

2 251H -0-548 434 ~95 

Ziirichll 
TrudoLB24 55 

NACAOOO3 

0006 

0009 

0012 

70 
130 

260 
805 
810 
300 
600 
600 
847 
900 
300 
600 
600 
829 
900 

70 

ll5 
124 
101 

109 

109 
ll5 

057 

059 

067 

093 

075 

100 

101 

086 
080 
075 

078 
096 

080 
082 

075 

078 

084 

12 082 

079 

079 

085 

122 -10 086 

ll6 -11 084 

107 -14 084 

119 --17 084 

D 158 
B 096 
D 084 
D 084 

r D 090 
D 091 
D 092 
A 125 

r D 092 
D 131 
A 139 
D 131 

r B 085 

-29 095 
005 
108 
108 
105 
098 
103 
110 
105 
109 
098 
llO 
083 

01 ODmln (Cm)a "'ale 

·10' . ·10' ·10' ·10' 
y.le 
-10' 

fie 

·10' 

0060 
0073 
0065 

0056 
0081 

0063 
0085 

0090 

0038 

09 0040 

0042 

0046 

05 0052 

07 0046 

14 0046 

25 0040 

0086 
0061 
0039 

0031 
08 0065 -027 

032 
0044 -006 
0050 0 
0089 
0051 0 
0052 0 
0052 0 
0091 
0056 0 
0058 0 
0056 0 
0129 

llOO 
0550 
0550 
0825 
0825 
llOO 

1100 
llOO 
llOO 
0550 
llOO 
1100 
llOO 
0550 10 
0550 20 

0550 40 

0825 10 

0098 00 

0950 00 

0356 00 

0356 ll3 

0452 00 

0452 ll3 

0548 00 

0548 113 

0548 113 

0548 '113 

0548 20 
0890 29 
0318 00 

243 060 1100 
234 -010 1100 
250 1100 
250 

o 
o 
o 

243 020 
250 
250 llOO o 

250 
240 050 
250 005 

llOO o 

lie 
·10' 

15 
18 
18 
18 
18 
18 

18 
18 
21 
25 
25 
25 
30 

35 12 
35 12 

35 12 

123 

"',Ie "1' Sources 
-10' ·10' 

50 236 FB 1621, FB 1884 
40 172 FB 1621, FB 1884 
45 200 FB 1884 
45 181 FB 1621 
45 181 FB 1884, 1621 
30 113 FB 1349. FB 14907), 

FB 1505'), FB 1506') 
FB 1884, JB (1937), 
JB (1940), UM 3145 

40 172 FB 1621, FB 1884, 
50 236 FB 1621, FB 1884, 
30 113 FB 1884, JB (1937) 
40 172 FB 1884 
30 113 FB 1884 
40 172 
30 113 FB 1884, UM 3145 
40 172 FB 1910') 
40 172 FB 1910'), 

172 AVA45/W/16 
40 172 FB 1910') 

25 12 40 UM 1234') 

00 10·1 50 198 FB 1621 

00 10'5 48 198 FB 1621 

00 10-7 46 198 FB 1621 

25 10-7 46 198 FB 1621 

00 II 45 198 FB 1621 

25 II 45 198 FB 1621 

00 11-4 43 198 FB 1621 

15 11-4 43 198 FB 1621 

25 11-4 43 198 FB 1621 

35 11-4 

25 11-4 
50 9 
00 10 

3 
6 
6 

9 

12 

43 198 FB 1621 

43 198 FB 1621 
43 198 Mitt_ 13 ETH 
50 245 LGL 149 

30 
30 
30 

30 

30 

I 

Aer. Res_ Tokio 
Rep_ 198 

113 & 669, & 628 
113 
113 &824 

669 
824 

113 R 586, 637 
&824 

669 

113 R 586, 637, R660 
Nl945 



124 

(Continuation of Table 11.1) 

Designation of profile 

NACAOO12 

0015 
0018 
0021 
0025 
0030 
1408 

1410 

1412 

2212 
2306 
2309 
2312 
2315 
2406 • 
2409 

2412 

2415 

2418 

70 B 106 
100 r D 091 
100 D 116 
150 r D 094 
150 D 124 
200 r D 096 
200 B 134 
300 B 152 
600 r B 103 
600 D 159 
837 A 166. 
900 B 159 
861 A 166 
784 A 153 
834 A 148 
879 D 126 
842 D 106 
300 A 133 
600 r D 100 
600 A 136 
900 D 134 
300 D 150 
600 r D 112 
600 D 151 
900 D 150 
300 A 160 
600 r D 123 
600 D 159 
900 D 158 
850 B 172 
813 D 104 
784 A 151 
824 B 161 
807 B 1M 
824 D 101 
178 135 
235 145 
299 148 
350 148 
829 B 162 

22 095 
58 108 
92 114 

140 119 
178 
235 
299 
310 
350 
570 
570 
824 
890 
178 
235 
299 
300 
350 
600 
600 
808 
900 
178 
235 
290 
299 
350 

124 
132 
139 

D 159 
142 

r D 120 
D 168 
B 172 
D 168 

122 
129 
133 

D 141 
136 

r D 120 
D 159 
C 166 
D 162 

120 
124 

D 134 
124 
125 

00 088 
089 
090 

~1 091 
091 
093 
093 
103 

~l 104 
108 
099 
106 
097 
096 
093 
085 
074 

~ 110 
~ 102 
-10 109 
~9 110 
-10 116 
~9 108 
~9 109 
~ 110 
-13 110 
-10 108 
-11 109 
-10 110 
-18 099 
-18 104 
-20 103 
-19 101 
-17 102 
-17 103 

-17 099 

-21 104 

-20 104 
-20 104 
-20 098 
-20 104 

-20 102 

-20 102 
-19 107 
-17 097 
-20 102 

-22 102 

C· I-

·10' 

CDmln (C .. ). z.le 
·10' ·10' ·10' 

y.le 
·10' 

00 0064 ~ 245 ~18 

0131 
0062 
0124 
0063 
0118 

o 246 

o 246 

0062 0 246 
0058 0 250 
0098 
0058 0 250 
0060 0 244 
0057 0 250 

002 

031 

021 
o 

030 
o 

110 
• 10" 

lie 
·10' 

0064 0 238 040 1100 0 
0070 0 233 040 1100 0 
0080 0 220 060 lloo 0 
0093 0 223 050 1100 0 
0117 ~5 181 260 1100 0 

30 0048 ~20 250 028 lloo 10 
10 0088 
20 0051 ~20 250 020 
10 0051 ~20 250 007 
20 0055 ~15 250 014 lloo 10 
10 0092 
25 0055 ~17 250 009 
15 0055 ~19 247 007 
31 0057 ~25 250 lloo 10 
10 0099 
02 0057 ~25 250 

0057 ~25 252 ~26 

12 0062 ~29 241 050 lloo 20 
14 0073' ) ~36 246 040 1100 20 
20 00831) -037 242 050 1100 20 
13 00891) ~39 238 040 1100 20 
09 01001) ~34 241 030 lloo 20 
22 00701) ~39 246 040 1100 20 

0069 
0069 

08 0060 ~ 243 040 

0074 
40 0065 ~M 239 006 

20 0098 
41 0061 ~51 243 ~ 
14 0061 ~3 245 030 
19 0058 ~I 247 ~18 

0084 
42 0066 ~50 241 ~14 

18 0102 
21 0063 ~9 246 ~13 

10 0068 ~ 236 050 
20 0063 ~9 246 ~13 

23 0071 ~51 239 ~ 
0091 

1100 20 

1100 20 

1100 20 

llOO 20 

40 

40 

40 

20 
30 
30 
30 
30 
40 

40 

tIc 
·10' 

15 
18 
21 
25 
30 
08 

10 

12 

12 
06 
09 
12 
15 
06 

9 

12 

40 15 

40 18 

11. TABLES 

z,le Of' 
Sources 

·10' ·10' 

30 
30 
30 
30 
30 
30 

30 

30 

30 
30 
30 
30 
30 
30 
30 

30 

30 

30 

R669 
N 1945 

113 R 586, 669, 832 
113 R 586, 637, 669 
113 R 669 
113 R 669 
113 R 669 
113 R 824 

113 R 824 

113 R 824 

113 669 
113 460 
113 460 
113 460 
113 460 
113 460 
113 FB 548 

JB (1937) 

669 
113 FB 548 

JB (1937) 

824 
JB(1937) 
R 586,824 

824 
669 
824 

113 FB548 
JB (1937) 

824 
JB(1937) 

824 
824 
669 
824 

113 FB548 
JB(1937) 

824 
JB(1937) 
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(Continua.tion of Ta.ble ll.l) 

~ ~ .: ... B 
... c;" dOL 

R S I~ OLmax 
0 

Ta" ODmin (Om). ::./e ::,Ie ::,Ie 
Designation of profile 

ao 01 y.le Qo fie lIe 82' 
Sources ., ... "1.1 .10' 

·10 ·10' ·10' ·10' ·10' ·10' ·10' • 10" ·10' ·10' ·10' ·10' ·10' 
.~ ~ 

~ .. 
II ... 

-.. ~ 
NACA 2418 580 r D 109 -22 099 00 0107 &824 

580 D 147 -22 103 23 0068 ~ 242 -023 
808 C 153 -19 094 06 0076 -038 239 020 669 
890 D 147 -22 102 10 0068 ~ 241 -016 824 

2421 178 115 1100 20 40 21 30 113 FBMS 
235 119 JB (1937) 
290 D 125 -20 098 20 0078 --046 231 -032 824 
299 119 0098 JB(1937) 
350 115 
590 r D 091 -19 092 10 0120 &824 
590 D 139 -19 103 18 0071 -040 239 -011 
792 D 135 -17 097 11 0127 -035 236 020 460 
890 D 148 -20 098 10 0070 -040 241 -018 824 

2U4 290 D 119 -19 100 04 0087 -039 218 007 1100 20 40 24 30 113 ,&824 

590 r D 078 -18 OS6 12 0128 
590 D 128 -19 098 10 0079 -035 228 019 
900 D 130 -19 100 00 0075 -035 231 014 

2506 815 D 103 -20 103 16 00731) ~ 250 000 1100 20 50 06 30 113 &460 
2509 80s D 138 -20 102 15 0081') -051 247 020 1100 20 50 09 30 113 460 
2512 813 B 162 -21 102 20 00881) -054 240 020 ,1100 20 50 12 30 113 460 

- 2515 813 B 153 -20 099 14 01031) -050 241 020 llOO 20 50 15 30 113 460 
, 2518 815 D 148 -20 096 09 01121 ) -047 239 020 1100 20 50 18 30 113 460 

2521 826 B 138 -18 095 07 01261) -044 227 040 1100 20 50 21 30 113 460 
2612 842 B 166 -23 100 20 00891) -062 236 020 1100 20 60 12 30 113 460 
2712 S08 B 168 -26 100 22 00901) -075 240 010 1100 20 70 12 30 113 460 
U12 855 A 171 -34 102 33 00921) -060 244 020 1100 40 20 12 30 113 460 
4306 814 D 120 -38 103 30 00801) -075 245 020 1100 40 30 06 30 113 460 
4309 814 B 160 -36 103 30 00891) -073 243 030 1100 40 30 09 30 113 460 
4312 840 B 163 -39 100 34 00951) -076 241 030 1100 40 30 12 30 113 460 
4315 824 B 156 -36 103 12 01071) -069 238 040 1100 40 30 15 30 113 460 
4318 815 B 146 -35 099 19 01191) -065 237 030 1100 40 30 18 30 113 460 
4321 824 D 129 -36 095 10 01341) -058 l>~2 030 1100 40 30 21 30 113 460 
4406 818 D 132 -39 100 32 0062 -087 246 000 1100 40 40 06 30 113 669 
4409 80s A 177 -39 096 26 0066 -088 244 020 1100 40 40 09 30 113 669 
4412 70 r D 115 -42 OS7 27 0130 1100 40 40 12 30 113 & 586. 824, N 1945 

70 D 137 --40 OS8 45 0074 -099 240 -031 
100 r D 117 -37 090 45 0143 
100 D 138 -41 095 50 0070 -095 244 -014 
1110 r D 118 -37 091 32 0134 
150 D 144 -39 101 50 0068 -095 244 004 
200 r D 125 -36 095 30 0128 
200 D 149 -39 098 70 0067 -095 245 -005 
300 D 151 -38 108 40 0068 -095 245 -068 
600 r D 139 -38 104 37 0099 
600 D 163 -39 110 50 0062 -094 246 -051 
792 D 174 --40 098 32 0071 -088 242 020 &669 
900 D 168 -38 109 50 0060 -095 247 -041 ~ 

824 
j 4415 70 r D 105 -46 OSI 20 0118 1100 040 40 15./ 30 113 &586,824 

70 D 141 -49 091 55 0086 -092 243 -084 NI945 
100 r D 106 -42 085 28 0147 
100 D 139 -49 095 60 0080 -094 242 -091 
150 r D 109 -42 OS7 30 0140 
150 D 142 -49 098 60 0079 -096 243 -085 
200 r D 112 -41 094 30 0135 
200 D 146 -47 102 80 0077 -095 242 -077 
300 D 142 -41 107 52 0073 -096 241 -066 
600 r D 128 -38 102 32 0106 
600 D 156 -42 106 40 0065 -095 241 -040 
792 C 172 --40 097 22 0076 -085 240 -010 &669 
900 D 163 -41 105 25 0063 -092 245 -040 NI945 

4418 300 D 142 --40 100 50 0077 -185 240 -060 1100 40 40 18 30 113 &824 
600 r D 113 -38 099 35 0113 
600 D 150 -39 105 48 0070 -180 242 -034 
818 D 157 -37 092 13 0079 -078 236 -010 &669 
900 D 153 --40 100 32 0067 -ISO 242 -031 

40 I 21 

824 
4421 300 D 132 -39 100 26 0083 -083 229 -019 1100 40 30 113 &824 

600 r D 098 -34 OS9 22 0121 

..... 
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(Continuation of Table 11.1) 

1 
= a ..= "'l dOr. ..,Cl 

R 51; GLma% 0° Ta' 01 °DmID (0 .. ). "'./e y./e ~o fie ""Ie tIc x,le 81' 
Designation of profile ... ... 0 Sources 

·10-4 ~ .§ ·10' ·10 ·10' ·10' ·10' ·10' ·10' .10' • 100 ·10' ·10' ·10' ·10' ·10' 
~ I> 

II ~ .. 

NACA4421 600 D 142 -39 102 20 0075 ~2 236 -010 
600 D 142 -39 102 20 0075 -082 236 -010 
821 D 141 -34 089 OS 0088 -071 231 -020 R669 
900 D 148 -39 100 28 0072 -082 238 -009 824 

«24 300 D 128 -39 100 21 0088 -080 224 -035 1100 40 40 24 30 113 824 
600 r D OS5 -30 088 10 0132 
600 D 135 -38 100 21 0080 ~O 230 -016 
900 D 139 -39 100 20 0075 ~o 239 -005 

4506 805 D 115 -43 104 42 00871) -110 245 -010 1100 40 50 06 30 113 R460 
4509 824 D 156 -41 103 39 00931) -106 247 1100 40 50 09 30 113 460 
4512 845 B 169 -42 097 32 0095') -106 239 1100 40 50 12 30 113 460 
4515 814 D 162 -41 101 28 0113') -097 241 1100 40 50 15 30 113 460 
4518 826 D 1M -39 096 16 0125') -093 236 020 1100 40 50 18 30 113 460 
4521 831 D 146 -34 095 14 0138') ~2 234 020 1100 40 50 21 30 113 460 
4612 847 B 176 -46 098 30 0099') -124 240 1100 40 60 12 30 113 460 
4712 834 A 182 -50 097 30 0104') -143 238 1100 40 70 12 30 113 460 
6212 855 A 175 -52 100 55 OWl') -089 242 040 1100 60 20 12 30 113 460 
6306 813 D 1M -52 105 63 0092') -109 2M 1100 60 30 06 30 113 460 
6309 821 B 167 -54 104 52 0101') -112 2« 030 1100 60 30 09 30 113 460 
6312 839 B 166 -55 101 40 0102') -111 243 010 1100 60 30 12 30 113 460. R 5&6 
~15 819 B 155 -54 101 41 0120') -105 243 020 1100 60 30 15 30 113 460 
6318 813 D 143 -52 098 30 0130') -098 237 010 1100 60 30 18 30 113 460 
6321 829 D 137 -52 096 10 01«') -090 235 020 noo 60 30 21 30 113 460 
6406 819 D 143 -56 104 53 0086') -129 257 1100 60 40 06 30 113 460 
6409 808 D 168 -59 101 59 0094') -133 250 -020 1100 60 40 09 30 113 460 
6412 815 D 167 -57 101 48 0104') -133 241 010 1100 60 40 12 30 113 460 
64111 80s D 1119 -57 099 39 0120') -125 243 -020 noo 60 40 15 30 113 460 
6418 818 D 151 -57 099 28 0132') -118 237 1100 60 40 18 30 113 460 
6421 800 D 141 -52 096 17 0146') -110 233 1100 60 40 21 30 113 460 
6506 846 D 129 -53 101 63 0093') -159 2110 1100 60 50 06 30 113 460 
6509 821 D 171 -63 103 51 0100') -158 249 -030 1100 60 50 09 30 113 460 
6512 840 D 175 -62 101 « 0106') -155 242 -030 1100 60 50 15 30 113 460 
65111 819 D 167 -60 099 40 0127') -147 240 -020 1100 60 50 18 30 113 460 
6518 819 D 161 -57 095 29 0141') -139 234 -020 1100 60 50 18 30 113 460 
6521 814 D 149 -53 094 10 0IM') -129 232 030 1100 60 50 21 30 113 460 
6612 868 D 183 -66 099 45 0114') -185 233 -020 1100 60 60 12 30 113 460 
6712 8113 A 195 -70 097 30 0126') -199 238 020 1100 60 70 12 30 113 460. R 586 

21012 837 C 163 -06 099 04 0070 001 235 060 1100 11 <'II 12 30 113 610 
22012 832 C 172 -09 100 10 0071 -005 237 050 1100 111 10 12 30 113 610 
22112 850 B 164 -08 100 06 0072 -001 240 050 1I00 III 10 I~ 30 1I3 1137 
23006 829 D 1I7 -12 100 15 0057 -012 240 080 1100 18 15 06 30 113 R 610. 669 
23009 260 A 134 -12 098 19 0076 -061 1I00 18 15 09 30 113 FB 1095. FB 1555. 

JB(1937). 
AVA 45/W/16. 
UM 1259'). &.669 

23012 1100 18 15 12 30 113 FB 1095. FB 1M3. 
FB 1769. FB 1848. 
JB (1937). UM 3145. 
UM 3507. UM 1259'). 
JB(1941) 

70 r D 095 -12 OSO 06 0120 NI945 
70 .. D 118 -14 099 11 0076 -010 231 152 

100 r B 100 -14 OS7 13 0128 
100 D 130 -13 099 10 0069 -010 230 139 
150 r B 108 -13 095 12 0123 
150 B 143 -13 100 1I 0065 -010 233 131 
200 r B 114 -13 097 10 0120 
200 B 150 -13 0911 11 0066 -009 232 098 
300 B 161 -12 104 13 0063 -013 241 035 R824 
600 r B 124 -15 103 19 0099 
600 B 1711 ~12 105 19 0061 -013 241 03Ii 
837 A 174 -12 100 OS 0060 -008 238 070 R669 
880 A 179 -14 105 23 0069 -013 247 004 Nl945 

23015 1I00 18 111 15 30 113 FB 1312. FB 11179, 
FB 1221. FB 1591. 
FB 1763. FB 1769. 
R 824. UM 1259 
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Designation of profile 

NACA23015 

23018 

23021 

23024 

23030 
:13112 
24012 
24112 
25012 
25112 
32012 
33012 
34012 
42012 
43009 
43012 
43015 
43018 
43021 
44012 
62021 
63009 
63012 
63015 
63018 
63021 
64021 
0009-63 

0012-63 
0012-64 
0012-65 
0015-64 
2209-34 
2409-34 
4409-34 

23012-33 
23012-34 
23012-64 
16006 
16009 

70 rB 097 
70 D 131 

100 r B 097 
100 D 136 
150 .r D 101 
150 D 139 
200 r D 107 
200 B 148 
260 B 149 
600 r B 119 
600 D 170 
837 A 173 
890 D 172 

310 
600 
600 
816 
890 

-300 
590 
590 
821 
890 
300 
590 
690 
890 
820 
826 
800 
824 
820 
840 
837 
837 
842 
808 
839 
831 
834 
840 
850 
842 
810 
829 
829 
824 
818 
816 
787 
795 

821 

035 
035 
035 
853 
860 
840 

60 

A 141 
r B 105 

D 159 
B ISS 
D 161 
D 129 

r D 094 
D 148 
B 150 
D 150 
D 120 

r D 075 
D 130 
D 141 
A 173 
C 171 
A 167 
C 167 
B 162 
A 174 
A 180 
A ISO 
A 176 
A 172 
A 184 
A 176 
C 163 
A 148 
A 182 
D 152 
A 177 
A 184 
A 176 
A .163 
A 148 
A 146 
A 162 
C 156 

C 136 

097 

B 152 
C 149 
A 171 

-13 079 
-11 093 
-12 091 
-11 095 
-11 092 
-11 098 
-11 098 
-11 099 
-10 102 
-11 102 
-12 103 
-11 098 
-10 104 

-10 102 
-10 099 
-12 102 
-12 097 
-10 102 
-10 092 
-10 093 
-12 102 
-12 092 
-10 102 
-10 100 
-12 085 
-11 098 
-10 100 
~8 100 
-15 100 
~9 100 
-16 100 
-12 100 
-12 100 
-17 099 
-21 100 
-18 100 
-24 100 
-23 100 
-23 101 
-24 096 
-24 093 
-28 098 
-31 094 
-36 098 
-35 100 
-35 098 
-34 097 
-36 097 
-42 094 

-22 
-25 
-45 

098 
094 

084 

-12 097 
-12 094 
-10 095 

o 102 

01 ODmln (0 .. ). z./e 
·10' ·10' ·10' ·10' 

11 0127 

y./e 
·10' 

110 
• loa 

02 0081 ~3 241 186 
10 0137 

0071 ~5 239 100 
11 0127 
10 0070 ~5 238 062 
11 0122 
10 0068 ~3 238 054 
12 0070 ~6 231 ~50 

15 0102 
09 0062 ~5 239 ~3 
10 0067 ~8 239 -060 
20 0063 ~7 243 ~21 18 

0073 ~8 236 
10 0105 
20 0070 ~ 241 
08 0074 ~6 233 
25 0068 ~8 243 

~5 0078 223 
09 0115 

-10 0074 234 
07 0080 ~5 227 
12 0070 238 

-10 0082 212 
08 0123 

-15 0078 223 
-10 0071 231 

08 0074') ~2 235 
08 0072') ~13 237 
10 0074') 236 
10 0074') ~19 239 
08 0074') ~2 237 
15 0075') ~ 239 
10 00741) ~14 240 
20 0075') ~22 244 
20 00781) ~ 239 
18 0068') ~21 242 
26 0068 ~19 240 
18 0070 ~15 238 
16 0078 ~13 232 
10 0108') ~1O 226 
25 0080') ~28 245 
12 01101) ~ 218 
57 0081') ~2 224 
40 0075 ~33 223 
25 0093') ~24 234 
15 0080 ~2O 229 
21 0113') ~18 219 
13 0115') ~31 223 

0068') 240 
0069') 235 

0077') 215 

15 0100') ~O 
15 01001) -060 
35 01301) -110 
25 0071') ~10 243 
13 00721) ~11 241 
10 0072') ~1O 240 

00 0050 ~10 310 

019 

017 
060 
007 

1100 18 

072 1100 18 

026 
070 
~ 

102 1100 18 

065 
048 1100 18 
080 1100 
060 1100 21 
080 1100 
070 1100 23 
070 1100 
060 1100 23 
060 1100 28 
050 1100 31 
060 1100 31 
060 1100 37 
070 1100 37 
05( 1100 3'1 
060 1100 37 
070 1100 37 
050 1100 42 
080 1100 46 
070 1100 37 
130 1100 37 
060 1100 37 
060 1100 37 
00( 1100 37 
060 1100 62 
060 1100 00 
050 

1100 00 
1100 00 

060 1100 00 
1100 00 
0275 20 
0275 20 
0275 40 

070 0275 18 
040 0275 18 
040 1100 18 

0489 00 
I 0489 00 

lIe z,le 
·10' ·10' 

15 18 

15 21 

15 24 

15 30 
15 12 
20 12 
20 12 
25 12 
25 12 
10 12 

. 15 12 
20 12 
10 .12 
15 09 
15 12 
15 15 
15 18 
15 21 
15 12 
20 21 
10 09 
15 12 
15 15 
15 18 
15 21 
15 21 
00 9 

00 
00 
00 
00 
20 
40 
40 
15 
15 
15 

00 

12 
12 
12 
12 
09 
09 
09 
12 
12 
12 
6 
9 

30 

30 

30 

30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 

30 
40 
50 
40 
40 
40 
40 
30 
40 
40 
50 
50 

'1' 

·10' 
Sources 

N 1945 

R824 

R669 
N1945 

127 

113 FB 1095, FB 1221, 
FB 1611, FB 1639. 
FB 1769, JB (1937). 
R824 

R669 
R824 

113 R824 
R668 

R669 

113 R824 

113 R 658 
113 R537 
113 R 610 
113 R537 
113 R 610 
113 537 
113 610 
113 610 
113 610 
113 610 
113 610 
113 R 610, 669 
113 FB 1763, R 610, 66!! 
113 R 610, 669 
113 R 610 
113 610 
113 610 
113 610 
113 R 610, 669 
113 R 610 
113 R 610, 669 
113 R610 
113 R610 
113 R610 

LGL 1277) 
113 R 610 
172 R 610, N 1591 
236 R 610 
172 FB 1247 
172 R492 
172 R 492 
172 R492 
113 R 610, R 586 
172 R 610 
172 R 610 
267 N976') 
267 ,N 976, R 763 



128 11. TABLES 

(Continuation of Table 11.1) 

fBI = 
I 

" a ... .. 
tlOL .. <:::> 

R g "a GLm&J: 
0 /i;; C1 CDmin (Coo). y.le 110 fie "',Ie lie "',fc Designation of profile ... ... "0 "'.Ie Of' Sources 

·10"" -:i g ·10' . 10 ·10' ·10' ·10' ·10' ·10' ·10' ·10' ·10' ·10' ·10' ·lQ' ·10' .; .~ 

I ~~ 
I I I 

NACA16012 0489 00 - 12 60 267 N976. R 763 
16016 0489 00 - 15 50 267 N976 
16018 0489 00 - 18 60 267 N976 
16021 0489 00 - 21 50 267 N976 
16109 60 ~8 102 12 0050 ~25 285 0489 06 50 9 50 267 N 9767) 

16209 60 -14 100 26 0050 ~ 286 0489 11 50 9 50 267 N2951 
16506 60 -38 110 40 0045 -110 260 0489 28 50 6 50 267 
16509 60 -38 112 50 0050 -105 260 0489 28 50 9 50 267 
16512 60 -38 098 40 0080 -110 280 0489 28 50 12 50 267 
16515 60 -38 090 30 0105 -110 310 0489 28 50 15 50 267 
16521 60 -21 090 02 0160 ~70 310 0489 28 50 21 50 267 
16530 60 -17 068 -12 0300 ~15 330 0489 28 50 30 50 267 
16709 60 -50 112 52 0080 -140 260 0489 39 50 9 50 267 
161009 60 -65 124 75 0110 -175 270 0489 55 50 9 50 267 
27209 805 092 -16 091 12 0060 ~ 0525 13 50 9 20 55 L-345 
27212 849 112, -10 089 05 0069 ~35 0525 13 50 12 20 55 L-345 
27215 850 128 00 087 -05 0084 015 0525 13 50 15 20 55 L-345 
63 -006 300 D 080 110 0042 007 258 ~ 0825 00 00 6 35 043 R824 

600 D 081 110 0041 007 258 ~29 

600 r D 088 108 0088 007 258 ~33 

900 D OSO 110 0042 007 258 ~33 

1500 D 088 III 0050 R964 
2000 D 090 112 0062 964 
2500 D 096 111 0061 964 

63 -009 300 D 110 110 0042 258 010 0779 9 35 040 R824 
600 r D 090 107 0088 
600 D 110 110 0041 258 ~7 
900 D 115 110 0041 258 ~16 

1500 r D OS9 109 0081 964 
631 - 012 300 A 139 114 0050 265 ~17 0775 12 35 036 R824 

600 r D 098 110 0092 
600 D 139 116 0045 265 ~19 

900 D 145 114 0043 265 ~30 
1500 D 146 114 0048 964 
2000 D 143 114 0051 . 2500 D 141 115 0057 

63. - 015 300 D 138 110 0053 270 ~32 070S 15 35 035 R824 
600 r D 112 III 0095 
600 D 148 lOS 0051 272 ~27 

900 D 150 110 0049 271 ~34 

630 - 018 300 D 125 118 0058 277 ~5 0654 18 35 034 R824 
600 r D 111 118 0102 
600 D 144 118 0054 271 ~19 

900 D 152 lI8 0049 271 ~2O 

1500 D 163 117 0048 964 
2000 D 165 ~5 118 0052 

63.-021 300 D 115 113 0063 276 ~06 0601 21 35 033 R824 
600 r D 099 112 0109 
600 D 127 119 0056 273 
900 D 139 115 0052 273 ~1 

63 AOO6 • 0736 06 37 110 R903 
63 A008 0739 08 37 109 R903 
63 AOI0 900 B 119 105 0046 254 ~3 0742 10 37 107 R903 
631 A 012 0744 12 37 107 R903 
63. A 015 0724 15 37 105 R903 
63 - 206 300 D 096 -20 105 20 0040 ~39 251 005 OS25 11 50 06· 35 043 R824 

600 D 101 -19 112 20 0040 ~39 250 
600 r D 109 -20 110 22 0082 
900 D 108 -20 105 25 0040 ~39 254 ~11 

63 - 209 300 D 129 -12 110 26 0044 ~31 260 ~18 0779 11 50 09 35 040 R824 
600 r D 106 -12 110 05 0088 
600 B 141 -13 110 20 0046 ~31 263 ~26 

900 D 141 -12 110 20 0046 ~31 262 -032 
1500 D 140 -13 114 01 0056 964 
2000 D 138 -15 114 02 0058 
2500 D 135 -17 114 0062 
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11.1 COLLECTION OF GEOMETRICAL AND AERODYNAMIC DATA 129 

(Continuation of Table ILl) 

~ =1 
I = J "€oe;, dCL 

R " , .... CLm&x 
0 d;- Cl CDmin (C")a xa/e y.le fie xtle tic z.!e 

Designation of profile 
o 0 0 0 110 eT Sources ... ... 

·10-' -= " ·10' • 10 ·10' ·10' ·10' ·10' ·10· -lO' . loa ·10' ·10'- ·10' ·10' ·10' 
.... 0 .; .;;: 

II ~ 
.. ;q 

N ACA 63-210 300 D 141 -14 110 20 0048 1-033 264 -031 0770 11 50 10 3.', 038 R824 

600 r D 102 -10 110 15 0091 
600 D 151 -13 112 20 0045 -033 261 -037 
900 D 156 -12 110 20 0045 -033 261 -033 

63, - 212 300 D 152 -20 110 15 0048 -034 264 -046 0755 11 50 12 35 036 

600 r D 119 -20 110 20 0091 R824 

600 D 159 -18 117 25 0045 -034 263 -034 
900 D 162 -20 110 25 0045 -034 263 -029 

1500 D 162 -18 112 15 0051 964 

2000 D 155 -18 114 0065 
2500 D 154 -18 114 0067 

63. -215 300 D 141 -10 120 15 0058 -031 269 -052 0708 11 50 15 35 035 R903 

600 r D 125 -10 112 15 0098 824 

600 D -'59 -13 118 05 0048 -031 266 -024 
900 D 161 -12 120 20 0046 -031 267 -020 

6a. - 218 290 D 131 -12 120 15 0060 -027 273 -050 0654 11 50 18 35 034 R824 

600 r D 115 -12 110 10 0101 
600 D 145 -13 118 17 0051 -032 272 -047 
900 D 150 -12 120 20 0049 -032 271 -042 

63. - 221 300 D 118 -13 110 15 0062 -030 274 004 0601 11 50 21 35 033 R824 

600 r D 103 -13 110 05 0112 

60Q D 131 -13 119 10 0055 -030 270 -017 
900 D 146 -13 110 20 0053 -030 269 -033 

63 A 210 0742 11 50 10 37 107 R903 

63, - 412 300 D 158 -30 102 30 0053 -075 271 -095 0755 22 50 12 35 036 824 

600 r D 131 -30 100 25 0098 
600 D 171 -28 108 38 0048 -075 271 -080 
900 D 178 -30 100 32 0045 -075 270 -073 

63. - 415 70 r D 103 -27 092 06 0118 0708 22 50 15 35 035 R903 

70 B 126 -26 109 16 0077 -063 274 016 N1945 

100 r D lOB -25 098 15 0131 
100 B 130 -28 lOB 30 0070 -064 271 022 
150 r D 118 -25 100 20 0128 
150 D 136 -28 112 20 0064 -068 273 -081 
200 r D 119 -25 105 17 0123 
200 D 141 -28 111 25 0061 -069 273 -069 
300 D 154 -30 115 35 0065 -071 264 -043 
600 r D 132 -30 113 21 0099 
600 D 162 -28 118 22 0052 -071 264 -039 
900 D 167 -30 115 35 0049 -071 262 -036 

63, - 418 300 D 139 -26 118 30 0060 -065 272 -052 0654 22 50 18 35 034 R824 

600 r D 120 -24 110 18 010B 
600 D 150 -26 118 23 0052 -071 271 -057 
900 D 158 -26 118 22 0050 -071 272 -051 

63,4-420 310 D 119 -21 101 05 0059 -060 265 -036 0784 22 50 20 35 033 R8245) 

600 r D 109 -21 101 05 0102 
600 D 133 -21 104 05 0058 -060 264 -049 
900 D 142 -21 110 05 0055 -06{J 265 -054 

63,4- 420 300 D 120 ...5.25 108 37 0067 -036 264 -025 0784 29 35 20 35 033 R824 

a= 0-3 600 r D 104 -25 104 10 0110 
600 D 122 -25 110 07 0060 -036 264 006 
900 D 135 -25 lOB 45 0058 -036 265 

63. - 421 300 D 132 -28 120 20 0067 -057 275 --025 0601 22 50 21 35 033 R824 

600 r D 110 -25 114 20 0112 
600 D 138 -28 120 25 0056 -057 279 -030 
900 D 148 -27 120 28 0054 -063 275 -027 

630 - 615 300 D 145 -40 116 25 0058 -110 266 -037 070B 33 50 15 35 035 R824 

600 r D 139 ~9 108 30 0102 
600 D 159 -35 120 42 0052 -110 266 -043 
900 D 167 -38 120 42 0048 -110 266 -040 

6a. - 618 300 D 140 -38 118 22 0060 -098 267 -012 0654 33 50 18 35 034 R824 

600 r D 127 -38 110 24 0107 
600 D 148 -38 118 28 0053 -098 266 -013 
900 D 158 -38 118 45 0062 -098 267 -016 

63Cuo) -422 600 r D 110 -28 105 26 0117 0790 22 50 22 35 033 824 

600 D 130 -31 113 05 0064 -064 269 -068 
900 D 140 -31, 110 12 0060 -064 271 -043 
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it. 

130 

(Continuation of Ta.ble 11.1) 

Designation of profile 

NACA 63(4110) - 517 

64-006 

64-008 
64-009 

64.-015 

640-018 

114.-021 

64 A 006 
64 A 008 
64AOI0 
Mt -012 
64.-015 

64 -108 

64-110 

64-206 

64-208 

310 
590 
890 
300 
600 
600 
900 

1500 
2000 
2500 

D 145 
D 154 
D 161 
D 082 

r D 082 
D 080 
D080 
D 088 
D 095 
D 096 

300 A 110 
6OOrDooo 
600 B 110 
900 B 117 

1500 D 119 
2000 D 118 
2500 D 113 

70 D 086 
70 r D 091 

100 r, D 089 
100 D 093 
150 r D 091 
150 B 113 
200 r D 088 
200 B 120 
300 B 143 
6OOrDQ94 
600 B 141 
900 B 145 
300 D 132 
600 r D 110 
600 D 145 
900 D 148 
300 D 120 
600 r B 108 
600 D 134 
900 D 150 
300 D 119 
600 r B 10.1 
600 D 129 
900 B 143 

300 D 086 
600 r D 098 
600 D 100 
900 D 110 
300 B 129 
6OOrD098 
600 B 137 
900 B 140 
300 B 145 
600 r D 108 
600 D 150 
900 D 150 
300 D 100 
600 r D 100 
600 D 108 
900 D 103 
300 B 112 
600 r D 100 

-33 
-33 
-30 

114 
113 
110 
110 
108 
110 
110 
110 
III 
112 

110 
110 
110 
110 
110 
112 
112 

098 
088 
091 
105 
095 
100 
099 
106 
111 
110 
110 
110 
110 
110 
112 
110 
110 
110 
110 
110 
112 
110 
112 
112 

110 
lOS 

-04 112 
110 

-12 110 
-08 110 
-09 110 
-10 110 
-10 115 
-10 113 
-04 113 
-10 115 
-12 115 
-10 108 
-10 110 
-10 115 
-13 112 
-13 lOll 

01 ODmin (0 .. ). "'.Ie 
·10' .10' ·10' ·10' 

flo 

• loa 
fie 

·10' 

25 0062 ~7 
35 0058-O8ll 
35 0057 ~5 

264 -107 
262 -007 
264 -OJS9 
259 -008 

0790 27 

0040 
0085 
0038 
0040 
00% 
0049 
0050 

258 -014 
256 -014 

0711 00 

0711 
0043 
0088 
0042 
0040 
0040 
0044 
0050 

257 015 0715 

260 -002 
262 -027 

0069 
0105 
0124 
0063 
0116 
0055 
0110 
0053 
0050 
0091 
0046 
0042 
0054 
0097 
0048 
0045 
0058 
0102 
0048 
00% 
0062 
0107 
0054 
0050 

002 253 
0720 

059 0722 

006 257 

002 261 

265 
003 256 

031 

020 

006 
029 

259 017 
262 -002 
268 -007 0707 

268 -006 
267 -007 
269 -053 0681 

268 -OJS4 
266 -044 
270 016 0654 

004 273 -044 
274 -077 

0683 
0686 
0687 
0690 
0694 

10 0042 -013 259 -029 0711 6 
0086 

10 0040 -016 256 014 
10 0040 -016 255 029 
18 0048 -021 260 -013 0742 6 
10 0090 
10 0043 -021 260 -018 
10 0042 -021 261 -022 

0050 -020 265 -013 0722 6 
15 0094 

0044 -020 265 -017 
0042 -020, 267 -039 

18 0040 -041 255 -020 0711 11 
18 (Oq4 
18 0040 -041 2M 011 
18 0040 -041 253 -020 
20 0044 -040 256 -005 0711 11 
16 0089 

00 

Ifc 
·10' 

17 

06 

08 
09 

10 
12 

15 

18 

21 

6 
8 

10 
12 
15 

5 08 

5 10 

50 12 

50 06 

50 08 

I 

""Ie 
·10' 

38 

11. TABLES 

"'I' 

·10' 
Sources 

034 R8~ 

053 R8~ 

38 055 R8~ 
38 051 R8~ 

38 
37 

37 

37 

37 

050 R8~ 
047 R8~ 

NI945 

824 

0« R8~ 

00 R8~ 

040 R8~ 

39 106 R903 
39 105 
39 104 
39 104 
38 102 R824 

38 R8~ 

38 R8~ 

37 R8~ 

38 R824 

38 R8~ 



11.1 COLLECTION OF GEOMETRICAL AND AERODYNAMIC DATA 

(Continuation of Table 11.1) 

Designation of profile 

NACA64-208 

64 - 209 

64 -210 

64. - 215 

64. - 218 

64 A210 
64t A 212 

64. A 215 

64 A 310 
64 -409 
641 -412 

64. - 415 

.. 

600 B 121 
900 D 150 
300 B 128 
600 r D 107 
600 B 136 
900 D 140 
300 B 140 
600 r D 104 
600 B 144 
900 D 154 
300 B 152 
600 r D 116 
600 D 154 
900 D 154 
300 D 139 
600 r D 120 
600 D 155 
900 D 158 
300 D 128 
600 r B 120 
600 D 145 
9(J() D 153 
300 D 120 
600 r D 115 
601 133 
900 D 105 

70 r B lOS 
70 D 109 

100 r D 108 
100 B 121 
150 r D 108 
150 B 127 
200 r D 105 
200. B 137 
300 B 149 
600 r D 113 
600 B 150 
900 B 153 
70 D lOS 
70 r D llO 

100 r D 110 
100 D llO 
150 r D 112 
150 D 120 
200 r D ll5 
200 B 139 
300 B 142 
600 r D 111 
600 B 150 
900 D 149 

70 
70 

100 
100 
150 
150 
200 
200 
300 

... 600 
600 
900 

70 
70 

D 118 
r D 120 
r D 121 

D 128 
r D 123 

D 135 
r B 123 

B 142 
B 154 

r D 134 
B 167 
D 168 

r D 113 
D 120 

dCr. 
"'(1;;: C1 CDmin (C .. ). z./e y./e 
·10' ·10' ·10' ·10' ·10' .10' 

110 
• lQ1 

fie zf/e t/e z';e 
·10' ·10' ·10' .10' 

-13 112 
-10 112 
-15 110 
-13 105 
-14 108 
-13 110 
-17 110 
-17 110 
-14 llO 
-17 110 
-12 110 
-12 105 
-12 llO 
-12 llO 
-15 110 
-13 099 
-16 ll2 
-13 110 
-10 llO 
-10 110 
-13 115 
-12 114 
-10 1I0 
-10 110 
-13 118 
-10 1I0 

-19 088 
-19 092 
-19 087 
-19 093 
-20 OS8 
-18 095 
-20 089 
-17 098 
-19 098 
-17 098 
-18 103 
-19 103 
-37 098 
-35 092 
-34 098 
-32 099 
-33 099 
-32 100 
-33 102 
-32 103 
-30 112 
-24 110 
-28 ll4 
-25 112 

-28 102 
-28 101 
-27 102 
-30 103 
-28 103 
-30 104 
-28 104 
-30 108 
-28 1I2 
-28 III 
-28 113 
-28 112 
-32 090 
-30 103 

20 0043 ~ 257 -005 
22 0041 -{l4O 267 -{)o7 
20 0043 -{l36 258 -{lIli 0715 11 
11 0088 
20 0042 -{)41 259 -{l29 
20 0040 -{)41 261 -{)41 
30 0046 -{)45 259 -{l16 0720 11 
12 0091 
25 0044 -{)41 259 -{l16 
28 0040 -{)41 258 -{l11 
35 0047 -{l28 262 -{l13 0722 11 
20 0088 
15 0043 -{l28 262 -{l24 
15 0041 -{l28 262 -{l24 
43 0052 -{l32 267 -{)45 0707 11 
12 0098 
25 0048 -{l32 266 -{l38 
12 0045 -{l32 265 -{l14 
15 0058 -{l25 267 002 0681 11 
10 0102 
03 0050 -{l30 269 -{l21 
20 0047 -{l30 271 -{)s3 
15 0064 -{l24 275 015 0654 11 
19 0108 
30 0054 -{l28 273 -{)o3 
20 0050 -{l29 271 -{)OS 

0109 
0681 11 

20 0067 ~ 248 -{)99 0690 11 
06 0125 
10 0063 -{)40 243 -{)48 

09 Oll8 
18 0056 ~ 247 -{l50 
17 Oll2 
16 0052 ~ 249 -{)49 
20 0049 ~ 254 -{)48 

08 0092 
25 0045 ~ 253 -{l30 
25 0045 ~ 252 -{l21 
15 0060 -{)65 258 -{l35 0694 11 
14 0122 
20 0120 
22 0054 -{l70 256 -027 
22 0115 
26 0050 -{l68 263 -{l20 
24 0108 
25 0050 -{l70 262 -{l31 
28 0046 -{l71 264 -{l67 
26 0090 
38 0041 -{l69 259 -{l20 
35 0042 -{l70 260 -{l25 

0687 16 
0715 22 

18 0071 -{l70 267 -{l33 0722 22 
08 0102 
08 0124 
28 0063 -{l75 270 -{l33 
20 0124 
36 0057 -{l69 272 -{l59 
16 Oll8 
35 0057 -{l70 272 -{)s3 
40 0050 -{l73 266 -{l53 
32 0097 
30 0045 -{l73 266 -{)46 
30 0042 -{l73 267 -{l34 
13 0118 0707 22 
OS 0080 -{)64 265 -{)SO 

50 

50 

50 

50 

50 

50 

50 

50 
50 
50 

50 

09 

10 

12 

15 

18 

21 

10 

12 

15 

10 
09 
12 

38 

37 

37 

37 

37 

37 

39 

39 

38 

38 
37 
37 

37 

R824 

R824 

R824 

R824 

R824 

R824 

104 R903 

104 R903 
NI945 

102 R903 
N1945 

Sources 

N 2096, N 2177 
NI945 
R824 
NI945 

R824 

R824 
N 1945 

131 



132 11 TABLES 

(Continuation of Table 11.1) 

~ I " 
I I gj • 

" ",5 dCL .g,Q 
R 6 ~ cLma:s: aO ~ C1 cDmin (Cm). x./e y./e 110 f/e x/!e t/e x,/e eT 

Designation of profile • 10-''':; ~ ·10' 
0 Sources 

·10 ·10' ·10' ·10' ·10' ·10' ·10' ·10" ·10' ·10' ·10' ·10' '·10' 
... 0 
.~ ':;: 

" 1111 
... I'Q 

I 
NACA 642 - 415 100 r D 117 -29 099 18 0136 

100 B 124 -30 105 10 0071 -067 268 -087 

150 r B 122 -29 102 20 0123 

150 D 131 -30 106 10 0062 -068 270 -084 

200 r B 128 -29 106 16 0123 

200 D 138 -30 110 40 0061 -069 271 -077 

310 D 148 -29 114 25 0056 -070 264 -070 R824 

600 r D 130 -29 110 25 0100 

600 D 160 -29 115 35 0050 -070 265 -051 

900 D 164 -29 112 35 0047 -070 264 -040 

64. - 418 70 r D 104 -26 098 15 0125 0681 22 50 18 R824 

70 D 122 -24 116 30 0093 -062 281 -060 N1945 

100 r D 105 -23 098 20 0146 
100 D 125 -27 116 05 0083 -064 277 -064 

150 r D 109 -22 106 20 0135 
150 D 129 -27 113 15 0070 -065 279 -077 

200 r D 111 -23 104 20 0132 

200 D 131 -28 112 20 0068 -065 279 -084 

300 D 138 -30 115 35 0060 -064 267 -051 R824 

600 r D 124 -30 113 25 0107 

600 D 149 -29 116 10 0053 -064 271 -050 

900 D 158 -30 117 23 0050 -064 273 -049 

64, - 421 300 D 134 -26 115 10 0062 -065 277 -017 0654 22 50 21 &,824 

600 r D 119 -25 110 20 0112 

600 D 148 -26 120 10 0055 -065 278 -035 

900 D 153 -25 115 11 0052 -065 276 -047 

64 A 410 70 r D 121 -39 098 20 0108 0687 22 50 10 39 104 

70 D 133 --42 102 40 0072 -100 260 -041 N1945 

100 r D 129 -39 099 30 0128 

100 D 133 --41 106 32 0067 -105 268 -072 R903 

150 r D 133 -39 101 30 0118 

150 D 140 --40 III 50 0060 -100 271 -048 

200 r D 134 --41 098 34 0117 

200 B 145 --40 110 57 0058 -100 271 -063 . 
300' D 160 --42 112 37 0050 -105 270 -028 

600 r D 139 --40 III 44 0096 

600 D 178 --41 117 50 0046 -105 268 -039 

900 D 178 -39 117 46 0044 -110 264 

~!I 64. - 618 300 D 138 -38 120 40 0058 -076 289 0681 33 50 18 R824 

600 r D 130 -35 112 27 0108 . 
600 D 150 -38 118 50 0052 -082 275 005 

900 D 161 -38 120 50 0048 -097 273 -019 

64 A 810 10 39 104 N2298 

64A 910 10 39 104 N2096 

65 -906· 300 D 081 115 0035 000 250 0667 6 41 060 R964 

600 D 084 105 0035 256 -014 

600 r D 092 105 0082 
900 D 085 115 0035 258 -033 

1500 D 090 109 0040 
2000 D 099 110 0044 964 

2500 D 100 110 0047 

65 -009 300 D 090 110 0044 262 -004 0681 9 41 057 R824 

600 D 092 107 0088 
600 r D 106 107 0042 262 -018 

900 D 109 110 0040 264 -034 

65 - 010 0678 10 41 056 Nl271 

65, -012 300 D 115 105 0040 255 018 0694 12 41 057 R824 

600 r D 098 112 10 0092 
600 B 130 110 0040 258 002 

900 B 137 105 0038 261 -012 

65. - 015 300 B 136 110 0050 263 -024 0669 15 41 053 R824 

600 r D 103 110 0099 
600 D 141 III 0042 259 
900 D 142 110 0040 257 014 

65.-018 300 D 125 105 0050 270 -007 0605 18 40 052 R824 

600 r D 108 105 I 0105 
, 600 B 138 110 00441 268 -012 



1l.1 COLLECTIOlof OF GEOMETRICAL AND AERODYNAMIC DATA 133 

(Continuation of Table 11.1) 

~ • • a 
= "" 

R 
~c.;, dOr, 

" - OLmax aO a;;;- O,! C.DmID 
(0",). x.lc y.le 110 fie x/Ie tic x,fe o 0 'T 

Designation of profile ... ... 0 Sources 
.10-4 

..0 " ·10' • ·10 ·10' ·10' ·10' ·10' ·10' ·10' • l()1 ·10' ·10' ·10' ·10' ·10' 
..., 0 

.~ ] 
" .. III 

900 D 138 105 0042 267 ~13 

NACA 65. - 021 300 D 120 115 0057 271 ~17 0567 21 40 051 R82. 

600 r B 108 100 0110 
600 D 135 112 0050 270 ......025 

900 D 140 115 ~ 267 ~25 

65 A006 0636 .2 118 R903 

65 AOO8 0637 .2 118 R903 

65 A 010 0639 10 .2 117 R903 

65, - 012 0640 12 .1 116 R82. 

65, - 015 0M3 15 41 la R82. 

65 - 206 300 D 099 -16 102 18 0037 ~32 2M ~13 0667 11 50 06 .1 060 R824 

600 r D 100 -15 10. 15 008. 
600 D 103 -12 10. 18. 0037 032 257 ~19 

900 D 106 -15 102 18 0038 ~32 257 ~ 

65 - 208 11 50 08 41 057 R877 

65- 209 300 B 125 -12 110 15 0042 ~32 261 ~17 0681 11 50 09 056 41 R824 

600 r D 100 -12 107 18 0090 
600 B 125 -13 107 18 0038 ~32 259 ~10 

900 D 130 -12 110 20 0039 ~32 259 ~. 

65 - 210 300 B 128 -15 110 10 0041 ~34 262 ~ 0687 11 50 10 .1 056 R877 

600 r D 103 -13 109 18 0090 R824 

600 B 132 -15 109 20 0039 ~34 262 ~38 

900 B 140 -15 110 20 0037 ~34 262 ~2O 

65, - 212 300 B 140 -10 110 20 0046 ~33 258 ~37 0694 011 50 12 .1 M R 824, R 877°) 

600 r D 107 -10 110 14 0092 
600 B 146 -10 110 20 0041 ~36 259 ~32 

900 D 146 -10 110 25 0038 ~33 261 ~26 

65,-212 300 B 141 -15 108 30 0045 ~5O 265 ~ 0694 015 48 12 .1 57 R 824, R 8771) 

0. =0'6 600 r D 102 -10 108 10 0094 
600 B 143 -15 108 30 0040 ~25 269 ~19 

900 B 150 -15 108 25 0038 ~30 269 ~19 

65. - 215 300 D 141 -12 lIO 0048 ~32 268 ~1 0669 II 50 15 40 53 R824 

600 r D lI3 -12 lIO 10 0102 R832 

600 D 152 -12 lI2 15 0042 ~32 269 ~3 . 
'~ 900 D 151 -12 lIO 25 0040 ~32 269 ~3 

os. -218 - tl>300 . ~D e133 ,-13 ';-i02 :-15 ~M. ~29 ,264 ,-~ t-0605 °lI ' . Ii(} '18 40· '52 R824 
"0 ---- 600 r B 112 -12 102 13 0102 

600 D 149 -12 112 18 0046 ~29 264 ~1 

900 D 150 -12 102 15 0042 ~29 263 ~27 

65. - 221 300 D lI9 -15 110 25 0058 ~30 274 ~3 0567 11 50 21 40 51 R82. 

600 r D lI3 -12 100 17 0112 
600 D 134 -12 114 25 0049 ~30 273 ~52 

900 D 147 -12 110 28 ~ ~30 274 ~O 
M -410 300. B 141 -25 no 45 0043 -066 258 -025 0687 22 50 10 41 56 R824 

600 r D 126 -25 110 20 0091 N 1279 

600 B 153 -25 III 40 0040 ~O 259 ~24 

900 D 152 -25 110 35 0037 ~6 262 ~35 

65, - 412 300 B 152 -30 no 25 0046 ~ 263 ~7 0694 22 50 12 41 M R824 

600 r D 132 -30 108 30 0093 
" 

600 B 160 -28 110 30 0042 ~2 264 ~ 

900 D 165 -30 110 30 0039 ~72 265 ~38 

65. -415 70 r D 107 -'-28 096 22 0098 0669 22 50 15 .1 53 R824, N 1945 

70 D 117 -31 105 30 0079 ~ 258 ~9 
100 r D 114 -28 095 26 0133 
100 D 124 -32 107 30 0068 ~ 264 ~15 

150 r D 119 -27 100 17 0128 
150 B 130 -32 109 40 0062 ~ 268 ~ 
200 r D 122 -27 101 20 0122 
200 B 135 -32 109 34 OOM ~ 264 ~1 

300 D 144 -28 115 28 0050 ~ 266 ~3 
600 r D 124 -27 108 25 0100 
600 D 160 -28 113 30 0041 ~62 266 ~ 
900 D 162 -28 113 30 0040 ~2 268 ~1 

65. -415 300 D 138 -25 110 25 0050 ~ 264 ~18 0669 30 40 15 .1 53 R824 

0.=0·5 600 D 1M -25 116 25 0045 ~6 264 ~21 890 D 160 -25 112 40 0041 ~6 264 ~2 



134 

(Continua.tion of Table 11.1) 

Designation of profile 

NACA 65, - 418 

65, - 418 
a = 0-5 

65, - 421 
a = 0·5 

65., - 618 

65. - 618 
a = 0'5 

65 (215) - 114 

65 (216) - 415 

65 (216) - 415 
a= 0'5 

65 (421) - 420 

65·3 - 618 

66 -006 

66 -008 
66 -009 

66 -010 
66, -012 

66. - 018 

66, - 021 

I 

300 D 134 
600 t D 122 
600 D 150 
900 D 155 
290 D 129 
590 r D 120 
590 D 142 
890 D 150 
300 D 129 
600 r B 120 
600 D 140 
900 D 155 
300 D 121 
600 r D 112 
600 D 132 
890 D 143 
300 D 140 
600 r B 130 
600 D 154 
900 D 166 
300 D 128 
600 r D 120 
600 D 142 
900 D 150 
300 B 142 
600 r D 108 
600 D 143 
900 D 143 
310 D 140 
600 D 156 
890 D 162 
310 D 138 
600 D 150 
900 D 1~9 
310 D 130 
600 r D 112 
600 D 144 
900 D 152 
310 D 138 
620 r D 124 
620 D 150 
900 D 161 
300 D OSO 
600 D 080 
600 r D 081 
900 D 080 

300 D OS2 
600 r D 086 
600 D 100 
900 D 105 

300 
600 
600 
900 
300 
600 
600 
910 
300 
590 
600 

I§ 

B 122 
r D 090 

B 123 
D 124 
B 129 

r D 096 
B 137 
D 136 
D 126 
D 134 

r D 104 
D 133 
D 119 

r B 103 I 
D 132 I 

-25 110 
-25 100 
-25 111 
-25 110 
-30 110 
-30 105 
-30 110 
-30 110 
-28 112 
-25 100 
-28 112 
-28 112 
-30 110 
-25 093 
-28 110 
-28 110 
-40 115 
-40 105 
-41 115 
-40 115 
-42 105 
-42 102 
-42 105 
-42 105 
-'J7 110 
-'J7 108 
-'J7 110 
-'J7 110 
-30 114 
-28 114 
-30 114 
-30 110 
-30 110 
-30 110 
-25 116 
-21 099 
-25 116 
-25 116 
-41 115 
-33 105 
-41 115 
-38 116 

00 100 
100 
105 
100 

107 
107 
107 
107 

105 
109 
107 
105 
102 
100 • 
103 
102 
100 

03 108 
05 098 
05 100 

100 
075 
104 

01 ODmin (Om). x.lc 
·10' ·10' ·10' ·10' 

I 

Yale 
-10' 

110 lie 
• HIli •• 10' 

121 0052 -'J61 265 -090 0606 022 

121 0106 
30 0045 -'J61 263 -'J59 
35 0044 -061 265 -'J60 
60 0054 -'J54 265 -'J12 0605 030 
30 0120 
35 0047 -'J56 266 -'J52 
35 0044 -'J56 267 -'J47 
OS 0054 -'J67 268 -065 0567 022 
25 0113 
10 0050 -067 272 -'J46 
25 0045 -067 272 -'J76 
30 0058 -'J55 266 -'J84 0567 022 
15 0119 
12 0050 -'J55 271 -'Jll 
30 0047 -'J55 272 -'J04 
45 0055 -104 275 -'J44 0605 033 
30 0110 
45 0047 -104 274 -'J35 
50 0042 -104 276 -'J22 
40 0056 -'J79 257 -'J59 0606 045 
22 0112 
42 0050 -'J79 264 -'J08 
42 0048 -'J79 265 -'J26 
03 0048 -'J17 261 -'J20 0670 6 
OS 0098 
10 0042 -'J22 264 -'J27 
10 0040 -'J22 266 -'J27 
47 0052 -'J57 265 -'J23 0666 30 
40 0044 -'J57 266 -'J20 
32 0042 -'J57 267 -'J31 
25 0055 -'J80 269 -069 
28 0046 -'J80 268 -'J98 
46 0044 -'J80 266 -'J86 
10 0056 -061 273 -110 0567 22 
15 0113 
15 0050 -062 272 -'J70 
26 0045 -063 276 -'J46 
32 0053 -'J88 279 -'J20 
23 0109 
42 0044 -100 276 
57 0043 -100 273 

-'J83 
-'J93 

00 0030 0 255 -'J27 0619 00 
0030 258 068 
0083 
0032 252 

0035 
0090 
0031 
0030 

0040 
0094 
0036 
0032 
0046 
0100 
0037 
0034 
0048 
0039 
010S 
0034 
0052 
0120 
0041 

0642 
255 063 0654 

258 002 
259 -'J25 

0662 
012 259 -'JOB 0661 

-'J06 259 -'J04 
258 
265 -'J16 0638 

265 -'Jll 
265 -'J05 

-'J06 268 -112 0603 
-'J06 266 -'J58 

-'J06 264 -'J27 
280 -360 0578 

276 1-235 

tic 
. ro' 

50 18 

44 18 

50 21 

50 21 

50 18 

44 18 

50 14 

44 16 

50 21 

00 6 

8 
9 

10 
12 

16 

18 

21 

40 

40 

40 

40 

40 

40 

41 

41 

41 

''I' 

·10' 

11. TABLES 

Sources 

112 R824 
NI945 

52 & 824 

51 & 824 

III & 824 

112 R824 

52 824 

37 824 

35 824 

116 824 

080 R824 

45 079 &824 
45 078 &824 

45 
45 

411 

077 &824 
076 R 824 

073 R824 

070 R824 

065 &824 



11.1 COLLECTION OF GEOMETRICAL AND AERODYNAMIC DATA 

(Continuation of Table 11.1) 

Designation of profile 

NACA 66, - 021 
66 -206 

66-209 

66 - 210 

66, - 212 

66·1 - 212 

66. - 215 

66·2 - 216 a = 0·6 
aa. -218 

66, - 221 

66. - 415 

6a. - 418 

66 (215) - 016 

900 
300 
600 
600 
900 
300 
600 
600 
900 
300 
600 
600 
900 
300 
600 
600 
900 
300 
600 
890 

D 136 
D 095 
D 098 

r D 099 
D 100 
D 098 

r D 098 
D llO 
D ll8 
D llO 

r D 099 
B 128 
B 128 
B 130 

r D 103 
B 145 
D 146 
B 130 
B 140 
D 137 

300 B 
600 r D 
600 

145 
llO 

D 145 
D 150 900 

300 
600 
600 
900 
300 
600 
600 
900 

70 
70 

100 
100 
150 
150 
200 
200 
300 
600 

',600 

900 
300 
600 
600 
900 
310 
600 
900 

D 134 
r D ll2 

D 143 
D 149 
D 128 

r B ll7 
D 149 
D 150 

r D 103 
D ll5 

r D ll5 
D ll6 

r D ll6 
D 123 

r D ll5 
B 133 
D 148 

r D 121 
D 160 
D 160 
D 140 

66 (215) - 216 290 

r D 128 
D 157 
D 157 
B 132 
D 136 
D 136 
D 132 
D 158 
D 152 
D 132 
B 153 
D 148 
D 150 
D 160 
D 160 

600 
890 

66 (215) - 216 300 
a = 0·6 600 

I!OO 
66 (2111) - 416 ,,310 

6N -015 
67-1 - 215 

747 A 015 
747 A 315 

600 
890 

290 B 143 
600 r D 098 
600 D 147 

300 D 122 

C1, CDmin (Cm)a "'ale Yale flo fie "'tIc tIc "'tic '1' 

·10' ·10' ·10' 
Sources 

·10' ·10' ·10' ·10' ·10' • 10" ·10' ·10' 

100 
-15 llO 
-14 108 
-15 105 
-15 llO 
-10 llO 
-10 108 
-12 108 
-10 llO 
-12 108 
-12 108 
-16 llO 
-12 108 
-14 108 
-14 105 
~14 102 
-14 108 
-12 100 
-15 100 
-12 100 
-12 100 
-12 098 
-14 106 
-12 100 

-15 100 
-13 098 
-16 106 
-15 100 
-12 llO 
-10 078 
-12 III 
-12 llO 
-27 081 
-27 093 
-23 085 
-27 095 
-22 089 
-26 099 
-22 091 
-27 094 
-25 
-25 
-25 
-25 
-28 
-20 
-28 
-28 

100 
099 
107 
104 
106 
096 
llO 
106 
102 

0036 
25 0030 
15 0030 
15 0088 

I 
257 

--{l33 253 
--{l39 255 

--{l24 1 
--{l24 0619 
--{148 

17 0030 --{l39 257 --{l17 

II 

15 0035 --{l33 258 --{l22 0654 II 
15 0090 
17 0032 --{l33 258 --{l22 
17 0031 --{l33 257 --{l13 
20 0037 --{l33 260 --{Ill 0662 11 
15 0092 
20 0033 --{l3S 260 --{l12 
20 0030 --{l33 261 --{l18 
15 0040 --{l35 255 --{l37 0661 II 
15 0093 
15 0034 --{l32 257 --{l16 
15 0032 --{l32 259 --{l15 
25 0042 --{l39 255 --{l25 0620 11 
20 0033 --{l39 257 --{l30 
20 0032 --{l39 259 --{l31 
25 0045 --{l30 257 ~ 0638 11 
11 0097 
25 0035 --{l30 258 --{l28 
27 0032 --{l30 260 --{l20 

0616 II 
05 0045 --{l50 264 -120 0603 II 
14 0108 
15 0038 --{l35 261 --{l81'1 

05 0033 --{l35 260 --{164 

0050 --{l28 266 --{106 0578 11 
0121 
0042 --{l28 260 --{l18 

02 0037 --{l28 257 088 
14 0108 
40 0092 --{165 253 --{l22 
10 
35 
10 

0138 
0070 
0133 

30 0058 
12 0124 
25 0052 
30 0044 
30 
30 

--{165 261 --{l15 

--{l69 263 023 

--{l70 266 015 
--{l72 258 -106 

--{l72 259 --{l88 
--{l72 260 --{l73 

0638 22 

0105 
0039 

35 0036 
15 0049 
10 0109 
20 0040 
35 0037 
10 0045 

--{l70 266 -134 0603 22 

--{l70 264 --{l96 
--{l70 262 --{190 

--{l45 0615 00 
102 -20 0037 
102 0032 

263 
261 
260 

--{l33 
--{l22 

-20 
-18 
-20 
-12 
-12 
-12 
-30 
-26 
-26 

100 
100 
100 
104 
104 
104 
104 
ll2 
ll2 

-12 100 
-ll 093 
-18 099 

-16 llO 

20 0048 
0039 

10 0034 
10 0046 
25 0039 
17 0034 
15 0043 
42 0040 
30 0036 

--{145 

--{145 

--{l45 
--{l30 
--{l30 
--{l30 
--{l66 
--{l68 
--{l70 

261 
263 
262 
256 
258 
257 
266 
266 
265 

-123 0615 II 
--{196 

--{l76 
--{190 0615 15 
--{l61 
--{l43 
-137 0615 22 
-123 
-105 

0677 00 
20 0040 --{l48 237 --{l46 0677 II 
20 0104 

:: :::: 1-: ~:: : 

50 09 

50 10 

50 12 

50 12 

50 15 

50 16 
50 18 

50 21 

50 15 

50 18 

50 16 

50 16 

48 16 

50 16 

o 
50 

36 

15 
15 

15 
15 

45 

45 

45 
45 

45 

45 

49 
49 

39 
39 

080 &824 

078 &824 

077 &824 
N1396 

075 &824 

075 

073 &824 

072 &803 
070 &824 

065 &824 

073 &824 
NI945 

&824 

070 &824 

072 &824 

072 &824 

072 & 824. & 8036) 

072 &824 

094 &824 
094 &824 

055 &824 
&824 

135 



136 11. TABLES 

(Continuation of Table 11.1) 

~1 ;1 " .. dCL "SoQ 
R ,,- c 0

0 Tu: C1 CDmiI (C .. ). x.le y./e. 110 fie x/Ie tic xde 8T Designation of profile o .0 Lmax 0 Sources ·IOt' ·10' ·10 '·10' ·10' ·10' ·10' ·10' ·10' .10" ·10' "10' ·10' ·10' ·10' 
.... 0 .; "> 
II~ ... ~ 

I 
NACA 747 A315 600 r D llO -16 100 10 0104 

600 D 138 -16 107 32 0042 ~13 261 034 
900 D 144 -16 llO 22 0038 ~13 262 012 

747 A 415 300 D 131 -18 105 20 0050 ~32 264 ~18 0686 31 37 15 39 R824 
600 r D ll8 -18 103 20 0104 
600 D 142 -18 107 35 0042 ~32 260 ~1 
900 D 150 -18 105 35 0041 ~32 260 ~1 

847 B 110 0693 06 30 10 40 044 R947') 
836 D 110 061!! 05 20 10 40 044 .. 
8 -H -12 0920 35 30 12 30 035 NI998 

ll-H-09 0715 45 30 9 40 052 N1922 

CLARK y- 6% 835 107 -29 ~98 15 0055 ~38 243 050 1100 19 40 6 30 ll3 R628, R 669 
- 8% 795 D 137 -36 096 14 0060' ) ~5 243 060 1100 25 40 8 30 ll3 R628 
-10% 792 B 168 -45 098 23 0075

'
) ~59 243 040 1100 31 40 10 30 ll3 R628 

-11·7% 120 123 -62 096 50 00961) 1100 36 40 ll7 30 ll3 R502 
230 128 -57 096 30 0091') 
330 133 -56 097 10 00871) 

450 145 -55 100 30 00861) 

610 146 -54 100 20 00841) 

670 151 -53 100 10 00831) 

811 D 107 -29 098 15 00591) ~38 243 050 R628 
837 D 168 -50 092 12 0071 1) ~9 239 040 R502 
960 -54 10 00851) 

-14% 797 D 172 -62 096 15 0090' ) ~O 238 060 lloo 43. 40 14 30 113 R62!! 
-18% 813 D 148 -76 092 23 01171) ~98 235 060 lloo 55 40 18 30 113 R628 
-22% 794 D 136 -93 OS8 15 01401) -107 232 130 1100 68 40 22 30 113 R628 

N:t2 810 D 172 -54 096 17 0075 ~75 244 040 0910 45 40 124 30 074 R669 
60 810 D 173 -55 097 30 0086 ~78 250 0910 30 36 124 30 074 R628 
85 1000 17 15 09 30 086 N665 
86 0760 17 15 09 35 107 N665 
87 0620 17 15 09 40 120 N665 

RAF 6- 6% 1670 30 30 06 30 1280<) R 463, UM 1321 
6- 8% 1250 40 30 08 30 975') R463 
6-10% 1000 50 30 10 30 925') R463 

RAF-C 65 158 -66 OS5 65 0170 0960 84 30 168 30 602') R &MI771 
650 151 -65 101 38 0120 

RAF-D 65 139 -57 090 57 0180 OSlO 64 30 129 30 600') R&MI771 
650 152 -55 101 70 0120 

RAF-E 65 134 -47 091 60 0140 1080 52 30 103 30 715') R & M 1771 
650 163 -44 105 63 0100 

RAF-F 65 113 -32 097 60 0120 1500 43 30 086 30 1490') R&M1771 
650 161 -30 105 62 0120 

RAF-15 851 D 130 -22 096 25 0060 ~3 233. 100 29 30 064 15 320 R352 
RAF-34 805 C 158 ~8 098 20 0071') ~ 246 050 OSOO 18 30 126 

I 
34 115 R& M 1771, R62 

I I 
8 

_I, 



11.1 COLLECTION OF GEOMETRICAL AND AERODYNAMIC DATA 
137 

(Continuation of Table 11.1) 

Designation of profile lIe tIe x,le Sources 

NPL 101 EC 1240 
102 EC 1240/0640 
103 EC 1240/0668 
11M EC 1250 

o 
6 
6 
o 
6 

40 
58 

12 
12 

40 
40 

R . .t H. 2068'), 2246 
R . .tH. 2068 

129 EC 1250/0640 
130 EC 1250/1050 
134 EQH 1550 
135 EQH 155011058 
353 Griffith 
355 Griffith 
356 Griffith 
361 LighthiIJ 
362 LighthiIJ 
382 GLAS II 

451 TFA III 
452 TFA 
453TFA V 
454 CVA I 
4M CVA II 

10 
o 

10 

Remarks 

12 
12 
12 
12 
15 
15 
16·3 
22 
30 
70 
34 
31'5 

34·2 
20 
14-7 
9·2 

/13·1 

40 R . .tH. 2068 
50 R . .tH. 2068 
50 R. .tH. 2068 
50 R. .tH. 2068 
50 R • .tH. 2058 
50 R..t H. 2068 
47 R. .tH. 2106 
45 R • .tH. 2511 

R . .t H. 2647 
R. .tH. 2112 
R . .tH. 2112 
R. .tH. 2683 
R . .tM. 2646 
R. &: H. 2577 
R • .tH. 2540 
R. &:M. 2111 
R. .tH. 2612 
R . .tH. 2612 
R. &: H. 2612 
R. &: H. 2612 
R. &: M. 2612 

As a rule, the values given here are the most modem ones. For the NACA 6·proftles, the values were mainly obtained from graphs and rna" be in error 
by a few per cent. • 

1. These drag coefficients and the C Lmax. values in these iines still require the correction describel in [R669]. 

2. Cm is referred to the aerodynamic centre when values for :t. and 11. are given; otherwise it is referred to the quarter-chord point_ 

4_ Here, the trailing edge is rounded; the radius of the circle of curvature at the trailing edge is eT' where el' = %~:)C!. 10' eT is gh-en_ 
5_ Measurements made with flaps deflected_ 

6_ The reference direction is US~aIlY the chord according to the NACA definition. For Giittingen proflles.it is the tangent at the trailing edge on the 
pressure side; for symmetrical profiles it is always the line of symmetry_ -

We ~ow give som~ typical values for aR, the angle (in degrees) between the chord when defined as the longest line joining two points of the profile (the 
deftnlJ;lOn In theoretical work) and the chord actually used for the profile_ 

Profile GO 436 549 564 596 620 622 623 62~ 625 
aR= I 1-4 2-0 1-3 1-0 3-0 1'4 1-8 2-3 3-2 

Protlle Clark Y 6% 8°' 10% 11-7% 14% N85 86 87 /0 

aR= I 1-0 1-4 1-7 2-0 2-4 0-1 0-1 0-1 

Protlle NACA 2406 2409 2412 2415 2418 2421 4406 4409 4412 4415 4418 4421 
aR= I 0 0-1 0-1 0-1 0-2 0-3 _0 0-1 0-2 0-3 0-4 0-6 
Protlle NACA 6406 6409 6412 6415 6418 6421 23006 23009 23012 23015 23018 23021 
aR= I 0-1 0-2 0-3 0-4 0-6 0-8 0-1 0-2 0-3 0-4 0-6 0-9 

7. Measurements for various Mach numbers less than 0-9. 
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Table 11.2 Ordinates, Slopes, and Velocity Distributions of Camber Lines 

100 x/c II 100 y/c I dy/dx .dw/V II 100 y/c I dy/dx .dw/V II 100 y/c dy/dx .dwJV 
1\ 

100 xJc 

NACA62 NACA63 NACAM 

CL*=O-90; «*=2'81°; C",*=-0'II3 CL*=0'80; «*=1'60°; C .. *=-O·I34 CL*=0'76; a*=0·74°; C .. *=-0·157 

0 0 0·60000 0 0 0·40000 0 0 0·30000 0 0 

1'25 0·726 0'56250 0'17l 0·489 0·38333 0·097 0·369 0·29062 0·064 1·25 

2'5 H06 0'52500 0·258 0·958 0'36667 0·138 0·726 0·28125 0·098 2'5 
6'0 2·625 0·45000 0·328 1·833 0·33333 0·197 H06 0·26250 0'137 5'0 
7·5 3·656 0'37500 0·376 2·625 0·30000 0·235 2·039 0'24375 0·167 7·5 

10 4-500 0·30000 0·413 3·333 0·26667 0·267 2·625 0·22500 0'187 10 
15 5·625 0·15000 0'451 HOO 0·20000 0'305 3·656 0'18750 0·218 15 
20 6·000 0 0·383 5·333 0·13333 0·315 4'500 0·15000 0·242 20 
25 5·977 -·00938 0'318 5·833 0·06667 0·308 5·156 0·11250 0·258 25 
30 5·906 ~01875 0·279 6·000 0 0·290 5·625 0·07500 0·260 30 
40 5·625 -·03750 0·238 5'878 ~02449 0·237 6·000 0 0'250 40 
50 5-156 -·05625 0·211 5·510 -·04898 0·213 5'833 -·03333 0·228 50 
60 4'500 ~07500 0·185 4'898 -'07347 0·191 5·333 -'06667 0·207 60 
70 3'656 ~09375 0·159 4'041 --09796 0·168 4'500 -·10000 0·188 70 
80 2'625 -·11250 0·131 2·939 -'12245 0·140 3·333 -'13333 0'159 80 
90 H06 -·13125 0·094 1-592 -·14694 0·102 1'833 -·16667 0·II7 90 
95 0·727 -·14062 0·065 0·827 -·15918 0·073 0'958 -'18333 0·084 95 

100 0 -·15000 0 0 -·17l43 0 0 -·20000 0 100 

NACA65 NACA 210 NACA 220 

CL '=0'75; «*=0°; C .. ·=-0·187 CL*=0'30; «*=2-09°; C .. *=-0·006 CL*=0'30; «'=1'86°; C .. ·=-O·OIO 

0 0 0·24000 0 0 

I 
0·59613 0 0 0·39270 0 0 

1·25 0·296 0·23400 0-051 0'596 0·36236 0·345 0'442 0·31541 0·206 1·25 
2·5 0'585 0·22800 0·074 0·928 ! 0·18504 0·391 0'793 0·24618 0·251 2'5 
5·0 1-140 0·21600 0·103 1-114 -·00018 0·305 1·257 0·13192 0'247 5·0 

7-5 1-665 0'20400 0·126 1'087 -·01175 0·195 H79 0·04994 0·225 7'5 
10 2-160 0·19200 0·143 1·058 -·01175 0·156 1·535 0·00024 0·200 10 
15 3·060 0·16800 0·170 0·999 -·01175 0·122 H63 -·01722 0·154 15 
20 3·840 0·14400 0·190 0·940 -·01175 0·102 1'377 -'01722 0'116 20 
25 4·500 0·12000 0·206 0·881 -'01175 0·087 1·291 -'01722 0'095 25 
30 5·040 0·09600 0·218 0·823 -·01175 0-075 1'205 ~01722 0·082 30 
40 5·760 0·04800 0·233 0·705 -1Hl75 OO()61 1·033 -·01722 0'~3 40 
50 6·000 0 0·238 0'588 -·01175 00()49 0'861 -'01722 0·051 50 
60 6·760 -·04800 0·233 0·470 -·01175 0·040 0'689 ~01722 0'042 60 
70 5·040 ~09600 0·218 0·353 -·01175 0·032 0'516 -'01722 0·034 70 
80 3·840 -·14400 0·190 0·235 -·01175 0·025 0'344 -'01722 0·025 80 
90 2'160 -·19200 0·143 0'118 -·01175 0'016 0'172 -'01722 0·016 90 
95 1-140 -·21600 0'103 0'059 -'01175 0·011 0·086 ~01722 0·010 95 

100 0 -·24000 0 0 -'01175 0 0 ~01722 0 100 

NACA 230 NACA 2'0 NAC'A 250 

CL*=0'30; a'=1'65°; C",*=-O'014 CL *=0·30; a*=1·45°; C .. ·=-0·019 CL'=0'30; a*= 1'26°; C .. *=-0·026 

0 0 0'30508 0 0 0·25233 0 0 0·21472 0 0 
1·25 0·357 0·26594 0·132 0·301 0·22877 0'094 0-258 0·19920 0'070 1'25 
2·5 0·666 0·22929 0·168 0'572 0·20625 0·123 0'498 0·18416 0·092 2'5 
5·0 1-155 0·16347 0·198 1·035 0·16432 0·156 0·922 0·15562 0·119 5·0 
7'5 H92 0'10762 0·213 1·397 0·12653 0'180 1·277 0'12909 0·138 7·5 

10 1'701 0-06174 0·215 1'67l 0-09290 0·188 1'570 0'10458 0'148 10 
15 1·838 -·00009 0'170 1-991 0'03810 0·169 1'982 0-06162 0·156 15 
20 1·767 ~02203 . 0·130 2·079 -·00010 0'142 2-199 0-02674 0·153 20 
25 1·656 -·02208 0·105 2'018 -·02169 0·119 2-263 -·00007 0·137 25 
30 1·546 ~02208 0·090 1-890 ~02700 0'103 2·212 ~01880 0·117 30 
40 1325 -·02208 0·06p 1-620 ~02700 0-076 1'931 -'03218 0·087 40 
50 1-104 -'02208 0-054 1'350 ~02700 0'059 1'609 ~03218 00()64 50 
60 0'883 -·02208 0·044 1'080 -·02700 0·047 1'287 ~03218 0·049 60 
70 0'662 -·02208 0·036 0·810 -·02700 0·038 0·965 -'03218 0·038 70 
80 0·442 ~02208 0-026 0-540 -'02700 0-028 0'644 -·03218 0·030 80 
90 0·221 -·02208 0·017 0·270 -'02700 0'018 0·322 -·03218 0'019 90 
95 0·110 -·02208 0-011 0'135 -'02700 0'012 0·161 -'03218 0'013 95 

100 0 ~02208 0 0 -'02700 0 0 ~03218 0 100 

ad 
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100 x/c II 100 y/c dy/dx .dw/V II 100 y/c I dy/dx I .dw/V II 100 y/c I dy/dx .dw/V II 100 x/c 

NACAa=O NACAa=O'l NACAa = 0'2 

OL"=0'10; a"-4'56°; 0 .. "=-0'083 0L"=1·0; a"=4·43°; 0 .. "=-0'086 °L"=1·0; a"=4'17°; 0 .. "= -0'094 

0 0 0 0 0 
0·5 0·460 0.758671) 0-498 0·440 0.734411) 0'466 0'414 0.694921) 0'417 0-5 
0-75 0'641 0·69212 0-496 0-616 0-67479 0-466 0'581 0·64047 0-417 0·75 
1·25 0·964 0'60715 0'494 0·933 0-59896 0·455 0·882 0'57135 0'417 1·25 
2·5 1'641 0'48892 0'488 1-608 0'49366 0'455 1-530 0-47592 0'417 2-5 
50() 2·693 0'36561 0'475 2-689 0·38235 0'455 2'583 0-17661 0-417 5-0 

7'5 3'507 0·29028 0-463 3'651 0·31067 0·455 3-443 0·31487 0·417 7-5 
10 4'161 0'23515 0'450 4-253 0·25057 0·455 4-169 0-26803 0·417 10 
15 5·124 0'15508 0'425 5-261 0·16087 0·429 5·317 0'19373 0·417 15 
20 5·747 0·09693 0'400 5'905 0'09981 0-404 6-117 0'12405 0'417 20 
25 6'114 0·05156 0·375 6·282 00()5281 0·379 6·672 00()6345 0·391 25 
30 6·277 0'01482 0·350 6-449 00()1498 0·3154 6·777 00()2030 0·365 30 
35 6·273 -'01554 0-325 6·443 ~01617 0·328 6·789 -'01418 0·339 35 
40 6·130 --04086 0·300 6·296 ~04210 0·303 6·646 -'04246 0·313 40 
45 6'871 ~06201 0·275 6·029 ~06373 0-278 6·373 ~06588 0·287 45 
50 5'516 ~07958 0-250 5-664 ~08168 0·253 5:994 ~08522 0·260 50 
65 11-081 -'!l9395 0-225 6·218 ~09637 0-227 5·527 -'10101 0-234 55 
60 4'581 -·10539 0·200 4·706 -·10806 0·202 4·989 -'11359 0·208 60 
65 4'032 -'11406 0'175 4-142 -'11694 0·177 4-396 -'12317 0·182 65 
70 3·445 -·12003 0'150 3·641 -'12307 0·152 3·762 -·12985 0·156 70 
75 2'836 -·12329 0'125 2·916 --12644 0·126 3-102 -·13363 0-130 75 
80 2-217 --12371 0'100 2·281 -'12693 0-101 2-431 --13440 0·104 80 
85 1-604 --12099 0-075 1·652 --12425 0-076 1'764 --13186 0-078 85 
90 1-013 --11455 0·050 1-045 --11781 0-050 H19 --12641 0·052 90 
95 0'467 --10301 0-255 0-482 --10620 0·025 0-518 --11361 0-026 95 

100 0 --07958 0 0 ~08258 0 0 ~08941 0 100 

NACAa =0'3 NACAa= 0'4 NACAa= 0'5 

CL"=1-0; 0*=3.84 001
; C .. "= -0-106 CL"= 1·0; a"=3'46°; C .. "= -0·121 0,,"=1'0; a"=3·04°; 0 .. "=-0-139 

0 0 0 0 0 
0'5 0'389 0-656361) 0-386 0-366 0-617691) 0-367 0·345 0-581951) 0·333 0·5 
0'75 0-546 0'60524 0'385 0'514 0'57105 0-357- 0·485 0'53865 0-333 0·75 
1-25 0'832 0'64158 0-385 0-784 0-61210 0·357 0·735 0'48360 0'333 1-25 
2'5 1-448 0'45399 0'385 1·367 0'43106 0·357 10295 0'40815 0·333 2'5 
6-0 2'458 0'36344 0'385 2-330 0-34764 0'357 2-205 0'33070 0·333 5·0 
7'5 3·293 0'30780 0'385 3-131 0·29671 0'357 2·970 0·28365 0-333 7'5 

10 4-008 0·26621 0'385 3·824 0·25892 0·357 3·630 0-24890 0·333 10 
15 5'172 0-20246 0·385 4'968 0·20185 0-357 4·740 0·19690 0·333 15 
20 6'052 0'15068 0·385 5-862 0'15682 0-357 5·620 0-15650 0·333 20 
25 6-685 0-10278 0-385 6'646 0-11733 0'367 6·310 0·12180 0-333 25 
30 7-072 0114833 0·385 7-039 0-07988 0·357 &840 0·09000 0-333 30 
36 7-175 ~00205 0'357 7·343 (}04126 0·357 7'215 • 0'05930 0'333 35 
40 7·074 -'03710 0'330 7-439 ~00721 0'357 7-430 0-02800 0-333 40 
45 6-816 --06492 0'302 7'275 ~05321 0·327 7-490 -'00630 0-333 45 
50 6-433 -'08746 0'275 6'929 ~08380 0-298 7·350 --05305' 0'333 50 
65 5'949 --10667 0-247 6·449 --10734 0·268 6·965 -0()9765 0'300 55 
60 5-383 --12014 0-220 5-864 --12567 0·238 6'405 -'12550 0'267 60 
65 4-753 -'13119 0·192 5-199 -·13962 0·208 5·725 -'14570 0'233 65 
70 4-076 -'13901 0'165 4'475 --14963 0·179 4'955 -'16015 0-200 70 
75 3-368 -'14365 0·137 3-709 -·15589 0'149 4-130 --16960 0·167 75 
80 2-646 -'14500 0-110 2'922 -'15837 0'119 3-265 -'17436 0-133 80 
85 1-924 -'14279 0·082 2-132 -·15683 0'089 2·395 -·17415 0·100 85 
90 1-224 -'13638 0'065 1·361 --15062 0-060 1-535 -'16850 0'067 90 
95 0-570 -·12430 0-028 0-636 -·13816 0-030 0·720 --15565 0'033 95 

100 0 -·99007 0 0 --11138 0 0 -'12660 0 100 
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100 x/c II 100 y/c I dy/dx L1w/V II 100 y/c I dy/dx I L1w/V 

NACAa = 0·6 NACAa = 0'7 

°L"=l'O; a"=2·58°; Om*= -0·158 0L*=l'O; a*=2·09°; 0 .. *=-0'179 

0 0 0 
0'5 0·325 0.548251) 0·312 0·305 0'516201) 0·294 
0'75 0'455 0'50760 0·312 0·425 0-47795 ·0-294 
1-25 0-695 0-45615 0-312 0-655 0-42960 0-294 
2'5 1-220 0·38555 0·312 1-160 0·36325 0·294 
5·0 2-080 0·31325 0·312 1·955 0·29545 0·294 
7'5 2·805 0·26950 0·312 2·645 0·25450 0·294 

10 3-435 0'23730 0·312 3·240 0·22445 0·294 
15 4'495 0'18935 0·312 4·245 0·17995 0·294 
20 5·345 0'15250 0·312 5·060 0'14595 0·294 
25 6·035 0-12125 0-312 5·715 0-11740 0·294 
30 6'570 0-09310 0·312 6·240 0'09200 0·294 
35 6·965 0-06660 0-312 6·635 0-06840 0·294 
40 7-235 0-()4060 0·312 6·925 0'04570 0-294 
45 7-370 0·01405 0'312 7-095 0'02315 0·294 
50 7·370 -·01435 0·312 7-155 0 0-294 
55 7-220 -!.·04700 0-312 7·090 --02455 0·294 
60 6'880 -'09470 0·312 6-900 ~05185 0·294 
65 6'275 --14015 0·273 6'565 ~08475 0·294 
70 6'505 -·16595 0·234 6·030 -'13650 0·294 
76 4·630 -·18270 0·195 5·205 -·18510 0·245 
80 3·695 -·19225 0·156 4·215 --20855 0·196 
85 2-720 --19515 0-117 3'140 -·21955 0·147 
90 1-755 --19095 0·078 2·035 -·21960 0-098 
95 0·825 -·17790 0·039 0-965 --20725 0'049 

100 0 -'1~50 0 0 --16985 0 

NACAa = 0,9 NACAa = 1'0 

OL*=l'O; a"=O·90o; 0 .. *=-0'225 oL*=i·o; a*=Oo; 0",*=-0·250 

0 0 0 
0'5 0-269 0.454821) 0·263 0·250 0'421201) 0-250 
0·75 0·379 0·42064 0·263 0·350 0-38875 0·250 
1-25 0'577 0·37740 0'263 0-635 0·34770 0-250 
2'5 1·008 0-31821 0·263 0·930 0-29155 0·250 
5·0 1-720 0·25786 0·263 1·580 0·23430 0·250 
7-5 2'316 0·22153 0·263 2-120 0·19995 0·250 

10 2'835 0·19500 0·263 2·585 0'17~5 O()·250 
15 3·707 0·15595 0·263 3·365 0·13805 0·250 
20 40410 0·12644 0·263 3·980 0'11030 0·250 
25 4-980 0'10196 0·263 4·475 0'08745 0'250 
30 5-435 0·08047 0·263 4-860 0-06745 0·250 
35 5·787 0·06084 0·263 5-150 0-04925 0·250 
40 6·045 0·04234 0·263 5·355 0·03225 0·250 
45 6·212 0·02447 0·263 5-475 0·01595 0'250 
50 6·290 0·00678 0·263 5'515 0 0·250 
55 6·279 ~01111 0·263 6-475 ~01595 0·250 
60 6·178 -02965 0·263 5·355 ~03225 0·250 
65 5·981 -·04938 0·263 5-150 ~04925 0·250 
70 5·681 ~07103 0·263 4·860 -'06745 0·250 
75 5·265 ~09583 0·263 40475 -'08745 0'250 
80 4'714 -·12605 0·263 3'980 -'11030 0·250 
85 3·987 -·16727 0·263 3·365 -'13805 0·250 
90 2-984 -·25204 0'263 2'585 -·17485 0·250 
95 1-503 -·31463 0·132 1-580 -·23430 0·250 

100 0 -'26086 0 0 

1 The value of dy/dx at xle = 0·005 is given, since dy/dx ...... 00 as x ...... O. 
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II 100 y/c I dy/dx I L1w/V II 100 x/c 

NACAa = 0'8 

OL"=1·0; a*=I·54°; 0",*=-0'202 

0 0 
0·287 0'~5351) 0·278 0'5 
0-404 0-44925 0-278 0-75 
0-616 0-40359 0-278 1-25 
1-077 0·34104 0·278 2-5 
1-841 0·27718 0·278 5'0 
2'~3 0·23868 0·278 7-5 
3'043 0'21050 0·278 10 
3'985 0'16892 0'278 15 
4·748 0·13734 0-278 20 
5·367 0'11101 0-278 25 
5·863 0-08775 0·278 30 
6-m 0'06634 0-278 35 
6'528 0'04601 0·278 40 
6·709 0'02613 0·278 45 
6·790 0'00620 0·278 50 
6·770 ~01433 0-278 55 
6·644 ~03611 0·278 60 
6·405 ~06010 0·278 65 
6-037 ~08790 0·278 70 
6·514 -'12311 0-278 75 
4-771 -'18412 0'278 80 
3-683 --23921 0-208 85 
2-435 ---25583 0'139 90 
1-163 -'24904 0·069 95 
0 -'20385 0 100 

0 
0-5 
0·75 
1·25 
2'5 
5'0 
7'5 

10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
6IS 
70 
75 
80 
85 
90 
95 

100 
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Ta.ble 11.3 (a.) Profile Co-ordina.tes 

x II Yu !lz II !lu !II II !lu !lz II !lu !II /I x 

GaSK Ga 6K Ga7K GaSK 
0 00533 0'533 1-080 1-080 1-684 1-684 2'138 2-138 0 2·6 1-299 0·174 2·633 0'363 3'861 0'617 6·212 00698 2'6 5·0 1-669 0·118 3'383 0·240 4'961 0·352 6-697 0-475 5·0 7-6 1'957 00081 3'968 0·165 5'819 0·242 7-866 0·327 7'6 10 2·216 0'066 4'493 0'113 6'689 0'165 8'895 0·223 10 15 2·627 0'011 6·325 0'023 7'810 00033 10·644 0'045 15 20 2'942 0 5·963 0 8'746 0 11-806 0 20 30 3'404 0 6'900 0 10'120 0 13'662 0 30 40 3'646 0 7'388 0 10'835 0 14'627 0 40 50 3'700 0 7-500 0 11'000 0 14'860 0 60 60 3'574 0 7-246 0 10·626 0 14·345 0 60 70 3'167 0 6-420 0 9'416 0 12'712 0 70 80 2'601 0 5-070 0 7-436 0 10·039 0 80 90 1'532 0 3-105 0 4-1154 0 6·148 0 90 95 0-932 0 1-890 0 2'772 0 3'742 0 95 100 0·111 0·111 0'225 0-225 0·330 0'330 0-446 0-446 100 

Ga9K Go 10 K Goll K Go 12 K 
0 0'578 0'578 0'909 0·909 1·758 1·768 2'620 2'620 0 2'5 1·201 0·142 1-886 0·223 3'651 0'432 5·439 00644 2'5 5-0 1'141 0-054 2-264 0'085 4·381 0·164 6'527 0·244 5'0 10 1-752 0 2'753 0 5-327 0 7·936 0 10 15 l-977 0 3-107 0 6·012 0 8·968 0 15 20 2-149 0 3-376 0 6'534 0 9·735 0 20 30 2·364 0 3'715 0 H89 0 10·712 0 30 40 2'435 0 3'827 0 7'405 0 11·033 0 40 50 20450 0 3-860 0 7'460 0 11-100 0 60 60 2-367 0 3'719 0 H97 0 10·723 0 60 70 2-102 0 3'303 0 6'392 0 9'524 0 70 1 80 1'661 0 2'610 0 5·060 0 7'526 0 80 

ct 
90 1-029 0 1-617 0 3-129 0 4·662 0 90 95 0-639 0 1-005 0 1-944 0 2'897 0 95 100 00083 0·083 0·131 0'131 0·253 0·253 0·377 0·377 100 

GIS 13K Ga 14K GolliK Go 16 K 
0 3·493 3-493 3·996 3-996 4-995 4-995 6'044 6·044 0 2'5 7-252 0·858 6·336 2-196 \·920 2'746 9'683 3-321 2·5 5·0 8·702 0'326 7-332 1-696 9'165 1'995 11'090 20414 5·0 10 10'682 0 8'664 0'864 10'830 1·080 13-104 1·307 10 15 11'944 0 9'600 0'432 12-000 0'540 14-520 00653 15 20 12'980 0 10'332 0·192 12·915 0'240 15·627 0'290 20 30 14·282 0 11-340 0 140175 0 IH52 0 30 40 14-711 0 11'820 0 14'775 0 17'878 0 40 50 14·800 0 12'000 0 15'000 0 18-160 0 50 60 14·297 0 11'664 0 14'580 0 17·642 0 60 70 12'698 0 10·776 00060 13-470 0·075 16·299 0·091 70 80 10·034 0 9·000 0·264 11-250 0·330 13'613 0·399 80 90 6·216 0 6·540 0·792 8ol75 0·990 9-892 H98 90 95 3'863 0 4·932 1-332 6'165 1'665 7-460 2·014 95 100 0'503 0'503 2'604 2'604 3'255 3'255 3'939 3·939 100 

Go 123 GIS 227 Go 242 GIS 243 
0 1'0 1·0 2·9 2·9 2·5 2'5 3'9 3·9 0 1-25 2-8 0'1 H 1-2 5·4 1-8 8·0 l-9 1·25 2'60 3·6 0·2 6·6 0'6 7-2 1-5 9'8 1-5 2·60 5'00 4-9 0'6 8-6 0-1 9-2 0·9 12'5 0'8 5·00 7'50 5-8 1-1 10-2 0 10·7 006 14·3 0'5 7',50 10 6-6 1-6 11-4 0 12·0 004 15'7 0'1 10 15 7-7 2·4 13-3 0·2 14-0 0-1 17·6 0 15 20 8'4 2·8 14-6 0'4 15·2 0 18'7 0 20 25 8-8 3-2 IH 0-8 1600 0 19·3 0·1 25 30 9-0 3'6 15-8 1-4 16-3 0·2 19-6 0'5 30 40 9·0 3·6 15-8 2·6 16·2 1-3 19'1 1'9 40 50 8'5 3-2 15·0 3·6 15'0 2-7 17'9 3-4 50 60 7·6 2-6 13'0 4·3 13·0 4-2 15'5 4'9 60 70 6-2 2-0 10·6 4-3 10·3 4-9 12-5 5·7 70 110 4'4 1-3 Nl 3'8 7·2 4-3 9'0 5'3 80 90 2·3 0-7 401 2'3 3-9 2·6 5'0 3-2 90 100 0-2 0 0·3 0 0·3 0 0'5 0 100 
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x II Yu I Yl II Yu I 
I 

G6289 301 

0 4-06 4·05 1-2 

1-25 6·60 2·06 3·8 

2-50 7-85 1'110 11·2 

IHIO 9·90 0·80 6'8 

7·50 1H5 ()O40 8·0 

10 12'80 0·20 8·9 

111 14-85 ()O06 10·3 

20 16·15 0 1H 

30 17-00 0'20 11·8 

40 16'411 0·65 lJ06 

50 14·95 0'85 10'8 

eo 12·80 0'9Il 9'4 

70 10'10 0'95 7·7 

SO 7-10 0·75 5·5 

110 3·70 0·40 3·1 

9Il 1'95 0·11i 1-7 

100 0 0 0'4 

.398 409 

0 3·00 3'00 0 

1·25 6'40 1'75 1'85 

2'50 7'50 1'25 2'50 

11'00 9·01i 0·70 Hli 

7'50 10'30 0'40 4'10 

10 .101'30 0·20 4·70 

lIS 12'60 00()() 1i'40 

20 13'35 0·00 1i·85 

30 13'81i 0·00 6·35 

40 13'35 0·20 6·31i 

50 12·30 0·25 11'85 

60 10·60 0-35 1S'15 

70 8'45 0·35 4·20 

80 11·911 0·25 3'00 

90 3-25 0·11S 1'50 

91S 1'80 0'05 0·65 

. 100 0·20 0'20 0 

420 426 

0 8'00 8'011 3·50 

1·25 10·711 11'25 1S-60 

2-110 12·20 4'40 6·65 

11'00 13·95 3'30 8·20 . 7-50 15-111 2-50 9-40 

10 16·10 1'85 10-35 

I 
15 17-50 1-00 11'85 

20 18-30 0-40 12'85 

30 18'75 0 13'60 

40 17·90 0'10 13-Hi 

50 16·30 0·35 11·75 

60 13090 0'511 9·90 

70 1()O95 0·75 7·65 

I 
I SO 7·45 0-65 11-25 

90 3·70 0-115 2'60 

911 1·85 0-40 1-25 

100 0 0 0 

459 460 

0 0 0 0 
}025 1·80 -1· SO 2·75 
2-50 2'65 -2-65 3-95 

5'00 3-60 -3-60 5-115 

7'50 4-30 -4-30 6'75 

10 4·85 -4-85 7'60 

15 li-M -5-55 8'90 
_. 

20 6-00 -6'00 9-60 

30 6'35 -6'35 10-25 

40 6-30 -6-30 10-05 

50 1S'80 -5'80 9·25 . 

eo 5-00 -5·05 8-00 

70 4-06 -4'05 6-45 

80 2'90 -2-90 4-50 

90 1-60 -1'60 2-35 

95 0-90 ~-90 1-15 

100 0 0 0 

u. 

yz II Yu I Yl 

335 
1-2 0075 0·75 

0 2'35 0'00 
0 3'25 0 
0·2 4'511 0'15 

0'4 5'50 0·35 
0'6 6·35 0'60 
H 7'50 1·011 
1-5 8'25 1-40 
2-1 8-65 1·95 

2-3 8·35 2-15 
2-2 7·75 2·00 

2-1 6·70 1'70 
1'8 1i'3O 1·30 
1-2 3·70 O·SII 
0·7 2-10 0'411 
()OS HO 0·25 
0·1 0 0 

410 

0 0 0 
-1-85 2·60 -2'60 
-2'50 3·65 -3'65 
-3'411 11-011 -11'05 
-4010 5·90 -11'90 
-4·70 6'50 -6·1i0 

-11'40 7'211 -7-21S 

-11·85 7·80 -7'80 
-6·35 8·00 -8·00 

-6'35 7'411 -Nli 
-11·85 6·30 -6'30 
-5-l11 11'00 -11'00 
-4-20 3'60 -3'60 
-3·00 2'20 -2·20 
-1'50 1-00 -1·00 
-0-65 0'45 ~'411 

0 0 0 

436 

3'50 2·50 2·50 
1060 4'70 1·00 
1·35 11·70 ()O20 

1-05 70()() 0-10 

0·75 8'10 0'05 

0·60 8·90 0 
0-35 10005 0 
0-15 10-25 0 
0 11'00 0 
0-15 10045 0 
0·35 9'511 0 
0·65 8'20 0 
0-85 6·60 0 
0·90 4-60 0 
()O60 2-411 0 
0'35 1-21S 0 
0 0 0 

479 

0 2-95 2·95 
-2-75 5'511 1'50 
-3·95 6-40 1'00 
-11-115 7'60 0'115 
-6'71S 8'70 0-30 

-7'60 9-50 0'111 

-8'90 l()O60 0·00 
-9-60 11-25 ()O06 

-10-25 11'75 0·15 

-10-05 11'35 0-20 
-9-25 10'40 0·25 

-8'00 8'90 0-30 
-6-45 7-10 0'30 
-4'50 5·06 0-25 
-2·35 2-65 0,10 

-1-15 1-35 0-06 

0 0 0 

II Yu 

()O8 
2'8 
3-7 
'·9 
11'8 
6'5 
7·7 
8·11 
9-l 
9'2 
8·9 
B-1 
6·6 

"8 
2'7 

O·S 

Hli 
3'00 
3-65 
4070 
11·60 
6'30 
HIS 
7·75 
8'60 
S'80 
8'415 
7·85 
6·90 
11-70 
4'25 
3·511 
1'45 

11·60 
8'65 

l()OOO 
11-85 
13'20 
14'20 
15-70 
16-65 
17·50 
17-20 
111-90 
13-95 
11-20 

7-S5 
4-10 
2-10 
0 

4'10 
7-15 
S-75 

10·70 
12·20 
13-30 
14-85 
15·70 
16·50 
16'20 
14'80 
12'65 
9-85 
&65 
3-35 
1-65 
0 

I YZ 

342 
0'8 
0 
0·2 
0·8 
1-2 
1'7 
2'4 
3-l 
3·9 
4'2 
4-0 
3·7 
3·3 
2" 
1'3 

0 

417a 

1'411 
()006 

()O411 
HS5 
2·50 
3·30 
4·20 
4'85 
1S·70 
11·90 
11-1111 
'-911 
4·00 
2'80 
1·30 
()O60 
1-411 

449 

11-60 
3'711 
30011 
2-25 
1-80 
I-50 
HO 
0'81S 
0'511 
0-30 
0·20 
0 
0 
0 
0-10 
0-111 
0 

508 

4'10 
1-95 
1-30 
0·70 
0-35 
0-20 
0·05 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

. ---~. -~-.-~.--
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II x 

o 
1'25 
2-50 
6-00 
7-50 

10 
lIS, 
20 
30 
40 
50 
60 
70 
80 
90 
95 

100 

o 
1'25 
2-50 
IS'OO 
7-50 

10 
lIS 
20 
30 
40 
110 
60 
70 
80 
90 
95 

100 

o 
1'25 
2·50 
11-00 
7'50 

10 
15 
20 
30 
40 
50 
60 
70 
SO 
90 
95 

100 

o 
1·25 
2-50 
5-00 
~-50 

10 
lIS 
20 
30 
40 
50 
60 
70 
80 
110 
95 

100 



11.3 PROFILE CO-ORDINATES 

:r: II Yu Yl II Yu Yl II 
GIS32 633 

0 HS HS 3·20 3·20 
1-25 5·85 1-15 &00 1·75 
2'GO 7'00 0·80 7·20 1·35 
5'00 8'55 o-GO 8·80 0'95 
7'GO 9·65 0'30 10'00 0'65 

10 10'65 0'15 IHO 0'50 
IS 11-60 0 IHO 0'25 
20 12-25 0 13·25 0-10 
30 12·75 0'25 13·70 0 
40 12·05 0'65 13'05 0·15 
GO 10·70 1-05 11'65 0-60 
60 9-00 1-35 9-65 HO 
70 7-10 I-50 7-50 1-40 
80 4-90 1-35 5-20 1-35 
90 2-60 0-80 2-70 0-85 
95 1·40 0-45 1-40 0·45 

100 0-10 0-10 0 0 

soo SM . 
0 4'90 4·90 2·30 2-30 
1-25 7·05 3-00 3-90 HO 
2-GO 8'00 2-25 4-60 0-70 
5-00 9·35 1-30 5-65 0-25 
7' GO 10-35 0-70 6-30 0'05 

10 IHO 0-35 6'85 o . 
15 12'30 0 7-GO 0 
20 13-00 0-10 7'85 0 
30 13-45 0-75 8-20 0 
40 13-00 1'20 8-10 0 
GO 11-85 1'60 7-60 0 
60 10-20 1-65 6-70 0 
70 8-10 1-60 5'60 0 
80 5-70 1-25 4'00 0 
90 3-10 0·70 2-25 0 
95 1'65 0-40 ]-20 0 

100 0 0 0 0 

820 822 
0 5-15 5-15 2-40 2'40 
1-25 8-30 3-00 3-75 1-45 
2-50 9-85 2'25 4-GO 1-05 
5-00 11-90 1-40 5-45 0-60 
7· GO 13-35 0-85 6-15 0-35 

10 14-35 0'50 6-60 0-25 
15 16-00 0'10 7-30 0'15 
20 16-95 0 7·70 0'05 
30 17-70 0-20 8-00 0 
40 17-30 0-60 7-80 0 
50 16-00 0-95 7-10 0 
60 13-95 1-20 6-15 0 
70 IHO 1'20 5-00 0 
80 7-80 0-95 3-55 0 
90 4-10 0-45 1-95 0 
95 2-10 0-20 1-15 0 

100 0 0 0-20 0 

825 8152 
0 5-GO 5-50 5-80 5-80 
1-25 9-00 3-30 9-GO 2-70 
2· GO 10-80 2·35 ll-oo I-GO 
5-00 13-30 1-25 13-00 O-GO 
7-GO 14'95 0-75 14-GO 0-10 

10 16'35 0'40 15-65 0 
15 18-25 0'15 17·20 0'35 
20 19-30 0-10 18-25 1-20 
30 2()-00 0 18'85 3-45 
40 19'05 0 18-45 5-70 
GO 17-35 0 17-05 7-25 
60 15-00 0 14-85 7·95 
70 12-10 0 11'90 7·70 
80 8-60 0 8-35 6-30 
90 4·75 0 4-45 3·70 
95 2·75 0 2-35 1-95 

100 0-65 0 0 0 

Yu Yl II 
63S 

4-30 4·30 
8-35 2'30 
9-75 1'55 

ll-55 0·80 
12-90 0'50 
13·95 0'30 
15'30 0-00 
16·05 0 
16-30 0'25 
15·35 1'15 
13'75 2'20 
11-65 3-00 
9'22 3-00 
6-55 2'50 
3-55 1-45 
1-90 0-65 
0-15 0-15 

S93 
3-00 3·00 
5-50 1-80 
6-GO 1·35 
7-85 . 0'85 
8-90 0'55 
9-75 0-40 

10-95 0·25 
11-50 0-15 
12'00 0-10 
11-70 0 
10-85 0 
9-45 0 
7-65 0 
5'50 0 
3'00 0 
1'65 0 
0-00 0 

623 
3-25 3-25 
5-45 1·95 
6-45 I-GO 
7-90 0-90 
9·05 0-35 
9-90 0-20 

10-95 0'10 
ll-55 00()5 
12·00 0 
11-70 0 
10'65 0 
9'15 0 
7-35 0 
5-15 0 
2-80 0 
1-60 0 
0-30 0 

854 
3-00 3-00 
5-60 1-45 
7'00 HO 
9-20 0-70 

10-75 0-45 
ll-85 0-30 
13'35 0-10 
14-20 0-05 
14-50 0 
13-80 0·20 
12-20 0-40 
10-25 0'65 

7-95 0-65 
5·45 0-45 
2-85 0-25 
I'GO 0-15 
0 0 

Yu Yl 

1549 
3·45 3'45 
5'70 1'95 
6·80 1-60 
8-45 1'10 
9-65 0-75 

10·70 0'55 
12·25 0'25 
13·20 0'05 
13'85 0 
13'40 0'10 
12·00 0-30 
10'05 0'55 
7-90 0'65 
5-35 0'55 
2-70 0-30 
1-40 0'15 
0 0 

S96 
1-70 1-70 
3-80 0-40 
4'60 0·15 
5'80 0-00 
6-80 0 
7'60 0 
8'70 0 
9'45 0-10 

10-00 0-25 
9-75 0-35 
8·80 0·40 
7-GO 0-35 
6-00 0'25 
4-15 0-15 
2-15 0-10 
1'10 0'05 
0 0 

824 
4·00 4-00 
7-15 2-25 
8-50 1-65 

10-40 0-95 
ll-75 0-60 
]2-85 0'40 
14-35 0-15 
15-30 0-05 
16-00 0 
15-40 f) 

14'05 0 
12-00 0 

9-GO 0 
6'60 0 
3-55 0 
2-00 0 
&.50 0 

878 (M 12) 
0 0 
1'85 -1-60 
2-70 -2-15 
3'95 -2-70 
4-85 -3'00 
5-GO -3·25 
8-60 -3-50 
7-35 -3-70 
7-95 -3·95 
7·85 -3'91 
7-25 -3'75 
8-20 -3'45 
4'95 -2-95 
3-40 -2-25 
1-80 -1-25 
0-95 -0-70 
0-15 -0-15 

II :r: 

0 
l' 
2· 
S' 
7' 

10 
15 
20 
30 
40 
GO 
60 
70 
80 
90 
95 

100 

0 
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25 
GO 
00 
GO 

1-25 
2'GO 
5-00 
7-GO 

10 
15 
20 
30 
40 
GO 
60 
70 
80 
90 
95 

100 

0 
1-25 
2-50 
5-00 
7-50 

10 
15 
20 
30 
40 
GO 
60 
70 
80 
90 
95 

100 

0 
1-25 
2-GO 
5'00 
7:GO 

10 
15 
20 
30 
40 
GO 
60 
70 
80 
90 
95 

100 
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x II II II II II x 
Yu Yl Yu Yl Yu Yl Yu Yl 

Gi 677 (U6) 682 683 692 

0 0 0 2'50 2-50 7-00 7-00 ..,5 ..,5 0 

1-25 I-SO -1-70 '-55 1-05 10-00 '-50 7-50 2-65 1-25 

2-50 2-75 -2-25 5-55 0-60 11-50 3-50 8-S0 1-90 2-60 

5-00 '-05 -2-75 7-00 0-25 13-50 2-35 10-65 1-05 5-00 

7-50 '-90 -3-00 8-05 0-10 15-00 1-65 12-00 0-60 7"50 

10 5-65 -3-20 8-90 0 16-10 Hl6 12-95 0-30 10 

15 6-75 -3040 10-00 0-05 17-90 0-40 14-35 0-05 15 

20 7-60 -3-60 10-65 0-20 191>5 0'10 15-25 0 20 

30 8-20 -3·75 11-20 0-55 19-90 0 16-10 0 30 

40 8-00 -3-S5 10-90 0-75 19-40 0-20 15-90 0 40 

50 7:25 -3-80 10-05 0-80 IS-10 0-65 14-85 0 50 

60 6-05 -3-70 S-65 0-85 16-20 1-25 13-00 0 60 

70 4'60 -3-35 6-90 0-75 14-00 2-00 10-60 0 70 

80 3-15 -2-75 '-85 0-60 11-60 2-90 7-60 0 SO 

90 1-65 -1-65 2-55 0-35 9-30 '-30 '-30 0 90 

95 0-95 ~-95 1-35 0-15 8-20 5-20 2-50 0 95 

100 0-20 ~o2O 0 0 7-00 7-00 0-50 0 100 
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II Yu = - Yl I Yu = - Yl II Yu YI II Yu Yl II Yu Yl II 
G6175 776 777 780 795 

0 0 0 0 0 0 0 2040 2-4() 0 
1·25 3'320 3·950 5·267 -H17 0-0080 -0-0000 3·75 1'30 1-25 
2·50 4'580 5'450 6'733 -2-133 0-0127 -O'()130 4·4() er90 2'50 
5-00 6'220 7'400 9·067 -3'017 0'0200 -O'()188 5·30 0-48 5·00 
7·50 7-350 8·750 10'880 -3'500 0'0246 -0-0241 5·95 0-24 7'50 

10 8-180 9'750 12·370 -3'883 0'()298 -O'()266 6·45 0'15 10 
15 9'350 lI-l33 14'580 -4'483 00()4()9 -O'()323 H5 0 15 
20 10'()33 11'950 16'()16 -4'867 0·0488 -0-0370 7-65 0 20 
30 10'500 12·500 16·917 -5-083 0-0611 -0'0443 8·00 0 30 
4() 10'150 12-080 16'183 -4'917 0-0678 -0-0485 7-90 0 4() 

50 9'267 11'033 14'167 -4-517 0-0700 -0-0500 7·4() 0 50 
60 7·983 9·500 11-533 -3"100 0-0650 -0-0488 6-48 0 60 
70 2-533 7'630 8-667 -2-783 0'()52O -0-0443 5·25 0 70 
80 6·417 5'467 5'833 -1'900 0-0342 -0·0361 3·85 0 80 
90 4-600 3·017 2'983 -1'033 0-0175 -0-0215 2'20 0 90 
95 H17 1'683 1-550 -0-833 0-0084 -O'()118 1·30 00()4 95 

100 0-217 0·267 0'133 -0'133 0 0 0·4() 0'10 I 100 

796 797 798 801 
0 3·60 3-60 4·80 4'80 6-00 6'00 1·20 1'20 0 
1'25 5·62 1115 7·50 2'60 9'38 3'25 3'80 eroo 1-25 
2-50 6-60 1'35 8'80 1-80 11'00 2-25 5-15 0-00 215C 
5-00 7·95 0·72 10-60 0'96 13'25 1-20 6'80 0'20 5-00 
7·50 8·92 0'36 11·90 0'48 14'88 0'60 8'00 0·4() 7'50 

10 9-68 0·22 12'90 0·30 16-12 0·38 8·90 0110 10 
15 10·72 0 14'30 0 17-88 0'10 10'20 1'00 15 
20 11-48 0 15'30 0 19'12 0 11-10 1·4() 20 
30 12'00 0 16'00 0 20'00 0 11·80 2·00 30 
4() 11'85 0 15'80 0 19'75 0 11,60 2-20 4() 

50 11-10 0 14'80 0 18'50 0 10-75 2-10 60 
60 9·72 0 12·96 0 16,20 0 9-45 1·95 60 
70 7·88 0 10'50 0 13-12 0 7-70 1'60 70 
80 1)078 0 7-70 0 9,62 0 5·50 1·00 80 
90 3'30 0 4'40 0 5'50 0 3'00 0'50 90 
95 1'95 0-06 2·60 er08 3'25 0'10 1'70 0'25 95 

100 0-60 0·15 0'80 0-20 1'00 0·25 er40 0-00 100 

ClarkY N 60 N 60 R N85 
0 3'50 -3'50 3-40 -3·40 3-40 -3·4() 0 0 0 
1·25 5·45 -1'93 5'60 -1·91 5'60 -1'91 I-77 -HO H5 
2'50 6'50 -l'47 6·76 -H6 6'76 -1'46 2,60 -1,35 2'50 
5-00 7·90 -0113 8'24 -0'96 8'24 -0-96 3-75 -1'62 5'00 
7'50 8-85 -0-63 9-33 -0,62 9'33 -0'62 4-53 -1-80 7'50 

10 9'60 -0042 10-14 -O-4() 10-14 -O-4() 5-07 -1-98 10 
15 10-68 -0-15 11-32 -0-15 11-32 -0-15 5'66 -2-36 15 
20 11-36 -0-03 H-98 -0-04 H-98 -0'04 5-93 -2-68 20 
30 11-70 0 12-41 -0'04 12041 -O0()4 5·94 -3-06 30 
4() IHO 0 12-03 -0-22 H-95 -0-14 5-57 -3-14 4() 

50 10'52 0 ll'06 -0-48 10-79 -0-21 &00 -2-95 50 
60 9-15 0 9-55 -0-71 9-18 -0-34 4,25 -2-65 60 
70 7-35 0 7-66 -0-78 7-42 -0'54 3-4() -2'17 70 
80 5-22 0 5'50 -0·64 5-75 --0089 2,47 -1-65 80 
90 2-80 0 3-04 -0'37 4-28 -1-61 1-47 -1-08 90 
95 H9 0 1-72 -0,19 3-66 -2-13 95 

100 0'12 0 0-4() 0 3'20 -2'80 0;50 -0-50 100 

N 86 N 87 LB 24 Ztl 11 
0 0 0 0 0 0 0 0 0 0 
1'25 I-50 -0-85 l'55 -0'73 0-945 -01145 1'25 
2'50 2'35 -1-10 2·28 -0-88 H17 -H17 1·90 -H5 2'50 
5-00 3'45 -1'35 3'33 -1-03 1'983 -1-983 2·85 -1-42 50()() 
7·50 4-20 -I-55 4-07 -1'15 2'420 -2-420 7'50 

10 4'83 -1·75 4'62 -1'30 2-790 -2'790 4-19 -1'74 10 
15 5'47 -2-07 5·27 -1'72 3-388 -3'388 15 
20 5·72 -2'50 5-60 -2-19 3'866 -3'866 5-81 -1'90 20 
30 5'87 -3,07 5-85 -2-86 4-533 -4'533 6·80 -1,82 30 
4() 5·70 -3'25 5'79 -3·21 4·900 -4'900 7·23 -1-66 4() 

50 5'23 -3'18 5'43 -3'30 5·000 -5'000 '1-23 -l'42 50 
60 4-50 -2'96 4-81 -3-13 4·900 -4'900 6112 -1'26 60 
70 3'75 -2'50 4'01 -2-74 4'450 -4'450 6,17 -0'95 70 
80 2'80 -1'91 2·99 -2·15 • 3'620 -3-620 4'86 -0'71 80 
90 1'88 -1'24 1'79 -1'37 H80 -2-180 2'-88 -0,32 90 

100 0-50 -0'50 0'50 -0'50 1'255 -1'255 100 
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x II Yu = -YI II Yu = -YI II Yu = -yz II Yu = -<yz II x 

DVL 00009-0'82540 o 00 09-0'55 40 o 00 09-0'55 45 o 00 09-0'55 50 

0·625 0'872 0'752 0·737 0'727 0'625 

1·250 1·221 1·061 1·030 1·012 1·250 

2·500 1·684 H99 1·441 H05 2'500 

5·000 2·294 2'109 2-004 1·936 5-000 

7·500 2·726 2·561 2-419 2'324 7'500 

10 3·064 2-925 2-705 2-638 10 

15 3'571 3,484 3·282 3-135 15 

20 3·933 3'881 3·682 3·520 20 

30 4-366 4-350 4·215 4'070 30 

40 4'500 4'500 4,469 4-392 40 

fiO 4-370 4'370 4'468 4'500 fiO 

60 3-987 3'987 4-206 4·376 60 

70 3·358 3'358 3'660 3·952 70 

80 2-493 2-493 2,808 3-149 80 

90 1'401 1·401 1-625 1'888 90 

95 0'772 0'773 0'903 1'061 95 

100 0-000 0·090 0-000 0-090 100 

000 12-1'1 40 o 00 12-0'825 40 o 00 12-0'55 40 o 00 12-0'275 40 

NACA 0012-84 
NACA 0012-34 

0·625 1'321 1'l63 1'003 0'779 0·625 

1'250 1·808 1·628 H14 H36 1-250 

2'fi(jO 2'453 2·245 1·998 1'677 2-500 

5-000 3'267 3o()1S9 2·812 2-490 5·000 

7'500 3'820 3·635 3'414 3-128 7-500 

10 4·241 4'085 3·900 3-658 10 

15 4'860 4'762 4-645 4'493 15 

20 5·297 5·244 5'175 5-098 20 

30 5'828 &821 &812 5'801 30 

40 6-000 6·000 6-000 6-000 40 

50 5·827 5'827 5·827 5'827 fiO 

60 5'316 5·316 5'316 5'316 60 

70 4'477 4'477 4'477 4'477 70 

80 3'324 3·324 3'324 3·324 80 

90 1'868 1·868 1'868 1'868 90 

95 1'030 1'030 1'030 1'030 95 

100 0,120 0·120 0'120 0'120 100 

000 12-1-1 50 o 00 15-0'55 40 000 15-1'1 50 o 00 18-0'55 40 

NACA 0012-65 

0-625 1-297 1'254 1·621 2-121 0-625 

1·250 . 1-762 1'768 2'203 2·998 1'250 

2-fi(jO 2·364 20498 2-956 4-218 2'500 

5-000 3'101 3'515 3·876 5'121 5·000 

7-500 3'689 4'268 4'486 5-850 7'500 

10 3-957 4'875 4·946 6·967 10 

15 4-503 5;806 &629 7"762 15 

20 4·909 &468 6·136 8'719 20 

30 5496 7-266 6·870 9-000 30 

.1 
40 5·864 7·500 7·330 8-740 40 

fiO 6·000 7·284 7'500 7-973 50 

60 5-835 6·644 7·294 1·fi05 60 

70 5-269 5'597 6'686 6"716 70 

80 4'199 4-156 5'249 4-987 80 

90 2'517 2-335 3-146 2'802 90 

95 1'415 1'287 1'769 1'545 95 

100 0'120 0-150 0-lfiO 0'180 100 



-~ 
I 

11.3 PROFI~ CO-ORDINATES 147 

x II Yu = -Yl II Yu = -Yl II x I Yu = -Yll! x I Yu = -Ylil 

00018-1-150 000 10'75-0'356 48'7 o 00 10'1i-O'95 48 00010'1-0'09850 

0-625 1'~6 0'719 
1-250 2·643 1·017 I'M7 1·047 0 0 
2'500 3-546 1-430 3'208 1-446 2'344 0·541 

5'000 4·652 2·034 5·648 1-852 4-687 0·976 
7'500 5·384 2-492 9·715 2·432 7'031 1·389 

10 5-936 2·877 12-155 2·808 0'375 1·779 
15 6·754 3'524 15·409 3'244 15'625 2'710 
20 7·363 4-064 21'916 3-967 21'875 3-483 
30 8·244 4-865 31-876 4·748 31'250 4·350 
40 8-797 5'295 41-437 5·168 40'625 4·868 
60 9·000 5·356 51'197 5·228 50·000 5'Ml 
60 8'752 50049 60'968 4·929 59'375 4·868 
70 7·904 4'373 70'118 4·268 68·750 4'350 
80 6·298 3'323 80'479 3·244 78-125 3'483 
90 3-776 1-897 90'239 1-852 90'622 1-779 
95 2-122 I'Ml 96'120 1'016 95·312 0'976 

100 0'180 0-088 1000000 OO()86 100-000 0-083 

------~-------..--------..--------~--------..---------..--------..--------..-------. 

1\ Yu = -Yl II Yu = - Yl II Yu =- Yl II Yu =- Yl II Yu =- Yl " Yu =- Yl II Yu =- Yl II x x 

NACA 0008 0009 0012 0015 0018 0021 0025 
l-25 0-95 1-42 1'89 2·37 2'84 3·31 3·95 1·25 
2·50 1-31 1'96 2-62 3·27 3·92 4'58 ,N5 2'50 

t 

II 
I~'.l 

l 

I 

5'00 1'78 2'67 3'56 4'44 5'33 6·22 7-41 5-00 
/~ 7-110 2-10 3-15 4-20 5·25 6'30 7·35 8·75 7'50 

10 2'34 3'51 4-68 5'85 7·02 8'20 9·76 10 
15 2-67 4·01 5·34 6·68 8'02 9·35 11-14 15 
20 2-87 4'30 5'74 7-17 8'61 I()'M 11'95 20 
30 3'00 4'50 6-00 7'50 9-00 10'50 12-50 30 

,40 2'90 4-35 5·80 7·25 8'70 10'16 12·09 40 
50 2'65 3·97 5·29 &62 7'~ 9-26 110()3 50 
60 2·28 3-42 4-56 5'70 6-84 7-99 9'51 60 
70 I-83 2'75 3'66 4'58 5'50 6'41 7·63 70 
80 1'31 1'97 

I 
2·62 3'28 3-~ 4-59 11'46 80 

90 0·72 1'09 1-45 l'81 2-17 2'53 3·02 90 
95 0'40 0·60 0·81 1'01 1·21 I-41 1'68 95 

100 0006 0'10 0'13 0'16 0·19 0'22 0·26 100 

0030 0012-83 001tJ...-84 0009-34 0009-35 0009-93 18-009 
0001~1-1 <10 

l-25 4·74 1-91 2-267 0·85 0·79 2'(2 0-969 1'25 
2'50 6'54 2-65 3·067 1'26 H4 2'74 1·354 2'50 
5'00 8'89 3'62 4-083 1'87 1-66 3·40 1'882 5-00 
7·50 10'50 4·28 4·767 2·35 2·06 3·76 2·274 NSO 

10 ll-71 4'76 5·300 2·74 2·40 3·99 2·593 10 
15 13-36 5'41 6-083 3·37 2'96 4'25 3-101 15 
20 14'34 ll-79 6-617 3'82 3-41 4·39 3'498 20 
30 15'00 6-00 7-283 4-35 4'03 4'50 4'063 30 
40 14'51 5·85 7·500 4'50 4-39 4'38 4'391 40 
50 13·24 5-41 7-283 4-37 4'50 4'06 4'500 50 
60 IH1 4'72 &650 3·99 4·38 3'54 4'376 60 
70 9'16 3'81 5·600 3·36 3'35 2·86 3·952 70 
80 6'66 2-72 4-150 2·49 3'15 2-04 3-149 80 
90 3'62 1'48 2·333 1-40 I-89 l-Il I-888 90 
95 21>2 0-81 1'283 0-77 1-06 (Jo61 1'061 95 

100 0'31 0·12 0-150 00()9 (Jo09 01)9 Oo()9O 100 
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63-006 63-009 6~-O12 63.-015 63. A 015 63 8-018 63,-021 

0'60 0'503 0'749 0-985 1'204 1'203 1-404 1'583 0'60 

0"15 0-609 0-906 H94 1-462 1-448 1-713 1'937 0·75 

1-25 0·771 N51 1-519 1-878 1'844 2-217 2-527 1'25 

2-60 1-057 1-582 2-102 2-610 2-579 3-104 3-577 2-60 

5000 1-462 2'l96 2'925 3·648 3-618 4-362 5-065 5'00 

7'60 1-766 2-655 3-542 40427 4-382 5-308 6-182 7-60 

10 2'010 3-024 4-039 5-055 4-997 6-068 7'080 10 

15 2-386 3-591 4-799 6'01l 5·942 7-225 8-441 15 

20 2-656 3-997 5'342 6-693 6·619 8·048 9-410 20 

30 2'954 40442 5-930 7·421 7·384 8-913 10'412 30 

40 2'971 4'447 5·920 7-386 7-435 8-845 10·298 40 

50 2·723 4-056 5-370 6-665 6-858 7-942 9-206 60 

60 2-267 3-358 4-420 5'453 5-820 6-455 7-441 60 

70 1-670 2-458 3·210 3-934 4-468 4-622 5·290 70 

80 1'008 1-471 1-902 2-310 2·991 2-691 3-054 80 

90 0·383 0-560 0-707 0-852 1-512 0-985 1-113 90 

95 0-138 0-196 0-250 0-300 0'772 0-348 0-392 95 

100 0 0 0 0 0'()32 0 0 100 

64-006 64-009 64A 010 641-012 64.-015 643-018 64,-021 

0·50 0-494 0-739 0-804 0-978 1-208 1-428 1-646 0·60 

0'75 0-596 0-892 0-969 1-179 1-466 1-720 1-985 0-75 

1-25 0-754 N28 1-225 1-490 1'842 2-177 2'517 1-25 

2-50 1-024 1-533 1-688 2'035 2-528 3'005 3-485 2-50 

5000 1-405 2·109 2-327 2-810 3-504 4'186 4'871 5'()() 

7'50 l'692 2·543 2-805 3'394 4-240 5'076 5-915 7'50 

10 1-928 2-898 3-199 3·871 4-842 5·803 6-769 10 

15 2-298 3-455 3'813 4-620 5'785 6·942 8-108 15 

20 2-572 3-868 4·272 5-173 6'480 7·782 9·095 20 

30 2-907 4-373 4'837 5-844 7-319 8-789 10-269 30 

40 2-995 4-490_ 4-995 5-981 7-473 8·952 10-431 40 

60 2-775 4'136 4-684 5·480 6-810 8-114 9-404 60 

60 2·331 3-452 4·021 4-548 5-620 6-658 7-678 60 

70 1'740 2·561 3-127 3·350 4'113 4-842 5-549 70 

80 1'072 1'564 2'103 2'029 2-472 2-888 3-287 80 

90 0-423 0'611 1'062 0-786 0-950 HOI 1-245 90 

95 0·157 0-227 ()O541 0·288 0-346 ()O400 0'449 95 

100 0 0 0·021 0 0 0 0 100 

NACA 
65-006 65 A 006 65 A 008 65 AOI0 651-012 651 A 012 65.-015 

0-60 0'476 0-464 0·615 0-765 0·923 0·913 H24 0·60 

0'75 0-574 0·563 0·746 0-928 H09 BOO 1·356 0-75 

1-25 0·717 0-718 0·951 1-183 1'387 1'414 1-702 1-25 

2-50 0-966 0·981 1-303 1-623 1-875 1·042 2-324 2'50 

5-00 1-310 1'313 1-749 2'l82 2·606 2·614 3-245 5000 

7-60 1-589 1'591 H2O 2'650 3-172 3-176 3-959 7-50 

10 1'824 1-824 2-432 3-040 3·647 3'647 4'555 10 

15 2·197 2-194 2·926 3-658 4-402 4'392 5-504 15 

20 2-482 2-474 3'301 4·127 4-9711 4·956 6-223 20 

30 2-852 2-842 3-791 4-742 5·716 11·693 7-1112 30 

40 2-998 2-996 3·995 4-995 5·997 11-995 7-498 40 

50 2·900 2·925 3'895 4-863 5'757 11·828 7-168 60 

eo 2·518 2·602 3-456 4-304 4-943 5-143 6'1l8 60 

70 1-935 2·087 2-763 3'432 3'743 4'091 4-600 70 

80 1-233 1·437 1-898 2·352 2-345 2'798 2-858 80 

90 0·510 0·727 0-960 H88 0-947 1-413 H44 90 

15 0-195 0-370 0'489 0-604 0-356 0'719 0-428 95 

100 0 0-013 0·018 0-021 0 0·025 0 100 
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x II Yu = -Yl 

" 

Yu = - Yl 

" 

Yu =- Yl 

" 

Yu =- Yl 

" 

Yu =- Yl 

" 

Yu =- Yl 

" 

Yu =- Yl 

" 

x 

65,-021 66-006 66-009 661-012 661-015 66,-021 66(115)-016 
0'50 1'1122 0-461 0'687 0'906 1-122 1'525 }0184 0-50 
0·711 l'l!38 0'1iM 0·824 1'087 1·343 1-804 HIS 0075 
1-25 2-301 0'693 1-030 1'358 H75 2'240 1'755 1'25 
2'50 3'154 00918 1'368 1'808 2·235 3'045 2'378 2'50 
5'00 4'472 1'257 1'880 2'496 3-100 4-269 3·292 5'00 
7-110 5-498 1-524 2-283 3'037 3'781 5'233 4'007 7'50 

10 6·352 1'752 2'626 3-496 4'358 6·052 4·626 10 
15 7-700 2-119 3-178 4-234 11'286 7·369 11'605 15 
20 8·720 2·401 3·601 4'801 5'995 8'376 6'362 20 
30 10~36 2-782 4'173 5'568 6'956 9·738 7-395 30 
40 10'499 2·971 4'457 5-947 7-430 100407 7'909 40 
50 909112 2·985 4'475 5·965 7-450 10-434 7-957 50 
60 8-390 2-815 4-204 11-588 6·959 9-692 7-425 60 
70 6-224 2-316 3-428 4-515 11-1176 7'610 11-970 70 
80 3'800 1-1143 2'263 2'944 3-598 4-796 3-849 80 
110 l'484 0'665 9'961 1'234 1'489 1'924 1'587 90 
95 0-546 0'262 0'374 0'474 0'1166 0'717 0-597 95 

100 0 0 0 0 0 0 0 100 

Xu Yu 

" 

Xl Yl 

" 

Xu Yu 

" 

Xl Yl 

" 

Xu Yu 

NACA 1408 NACA 1410 NACA 1412 
H89 1-324 1-311 -1-200 1-174 1·639 1-326 -1'515 1'158 1'954 
2'418 1'862 2-582 -H2O 2'398 2·297 2·602 -2-055 2·378 2'733 
4-896 2'602 11'104 -2-134 4'870 3-194 5'l30 -2-726 4-845 3'786 
7'386 3'138 7-614 -2-458 7-358 3'837 7-642 -3-157 7-330 4'537 
9'883 3'558 10'117 -2'682 9·854 4'338 10-146 -3-462 9'824 5-118 

14'889 4'171 15-111 -2'953 14'861 5-062 15'139 -3'844 14-833 5·951 
19'904 4'574 20~96 -3-074 19'880 5·531 20'120 -4O()31 19'857 6-486 
24'926 4'819 25'074 -3·101 241107 11'809 25-093 -4·091 24·889 6-799 
29'950 4'939 30·050 -3-063 290937 5'940 30'063 -4'064 29-925 6'940 
40'000 4·869 40'000 -2'869 40-000 5-836 40·000 -3-836 40-000 6'803 
50·020 4'502 49'980 -2'1156 5()-025 5'385 49·975 -3-439 50'029 6·267 
6O~34 3'931 59-966 -2-153 60-042 4-692 59-958 -2-914 60·051 11-453 
70'041 3-193 69·959 -1'693 70~1 3'804 69'949 -2'304 70·061 4'413 
80~39 2'305 79-961 -H93 80-049 2'741 79'951 -H29 80'058 3-178 
90-027 1'271 89'973 ~'659 90·034 1-513 89'966 ~'901 90·040 1'753 
95'016 0'698 94-984 ~-378 95·021 0'832 94-979 ~'512 95'025 0·966 

100-000 0'084 100'000 -0-084 100-000 0'105 10&000 ~'105 100-000 0'126 

" 

Xl Yl 

NACA 847 B 110 NACA 836 D 110 
0'445 0·792 0'5115 ~'711 0'443 0-769 0'558 ~-678 1-342 -1·830 
0·688 0-964 0·812 ~'847 0'681 0·937 0-812 ~.g08 2'622 -2'491 
1-179 1-239 1-321 -1-055 H66 1-204 1-315 -1'004 6-155 -3'318 
2'420 1'723 2'580 -l'400 2'400 1·694 2'564 -1'352 70670 -3-857 
4·918 2·413 5·082 -1'871 4'898 2-406 5'070 -1'858 10'176 -4-242 
1'421 2'947 7'579 -2-233 1'406 2·959 7'560 -2'l!44 15'167 -4·733 
9'926 3'390 10-074 -2'537 9'913 3'422 100041 -2'574 20·143 -40986 

14-942 4'095 15'058 -3~38 14'942 4-135 15-014 -3-122 25'111 -50081 
19'962 4·631 20-038 -3'447 19'977 4-650 19·981 -3-578 30~75 -5-064 
24'985 5O()31 25·015 -3-784 30·071 11·204 29-891 -4·295 40-000 -4-803 
30-011 5·309 29·989 -4'057 40'149 6-119 39'817 -4·770 49·971 -4-321 
40'087 5'490 39'913 -4'426 110·139 4'1158 49'833 -4'887 59'949 -3'675 
50'141 1I~72 49'8119 -4'499 60-051 3-709 119-929 -4'547 69-939 -2-913 
60·119 4'273 59'881 -4'293 64'995 3·251 64'997 -4'157 79'942 -2-066 
70'037 3'280 69'963 -3'722 69·941 2'793 700047 -3-601 89'960 -H41 
74'982 2·741 75'018 -3·207 74·932 2-325 75-058 -2·920 94-9'5 -0-646 
79-957 2-179 80-043 -2'517 79·941 1-847 80'051 -2-182 100-000 ~'126 
84'965 1'606 85·035 -1-744 84-964 1'366 85-032 -l'430 
89'982 1'033 00-018 ~'976 89·985 0'885 90·013 ~-732 
94'999 0-477 95-001 ~'299 95-001 0-427 94'999 ~'182 

100-000 0 100-000 0 100-000 0 100-000 0 
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x II 1/", 1/1 II 1/", 1/1 II 1/", 1/1 II 1/", YI II x 

NACA 2409 2412 241S 2418 
1-25 1-62 -1'23 2·15 -1·65 2-710 -2'060 3·280 -2'450 1·25 

2'50 2·27 -1-66 2·99 -2'27 3·710 -2"860 4'450 -3'440 2'50 
5'00 3·20 -2'15 4-13 -3'01 50070 -3'840 60030 --4-680 5-00 

7'50 3·87 -2044 4·96 -3046 60060 -4'470 70170 -5-480 7·50 
10 4-43 -2-60 5-63 -3·75 6'830 -41100 8-050 -6-030 10 
15 5-25 -2"77 6-61 -4-10 7-970 -5-420 9'340 -6-740 15 

20 5-81 -2'79 7-26 -4-23 8"700 -5-660 1()O150 -7·090 20 
30 6-38 -2'62 7-88 -4-12 9-380 -5-620 1()O880 -7-120 30 

40 6-35 -2-35 7-80 -3-80 9-250 -5-250 10-710 -6-710 40 
50 5-92 -2-02 7-24 -3·34 8·570 --4-670 9-890 -5-990 50 
60 5-22 -1-63 6-36 -2-76 7-500 -3-900 8-650 -5-040' 60 
70 4'27 -1-24 5-18 -2-14 6-100 -30()50 7-020 -3-970 70 
80 3-10 -0"85 3·75 -I-50 4-410 -2-150 5-080 -2-800 80 
90 1-72 -0-47 2'08 -0-82 2-450 -l'l70 2-810 -1'530 90 
95 0·94 

I 
-0-28 1-14 -0-48 1-340 -0-680 1-550 -0-870 95 

100 0-10 -0-10 0·13 -0-13 0·160 -0-160 0-190 -0·190 100 

2421 23008 23009 23012 
1-25 3'87 -2-82 HI -0-52 2-04 -0-91 2-67 -:1'23 1'25 
2·50 5-21 -4'02 2-08 -iJ060 2-83 -1-19 3·61 -1-71 2-50 
5-00 7-00 -5-51 3-00 -0-61 3-93 -1'44 4-91 -2·26 5-00 
7'50 8-29 -6-48 3-62 -0-60 4-70 -1-63 5-80 -2-61 7-50 

10 .9-28 -7-18 4-06 -0-63 5'26 -1-79 6-43 -2-92 10 
15 10-70 -6'05 4'lil -0-83 5-85 -2-17 7-19 -3'50 15 
20 II-59 -6-52 4'63 -HO 6-06 -2-65 7-50 -3'97 20 
30 12'38 -6-62 4-56 -1'46 6-05 -2-96 7-55 -4'46 30 
40 12·60 -6-16 4'23 -I-58 5-69 -3'03 7-14 -4-48 40 
50 11-22 -7-31 3"75 -1-M 5-09 -2-86 6-41 -4-17 50 
60 9"79 -6-17 3-17 -1'40 4-32 -2-53 5-47 -3-67 60 
70 7'94 -4·87 2-50 -1-17 3-42 -2-08 4-36 -3'00 70 
80 5·74 -3-44 1-75 -0-87 2-41 -1-51 3-08 -2-16 80 
90 3-18 -1'88 0-95 -0-50 1-31 -0"86 1-.68 -1-23 90 
95 1-76 -1-06 &51 -0-29 0-72 -0-50 &92 -0-70 95 

100 0-22 -0'22 00()6 -0-06 0-10 -0'10 0-13 -0-13 100 

2301S 23018 23021 2209-34 
1'25 3-34 -1'M 4-09 -1-83 4'87 -2008 1-17 -0-59 1-25 
2-50 4-44 -2-25 5-29 -2·71 6-14 -3-14 1-80 -0"73 2-50 
5-00 5·89 -3'04 6-92 -3-80 7·93 -4·52 2'81 -0·94 5000 
7-50 6-90 -3-61 8'01 -4'60 9-13 -5-55 3·64 -1-09 7-50 

10 7'64 -4·09 8'83 -5·22 10-03 -6-32 4'30 -1-22 10 
15 8'52 -4-84 9-86 -6-18 1l'l9 -7-tH 5-27 -1-47 15 
20 8-92 -5-41 10·36 -6-86 H·80 -6-30 5-82 -1'82 20 
30 90()5 -5·96 10-65 -7-47 12'06 -6'95 6-32 -2-38 30 
40 8-59 -5-92 1&04 -7'37 11'49 -8-83 6-38 -2'62 40 
50 7-74 -5-50 9'05 -6-81 10'40 -6-14 6-10 -2-65 50 
60 6-61 -4'81 7·75 -5·94 8-90 -7-07 5-50 -2-49 60 
70 5·25 ~3'91 6'18 -4'82 7·09 -5-72 4-60 -2-13 70 
80 3-73 -2-83 4-40 -3-48 50()5 -4-13 3-38 -1'61 80 
90 2·04 -1'59 2·39 -1-94 2"76 -2'30 1-88 -0'92 90 
95 1-12 -0-90 1'32 -1-09 1'53 -1-30 1-02 -0-52 95 

100 0-16 -0·16 0·19 -0·19 0'22 -0-22 &09 -0·09 100 

2409-34 23012-33 23012-34 23012-84 
1-25 1'00 -0-70 1-90 -0'77 1-67 -0·67 2'53 -1-20 1-25 

2'50 I-53 -1-00 2'89 -1-15 2-54 -0'90 3·41 -1'61 2-50 
5-00 2'39 -1-37 4'34 -1·70 3'80 -1-25 4'59 -2-00 5'00 
7-50 3'08 -1·63 5·38 -2-18 4-71 -I-58 5'41 -2-27 7'50_ 

10 3·67 -1-83 6-15 -2-62 5'40 -1-91 6·00 -2'50 10 
15 4'61 -2-12 7·08 -3'40 6-34 -2-64 6·70 -30()2 15 
20 5'34 -2'31 7-49 -3'98 6-86 -3-35 7·04 -3-55 20 
30 6-23 -2'47 7-55 -4·46 7·34 -4-27 7'37 -4-29 30 
40 6·50 -2-50 HI -4'46 7'33 -4-67 7'32 -4'66 40 
50 6'32 -2-42 6'52 -4·30 6·95 -4'71 6-93 -4·70 50 
60 5'77 -2'21 5-61 -3'83 

II 

6-20 -4·43 6-21 -4'42 60 
70 4-87 -1'85 4-48 -3-14 5-16 -3-80 5-17 -3'79 70 
80 3'63 -1'37 3'16 -2·26 3-79 -2-87 3'78 -2'86 80 
90 2'0;1 -0·78 1'70 -1'25 2-10 -1-65 2-09 -1-63 90 

J 
95 1'09 -0'44 0-93 -0·70 1'15 -0·91 1-15 -0'90 95 

l 
100 00()9 -00()9 0·12 -0-12 0'12 -0·12 &12 -0-12 100 

------------------" 
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II X. Yu II Xl YI II Xu Y. 

" 

xI YI 

" NACA 83-209 83 A 210 
0'437 0·796 00583 -00696 0·423 0'868 0'577 -0'766 
01180 0·973 0'820 -0'833 0-664 1'068 0'836 -00900 
H70 I'W 1·330 -1'041 H61 1'367 1'349 -}o}26 
2-408 1·785 2'692 -1'393 2'384 1'944 2'616 -1'622 
4'897 2'610 6'103 -1'878 4-869 2-769 6-131 -2'047 
7-394 3'077 7'606 -2'229 7'364 3-400 7-636 -2·428 
9·894 3'839 10'106 -2'606 9-863 31117 10-137 -2-725 

140901 4-263 16'099 -2·917 14'869 4'729 16'131 -3-167 
19·912 4·792 20·088 -3'200 19'882 6'328 20'118 -3'468 
24'925 ti'l69 26'075 -3·379 24'898 5·764 26'102 -3'662 
29'940 6-414 30'060 -3-470 29-916 &060 30-084 -3"764 
34-966 6·ti30 36'044 -3-470 34'935 6·219 3tio06ti -3'771 
39'971 6'618 40'029 -3'376 39-966 6·247 40'045 -3'689 
44-986 6·391 450014 -3·201 44'975 6-161 45-025 -3-523 
600000 6'169 600000 -2·953 49-994 5'943 ti().()06 -3'283 
600022 4'429 69-978 -2'287 600028 6·245 69-972 -2-641 
70'033 3'430 69-967 -10486 70-062 4'227 69·948 -H61 
8(}O032 2-267 79-968 -0'675 S01l74 2'974 79-926 -1'104 
90'019 1'067 89'981 -0-033 9Oo0t;0 1'619 89-960 -0'539 
95·009 0'612 94'991 0·120 9ti1l26 0·769 94'974 -0·279 

1000000 0 1000000 0 1000000 0-021 100-000 -00021 

I 

131-212 MA 210 
0'417 1'032 0'683 -0·932 0-424 0·866 0'576 -0·744 
0-6ti7 1'260 0-843 -H2O 0-665 1·044 0'835 -4886 
H4ti Jo622 1'3M -1-408 H83 1'342 1'347 -HOO 
2-378 2'284 2-622 -1'912 2·387 1-895 2-613 -1-473 
4-883 3-238 ti'l37 -2-606 4-874 2·685 5'126 -1-963 

1 7'358 3·983 7-642 -3'116 7·369 3'288 7'631 -2'316 
9-859 4'OM 10'141 -3'620 9'868 3"792 10'132 -2'600 

14'868 5'470 16'132 -4·124 140874 40692 15'126 -3'030 
19'882 6'137 20'118 -4·645 19·886 6·200 20·115 -3·340 
240900 6'606 25'100 -4·816 24·900 6-656 25'100 -3'OM 
29·920 6·901 30'080 -4·967 29'917 6-984 30'083 -3'688 
34'941 7'030 3&059 --40970 34'935 6'192 35·066 -3"744 
39-962 6·991 ~038 -4'849 39-966 6'274 40-045 -3·716 
44-982 6·799 4&018 -4'609 #975 6-208 4&026 -3·880 
600000 6'473 600000 -4'267 49·994 6·014 600006 -3'364 
60-029 6-491 69-971 -3·349 60-028 6·323 69·972 -2'719 
7(}O043 4-182 69·957 -2·238 700064 4-310 69·946 -1'944 
8(}OOO 2'698 79·968 -1'106 SO'076 3'037 79·924 -1-167 
901l2ti 1'224 89-976 -0'190 900052 1'601 89·948 -0'671 
96'012 0'666 94'988 ()O066 95-027 0'786 940974 -0-296 

100-000 0 100-000 0 10(}0()0() 00021 100-000 -00021 

"1 A 2t2 85-2tO 
0-409 1·013 0'591 -0·901 0-436 0·819 0'665 -0·719 
0-648 H33 0·852 -1-076 0·678 0·999 0'822 -0·869 
H36 1'680 1'366 -1·338 H69 1-273 1·331 -1'059 
2'385 2'226 2'635 -1'803 2-408 1'767 2'592 -1'385 
4'849 3-l46 5'151 -2-423 4-898 2-491 6'102 -1'859 
7'343 3'846 7·667 -2·874 7-394 3-069 7-606 -2'221 
9'842 4·432 10'158 -3'240 9·894 3'555 10'106 -2'521 

14'849 6·358 15'161 -3'796 14'899 4'338 15'101 -2·992 
19'862 6'060 20'138 -4·200 19-909 4·938 20-091 -3'346 
24'880 6'684 2ti'l20 -4'482 240921 5·397 25'079 -3'607 
29'900 6·966 30'100 -4'660 29·936 5·732 30'064 -3-788 
34'922 7-189 35-078 -4·741 34-951 50964 35-049 -3'894 
39'946 7·272 ~054 -4'714 39·968 6.()67 ~032 -3'925 
44·970 7-177 45'030 -4'649 #984 61158 45'016 -3'868 
49'993 6·936 5(}o007 -4'275 5(}o000 6·915 60'000 -3'709 
600034 6·103 69·966 -3-499 6(}o027 6·217 69'973 -3'075 
70·064 4'903 69'936 -2'537 7(}O043 4-128 690957 -2·184 
SO,09O 3-433 79'910 -1'563 SO'044 2'783 79'956 -}ol91 
90'062 1'761 89'938 -0·771 90·028 1-327 89-972 -0'293 
96'032 0'888 94·968 -0'398 95·014 0'622 94'986 0-010 

1000000 0'026 100-000 -0·025 100'000 0 100-000 0 

IIiiii... 
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II Xu Yu II xI Yl II Xu Yu II xI YI II 
NACA 85.-215 Ja = 0'5) 88'2-215 (a = 0'8) 

0·370 H86 0'630 -1-047 0'379 1-168 0'621 -1'038 
0-606 1-446 0'896 -1-251 00616 H13 0'884 -1·231 
1-086 1'841 1'414 -1-647 HOI 1-777 1-399 -H99 
2·311 2'575 2'689 -2·057 2'329 2·466 2'671 -1·978 
4.-786 3'679 5'214 -2'797 4·807 3-496 5-193 -2-664 
7·276 4'547 7·724 -3'359 7·298 4-313 7'702 -3-191 
9·"" 5'274 10·226 -3'822 9·794 5'019 10'206 -3'645 

14·783 6'448 15-217 -4'552 14-801 6'150 15-199 -4'352 
19'806 7-344 20'194 -5-096 19·818 7·030 20'182 -4'892 
24'835 8'024 26·165 --6'500 29'871 8'245 30'129 -5-617 
29'871 8'519 30'129 --6·783 34'904 8'622 35'096 -5-836 
34'912 8'838 35'088 --6'952 39'910 8'862 400060 --6·968 
39'958 8'984 40·042 -6·012 44·979 8'969 45'021 -6'021 
45·009 8'925 44·991 --6'929 500021 8'931 49'979 --61186 
50·076 8'638 49'924 --6·698 55-069 8·738 54'931 --6-860 
60'154 7'396 69'846 -4·834 60'132 8'336 59·868 --6'584 
70·147 6'589 69'853 -3·607 70'186 6'695 69'814 -4'493 
80'100 3'509 79-900 -2·203 80'139 4'352 79'861 -2'874 
900039 1'450 89·961 -0'836 90'057 1'838 89'943 -H36 
96·013 0'672 94'987 -0'284 95·020 0'726' 94-980 -0-395 

100-000 0 100-000 0 100-000 0 100-000 0 

88 (215)-216 87'1-215 
0-401 1'230 0'599 -1'130 0-402 1-213 0'1198 -H13 
0-640 1-484 0'860 -1·344 0·642 H60 0'858 -1·320 
1-128 1-858 1'372 -1'644 1-128 1-867 1·372 -1'653 
2'382 2'560 2·838 -2-188 2'381 2·677 2·839 -2-205 
4'848 3'604 5-154 -2-972 4-848 3·557 11'152 -2·925 
7-340 4'428 7-660 -3'580 7·344 4-321 7-656 -3'473 
9'838 5-140 10'182 -4'106 9·845 4'947 10'155 -3-913 

14'845 &278 15'155 -4'930 14'854 5·954 15-146 --4-608 
19'860 70158 20-140 --6·564 19'889 8'735 20·131 --6·143 
24·879 7'844 25'121 -6·054 24'887 7'348 25'113 --6'658 
29'900 8·388 30·100 -6·422 29·908 7-826 30-092 --6·881 
34·924 8-736 35'078 -6'676 34'930 8'185 35'070 -6'125 
39-949 8·980 400051 -6·838 39·953 8·430 400047 -6·288 
44·974 9-092 45·028 -6-902 44·978 8·570 45-024 -6·380 
500000 9-060 50·000 -6'854 50-000 8'600 50-000 -6·394 
600048 8-498 59·952 -6·354 60'047 8·302 59-953 -6'160 
700081 8'941 69·919 -4'997 70-OS8 7'373 69·914 --6'429 
80-085 4'644 79·915 -3-052 80'100 5'335 79-900 -3'743 
900055 2-103 89·945 -1·069 90-071 2'537 89'929 -1'503 
950028 0'913 94'972 -0-281 95'037 H03 94'963 -0-471 

1000000 0 1000000 0 1000000 0 1000000 0 

0010 (a = 1, Cl, = 0'3) 84A310 
1'086 1'731 H14 -1·409 0'399 00873 0'601 -0·723 
2'310 2'449 2'690 -1'891 0·638 1'068 0·862 -0'858 
4.-792 3'429 5·208 -2-481 1-123 1'379 1-377 -1'057 
7'290 4-130 7·710 -2'858 2'353 1-961 2'647 -1'403 
9'796 4'672 10'204 -3'122 4'837 2'759 5-163 -1·847 

14'816 5'460 15'184 -3-442 7'332 3'436 7-668 -2-164 
19'842 5'973 20'158 -3'586 9'832 3'970 10'168 -2'420 
24,·870 6·293 26'130 -3'607 14'842 4·819 15'158 -2'809 
29'899 6-459 30'101 -3'543 19'859 5-464 20'141 -3-076 
39·953 6'443 400047 -3·231 24'879 5-946 25'121 -3·282 
50-000 8'066 500000 -2'758 29-902 6·294 300098 -3'378 
600037 5'409 59-963 -2-197 34'927 8·613 35'073 -3'423 
700062 4'512 89·938 -1'594 39·962 &601 40-048 -3'389 
80-072 3'380 79·928 -0·992 #977 8'536 45'023 -3'252 
\lOo063 1'980 89'937 -0-430 50-000 8·334 50'000 -3'030 
95-047 1-144 94-953 -0'196 600039 5-627 59-961 -2'416 

100-000 0'105 1000000 -0·105 700063 4'584 69'937 -1'668 
800070 3'296 79-930 -0'908 
90·056 1'836 89·944 -0'288 
95-038 1-014 94-962 -0-065 

100-000 00021 100-000 -0-021 

L. __ .-.4 
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H6 
2-60 
11-00 
7-60 

10 
III 
20 
30 
40 
60 
60 
70 
80 
90 
96 

100 

1-26 
2-60 
&00 
7-60 

10 
15 
20 
30 
40 
60 
60 
70 
80 
90 
95 

100 

II Yu Yl 

NACA 4406 
1-26 
1-88 
2-79 
3-63 
4'16 
11-15 
6-90 
6-76 
6-90 
6-66 
6-S6 
4-86 
3-56 
1-96 
1'011 
0-0& 

3'76 
5000 
6-711 
8'06 
9-11 

10-66 
11-72 
12-76 
12-70 
11-85 
10-44 
8'56 
6-22 
3-46 
1-89 
0·19 

4418 

~-M 

~-79 

~·82 
~-73 

~-60 

~-25 

0-12 
0-74 
1'10 
1-24 
1-27 
1-16 
0-91 
0-49 
0-24 

-0-0& 

-2-11 
-2-99 
--40()6 
--4-67 
-6-06 
---6-49 
---6·66 
---6-26 
--4-70 
--4-02 
-3-24 
-2-45 
-1-67 
~.g3 

~-55 

~-19 

II 

II 

Xu 

0-229 
0-449 
Mill 
2-109 
4-664 
7-053 
9-558 

14-699 
19-668 
24-758 
29-867 
40'200 
60-447 
60-436 
70'241 
80o()73 
9C}016 
9&004 

100-000 

Yu 

1'81 
2'61 
3-74 
4·114 
6-37 
6-52 
7·33 
8-26 
8-36 
7-87 
7'00 
11-76 
4-21 
2-33 
1-26 
00()8 

4-46 
11-84 
7-82 
9-24 

10·36 
12-04 
13017 
14-27 
14-16 
13-18 
11'60 

9-50 
6-91 
3-811 
2-11 
0-22 

4409 

4421 

Yu II XI 

NACA 747 A 315 
1-306 
1-599 
2'066 
2·936 
4-2114 
6-286 
6·140 
7-497 
8·603 
9-242 
9-731 
9-962 
81164 
7-324 
6-364 
3-296 
1-289 
0-481 
0 

Yl 

-1-05 
-1-37 
-1-66 
-1-74 
-1073 
-1-511 
-1-30 
~"76 
~-36 

~0()7 

0-14 
0026 
0-26 
0-14 
0-03 
00()9 

-2-42 
-3'48 
--4-78 
---6-62 
-6-16 
-6-75 
-6098 
-6-76 
-6-16 
---6'34 
--4-44 
-3-36 
-2-31 
-1-27 
--0-74 
--0-22 

II 

0-771 
1-051 
1'589 
2-891 
6-436 
7-947 

10-442 
16-401 
20-332 
26-242 
30-133 
39-800 
49-663 
69-666 
69'769 
79-927 
89-984 
94-996 

100-000 

Yu 

2-44 
3-39 
4-73 
11-76 
6'/l9 
7-89 
8-80 
9'76 
9-80 
9-19 
8'l4 
6'69 
4-89 
HI 
1-47 
0-13 

3'511 
4-71 
6·33 
7·42 
8-20 
90()2 
9-26 
9-10 
8-46 
7'/l3 
6-36 
&00 
3-52 
1'90 
1-02 
0'13 

4412 

43012 

YI 

-1-031 
-1-207 
-1-473 
-1-927 
-2-618 
-2-952 
-3'304 
-3-843 
--4-247 
--4-646 
--4-773 
-6-020 
---6O()14 
--4·772 
--4-110 
-2-743 
-1-097 
-0-406 

0 

Yl 

-1-43 
-1-911 
-2-49 
-2-74 
-2-86 
-2'88 
-2-74 
-2-26 
-1·80 
-1'40 
-1-00 
--0-65 
~-39 

--0-22 
~-16 

-0-13 

~-82 

-1-00 
-1·06 
-1-09 
-1-21 
-1-66 
-2-22 
-2-91 
-3-15 
-3-07 
-2-78 
-2·32 
-1-73 
-1·00 
~-53 

~·13 

II 

II Yu 

3-07 
4-17 
6-74 
6-91 
7-84 
9-27 

10-26 
11-25 
11-26 
10-53 
9-30 
7-63 
11-511 
30()8 
1-67 
IH6 

1-17 
1-83 
2-90 
3-80 
4-58 
6-86 
6'85 
8-ll 
8-60 
8'27 
7-116 
6'40 
4-77 
l'41 
2-67 
00()9 

4411i 

Yl 

-1-79 
-2-48 
-3'27 
-3-71 
-3-98 
--4'18 
--4-111 
-3-76 
-3-26 
-2-72 
-2-14 
-1-65 
-1-03 
~'57 
~-36 

~-16 

4409-34 
~-64 

~'73 

--0-90 
~1l5 

~-96 

--0-90 
~-81 

~06() 

~-50 

~-48 

~"3 
~'36 

~'26 

-0-14 
~-18 

~0()9 

" 1-211 
2-50 
6000 
7-50 

10 
16 
20 
30 
40 
50 
60 
70 
80 
90 
95 

100 

153 

1-25 
2-50 
5'00 
7-50 

10 
16 
20 
30 
40 
50 
60 
70 
80 
90 
95 

100 
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II Xu Yu II xl Yl II Xu Yu II Xl Yl II 
NACA 63.-415 63-4----420 

0·300 1·287 0·700 -1·087 0·215 1'790 0·785 -1'590 
0'525 1'585 0-975 -1'305 0-430 2'196 1'070 -1·916 
0·991 20074 1-509 -1'646 0·887 2·827 1'613 ~2'399 

2-198 2·964 2'802 -2-220 2·082 3-954 2·918 -3·210 
4-660 4·264 5'340 -3-000 4'538 5'557 5-462 --4'293 
7'147 5·261 7'853 -3'555 7·024 6·793 7·976 -5-097 
9-647 6·077 10'353 --4-009 9'526 7'817 10'474 -:)0749 

14-669 7·348 15-331 --4'656 14'554 9·424 15-446 -60732 
19-705 8'279 20-295 -5.095 19-603 10-689 20-397 -70405 
24'750 8·941 25-250 -5'361 24-663 11'414 25·337 -7'834 
29·800 9·362 30'200 -5-474 290732 ll'895 30·268 -8'007 
34'852 9'559 35·148 -5-439 34'803 120036 35'197 -7·916 
39'905 9'527 4O.Q95 -5-243 39'874 ll'906 40'126 -7'622 
44-955 9·289 4&045 --4-909 44-940 11-556 4&060 -7'176 
50-000 8'871 5tl-OOO --4-459 50-000 11-025 5tl-OOO -6·613 
60-070 7-595 59-930 -3-3ll 600095 9-492 59-905 -5'208 
70·106 5-877 69'894 -1'989 70·148 7·438 69'852 -3'550 
80'102 3-900 79·898 -0'716 80-150 4-990 79'850 -1·806 
90-059 1-884 89·941 -0'184 90-094 2·379 89-906 -O-3ll 
950028 0-931 94'972 -0'333 9&047 1-131 94-953 -0'133 

100-000 0 100-000 0 100-000 0 100-000 0 

63,-421 83(00)-422 
0 0 0 0 0-187 1'959 0-813 -1-759 
0-237 1-661 0·763 -1'461 0-398 2-402 1-650 -2·660 
0-452 2-054 1-048 -1·774 0-850 3-088 2·959 -3-568 
0-902 2·717 1'598 -2·289 2-041 4-312 1-102 -2-122 
20()86 3'925 2·914 -30181 4-492 6'050 5-508 --40786 
4'527 5·675 5'473 --4-4ll 6-977 7'387 8-023 -50691 
7'007 7·010 7·993 -5·314 9-478 8-496 10-522 -6·428 
9'506 8'097 10-494 -6-029 14'509 10'231 15-491 -7'539 

14-535 9'774 15-465 -7-082 19'563 ll·489 20'437 -8'305 
19'585 10·993 20-415 -7·809 24'630 12-377 25'370 -80797 
24-649 U'837 25·351 -8'257 29'705 12-890 30·295 -9-002 
290719 12·352 30·281 -8-464 34-784 13-034 35·216 -8'914 
34'793 12·568 35-207 -8'438 39-861 12·883 40'139 -8·599 
39'867 12-439 40·133 -8-155 44-934 12-493 45-066 -8'll3 
44·937 12'044 450()63 -7'664 500000 ll-907 50-000 -70495 
500000 1l'412 50-000 -7'000 60'104 10-227 59-896 -5-943 
60·096 9-582 59-904 -5'298 70'163 7·988 69-837 --4-100 
70'143 7-232 69'857 -3'344 80'165 5-329 79-835 -2'145 
80'135 4'643 79·865 -1'459 90'103 2'513 89-897 -0'445 
90-078 2-144 89·922 -Oo()76 9&051 H81 94'949 -O0()83 

100-000 0 100·000 0 100-000 0 100-000 0 

84---409 64 A410 
0'377 0'829 00623 -0-629 0'350 0·902 0-650 -0'678 

:! 0-613 1'021 0'887 -00741 0'582 H12 0'918 -0'796 
, 1 

1·095 1'331 1·405 -0-903 1-059 1-451 1'441 -0-969 
2·322 1'895 2'678 -1'151 2·276 2-095 2·724 -1-251 
4·803 2'732 5'197 -1-468 4-749 3'034 5'251 -1'592 
7·297 3'383 7-703 -1'687 7·230 3-865 7'770 -1'919 
9'798 3-925 10'202 -1'857 9'737 4'380 10·263 -1'996 

14'810 4-796 15'190 -2-104 14-748 5'366 15-252 -2'244 
19'830 5-456 20'170 -2'272 19'770 6·126 20-230 -2·406 
24'854 5'957 25-146 -2'377 24-800 6·705 25·200 -2-499 
29'882 6'315 3O·U8 -2'427 29'834 H31 30·166 -2'537 
34-912 6'538 35'088 -H18 340871 70414 35'129 -2'518 
39·942 6·632 40-058 -2'348 39·910 7'552 40-090 -2-436 
44'972 6'554 4&028 -2'174 44·950 Ni22 450050 -2'266 
50-000 6'342 500000 -1·930 49·989 7-344 5000ll -2-024 
60-045 5'594 59-955 -1'310 60·057 6·624 59-943 -H18 
70-069 4'504 69·931 -0-616 70'108 5'490 69-892 -0·760 
80-069 3'154 79'931 -00030 80'151 3'967 79'849 -0'229 
90'043 1'644 89·957 -0'424 90-104 2-038 89'896 -O0()76 
95'021 0·858 94'979 -0'406 95'053 1'028 94'947 -O-()48 

lc 

100-000 0 100-000 0 100-000 00021 100-000 -00021 

__ ...ci 
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/I Xu Yu II Xl Yl II Xu Yu II xl Yl II 
NACA 84C -412 64,-415 

0·338 Hl64 0-662 ~'864 0·299 1-291 0·701 -1'091 
0'1169 1'3011 0·931 -1'0211 0'526 N79 0·974 -1'299 
1·045 1-690 1-4115 -1-262 0'996 2·038 1'504 -1'610 
2-264 2'393 2-736 -1-649 2'207 2'883 2-793 -2-139 
4·738 3-430 5'262 -2'166 4'673 4'121 11·327 -2'8117 
7'229 4'231 7'771 -2'1i35 7'162 11·075 7·838 -3'379 
9'730 4'896 10'270 -2'828 9-662 5'864 10'338 -3·796 

IH411 5-959 15·2115 -3·267 14'681 7-122 15·319 -4'430 
19·772 6"760 20·228 -3'1176 19'714 8'066 20'286 -4'882 
24'805 7-363 25-195 -3'783 24'7115 8'771 211'2'" -6'191 
29'842 7-786 30'158 -3'898 29'803 9'260 30'197 -6'372 
34'882 8'037 35-118 -3'917 34'853 9'541 35-147 -6'421 
39'923 8'123 40'077 -3'839 39'904 9'614 40·096 -6'330 
""963 7-988 411'037 -3'608 ""954 9'414 45-046 -60()34 
110'000 7'686 60'000 -3·274 110-000 9'016 5()o000 -4'604 
60'059 6'690 59'941 -2'406 60'072 7·762 119-928 -3'478 
70'090 11'293 69·910 -1'405 70'111 6-0115 69'889 -2-167 
80'089 3'619 79'911 ~'435 80'109 4'062 79'891 ~878 

900()55 1'818 89'945 ~'250 90·066 1-982 89'934 ~0()86 

95'027 0'919 94'973 ~'345 95O()32 0·976 94-968 ~'288 

100'000 0 100·000 0 100'000 0 100-000 0 

848-418 85,-415 
0'263 1'608 0·737 -1·308 0'313 1-208 0-687 -1·008 
0-486 1'840 1-014 -1-560 0'542 1-480 0'958 -1-200 
0-960 2·370 1'1150 -1-942 1-016 1'900 1-484 -H72 
2-1112 3·357 2'848 -2·613 2'231 2·680 2'769 -1-936 
4'609 4-800 5·391 -3'1136 4'697 3'863 11'303 -2-599 

I 7'095 11·908 7·905 -4'212 7-184 4'794 7-816 -3'098 
h 9'595 6'823 10-405 -4'755 9'682 11'1178 10'318 -3'510 

14-617 8·277 15'383 -6'585 14'697 6·842 15'303 -4'160 
19'657 9'366 20·343 ~'182 19'726 7-809 20·274 -4'625 
24'707 10·176 25'293 ~'lI96 24-764 8'1i6O 25·236 -4-970 
29'763 10·730 30-237 ~'842 29·807 9-093 30'193 -6·205 
34'823 11-037 35'177 ~'917 34'854 9'4115 35·146 -6·335 
39'885 11'093 40'115 ~.g09 39·903 9-639 40-097 -6'355 
"'·945 10·820 45'055 ~'440 ""'953 9-617 411·047 -6'237 
60'000 10·321) 110-000 -6'908 50'000 9'374 50·000 -4·962 
6OO()86 8·799 59-914 -4'515 6()o079 8·260 119·921 -3'976 
70'131 6·784 69'869 -2-896 70·124 6'1542 69·876 -2·654 
80·127 4'477 79'873 -1'293 SO·126 4'''''7 79·874 -1-263 
90·077 2'132 89-923 ~064 900()80 2'175 89·920 ~'107 

911-037 1·030 94-963 ~234 95'040 Hl58 94·960 ~'206 
100'000 0 100-000 0 100-000 0 100'000 0 

85.-415 (a = 0'5) 853-418 
0·245 1'233 0·755 -0·957 0·278 H18 0·722 -1'218 
0-464 1-520 1-036 -1-132 0'503 1·729 0·997 -1'''''9 
0·927 1-965 1-573 -1-377 0-973 2·209 1'1127 -1'781 
2-126 2-812 2·874 -1-776 2'181 3-104 2-819 -2-360 
4'574 4-099 11·426 -2·335 4'639 4'481 5'361 -3'217 
7·054 6-122 7-946 -2·746 7-123 11'566 7'877 -3'870 
9'549 5-985 10'451 -3·081 9·619 6'478 10·381 -4'410 

lHi68 7-383 15·432 -3'591 14·636 7·942 15·364 -5'250 
19'611 8-459 20'389 -3'963 19·671 9-061 20·329 -5·877 
24'671 9·2SO 25·329 -4·232 24·716 9·914 25·284 ~'334 

29'743 9'883 30'257 -4·411 29·768 10-536 30·232 ~'648 

34'825 10·280 35-175 -4'508 34'825 10·1)44 35'175 ~'824 

39-916 10'470 40'084 -4'526 39·884 11-140 40'116 ~'856 

45·019 10-423 ""'981 -4'431 ""·943 11'091 411·057 ~'711 

60'152 10'106 49'848 -4·226 50-000 10'774 50·000 ~'362 

60'307 8'672 119·693 -3'548 60-094 9'408 59·906 -6'124 
70·294 6'573 69·706 -2'609 70'146 7-368 69·854 -3·480 
SO·199 4-157 79·801 -1'545 80·147 4'927 79·853 -1'743 
90-077 1-7115 89·923 -0·1127 90-092 2'360 89·908 ~'282 

95'027 0'715 94'973 ~'139 911'046 1'120 94'954 ~-1'" 
100·000 0 100-000 0 100-000 0 100-000 0 
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II Xu Yu II Xl Yl II Xu Yu II xl Yl II 
NACA 653--'18 (8 = 0'5) 65(681)-420 

0·197 1-440 0·803 -H64 0·258 1-537 0-742 -1-337 

0·411 J.766 1·089 -1·378 0-482 1-864 1-018 -1'684 

0'868 2·271 1-632 -1'683 0-960 2·374 1-550 -1'946 

2·057 3·233 2·943 -2-197 2-162 3'368 2·848 -2-614 

4·493 4·715 5'507 -2'951 4'603 4-866 6·397 -3·602 

6·966 5'891 8·034 -3'515 7-083 6-066 7-917 -4-370 

9-459 6'882 10-541 -3·978 9-679 7-060 10-421 -4·992 

14·481 8·482 15·519 -4-690 19·634 9'885 20-366 -6·701 

19-533 9-709 2&467 -5·213 24-684 10·815 26-316 -7·236 

24-604 10-643 25'396 -5'595 29·742 IH94 30·268 -7'606 

29-691 11'325 30-309 -5·853 34-805 11-939 35'195 -7-819 

34·789 Il'770 35-211 -5-998 39·871 12-140 40-129 -7-856 

39'899 11'970 40·101 -6-026 44'937 12'056 45-063 -7'676 

50-182 11-506 49·818 -5'626 50-000 11-672 50-000 -7-260 

60-364 9·820 69-636 -4-696 60-103 10-126 59·897 -&842 

70-347 7-397 69-653 -3-433 70'160 7'861 69-840 -3·973 

80'232 4·636 79-768 -2-024 80'159 5·200 79·841 -2-016 

900()89 1'930 89-911 ~-702 9()-098 2·441 89-902 ~'373 

95-030 0·777 94·970 ~-201 95-049 1-150 94-951 ~'114 

100-000 0 100-000 0 100·000 0 100·000 0 

65,-421 (8 = 0'5) 661-415 

0-155 1-620 0-845 -1·344 0-314 1-206 0·686 -1-006 

0'363 1-991 1-137 -1'603 0·544 H67 0-956 -H87 

0·813 2·553 1·687 -1'965 1-019 1'873 1-481 -1-445 

1'992 3'631 3-008 -2-595 2'241 2'592 2-769 -1-848 

4-414 5-315 5-686 -3-551 4'711 3'718 6·289 -2-454 

6'880 6·651 8-120 -4·275 7-199 4-617 7-801 -2-921 

9-371 7-773 10-629 -4'869 9-696 6-381 10·304 -3-313 

14'395 9-572 15-605 -5'780 14'709 6-624 15-291 -3'932 

19-455 10·961 20'545 -6-455 19-736 7-581 2&264 -4-397 

24'538 12-000 25·462 -6'952 24-771 8'329 26-229 -4·749 

29-639 12·765 30'361 -7·293 29-812 8'897 30·188 -5-009 

34'754 13·268 35·246 -7-486 34-857 9-309 35-143 -5-189 

39·882 13-470 4O·Il8 -7·526 39-904 9·571 4&096 -5-287 

5O-2Il 12·890 49·789 -7-010 44-952 9-685 45-048 -5-305 

60-421 10·942 59'579 -5-81S 60-000 9-666 50'000 -5-244 

70-398 8-193 69'602 -4-229 60-090 9-100 69-910 -4-816 

SO-264 5-097 79·736 -2-485 70·150 7'518 69·850 -3'630 

90-100 2-095 89-900 ~·867 80-159 5'187 79'841 -2-003 

95-034 0'833 94'966 ~-257 90-104 2'519 89-896 ~-451 

10&000 0 10&000 0 95-053 1'196 94·947 ~-068 

1000()()() 0 100-000 0 

747 A415 64A610 

0 0 0 0 0 0 0 0 

0·183 1-318 0-817 ~-994 0-303 0·930 0-697 ~-630 

0-398 1-622 H02 -1'160 0-530 H54 0-970 ~'734 

0'852 2-106 1-648 -1-406 1'000 1-520 1-500 ~-878 

2-041 3-016 2-959 -1-S22 2-209 2-221 2·791 -H05 

4-487 4-411 5-513 -2·349 4·676 3-252 5·324 -1-356 

6·972 6'488 8-028 -2'730 7-166 4-057 7·834 -1-513 

9-476 6-390 10-624 -3-038 9-~66 4-733 10'334 -1-631 

14'521 7'827 15-479 -3-501 14-685 5'831 15-315 -1·769 

19'598 8-897 20'402 -3'845 19·71S 6'651 20-282 -1'S75 

24'698 9-687 25'302 -4-095 24'758 7-285 25-242 -1-915 

29·818 10·216 30-182 -4·286 290804 7-749 30-196 -1'917 

34-964 10-497 35O()36 --4-411 34'853 8-056 35-147 -1-876 

40-176 10'499 39·824 -4-485 39'903 8-207 40'097 -1'781 

50-447 9-516 49'553 -4'462 50·000 7'993 60-000 -1'375 

60·454 7-859 69-546 -4-235 60O()78 7-233 59-922 ~'807 

70'273 5-838 69'727 -3·622 70'126 6-040 69'874 ~-208 

I 

: 80'107 3-692 79·893 -2'344 SO-139 4·486 79-861 0·290 

90-037 1-546 89-963 ~-838 90-111 2-607 89-8S9 0-495 

95'016 0'639 94-9S5 ~-247 95-075 1-484 94'1125 0·412 

1000()()() 0 100'000 0 10&000 0 10&000 0 

1..--
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Xu 

" 

Yu Yl 
11 

Yu Yl II Yu Yl 
11 

Yu Yl II Xu 

NACA 6409 6412 6418 6421 

}-25 2-06 -0'88 2-73 -1'23 4'26 -1·82 5'13 -20Q8 1'25 

2'50 2·96 -HI 3'80 -1'64 5·62 -2'59 6-60 -3.0. 2'50 
5-00 4-30 -1-18 5·36 -1-99 7'53 -3'46 8'65 -4·16 5-00 
7"50 5-42 -1'08 6'57 -2'05 8·98 -3·91 10'24 -4·81 7'50 

10 6·31 -0'88 7'58 -1'99 10'16 -4·15 11'52 -5'18 10 

15 7·78 -0'36 9'18 -1'67 120()2 --4026 13-44 -5'52 15 

20 8·88 -0·17 10'34 -1-25 13'32 -4'07 14-79 -5'49 20 
25 9·65 -0'69 11-14 -0·78 14'17 -3'75 15-65 -5·23 25 

30 10·13 -1-12 11'65 -0'38 14'64 -3·40 16'15 -4'91 30 

40 10·35 -1-65 11'80 -0·20 14-70 -2'70 16'16 -4'16 40 

50 9'81 -1-86 11-16 -0'55 13·80 -2'08 15-14 -3-40 50 

60 8·78 -1·92 9·95 -0'78 12'24 -1-47 13-44 -2·59 60 
70 7'28 -1'76 8'23 -0-85 10·11 -0·94 ll'06 -1'83 70 

SO 5·34 -1'36 60()3 -0·73 7'40 -0'54 8'08 -1-17 80 
90 2·95 -0'74 3'33 -0·39 4'12 -0'31 4'51 -0-65 90 

95 1-57 -0'35 1'79 -0'16 2'24 -0-23 2'46 -0'42 95 
100 0·09 -0-09 0'12 -0'12 0'19 -0'19 0-22 -0·22 100 

1/ 
Xu Yu II 1:1 Yl II Xu Yu II Xl Yl II 

NACA 63a~15 631~18 

0 0 0 0 0'156 1·511 0'844 -1·211 
0 0 0 0 0-361 1'878 1'139 -1-458 
0'205 1'317 0·795 -1·017 0·797 2-491 1'703 -1-849 
0·418 1'634 1-082 -1-214 HI65 3·616 3'035 -2'500 
()O866 2-159 1·634 -1'517 4'393 5·268 5'607 -3'372 
2-050 3'129 2'950 -2·013 6'868 6'542 8-132 -3·998 
4-492 4'560 5'508 -2·664 9·367 7'586 10'633 -4·484 
6·97:' 5·667 8'027 -3'123 14·4(M 9'219 15'596 -5·181 
9·473 6'578 10·527 -3'476 19-469 10'418 20'531 -5-642 

14-5IM 8·010 15-496 -3'972 24'549 11·273 25'451 -5-903 
19'558 11-066 20-442 -4·290 29-640 11·822 30'360 -5·900 
24-625 9'830 25'375 -4·460 34'734 12·086 35-266 -5·906 
29·700 10'331 30·300 -4'499 39'829 12'056 40-171 -5'630 
311-857 10'598 40'143 -4·172 44'919 11·767 45·081 -5'197 
50-000 9-974 5()o000 -3'356 5()o000 1l·251 5()Oooo -4'633 
60-105 8'665 59'895 -2'239 60'125 9-667 59·875 -3·241 
7()O159 6'~7 69'841 -1'015 70·187 7-534 69-813 -1-702 
80'153 4-693 79'847 -0·083 80'178 5·073 79'822 -0·297 
90-089 2'398 89'911 -0·70. 90'103 2'531 89-897 -0'571 
95'0.2 1-245 94'958 -0-651 95'048 1-293 1'14'952 -0-603 

100·000 0 100-000 0 100-000 0 100-000 0 

641~12 643~18 

()O260 1'098 0·740 -0·798 0·150 1'534 0'850 . -1-234 
0'482 1'358 1-018 -0·938 0·359 1'885 1-141 -1-465 
0'946 1'780 1'554 -H38 0-805 2-452 1'695 -1'810 
2-149 2'563 2·851 -1'447 1'982 3'518 3'018 -2'402 
40609 3'731 5·391 -1'835 4'417 5'093 5'583 -3-197 
7'096 4'642 7·9(M -2-098 6'895 6'312 8'105 -3'768 
9'596 5'401 1(}4(M -2·299 9·395 7·322 1()O605 -4·220 

14-619 6'623 15'381 -2·585 14'427 8·937 15'573 -4·899 
19-658 7'550 20'341 -2'774 19-486 10·153 20·514 -5·377 
24'708 8'253 25·292 -2'883 24'560 11'065 25'440 -5·695 
29'764 8·755 3()O236 -2·923 29·645 11-698 30'355 -5'866 
34'823 11-065 35-177 -2·885 34'735 12'065 35·265 -5-885 
39'884 9-193 40'1l6 -2·767 39'827 12-163 40'173 -5·737 
44-945 9'083 45'055 -2·513 44-917 11·915 450()83 -5'345 
5()o000 8·789 5()o000 -2-171 5()o000 11·423 50-000 -4'805 
60'088 7'760 59-912 -1'334 60·129 11-870 59'871 -3'444 
70'135 6·263 69'865 -0'431 70·196 7·754 69·80. -1·922 
SO'I34 4'413 79'866 -0·363 80'191 5'270 79'809 -0-494 
900()82 2'333 89'918 -0'769 90'115 2-646 811-885 -0'456 
95'0.0 1-233 941160 -0-663 950()56 1·344 94-944 -0'552 

100-000 0 100·000 0 100-000 0 100-000 0 
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II Xu Yu II xl Yl II Xu Yu II xl Yl II 
NACA 653-618 653-618 (8 = 0'5) 

0-172 H46 00828 -1-146 0-059 1·469 0-941 -1-055 

0'385 1'776 H15 -1'356 0·256 1'821 1-244 -1-239 
0'839 2'293 1-661 -1-651 0-689 2'375 1-811 -H93 
2·026 3·268 2·\174 -H62 1-846 3-449 3-104 -1-895 
4'462 4·776 5'538 -2'880 4-248 5-115 5'752 -2'469 
6·936 5·971 8'064 -3'427 6-706 6-448 8·294 -2'884 
9'431 6·978 10·569 -3''376 9'194 7'575 10-806 -3·219 

14'455 8'BOll 15·545 -4'564 14·225 IH04 15'775 -3·716 
19'506 9'848 20-494 -6'072 19'301 10'815 20-699 -4·071 
24'574 10'803 25'426 -6'433 24'407 11'893 25'593 -4·321 
29'652 11'504 30'348 -6-672 29·537 12-687 30'463 -4'479 
34-738 11·972 35'262 -6'792 34'684 13'209 35'316 -4'551 
39'826 12·210 40:174 -6'784 39'849 13-456 40'151 -4'540 
44·915 12-186 45'085 -6'616 50'273 12'974 49·727 -4'154 
00-000 11'877 00-000 -6·259 60'546 11'090 59-464 -3·404 
60'141 10'479 59·859 -4'053 70-519 8·374 69'481 -2-428 
70-219 8'338 69'781 -2-506 80·347 5·279 79'653 -1'361 
SO'220 5·719 79'780 ~-943 90'133 2·233 89'867 ~-391 

90'138 2'863 89'862 ~·239 95-046 0·920 94'904 ~-056 

95'068 H33 94'932 ~'463 1000()()() 0 100-000 0 
1000()()() 0 100·000 0 

64 A 810 (8 = 0'8 mod.) 64A 910 

0'214 0-976 0'785 -{l'526 0·215 0·977 0·785 -{l'527 
00881 1-650 1-619 -{l'686 0'884 1·651 1-616 -{l-688 

2'064 2'475 2'936 -{l'787 2-072 2-470 2·928 ~'796 

4-506 3'716 5-494 -{l'832 4'520 3'699 I;.4SO -{lo855 
6-984 4-703 8O()16 -{lo811 7-003 4'669 7'997 -{l-853 
9-479 5·541 10·521 -{l-771 9'503 5-487 10-497 ~'834 

14-500 6·902 15'500 -{l·658 14'530 6·814 15-470 -{l-755 
19·543 7·968 20·457 -{l'526 19'578 7-833 20-422 -{l'669 
24-601 8-795 25·399 -{l·383 24'639 8-620 25'361 -{l-565 
29'668 9-420 30'332 -{l·232 29-707 9-202 30-293 -{l-454 
34·742 9·857 35-258 -{l·065 34-780 9·598 35·220 -{l-328 
39-820 10-107 4O·1SO 0·123 39'855 9-813 40-145 ~'174 

44-900 10-150 45·100 0-364 44-930 9'822 45-070 0-034 
49·977 100()05 50·023 0-637 50-000 9'648 00-000 0'280 
60-114 9-225 59-886 1-187 60'117 8-839 59-883 0'801 
70-215 7'850 69-785 1-610 70-189 7-495 69'811 1-253 
SO-300 5'819 79-700 1-657 80-208 5'675 79'792 1-489 
90-204 3-004 89-796 0-920 90·165 3'376 89'835 1-277 

95-104 1-512 94-896 0-450 95'112 1'951 94'888 0'893 
100'000 0-021 100·000 ---4021 1000()()() 0 100-000 0 

B-H-12 ll-H-09 

0'147 1-229 0·853 -{l'819 0'134 0·983 0·866 -{l·301 

0'368 1'520 1-142 -{l'946 0'338 1-267 1-162 -{l·3l1i 

0'804 2'006 1·696 -1-128 0-785 1'745 l'715 ~'311 

1'980 2-941 3·020 -1'415 20()()() 2'660 3'000 -{l-238 

4'424 4'312 5·576 -1'736 4·475 3'996 5'525 ---4090 
6'914 5-380 8'086 -1'920 6-988 5'018 8·012 0-036 
9-427 6·263 10-573 -2'059 9'520 5-851 100480 0·135 

14'497 7-626 15-503 -2'242 14'615 7-112 15·385 0-250 
19-607 8·605 20'393 -2'351 19'728 7-994 20·272 0-278 
24'754 9·243 25·246 -2'417 24·844 8-569 25-156 0-235 
29-969 9'533 3&031 -2·455 29'957 8-890 300()43 0-144 
40-292 9'030 39-708 -2'494 40·217 8·828 39-783 ~'142 

50-390 7'666 49·610 -2-436 50'394 7'721 49-606 -{l·513 
60-358 5'846 59-642 -2'290 60'392 5'967 59·608 -{l-893 

70'250 3-838 69'750 -2'034 70·295 3'915 69'705 -1-173 
SO'118 1'895 79'882 -1-645 80'151 1·843 79·849 -1-271 
90-016 0'343 89-984 -1'051 90·024 0-170 89-976 -1-052 
94'995 0·119 95-005 -{l'629 94-995 0-271 95-005 -{l·725 

100·000 0 100-000 0 100'000 0 100'000 0 

---



---------------------------------------

11.3 PROFILE CO-ORDINATES 159 

Table 11.3.{b) Co-ordinates of R.A.E. 100-104 (tie = 0'10) 

Crown copyright reserved, reproduced by permission of The Controller, H.M. Stationery Office. 

100 Y 100 Y 

x x 
R.A.E. R.A.E. R.A.E. R.A.E. R.A.E. R.A.E. R.A.E. R.A.E. R.A.E. R.A.E. 

100 101 102 103 104 100 101 102 103 104 

0 0 0 0 0 0 0·35 4·8691 4·9536 4·9992 4·9720 4·9300 
0·001 0·4680 0·3905 0·3701 0·3556 0·3441 0·36 4·8369 4·9307 .4·9997 4·9841 4·9488 
0·002 0·6609 0·5518 0·5231 0·5025 0·4863 0·38 4·7633 4·8728 4·9869 4·9982 4·9775 
0·003 0·8083 0·6753 0·6402 0·6151 0·5953 0·4 4·6785 4·8005 4·9534 4·9985 4·9946 
0·004 0·9320 0·7792 0·7388 0·7098 0·6870 0·42 4·5834 4·7153 4·8942 4·9848 5·0000 
0·005 1·0406 0·8705 0·8254 0·7931 0·7676 0·44 4·4789 4·6183 4·8154 4·9565 4·9937 
0·006 1-1383 0·9529 0·9036 0·8682 0·8404 0·45 4·4234 4·5657 4·7699 4·9367 4·9862 
0·007 1·2278 1·0285 0·9753 0·9372 0·9072 0·46 4·3657 4·5106 4·7207 4·9128 4·9756 
0·0075 1·2700 1·0642 1·0092 0·9698 0·9387 0·48 4·2447 4·3932 4·6124 4·8523 4·9454 
0·008 1·3107 1·0987 1·0420 1·0013 0·9692 0·5 4-1163 4·2670 4-4920 4·7715 4·9027 
0·009 1·3883 1-1644 1-1044 1-0614 1·0274 0·52 3·9814 4·1329 4·3608 4·6644 4·8468 
0·01 1·4613 1·2265 1-1634 1·1181 1-0824 0·54 3·8405 3·9915 4·2201 4·5380 4·7769 
0·012 1·5963 1·3416 1·2727 1·2232 1-1842 0·55 3·7680 3·9183 4·1465 4·4689 4·7363 
0·0125 1·6281 1·3687 1·2985 1·2480 1·2083 0·56 3·6943 3·8436 4·0709 4·3965 4·6917 
0·014 1'7194 1·4469 1·3727 1·3195 1·2776 0·58 3·5432 3·6899 3·9142 4·2423 4·5892 
b'016 1·8329 1·5445 1·4655 1·4088 1·3642 0·6 3·3879 3'5310 3·7507 4·0773 4·4650 
0·018 1·9387 1·6357 1·5523 1·4924 1·4452 0·62 3·2288 3·3676 3·5813 3·9030 4·3113 
0·02 2·0377 1·7215 1·6340 1·5711 1·5215 0·64 3·0665 3·2003 3·4068 3'7206 4·1370 
0·025 2·2622 1·9174 1·8205 1·7509 1·6960 0·65 2·9843 3·1154 3·3179 3·6267 4·0438 
0·03 2·4605 2·0924 1·9873 1·9118 1·8522 0·66 2·9015 3·0297 3·2279 3'5313 3·9473 
0·035 2·6387 2·2513 2·1390 2·0582 1·9945 0·68 2·7343 2·8563 3·0454 3·3362 3·7452 
0·04 2·8006 2·3974 2·2786 2·1931 2·1256 0·7 2'5654 2·6807 2·8598, 3·1364 3'5331 
0·05 3·0861 2·6593 2·5293 2·4357 2·3617 0·72 2·3953 2'5034 2·6720 2·9326 3·3128 
0·06 3·3316 2·8898 2·7506 2·6503 2·5709 0·74 2·2245 2'32fil 2·4825 2·7260 3·0861 
0·07 3'5457 3·0959 2·9491 2·8432 2·7592 0·75 2·1389 2·2357 2·3873 2·6218 2·9708 
0·075 3·6429 3·1913 3·0412 2·9328 2·8468 0·76 2·0533 2-1463 2·2920 2'5173 2·8545 
0·08 3·7344 3·2822 3·1291 3·0185 2·9307 0·78 1·8822 1·9674 2-1011 2·3074 2·6193 
0'09 3·9016 3·4519 3·2937 3·1792 3·0881 0·8 1·7111 1·7886 1·9101 2·0975 2·3819 
0·1 4·0505 3·6073 3·4450 3·3273 3·2336 0·82 1·5400 1·6097 1·7191 1·8877 2·1437 
0·12 4·3019 3·8820 3·7142 3·5921 3·4945 0·84 1·3689 1·4309 1·5281 1·6780 1·9055 
0·14 4·5020 4·1162 3·9463 3·8221 3·7222 0·85 1·2833 1·3414 1-4326 1·5731 1'7864 
0·15 4·5859 4·2202 4·0505 3·9258 3·8254 0·86 1·1978 i'2520 1·3371 1·4682 1·6673 
0·16 4·6600 4·3163 4-1475 4·0230 3·9224 0·88 1-0267 1·0731 1·1461 1·2585 1·4292 
0'18 4·7823 4·4867 4·3219 4-1992 4·0992 0·9 0·8556 0·8943' 0·9551 1-0487 1·1910 
0·2 4·8737 4·6304 4·4727 4·3536 4·2556 0·92 0·6844 0·7154 0·7641 0·8390 0·9528 
0·22 4·9382 4·7496 4·6021 4·4884 4·3936 0·925 0·6417 0·6707 0·7163 0·7865 0·8932 
0·24 4·9787 4·8455 4·7117 4·6052 4'5149 0·94 0·5133 0·5366 0·5730 0·6292 0·7146 
0·25 4·9908 4·8851 4·7595 4·6574 4·5697 0·95 0·4278 0·4471 0·4775 0'5244 0·5955 
0·26 4·9978 4·9190 4·8027 4·7055 4·6208 0·96 0·3422 0·3577 0·3820 0·4195 0'4764 
0·28 4·9976 4·9700 4·8761 4·7900 4·7124 0·975 0·2139 0·2236 0·2388 0·2622 0·2977 
0·3 4·9799 4·9969 4·9323 4·8597 4·7905 0·98 0·1711 0·1789 0·1910 0·2097 0·2382 
0·32 4·9464 4·9956 4·9718 4·9151 4·8556 0·9875 0·1069 0·1118 0·1194 0·1311 0·1489 
0·34 4·8983 4·9724 4·9943 4·9565 4·9082 1·0 0 0 0 0 0 
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Table 11.4 Ordinates and Velocity Distributions (from Potential Theory) of NACA Profiles 

w/V = We cos IX ± WI sin IX 

l00x/c I 100 y/c I We WI II 100 x/c I 100 y/c I We WI 11100x/c I 100 y/c I We W, 

NACA 0003 0006 0009 
100'000 0 0 0 100·000 I 0 0 0 100-000 0 0 0 
970445 0'120 009841 0'1559 97-330 0·245 ()O9654 0'1529 97-115 0'365 0·9397 0·1487 
9()O095 0·360 0·9971 0·3240 89·730 0·740 0'9946 0'3232 89'315 H50 0-9930 0·3227 
78'790 0·690 1·0080 0'5136 78'200 1·405 1-0160 0'5177 77'570 2-170 1·0258 0'5227 
64'685 1'040 1'0178 0·7394 63·930 2-110 1'0357 0·7525 63-175 3'215 1'0535 0'7654 
490185 1·335 1·0274 1·0274 48'405 2·700 1'0557 1'0551 47·645 4'080 1·0847 1-0847 
33'620 1·490 1·0367 1-4268 330145 2·990 1'0739 1-4781 32-505 4'490 HI29 1'5317 2()O085 1-430 1·0446 2·0502 19'605 2'860 1'0902 2-1397 19-165 4'265 1-1357 2'2290 
9'270 H35 1-0508 3'2341 90030 2·260 HOoo 3'3853 8'780 3·345 1-1441 3'5211 
5·275 00910 1·0517 4'3808 5'115 1'800 1'0934 4'5545 4·970 2·660 l'l355 4·7297 
2'360 0·635 1·0502 6·6304 2'275 1'270 1·0859 6'8564 2'205 1·850 1·0928 609005 
0'585 0·330 1-0293 13'0789 0'570 01160 0'9889 12'5647 0'525 0'950 0'9170 11'6542 0 0 0 48·2049 0 0 0 24'6540 0 0 0 17'6181 

0012 0015 0018 
1000()()() 0 0 0 100·000 0 0 0 1000000 0 0 0 97·095 00530 0·9340 0'1479 96'880 0·690 0·9148 0·1449 96'845 0'840 0'8998 0'1425 89·025 lo565 0·9882 0'3211 88·625 2·020 0'9860 0'3204 88'335 2'470 0'9833 0'3195 
77·055 2·940 1'0336 0'5267 76'475 3'755 1'0428 0·5313 75'980 4'585 1-0520 0'5360 62·530 4'345 1·0730 0·7796 61-860 5·510 1·0928 0'7940 61'260 6'680 l'U16 0'8076 
46'970 5'470 101132 H132 46·320 6'890 1'1429 1'1429 45·710 8·315 H738 1'1738 
31-930 5'990 H514 1'5848 31'405 7'500 1-1922 1'6410 30'895 9-000 1'2315 1'6950 
18'760 5'670 1-1818 2'3194 18'420 7·040 1'2263 2·4067 18'055 8'425 H709 2'4942 
8'565 4'440 1'1863 3·6512 8·415 5'485 H239 3·7667 8·205 6'550 1'2589 3'8744 
4'835 3'510 H619 4'8398 4'765 40335 1-1820 4·9236 4'625 5'175 H976 4'9883 
2-125 2'460 1'1007 6·9497 2-110 3'010 1-0770 6'7998 2·025 3'610 1-0585 6'6830 
0'520 1'290 ()O8321 10'5733 0'520 1'560 0'7508 9'5391 ()O495 1'875 0'6831 8'6799 0 0 0 1302310 0 0 0 11'2360 0 0 0 9'5618 

0021 2412 4412 
1000()()() 0 0 0 100-000 0 0 0 1000()()() 0 0 0 96·730 0·995 ()O8814 0'1396 97-130 0·710 0·9421 0'1146 97-165 0·900 ()O9568 O-OS09 87-995 2·970 0'9834 0·3195 89'275 2·230 1'0272 0·2932 89'540 2'830 1'0575 0'2604 75'485 5·445 1'0600 0'5401 77·705 4'090 1'0810 0'5025 78·320 11'210 H299 0'4758 60-665 7·895 1-1322 0'8226 631145 5·960 H359 0'7642 64·715 7'520 H988 0'7444 45-155 9·755 1'2059 H059 48'570 7·340 1-1837 H012 50·045 9'185 102540 1-0838 
30-455 10-4911 102722 1'7511 33'870 7'930 1'2351 1'5770 35'685 9·880 1·3159 1-5591 17-790 9·770 1-3163 2'5833 20·830 7'330 1-2509 2'2503 22"765 9'180 1'3336 2·2052 8'085 7'530 102800 3'9396 10-320 5'690 H339 3-3777 120()65 7-195 l'2950 3'1791 
4'645 11·980 1'2052 lIo0198 6'290 4'570 H949 4'2888 7·805 5'870 1'2462 3·9134 20000 4'l35 1'0241 6'4661 3ol70 3·320 H296 5'7744 4·370 4'440 1'1906 5'0906 0'485 2-150 0-6287 7'9885 1-070 2·050 0·9904 8·6018 1'930 2-995 1'0598 6'9547 0 0 0 8'5229 0'095 0·770 0·4461 12·3520 0-480 1-465 0'6960 9'5598 

0'175 -0'560 -0'5275 12·4223 0 0 -0'8196 13·9825 
0025 1'280 -1'720 -1'0548 8·6758 0'620 -1'065 ---{)O9443 11-1621 

3'515 -2'630 -H431 5·6530 2'385 -1·935 -1-1193 7·8084 1000()00 0 0 0 6·875 -3'370 -1'1492 4'0259 11·270 -2'545 -1'1317 4'5951 96'505 H35 0'8245 0'1306 16'660 -4'l60 --1'1181 2'4053 14'440 -2'890 -1'0648 2'5285 87'500 3'660 0'9920 0'3223 29'855 -4'130 -1'0724 l-5940 27-580 -2·380 -0'9994 H097 74'780 6'640 1'0740 0·5472 45·310 -3'590 -1'0436 1-1218 43'475 -1·665 -0'9687 1'1208 119·885 9'530 1'1587 0'8418 61'375 -2-680 -1·0096 0·7908 60'110 -1'000 -0·9493 ()O8012 44'415 IH90 1'2471 1-2471 76'435 -1'740 -0'9838 0'5469 711'745 --0-480 --()O9299 0'5624 29'870 12'500 1'3284 lo8284 88·800 -0'900 -0·9517 0'3477 88·545 -0·240 --()O9177 0'3738 17'400 11'585 1'3712 2'6912 970070 -0·340 -0·9200 0·1800 97·020 -0'140 -008966 0'2097 7·865 8.go5 l-3194 4'0606 100-000 0 0 0 loo0()00 0 0 0 4'440 7'080 1'2162 500657 
1·990 4.goo 009711 6'1314 
0'495 2'500 0'5610 7-1281 
0 0 0 7·5891 
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100x/c 1100 y/c I We Ws " 100 x/c I 100 !J/c I We Ws 11100 x/c I 100 y/c I We Ws 

23006 23009 23012 

100·000 0 0 0 100·000 0 0 0 100·000 0 0 0 

97-335 0·300 0·9677 0·1340 97·250 0'450 0·9550 0'1316 97-115 0·600 0'9370 0'1288 

89'740 0-970 1·0018 0·3041 89·420 1'375 0-9987 0·3024 89·065 1'815 0·9956 0·3011 

78'220 1-885 1·0271 0'4984 77·670 2'650 1·0364 0'5020 77-125 3'465 1'0463 0'5064 

6;1·990 2·910 1-0536 0'7345 63·295 4'025 1'0723 0'7465 62·665 5-185 1'0919 0·7597 

48'515 3·830 1-0807 1'0394 47-840 5·225 1'1106 1'0667 47-170 6·640 1'1391 1-0934 

33'345 4·465 1-1134 1'4713 32·760 5'975 1'1523 1'5206 32-185 7-495 1'1911 1'5708 

200000 4·630 1-1615 2-1739 19'555 6'050 1'2080 2'2572 19-145 7·475 1'2555 2·3443 

9·830 4·040 1·2176 3'5132 9·540 5-170 1-2606 3·6293 9·250 6·275 1'2913 3·7139 

6'070 3·295 1"1819 4'5323 5·840 4'220 1'2064 4-6134 5'590 5'160 1'2391 4'7325 

3-l80 2·370 1'0790 6'0480 2·980 3·080 1·0942 6·1088 2·820 3'830 1'1067 6·1677 

BOO 1·370 0·8964 9'1163 1-030 1-880 0'8908 8'9966 0'935 2'315 0·8509 8'5664 

0'135 0·520 0'3267 16·7756 ()O085 0'750 0·2840 14'0895 0'030 0'990 0'2480 12-1167 

0'120 -0·235 -l-2869 21·7630 0·110 -0"280 -0'9750 16·6788 0'125 -0'330 -0'7683 13·2127 

l-270 -0·530 -1·2U8 8'7505 1·280 -0'910 -1'1926 8'6556 1'355 -1·270 -1-1433 8'3161 

3'840 -0·615 -1'0524 4·7930 3·830 -1'340 -1'0901 4'9804 3'865 -2·040 -1'1200 5'1248 

7-795 -0·600 -0·9910 3·2650 7·675 -1'645 -1'0417 3'4404 7'625 -2'625 -1'0855 3·5891 

18-995 -1-050 -IoOU6 2'0847 18'585 -2'455 -1'0562 2-1805 18'265 -3'825 -1·1023 2'2773 

32'780 -1'510 -1'0349 1·4844 32-150 -3'000 -1-0727 1-5408 31-610 -4'490 -1'U29 1'5996 

48'170 -1·555 -1'0289 1-0698 47'415 -2·920 -1'0572 1'1007 46'745 -4'295 -1·0856 1'1309 

63-800 -1·315 -1'0175 0'7700 63·050 -2'400 -1·0351 ()O7844 62'375 -3'520 -1'0550 0'8000 

78-125 -0'930 -1'0041 0'5365 77'525 -1·665 -1'0125 0·5419 76'965 -2'435 -1'0210 0'5468 

89·710 -0'515 -0'9871 0'3421 89'355 -0·900 -0-9826 0'3413 89-005 -1·325 -0'9818 0'3414 

97'330 -0·185 -0'9622 0'1716 97'215 -0·320 -0'9464 0'1695 97·095 -0'465 -0·9295 0'1668 
loo.()OO 0 0 0 100·000 0 0 0 100·000 0 0 0 

23015 23018 23021 

100·000 0 0 0 100·000 0 0 0 l()()Oooo 0 0 0 
96'985 0·740 0·9172 0'1262 96'865 0·905 0·9011 0'1239 96·730 1'075 0·8833 0'12U 

88'705 2'260 0·9924 0'3003 88'350 2'735 0-9879 0·2988 88'035 3'235 0·9889 0-2987 

76'575 4·265 1'0539 0'5103 76'060 5·145 1'0661 0'5161 75'550 5-990 1'0710 0'5179 

61'975 6·345 1-1098 0'7724 61'365 7'535 1'1281 0'7850 60'785 8'775 1-1503 0'7997 

46'490 8·070 1-1700 1-1234 45·875 9·495 H988 1'1509 45'315 10'980 1·2320 1'1817 

31'625 90005 l-2314 1'6245 31-100 10'515 1'2720 1'6776 3()O635 12-040 1'3113 1'7281 

18'730 8'840 l-2965 2-4217 18'335 10'225 1'3421 2·5063 18'010 11'615 1'3845 2'5829 

8'950 7·360 1'3226 3'8058 8·655 8-410 1·3440 3'8683 8'395 9'495 1'3738 3·9466 

5'335 6·065 1-2567 4'8026 50070 6·960 1'2779 4'8878 4'875 7'870 1'2872 4'9092 
2'615 4·550 1'IU9 6-2024 2·420 5'250 1'0950 6'1048 2·255 5·940 1·0920 6·0735 

0'815 2·860 0'8103 8'1713 0·640 3'320 0·7895 7'9541 0'565 3'840 0'7469 7-4927 

-00035 1·205 0·2159 10'6339 -0·100 1'510 0'1926 9·4438 -0'165 1'700 0'1798 8'6366 
0'130 -0-360 -0·6448 11'0598 ()o145 -0'445 -0'5496 9'4411 0'140 .--0-400 -0'4891 8-4623 
10415 -1'645 -1'0766 7'8221 H2O -1'980 -1'0256 7'4567 10495 -2·320 -0·9447 6'8896 
3'890 -2·750 -H398 5'2114 3'930 -3'395 -1'1255 5'1486 3'980 -4'030 -H173 5-1211 
7'565 -3·625 -1'1283 3-7284 7'545 -4'615 -1'1627 3'8433 7'545 -5·570 -1'1851 3·9235 

17·935 -5·200 -1-1506 2'3763 17·655 -6'585 -1'1989 2'4767 17·420 -7·930 -1'2470 2·5787 
31'030 -5·955 -1-1507 1'6534 30'590 -70480 -H937 1·7155 30'135 --8·955 -1·2314 1'7712 
46'155 -5·665 -1'1140 1-1602 45'460 -7-l05 -1'1457 1-1934 44'895 --8'565 -1'1816 1·2318 
61'745 -4·670 -1'0769 0'8163 61'090 -5'820 -1'0938 ()O8293 60-460 -7·010 -1'1120 0'8438 
76'435 -3·220 -1'0290 0'5509 75·890 -4'050 -1'0400 ()O5569 75·365 -4·895 -1'0493 0·5624 
88'650 -1'765 -0'9814 0'3411 88·290 -2·220 -0-9777 0'3399 87'950 -2·690 -0'9756 0'3396 
96-970 --0-610 -0-9131 0'1637 96·855 -0'765 -0'8985 0'1612 96'715 -0'930 -0'8820 0'1586 

100-000 0 0 0 lO()Oooo 0 0 0 100·000 0 0 0 
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Table 11.5 Measured Force and Moment Coefficients 

Go lK 

y ~ P. I 0·0 I 0·1 I O~ ! 0·3 I 04 I 0·5 j ~6 0-7 / 0·8 / 0·9 11-0 / 1-1 /1'2 /l-3 / H 

6° CL 0·15 0·26 0'37 0'47 0'56 ~64 0·71 0'76 0·79 0·79 0·76 0'76 0'15 0·74 0'73 CD 0·023 0·034 0'044 0-052 0'059 ~OM ~069 0'070 0-003 0-053 0-049 0-048 ~047 ~047 0-047 

SO CL 0·13 0'23 0'34 0'44 0'53 0'60 0·66 0'70 0'70 0'67 0'67 ~66 ~66 CD 0-020 0'029 0-036 0-042 ~046 ~051 ~054 0'044 ~035 0'033 0'034 0'035 0-035 

4° CL 0·11 0·20 0·30 0-41 0·50 0'56 ()'61 0·60 0-57 0'57 
CD 00016 00023 ~027 0'032 ~036 ~038 0·032 ~021 0'023 ()O024 00024 

3° CL ~08 0'17 0'28 0·38 046 0'50 0·50 ()o47 0'46 
CD 0·012 0'017 00020 0'024 ~027 0'018 0·014 0·015 0'016 0'016 

~ CL 0·05 0'17 0·28 0'37 0'41 0'37 ~37 
CD 0·013 0·014 ()OO16 0'016 0'011 00012 0·012 

1° CL ~OO ()Ol5 0·27 0-28 0·28 
CD ~012 ()OOl2 ()oon 0'010 00010 

00 CL 0·00 0'09 0'17 0'17 
CD ~010 0·010 0-009 ~009 

_1° CL 0·00 -0-01 ~07 0007 ~08 ~08 
CD 0·009 ~OO8 ~OO9 0·010 ()OOIO 

, 
-~ CL -0-01 -0-04 -0'14 -~05 -~03 -0003 -0'02 -0'02 

CD 0'011 0·011 0·012 00012 0'012 00012 0'012 0'012 

-3° CL -0-02 -~07 -0'16 -0'26 -0'18 -0'15 -0'14 -0'13 -0'13 
CD 00013 0'015 0'015 ~016 0'016 00017 .0'017 0'017 ~017 

G02K 

I 0'2 / 0·3 / ()O4 I 0'5 / 0'6 I 0'1 I 0'8 I 0-9 1 1'0 / 1-1 /1'2 /1'3 I H 

, 
SO CL 0·17 0-25 0'35 0-46 

CD 0-031 0'037 0'046 ()OOM . 
5° CL 0'13 0'24 0'33 0'44 0·54 0·61 0'68 0·75 0·81 0'83 0'76 0'74 0'74 0'14 0·" CD 0'028 0'033 0-040 01)46 ~049 0'050 0-049 0-046 00034 0'023 0-025 00027 0'029 ()OO29 00Q29 

4° CL 0'08 0'19 0'30 0'41 0'52 0'61 0'68 0'73 0'12 0-67 0-66 0·66 0'66 
CD 0'025 0'029 0·034 0'038 00039 OO()36 00030 0-021 00018 0'021 00023 0-023 0,023 

3° CL 0'04 0'14 0·27 0'38 0'50 0'59 0'60 0'57 0'57 0'57 
CD 0·023 0'026 00030 0'032 0'030 00023 00017 0'018 00018 0'018 

~ CL OO()I 0'08 0·22 0'36 0'47 0'50 0·50 ()O50 
CD 00020 0'023 00027 00028 0'023 0'013 00013 00013 

1° CL -~03 ~02 0'18 0'32 o··n ()O43 0-43 
CD 0'018 0'021 0'024 00024 0'017 0-012 ()OO12 

00 CL -~03 -~03 0'14 0·29 0'35 0'35 0'35 
CD 0'023 0'023 0·022 0·019 00012 ()OOl1 ~Oll 

-1° CL -~03 -~04 0·08 0·24 0·28 0'28 
CD 0'027 00024 00020 ()O015 0'011 00012 

_2° CL -()O03 -()o05 0-00 0'16 0'19 0'19 
CD 0'032 00028 0-021 00014 0'013 0'014 

-SO CL -0'05 -0-00 -()O07 -0'02 . ()O06 ~08 0009 0'10 0·10 0'10 Cn 00036 00033 0'028 0·020 0'016 ()'017 0·017 0'018 0'018 0'018 
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Go 4K 

,,{-PO 
I 

0·0 

I 
0·1 

I 
0·2 

I 
0·3 

I 
0-4 

I 
0-5 I 0-6 

I 
0-7 

I 
0-8 

I 
0-9 

I 
1-0 

I I I a q I 
5" CL 0-07 0-18 0-29 0-40 0'52 ()O62 0'72 ()O81 I 0-88 0-89 0-89 

CD 0'046 00059 0'067 0'072 0-075 0'074 ()O070 ()O060 ()O043 0'040 0'040 

4° CL -0,02 0-10 0-22 0'35 0-47 0'58 0-70 0'79 ()O84 0'85 0'85 
CD 00038 0'051 0'061 0'067 00069 ()O068 0-062 ()O053 0'037 (loOM 000340 

3° CL -0'04 0003 0·17 0'30 0'43 0'55 0'66 0'74 0'81 ()O81 
CD 00()42 00()49 0'058 0'063 ()O063 00061 0·053 0·043 ()O032 ()OO30 

~ CL -()o~ -0'04 O'U 0-26 0'38 ()O51 0'62 0'70 0'74 0-75 
CD ()O047 0'050 01156 ()O059 00058 00053 ()O045 ()O033 0·027 ()O026 

1° CL -00()4 -0'05 0'03 0'19 0'340 ()O46 0'57 ()O65 ()O68 0'68 
CD 00051 0'054 ()O051 0'056 ()OO55 00()49 ()o04O 00026 (lo022 0'022 

0" CL -0,05 -()O06 -0,02 0'14 0'29 0'42 0'52 ()O60 ()O61 ()O61 
CD 00057 00059 000540 0'055 00053 ()O047 00036 0'024 0'020 0'020 

_1° CL -0,06 -0'06 -0'06 0009 0'24 0'37 0'47 ()O53 0·540 ()oM 
CD 0'061 0'065 00061 ()O055 00051 ()o045 ()OOM ()O023 0'022 0-022 

-~ CL -()O06 -()o06 -()O07 0003 0'18 0'30 ()O40 ()O45 ()O47 0'47 
CD ()O066 0'071 0'067 ()O057 ()O051 ()O043 0'03 ()O025 ()O025 0·025 

_3° CL -()O06 -(lo07 -()O07 -()O03 ()OU 0·23 0-32 0'36 0-38 0-38 
CD 0-070 0-074 0'074 ()OO65 000540 0'043 00035 ()O032 0·032 ()O032 

-40 CL -()O06 -()O07 -0'07 -()O07 0'03 0-16 0-25 ()O28 0'28- 0-28 
CD 0'074 0'081 0'081 0'074 ()OOSO 0·047 00039 ()OO38 00038 0'038 

Gij5K 

~ -/. I ()oO I 0-1 I 0-2 I 0·3 I 0·4 I ()O5 i ()06 I 007 I ()OS I 0·9 I 1'0 1 I-l / 1-2 / 1-4 / 1-6 

6° CL 0'150 0'245 0'340 0-440 ()O540 0·645 0-750 ()OS55 0·910 0-890 0'860 ()OS40 ()OS25 0'S05 0-795 
CD 0'02S 0'036 00()45 000540 ()O063 0'073 000S2 ()O089 0-089 0'081 0-072 ()OO66 00063 ()O059 00057 

5° CL 0-130 0·220 0·320 0'420 0'520 0-615 0'705 
. 

0'780 0'790 0'760 0-740 0-725 0'715 0'695 0·585 
CD ()O023 0·029 ()O037 0'044 0·051 0-057 00062 0-064 00058 0-050 0-460 0·043 0'041 ()OO38 00037 

4° CL 0-105 0-200 0·300 ()O400 0'500 0'585 ()O665 0'700 0·655 0-630 0-615 ()O605 0-600 0'590 0'585 
CD (lo018 0·023 00028 ()OOM ()O039 00()43 00046 ()O042 0'032 ()O029 ()O027 ()O026 0'026 00025 00024 

3° CL 0'080 0'180 0·280 0·380 0'475 0'555 ()O555 0-515 0'500 ()O490 ()O490 ()o490 0-490 0-485 0'480 
CD 0'012 ()O016 00021 0-025 00028 00029 (lo020 ()OO17 0'016 0'016 0'016 0·016 0-016 00016 ()OO15 

~ CL ()OO50 0'160 0-265 0'360 0'450 0-450 00400 0'390 0'385 0'380 
CD 0'008 0'010 0'014 0-017 ()O018 00012 OOOU o·on ()OOIO 00010 

1° CL ()OO20 0'130 0·250 0·295 
CD 0'009 ()oOO8 0·008 0·008 

00 CL 0·005 0-100 0'195 
CD ()oon ()OOO8 0'007 

_1° CL "'()'005 ()o05O (}095 ()O095 
CD 0'012 0'009 ()OOOS o-oos 

_2° CL "'()'010 "'()'030 "'()'030 "'()'040 "'()'020 4020 -0-020 -0-020 -0'020 -0-020 
CD ()OO14 ()OO13 (lo013 ()OO10 ()oon ()oon (loOll 0-010 ()OO10 ()OO10 
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Gil 6K 

0-0 I 0·1 0·2 I 0·3 I 0'4 I 0'5 I 0·6 I 0'7 I 0'8 I 0-9 I 1'0 I 1-1 1 1'2 I 1-4 I 1'6 

6° CL 0·170 0·270 0'365 0·460 0'560 0-655 0-750 0·835 0'915 0·975 0·980 0'955 0'935 0'915 0'905 
CD 0'026 0-036 0'045 0'054 0-062 (lo07l 0-077 0·082 0'084 0-082 (lo067 0'054 (lo046 (lo039 0'036 

5° CL 0'150 0·250 0'350 0·445 0'540 0'630 0'720 0'800 0-870 0'895 0'860 0-840 0'825 0'810 0-800 
CD 0'021 0·029 0-036 0'043 0·049 0-054 0-058 0·061 0-058 00()45 (lo033 0'029 0-027 0-024 0·023 

4° CL 0·120 0·235 0'345 0445 0'545 0'620 0-695 0'765 0'800 0'780 0·750 0'730 0-725 
CD 0-019 0-025 0'030 0-034 0'038 0-041 0-042 0.()41 0'027 0-022 0'019 0-018 0'018 

3° CL 0-095 0-220 0-340 0·455 0'570 0·640 0-650 
CD 0-019 0'023 0'025 0-027 0-026 0'018 0-013 

2° CL 0-055 0-200 0·335 0-465 0:560 0'585 
CD 0-019 (lo021 0'021 0-018 0-014 0'()11 

1° CL 0-025 0'160 0-305 0-435 0-495 
CD 0'019 0-019 (lo018 0-014 0-009 

0° CL O,() 0·110 0'260 0'380 0-405 
CD (lo019 0'()18 0'015 0'()1O 0-009 

_1° CL 0-0 0-010 0-200 0'305 0·310 
CD 0'()21 0·020 0-014 (loOO9 0'009 

_2° CL (loO (loO 0-130 0-225 0·225 

CD 0-022 0'()22 (lo016 0-010 0-010 

_3° OL -0-005 -0-010 (loO 0-095 0·125 0-130 0·135 0·135 (lo135 0-135 
OD 0'()25 0·024 0·021 0-014 (lo012 0-012 0-001 0-011 (loOl1 (lo010 

-40 OL ~·01O -0-02 ~·045 -0-080 -0-020 0'()20 0'035 (lo035 0-035 (lo035 (lo035 0'()35 (lo035 0-035 
OD 0·028 (lo028 0'()28 0·027 (lo022 0-019 0·018 0'()17 0'()17 (lo016 (lo016 0-015 0-015 (lo014 

Gil 7 K 

6° CL 0·160 0'280 0-400 0-520 0-640 0·755 0-855 0-925 0-950 0·955 0-955 0-955 
OD 00()42 0-052 0'061 (lo067 (lo069 0-066 (}059 0·049 0'039 0'033 0'()29 0-027 

5° CL 0·130 (lo245 0'365 (lo490 (}615 0·740 0'840 0·910 0'940 0'945 
OD 0-037 0'045 0-052 0-057 (}059 0·054 0-042 0·030 0'022 0~021 

4° CL 0-095 0·210 0-330 0'455 0'590 0·720 0-815 0-875 0'885 
CD 0-032 0-039 0·044 (lo049 0.()48 0-040 (lo029 0-0111 (}017 

3° CL 0.()50 0·170 0·300 0·430 0'565 0·690 0'780 0'805 
CD 0-029 0-035 0'040 (}043 (}039 0-029· 0-019 (lo016 

2° OL 0-010 0·130 0'265 0'410 0'540 0-660 0'720 0'720 
OD 0-029 0'032 0-036 (}038 0·032 0·022 0-015 0-014 I. 

1° OL ~-01O 0'080 0-230 0'375 0'510 0'615 0-635 
CD 0-032 0-031 0-033 0'033 0·026 0'016 0-013 

0° CL ~10 0-035 0-190 0·335 0-465 0-540 0-545 
OD 0'034 00030 0'031 0·028 (}020 0-013 0·012 

_1° OL -0-010 ~'015 0'130 0'285 0·410 0'455 
CD 0-036 0'033 0·030 0·026 0·016 (}012 

_2° OL ~'()10 -0-025 (lo075 0·225 0·345 0·370 
CD 0.()40 0-037 (lo031 0'024 0'()15 0'012 

_3° OL -0-015 ~'035 0·020 0'155 0·265 0·285 0'285 
CD 0·043 0'041 0'036 (}025 0-016 0·013 0·012 

-40 CL -0-020 -0-040 ~'025 0·070 0-150 0-180 0-190 0-195 0-195 0-195 0'195 0·195 
OD (}047 0'047 0'043 0-031 0'()22 0'()19 0·017 (}016 (}015 0-014 0-014 (lo013 

_5° CL -0-025 ~-040 ~'045 -0-030 0-0 0'045 0-075 0'095 0'100 0'105 0-110 0-110 0'110 0·110 0·110 
CD 0-050 0'052 0·052 0-048 0·036 0-032 0·029 0-027 (lo025 0-023 (}022 00021 ()0020 0'()18 0'()18 
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Go8K 

~-PV I 0·0 I 0·1 

/ 
0·2 I 0·3 I 0-4 I 0-5 I 0·6 

/ 

0·7 I 0-8 I 0·9 

I 
1·0 H 1'2 1'4 106 

a IJ 

4° CL 0-090 0'190 0'315 0-445 0'575 0·700 0-830 0-935 1'00 1'01 

CD 0-054 ()O061 0'066 OO()69 ()O070 OO()65 ()O056 0-043 ()O032 OO()31 

3° CL ()O045 0'155 0'275 0'400 0'530 0·660 0·790 0·890 0·930 

OD 0'048 0·055 0·060 0·061 ()O060 0·056 ()o047 0-033 OO()27 

~ OL 0·0 0·100 0·230 0·355 0-485 0-620 0-750 0-835 0·845 
OD 0-047 OO()50 0'053 0-054 0-053 (}01)48 OO()37 OO()26 OO()24 

1° OL -0-010 0-045 0'165 0·300 0-440 0·570 ()O690 0-760 0·765 
OD ()O051 0·048 0·049 0-050 0-048 0-040 0·029 0-021 OO()21 

0° OL -0-010 0'0 0·100 0'250 0·395 0'525 0-635 ' 0'680 0'680 
OD 0-056 0-051 0'048 0·048 0-043 ()OO34 00()24 0·019 0'019 

_1° OL -0-015 -0'025 0'0 0·190 0·340 0·475 0·570 0'595 
CD 0·062 ()O057 OO()52 ()O047 0·040 0-030 ()O020 0'018 

-~ OL -0-020 -0-030 -0-035 0'1l0 0'285 0'420 0·505 0'510 
OD 0-068 0'063 OO()58 00()4S 0·038 0-026 0·018 0'018 

_3° OL -0'025 -0'035 -()o045 OO()25 0·225 0·355 0-420 0'425 
OIJ ()O073 0'070 0'066 0·053 ()O039 OO()24 0-017 0·017 

-40 OJ. -0-030 -0-040 -0-055 -0·050 0'140 0·290 0·330 0'335 0·340 0'340 
CD ()O078 ()O076 OO()73 0·064 00()44 ()O026 0·021 ()OO19 OO()17 ()OO17 

_5° CL -0·035 -0-045 -oO()65 -oO()70 ()OO60 0·190 0·245 0·250 0'255 0-205 0·255 0'255 0'255 0·255 0-255 
CD ()O083 0-083 0'082 0'077 ()O053 0-035 OO()3O ()O029 0-028 0-026 0-024 0-023 0·021 0-019 0-018 

_6° CL -0'040 -oO()55 -0-070 -0'075 0·0 0-085 0'135 0·160 0·175 0'180 0'180 0'180 0·180 0'180 0'180 
OD 0'089 OO()91 ()OO90 0-086 0-065 0·049 00()42 0-039 OO()37 0·035 0-034 0-033 0-032 0'029 OO()28 

_7° CL -0-050 -0'070 -0-075 -0-070 -0-040 ()OO OO()25 0·055 OO()80 0-095 0'100 0'100 0·105 0'105 0'105 
OD OO()96 OO()97 0'096 0-093 0-086 ()O070 0-062 0-058 OO()55 0-053 0-051 0'049 0-046 0-044 0'057 

Ga9K 

~ -/v I 0·0 I 0·1 I 0·2 I 0·3 I 0·4 I 0'5 I c)'6 I 0·7 I 0·8 I 0-9.1 1·0 I 1-1 I 1·2 I H /1'6 

5° CL 0·130 0'220 0'315 ()O415 0'510 0'610 0·700 0·755 0·745 0·715 0-6Q5 0'680 0·665 0'645 0'635 
CD 0·022 0-028 0'035 0'043 ()OO50 0-057 ()O063 ()OOM ()O060 0·055 OO()52 0'050 ()O048 0'045 0'044 

4° OL 0·110 0'205 0'295 0'390 0·490 0'585 0-655 0-635 ()O595 0'565 0'550 0'545 ()O540 0'530 0'530 
CIJ 0'016 0·022 0'028 0-034 ()O04O 0-045 0'046 0·041 0·035 OO()33 ()O032 0'031 0'030 0'029 0-028 

3° OL 0-080 0'180 0'280 0'375 ()O475 0·545 0'520 0-470 0·455 0·450 0·445 ()O440 0'435 0'435 0-435 
CD 0-010 0·016 0-021 (}025 0·028 0-028 (}O23 0·020 0-019 (}0I8 (}0I8 ()OO17 0·016 0·016 ()O0l5 

2° CL 0·055 0·155 0·255 0·355 0·430 0·360 (}34O 0·335 0'335 
CD ()O008 0·01l 0-014 0·017 0·016 0·012 (}Oll ()OO10 OO()10 

1° CL (}025 0·125 0'225 0·235 
CD 0'007 (}007 0-007 0·007 

00 CL 0-000 BOO 0·125 
CD 0'007 ()O006 0·006 

_1° CL -0'010 0'020 (}025 
OD O-OOS 0-007 0-007 

1-0'120 _2° OL -0-010 -0-055 -0'155 -0-090 ..()o085 -0-086 -0-085 I OD 0-010 (}010 0-012 0-010 0'010 0'010 0-010 0-010 



11. TABLES 

16.6 

Go 10K 

~-," \ ,. \ " \ ,. \ ,. \ ,. \ ., \ ,. \ ,. \ ., \ ,. \'" \'" \'" I"~ I"~ 
6° CL 0'160 0·250 0·340 0-440 0'636 0-630 0-720 0·806 0·886 0'910 0-896 0-860 0-845 0-816 0-795 

CD 0·026 0'035 0'043 0-063 0'062 0-071 0·079 0'086 0·091 0'087 0-079 0-072 0·067 0-061 0'067 

6° CL 0'136 0'235 0'330 0'426 0·620 0·610 0'696 0'770 0'810 0'760 0·740 0-730 0·726 0·710 0'696 

CD 0·021 0-027 0'036 0·042 0·060 0-066 0-062 0-067 0-063 0-061 0'047 0-046 00()43 0-040 0-037 

4° CL o·no 0·210 0·316 0'416 0'610 0'690 0'660 0-706 0·680 0·640 0·626 0-616 0'610 0-606 0·600 

CD 0·017 0-021 0·026 0·031 (}0037 0-042 0-046 0-042 0-034 0-030 0-028 0·027 0-026 0-023 0-021 

3° CL 0'080 0·196 0-310 0·420 0'496 0'650 0'680 0'636 0'616 0·/506 0'600 0·600 0·600 0'500 

CD 0·014 0-017 0·019 0-023 0·026 0'027 0'023 0-017 0-016 0·016 0-014 0-013 0'012 0"012 

~ CL 0-066 0·170 0·296 0'396 0-416 0-416 

CD o·on 0'013 0-014 0'014 0'009 0-009 

/ 
1° OL 0'026 0·140 0·266 0-320 

CD 0'010 (}0011 0·009 0'006 

0° CL 0-000 o·no 0·210 
CD 0-009 0-009 0-006 

_1° CL 0·000 0-070 (}0096 

CD 0-010 0-008 0'007 

-~ CL "()'006 -0-036 ~'136 -0-046 -0-020 -0-020 -0-016 -0-015 ~16 

CD o-on 0-012 0'013 0-009 o-oos 00008 0-008 0-008 o-oos 

Go 11K 

~-.p. \ ., \ ,., \ " \ •• \ '4 \ ,. \ .. \ '7 \ .. \ ,. \'" \'" \ '" \ H I,' 
6° CL 0'170 0'270 0-370 0-470 0'660 0-636' 0·700 0·775 0-845 0-915 0·970 0-976 0·956 0-930 0·910 

CD (}0027 0·036 0-045 0'062 0·068 0-064 0'068 0-073 0-077 0-0']9 0-077 0-065 0-066 0·044 0-036 

5° CL 0·140 0'246 0'355 0-460 0'556 0·645 0-720 0-775 0-835 0-885 0-895 0-866 0·846 0·820 

CD 0-023 0-031 0-039 0-044 0-047 00()49 0-061 0-051 0-060 0-048 0-042 0-033 0-027 0-020 

4° CL 0·105 0·220 0-340 0-466 0-680 0·660 0-726 0'766 0·760 0·745 

CD 0-020 0-027 0-034 0-038 (}0037 0-032 0-024 0-018 0-017 0-016 

3° CL 0-076 0'186 0·!J06 0-435 0'560 0-11'5 0-676 0-680 

CD 0-018 0-023 00()29 0-033 0-028 0-016 0-012 0-012 

2° CL 0-040 0-140 0-270 0-400 0'626 0-595 0-600 

CD 0-016 0-020 0-026 0·024 (}0019 0-010 0-010 

1° OL ~16 0-100 0·235 0-370 0-500 0-520 

CD 0-016 0-019 0-021 0-018 0-010 0-009 

00 CL -0-015 0-000 0-200 0-345 0-420 

CD 0-016 0-017 0-017 0-012 0-008 

_1° CL "()'010 0-025 0·160 0·306 o-S10 

CD 0-017 0-018 0-015 0-009 0-009 

_2° CL 0-000 0-000 0-090 0-215 0·215 

OD 0-020 0-020 0-016 0-009 0-009 

-SO CL .""()O005 -0·005 ....()oOO5 0-115 0-120 

CD 0-022 0-023 0-020 0-011 0-011 

-40 CL ....()o010 ....()o020 ....()o045 ~-o75 ~ 0-015 0-030 0-035 0-040 o-cMO 0-040 0-040 (lo04O 

CD 0-026 0-027 (loQ28 0-028 0-022 0·019 0-017 0-016 0-014 (lo013 (lo012 ()OO12 ()O012 

.. -
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a CL CD II a CL CD II a I CL I CD II a CL I CD II a I CL I CD 

Go 12K Gii 13K Gii 14 K GiiHiK Go 16K 

6° 0-965 0-0255 4° 0-970 00()270 ~ 0·825 0·0270 8° 0-880 Oo()29() 7° 0-905 00()305 

5° 0-910 0-0215 3° 0-905 0'0240 6° 0'775 0-0225 ~ 0·845 00()270 6° 0·915 0-0330 
4° 0·865 ()OO185 2° 0-835 0'0210 5° 0·735 Qo02OO 6° 0'830 0'0260 5° 0-910 0'0325 
3° ()O835 0-0165 1° 0·765 00()185 4° 0'715 0-0175 5° 0-825 0'0245 4° 0·865 0'0315 
2° 0·770 00()150 0° 0·670 0-0170 3° 0·715 0'0170 4° 0'820 00()235 3° 0'795 0'0300 
1° 0-675 ()OO140 _1° ()O580 0-0165 2° 0'655 00()165 3° 0'765 0'0220 2° 0'710 0'0275 
0° 0-585 0-0135 _2° 0'495 0·0160 1° 0'535 00()140 2° 0-665 0-0200 1° 0·580 OO()235 

_1° 0'465 0-0130 _3° 0'415 0'0155 0° 00405 0-0115 1° 0'535 0'0175 0° Oo4Q5 OO()185 
_2° 0'365 ()o0125 -40 0·325 0·0155 _1° 0·250 ()OOI00 0° 0-405 00()150 _1° 0·270 0'0175 
_3° 0·275 00()130 -fj0 0-245 00()155 _2° 0-150 0-0095 _1° 0·290 00()I25 -~ 0·205 0'0175 
-40 0'185 0-0130 _6° 0'160 0-0155 _3° 0'075 0-0095 -~ 0'195 OO()125 _3° 0'145 OO()175 

~ 0-095 0-0145 _7° 00()75 00()160 -40 0'005 000100 -30 0'125 OO()I25 -40 0'085 00()175 
-fj0 4065 000110 -40 00()50 0'0125 _5° OO()2O OO()l75 
~o ~'145 0-0130 -fj0 ~O()I0 OO()125 ~o ~0()40 OO()l75 

~o -()0()80 00()135 _7° ~'105 OO()185 
_7° ~'140 00()155 

a CL I l00,CD I -10·C", II a CL 100· CD I -10.C .. II a CL lOO,CD I -10·C .. 

Gii 123: R = 7·2 .10' Gii 227: R =9'6.10' Gii 242: R = 9'6 .10' 

-8·2 ~·248 9'08 0'089 -U'8 --()O()54 13018 0-530 -9'0 00016 10·90 0"740 
-5'2 ~·236 ,7'21 0'140 -90() 0-017 10000 0'880 -6'8 0'216 3'62 1-730 
-4-1 ~'115 5-73 -7'9 0'112 7·30 1'267 -5'8 0'345 3·27 
-3'3 ()O094 4'55 0·722 -7-1 0'282 3'30 1-889 -4'8 0-465 2·78 1·890 
-2'4 0·278 3'50 --ao() 0'400 2-90 -3'8 0'594 2·75 
-1-4 0-434 2'73 1-156 -409 0'512 2'80 1'949 -2'7 ()O699 2·92 1'890 
~'4 0'573 2'10 -4'0 0·646 2"70 -1'7 0'819 3·21 

0'7 0-689 1'65 1'135 -2·9 0'748 2-80 1'960 -0-6 0'930 3·22 1·940 
1·8 0·793 1-95 -1·9 0'863 2-90 0·4 l-035 3·46 
3'0 0-896 1'54 0'961 ~'8 0·975 3-10 1'979 1'5 H50 3'64 1·950 
4'l 1'015 1'98 1·3 H96 3'40 1'975 3'6 1'375 4'16 2O()2O 

5'3 H15 2'08 0·960 3'5 l'404 4'10 20()01 5'9 1'570 4·96 2'170 
7'8 1·266 3·42 0-825 5'8 1'585 5'30 1'980 8'2 1'739 6'35 2'240 

10'8 1'260 10'69 0'950 8'4 1'679 S'40 1-958 
14-3 10112 24'00 1-460 

Gii 243: R = 9'6 .10' Go 289: R = 7'2 .104 Go 289: R = 4·2.1()6 

-12'4 0·104 13'20 0·755 -8-9 -0-013 7'10 0-950 -9'2 0-048 1-65 
-9-6 0·160 10'40 0'S27 --a-6 0-1S2 3-10 1-200 --a'8 0-158 1'49 
-8'5 0·268 5'50 --5-4 0-289 2'80 H70 -4'6 0-354 l'l2 
-7'5 0-376 3-40 1'886 -4'3 0-395 2'70 HSO -3'6 0-565 1'26 
--a'5 0·523 3'10 -3·1 &497 2'60 1-070 ~'6 0-780 1'12 
-/1-5 0-642 3-00 2'000 -2'0 0-615 2'60 l-UO !06 0-965 1·45 
-4'5 0-778 2-80 -0-8 0-720 2-80 l-060 3'9 1-160 1·90 
-3·4 0-878 3-10 1'940 0·2 0-830 3-10 1'040 6'1 1-330 2-90 
-2-3 0-990 3·20 1-4 0-931 3'40 1'000 8'9 1-400 5'40 
-1'2 BOO 3'20 1'910 2-6 1-034 3-80 1-030 12-1 1·340 14-80 

O'S 1·333 3'20 • 1-850 &6 0·722 14-30 l-060 
3'1 1-500 4'50 1'820 9-3 0-811 18'10 1·060 
N H8G 18-20 1'920 12'4 0'772 25'30 H80 

10-2 1·220 22-30 1-910 

Gii 301: R = 7-2 .10' Gii 335: R = 4,2 .10' Gii 417a: R = 4-2 .1()6 

-8'5 ~'165 10'50 0-039 -7·8 ~'258 8'85 0'019 -704 ~'293 9·63 ~'13 

~ 
-5-8 -0-075 7-80 0-467 -5-3 ~-141 5·94 0-419 -4-9 ~'198 7-02 0·15 

i -4-8 0-078 6'20 0'870 -4'4 ~0()25 4063 0'672 -400 ~'100 5-74 0'33 
-3,8 0-238 4'60 1-010 -3-4 0'1000 3043 0'805 -3'1 0-021 4-68 0'55 
-2-7 00375 3-40 . 1-140 -2'5 0-216 2-17 ()O842 -2-2 0-148 3-77 O'SI 
-!06 0-497 2-70 HI0 -1-4 0-321 1-32 00837 -!06 0'277 3·24 1-03 
-0-5 " 0-611 2'30 HI0 ~'3 0-420 H8 0'829 -0-7 0-405 2-94 H7 

0'6 0'723 2-00 1-070 006 0'523 l'U 0-838 0-1 0-530 2-97 1·25 
1'7 0'S37 2-10 1-030 1-7 00623 1'05 f)·805 1-0 0-643 2-05 1-28 
2'8 0-950 2-10 1'000 2-6 0-724 1-09 0'799 2-0 0'751 1-69 1-28 
11-1 }ol65 2"70 0'960 4'8 0·916 1'35 0·784 3-8 0·960 1'38 1-31 
N 1·370 3'70- 0'890 7'0 1-090 2-00 0'745 6'0 10129 1'92 1'41 

100() I-t1l0 5'90 0-880 9-8 H43 5"78 0-819 8'1 1'274 3·90 1'25 
11-3 1'241 14'3 1'73 



1 

11. TABLES 
168 

" CL I 100· CD I -10·C .. II " CL I 100· CD I -10·C .. II " CL I 100· CD I -10.C .. 

Go 420: R = 4·2.10' 

-11·9 -0·216 1·69 -0·969 39-5 0·709 6&00 -4·08 195'8 0·451· 31'50 3'82 

-0900 -0·016 1·38 -0·965 49·5 0·651 84'50 -4·66 198'9 0·478 36·20 4·22 

-06·1 0·196 1'53 -0-944 59-3 0·536 98·60 -5·17 209-6 0-464 51'30 4·70 

-04'6 0·297 1'88 -0'941 69·3 0·376 109·40 -5'57 219'6 0'427 66'20 5'02 

-03-1 0·404 2·39 -0'933 79·7 0·186 114'10 -5'85 229·9 0·363 80'70 5'41 

-01·7 0'510 3'04 -0-957 89'5 -00002 113·20 -5'05 240'1 0·260 93'50 5'62 

-00-2 0'610 3·76 -0·935 100'1 -0'192 108'00 -6'14 249'5 0'139 102'60 5'69 

01·2 0'700 4'56 -0·928 110'1 -0·357 99'50 -6·18 258'4 0'009 105'40 5'55 

02·7 0'812 5'66 -0'993 120'6 -0'495 86·30 -6'10 270'0 -0'167 106-40 5'35 

04·2 0'892 6·91 -0·957 129-9 -0'574 70'80 -5'83 279·3 -0·299 101'70 5'02 

05·6 0·977 7·99 -0'867 139'9 -0-653 53'90 -5'72 290'0 -0·422 91'80 4'45 

08'6 1'170 11·60 -1-031 144-7 -0'722 47'20 -5'87 300·2 -0'484 78'80 3'82 

11·5 1'260 15'40 -0'992 155'4 -0'589 30'10 -5'59 305'4 -0·493 70'00 3'41 

14·5 1'305 20'10 -1-039 160'3 -0'929 20'20 -6'59 310'2 -6493 62·30 3'04 

165'7 -0·699 11'20 -5·83 320·2 -0·440 45·70 2'20 

Values for A = 5; C .. referred to '" = 0: 170'4 -0'549 7·05 -3-14 330'2 -0'346 29·60 1'81 

-00·2 0·618 3'81 -HI 175·9 -00055 4'07 2'30 340·1 -0'294 16-40 0'62 

04'7 0'945 7·40 -3·23 179'7 0'219 6·09 2·26 345·0 -0'402 3'35 0·03 

09·4 1'256 12'50 -4'01 185·2 (}487 14-20 4'02 349'8 -0·087 1046 -0'69 

14'5 1'355 19'00 -4'28 188'8 0'535 21'50 4'10 354'7 0'251 1'53 -1'50 

19'5 1·246 26'80 -4·24 189'8 0'515 23'50 4'03 359'8 0'628 3·61 -20411 

24-4 H90 33'90 -4·30 194'8 0'453 29'30 3'86 

29·6 1'023. 43'70 -4·12 

34'7 0"721 60·20 -3'83 

Go 438: R = 4·2 .1~ Go 449: R = 4'2.105 Go 459: R = 1'4 .10' 

-7·9 -0·239 3'99 0·705 -8'8 -0·026 1'75 H42 -6·2 -0'614 2·41 

-5'7 -0'050 1'42 0·759 -6'8 0'173 1046 1'101 -O-~-- 1'75 

-4'7 (}050 1'28 0'718 -5·7 0·278 1'35 1'069 -2-1 -0'177 1'50 

-3'6 (}150 H8 0'697 -4'6 0·378 1-36 1'068 -0·1 (}035 HO 

-2'6 0'246 N9 0'686 -3'7 0'486 1'22 1'027 1'6 0·298 0·98 

-1'5 0·349 1'09 0'667 -2·5 0'572 1'20 1'030 3'6 0'513 1'68 

-0'5 0'451 1-13 0'691 -H 0'666 1'06 0'993 6'0 0'655 1'98 

0'5 0'548 0·96 0·646 -0'5 0'774 0·95 0·999 8'4 0'775 3'18 

1-6 0'647 1-06 0·635 0'5 0'875 HO 1'001 12-1 0'635 15'l4 

2·5 0·751 1-16 0'590 1'5 (}960 H7 0'981 15'1 
-Q.6i4 -- 21'38-

4·7 0·945 1'39 0·619 3'8 1-131 2'16 0'932 

6·9 H2O 1'71 (}579 6'2 1'265 3·04 1'078 

9'5 1'204 4-23 0'551 8·9 1·324 6'73 1-293 

Go 459: R = 4'2.105 Go 459: R = 1'05 • 10' Go 459: R = 1'68.108 

-6'2.- -0·613 .1'56 -4·0 -0'385 1'09 -4'0 -0·407 1'20 

-4'3 -0'370 1'20 -2-1 -0'185 1'00 -2'1' -0'190 1-10 

-2'2· -0·165 0'90 -0·0 0·014 0'79 -0·1 0·028 0'94 

-0·1 0·029 0·83 1'8 0·220 0·71 1'7 0'242 0'81 

1·9 . 0·226 0'81 3·9 0·418 0'76 3·8 0·437 0'76 

4'0 (}431 1'09 5·9 0'620 0'89 5-7 0'670 0'88 

6'0 0'648 1·42 7·9 0'829 1-05 7'8 0'850 1'14 

8'3 0'799 2·04 1(}0 1·0<10 H3 9'8 1'043 1'57 

11'4 0·780 9·80 14'0 0·835 16·40 12'4 1·202 2'17 

15'1 . 0'642 18·68 

Go 4GO: R = 4·2 . 10' Go 4GO: R = 1-68 . 10' Go 508: R = 4.2 . 105 

-4·2 -0'389 1·31 -4'1 -0·368 1'63 -8'6 -O0()86 2'11 1'024 

-2-1 -0'187 N9 -2'2 -0'166 1'51 -6'4 0'110 1'76 0·990 

-0'0 0'006 1'09 -0·1 OO()31 1'45 -5·5 0·217 1'56 0·971 

2·0 0·200 1'12 1'8 0·228 1'33 --4-4 0·311 1'52 '0·955 

4·2 0·389 1·34 3·9 (}424 1'35 -3'3 0·411 1'48 0-924 

6-4 0·567 1'43 5-9 0'613 1'51 -2'3 0'513 1·38 0-917 

8-6 0'740 2'07 8'1 0"785 1'89 -1·2 0·607 1'36 0-930 

10·9 0'892 3'30 10'4 (}930 2'75 -0·3 0'717 1'30 0-931 

13'6 0'958 6"75 13'4 0·907 8'27 0'7 0'815 1-31 (}951 

18" 0·568 21·67 16'8 0·876 16'34 1·8 0-917 1·37 0'910 

4'1 1-072 1'87 0·915 

6-4 1·225 2·90 0·832 

8·9 1'334 5·25 0'887 

11'6 1·402 8'63 0·909 

14'6 1-412 17·44 0-964 

_i....l ____ ~..IiII 



11.5 MEASURED FORCE AND MOMENT COEFFICIENTS 169 

" Cr. 100· CD I -10,Cm II Cr. 100· CD I -1O,Cm II Cr. 100,CD I -1O,Cm 

Go 535: R = 4,2.106 Gii 598: R = 4,2.106 Gil 808: R = 4·2.W 

-8'~ -OO()35 1'91 1·224 -10'5 -0'324 11'31 0'137 -6'8 -0'459 7077 0'047 

-6'8 0'179 1-53 1·220 -707 -0'274 7·90 0'128 -4-7 -0'288 4006 0'462 

--5·8 0-286 H3 1·222 -5'6 -OO()88 3'77 0'690 -2'8 -5·047 1-70 0'/500 

-4·7 0'388 1·35 H96 -3'4 0·115 1'30 0'744 -1'7 0·056 1ol8 0'541 

-3·7 0'500 1-28 1-192 .- l'4 0'318 1·06 0·705 -0'8 0·173 0-83 0'577 

-2'7 0'605 1'28 H67 0'6 0'525 0'79 0'704 0·2 0'285 0'59 0'576 

-1·7 0·715 1'27 H90 2'6 0'739 0·85 0·701 1'3 0'370 0'89 0'523 

-0·7 0'820 1-26 1·209 4'7 0·940 1'10 0·683 2'3 0'466 1'36 00490 

0'3 0·925 1'32 H82 7'0 1·082 1'87 0'616 3'4 0'561 1'96 0'457 

1-3 1'025 1-43 1-190 9'8 1'132 4'94 0'624 4'5 0'661 3'02 0'398 

3'5. 1·211 1'74 1·210 10'8 1'130 6'67 0'671 5'5 0'758 4'74 0'422 

5-6 1'390 2·35 1·240 12'8 1-126 10'33 0'740 6·7 0'828 6'38 0-641 

8·0 1-530 3'70 1'250 7'4 0'838 8'87 0'800 

10'9 1'535 9007 H15 Go 549: see 758 8'2 0'838 10'67 0·936 
9'7 ()O832 13·23 1'057 

Gii 809: R = 4·2 . loa Gii 810: R = 4-2 .106 Gil 822: R = 1'2 . 106 

-7·0 -0·425 8'21 0·049 -7'5 -0'319 8-18 0·313 -7'3 -0'386 5'87 

--5'0 -0·209 4'49 0-635 -5'4 -0·121 4'33 0'935 -5'0 -0'216 2'46 

-3-0 0'019 1'92 0·835 -3'3 0'093 1'96 1'120 -3'0 0'002 1'86 

-2'0 0'124 1-28 0'821 -2'2 0'185 H3 1'048 -1-2 0'068 1'70 

-1'0 0'228 0·90 0·810 -1'2 0'282 1·05 1'005 0·9 0'453 1'80 

&0 0'326 0·70 0·774 -0'1 0·380 0·71 1·029 3'1 0-651 2-56 

1-2 0'397 0-94 0'684 0'8 0-472 0-73 &967 5'5 0'843 3'06 

3'3 0'586 1'72 0-605 3'0 0·618 H9 0·785 7'7 0·956 4-66 

5·4 0-771 3'56 0·463 5'3 0'805 2'83 0·660 9'5 0'898 12'67 

7·0 0-875 6'85 0·616 7'7 0·939 6'38 0'609 11'3 0·832 18'00 

8·0 0'883 9'15 0'818 8'7 0·945 8·91 0'754 

11·2 0·829 15'66 1-126 1&9 0'900 14065 1·071 

I 
"? 

Gii 822: R = 4'2.105 Gil 823: R = 1,2.106 Gil 823: R = 4'2.106 

-702 -0·393 5-01 0·307 -7·7 -0'292 7'10 -7'7 -0'279 3·94 0'155 

-5·1 -0'177 1'23 0'517 -5'8 -0'052 2'69 -5·8 -0'047 1'46 0·762 

-3-1 OO()39 JoOO 0'473 -3'7 0'150 2·04 -3'7 0'155 HI 0'724 

-1'0 0·237 0'82 0'457 -1'5 0'342 20()2 -1'5 0'352 HO 0'700 

0'9 0·442 0'94 0·442 0'5 0·557 2-18 0'4 0'566 1-28 0-681 

3·1 0·642 1'25 0·425 2'6 0'740 2063 2'5 0-763 1'56 0'678 

5·2 0'830 1'63 0·401 50() 0'885 3-08 4'7 0'954 Jo92 1).665 

7-5 0·981 2'68 0·331 7·2 1·063 4-34 6'8 1'135 2·90 0'644 

8·9 1'000 3·90 0·299 9'7 1-192 5'54 '9'2 1'258 4'06 0'572 

10'7 0'940 14027 0·790 11'0 1·238 6·84 12'2 1'260 8'52 0'644 

11'7 1-220 8-43 15'8 H29 17'49 0·902 

14'2 0'840 22·69 
17·2 0'836 28·20 

Go 823: R = 4·3 .105 Gii 824: R = 1-1 .10' Gii 824: R = 4'2.106 

-7·9 -0·243 4'27 -11·3 -0'141 1l·97 -IH -0'191 9·66 0'300 

-5'8 -0·051 1-26 - 8-7 -O0()82 6'05 - 8'4 -0·132 1'71 0·947 

-3'7 0·144 H8 - 6'3 0·082 4'02 - 6'2 00()66 H9 0·899 

-1'6 0·349 0·97 ~ - 4'2- 0·264 3·89 -402 0-268 HI 0·863 

()O5 0'555 1-10 -2-2 0-489 3'35 -2-1 0-467 1'36 0'842 

2'6 0'747 H3 - O·\! 0-694 3'19 - 0'0 0'672 1-29 0'865 

408 0·940 1'53 2·3 0'834 3'95 20() 0'870 1'60 0·888 

7'0 H05 2'30 4·0 1'030 4'40 4'1 1·056 1'96 0'875 

9'3 1-246 3·,n 6·7 1'181 4'98 6'5 1-214 2·47 0'853 

10'7 Jo282 4·40 9-0 1'318 6'84 8'8 1'360 3-49 0'820 

12'2 1-284 6'75 9-7 1'332 9'30 10'1 1-404 4'59 0·786 

15'5 1·220 14'54 10·6 1'310 13'76 
• -- r 

U'6 H08 6'62 0'818 
12·9 1-143 20'30 14-7 }o370 120()1 0·795 



~
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c 

170 

a CL I l00,CD I -10,Cm II a 

-6'80 
-6-20 
--4'80 
-3-60 
-2·30 
-0-90 

0-30 
1-70 
3-00 
4'30 
5-80 
7·30 
9·20 

10-10"" 
10-90 
11-90 
12·80 

-19·76 
-17·91 
-15-16 
-11:02 
- 8·67 
- 7'39 
- 6-17 
- 4'83 
- 3-43 

'---=:-F98· 
- 0-47 

1-18 
2·91 
5-47 
7'61 
9,7.2 

13'18 
17'01 

-11-91 
- 9003 
- 6·92 
- 4-72 
-,2'59 
-O'M 

1-73 
3'88 
6-20 
8-71 

r 10-08 
IH7 _ 

19-13 

66 824: R = 2-2 _ 10' 

-0-004 
O-oM 
0-205 
0-342 
0-492 
O:S23 
0-757 
0-892 
1-019 
1-143 
1-249 
1-336 
1-377 
'401 

H31 
1-424 
H50 

1-15 
1-13 
1'09 
1'08 
0-98 
0-98 
0-97 
0·97 
1'06 
1'28 
HI 
2,40 
4·92 
6'05 
7'38 
9-45 

10·90 

66825: R = 2'1 . 10' 
-0·050 
-0'100 
-0·175 
-0-200 
-0·275 
-0·325 
-0'375 
-0·240 
-0·115 
-00005 

0·095 
0'165 
0-225 
0·315 
0·385 
0-465 
0-575 
0-610 

18·99 
17·82 
15·M 
12-67 
12'39 
U'16 
9'38 
1'42 
1'49 
8'30 
9·23 

10'18 
11-33 
13'91 
16·42 
18'80 
22·90 
24'10 

66 825: R = 2-2 .-10' 
-0<022 

0-007 
0·197 
0·388 
0'571 
0,0774, 
0·949 
1-128 
1·269 
1'386 
H16 
1'276 
0·8M 

9-90 
2-67 
2·29 
2~3L. 

2'28 
2·50 
2·96 
3'30 
4·37 
5-92 
7',67 

, 14-95 
33·99 

0·900 
0'900 
0-900 
0·890 
0·910 
0-870 
0'820 
0-770 
0·710 
0-650 
0·550 
0'470 
0·510 
0·500 
0'510 
0'550 
0'580 

0·880 
0·100 
0·130 
0'280 
0·340 
0·400 
0-070 
0'260 

,..0'550 
0-600 
0-500 
0'550 
0'500 
0'600 
0"780 
0·750 
1'100,. 
0·600 

0'487 
1'063 
1·024 
0'955 
0'912 
0-937 
0'965 
0·946 
0'841 
0'886 
0·88l\. 
0'811 
1·097 

66 878 (NACA M 12): R = 4'2 • 10' 
-29-9 
-22-2 
-15'4 
- 9'3 
-4-6 
- 2-7 
-0-4 

1-6 
3'5 
5'6 
8·0 

10'5 
12'3 
13'2 
14'2 
17·6 

-0-623 
-0-540 
-0-516 
-0'528 
-0·252 
-0-079 

0·102 
0'324 
0'M9 
0'743 
0·887 
0·989 
1·029 
1'047 
1-049 
0'738 

42·24 
29'58 
19·44 
9'96 
1·24 
1'14 
0-87 
0·89 
1'02 
1'13 
1·65 
2-86 
5·11 
11·67 
8'64 

22·01 

-0'531 
-0'550 
-0'406 
-0·110 

0·;164 
0·270 
0·215 
0·208 
0·319 
0·274 
0·107 
00017 
0'109 
0'144 
0·207 
0-622 

-6'80 
--4'80 
-3'60 
-HO 
-0-80 

0'50 
1'90 
3·30 
4-80 
6·20 
7·90 
9'70 

10-60 
11'50 
12'40 
13'40 

-19-61 
-17·91 
-15-46 
-IHl 
- 9'18 
- 7'68 
- 6'49 
- 5-13 
- 3·71 
-'2-07 
- 0·52 

1-12 
2'83 
5·39 
7'51 
9-67 

13-18 
17·01 

-11'05 
- 8·92 
- 6'87 

__ .,.-.4'68 

- 2·57 
- 0'46 

1'74 
3·90 
6'16 
8-69 

10-01 
11·40 
14-30 
16'34 

66 824: R = 2·2 • 10' 
-00002 

0'202 
0'349 
0'472 
0-606 
0'735 
0-863 
0'987 
HOO 
1'200 
1-280 
1'309 
1'342 
1'361 
1'371 
1'380 

0·96 
1'00 
0·91 
0-98 
1-05 
1-14 
1-28 
U5 
1-84 
2·33 
3-17 
5·81 
6'65 
8'02 
9·60 

10'56 

60 825: R = 6·3 _ 10' 
-0-080 
-0'100 
-0'110 
-0'120 
-0'170 
-0'270 
-0'310 
-0·180 
-0-060 

00015 
0'105 
0'180 
0'245 
0·330 
0-405 
0-475 
()O575 
0'610 

17·95 
16·92 
15'20 
12-19 
U'76 
10-40 

9'13 
7'32 
7'08 
7'79 
8'61 
9'56 

10'67 
13-43 
16·00 
i8'73 
22'90 
27-10 

60 825: R = 4·3 . 10' 
-0·204 3·77 
-0-019 1-85 

()O184 1'69 
0'379 1'75 
0'568 1-79 
0'755 1'85 
0-947 2-14 
1-124 2·56 
1·277 3·44 
1-390 5·25 
H32 6·47 
1-460 8·33 
1·483 12'78 
1-473 16·18 

0-900 
0'880 
0'880 
0-830 
0'810 
0·750 
0'700 
0·640 
0'550 
()O450 
0'370 
0'380 
0·390 
0-390 
0-420 
0-450 

0·160 
0-060 
()Ol00 
0'150 
0'260 

0'200 
()O460 
0'670 
0'700 
0'720 
0-740 
0'720 
0'790 
0-850 
0'900 
1'120 
00920 

1-141 
1-055 
0-985 
0-956 
0-920 
0·895 
0'892 
0-919 
0·855 
0'860 
0-879 
0-868 
0-946 
0-965 

66 877 (NACA M 8): R = 4'2 _ 10' 

- 9'1 
- 6'3 
-4'0 
- 1'8 

0'3 
2-2 
4'2 
6'1 
8'5 

11·0 
1204 
13-9 
15'5 
16'5 

--4536 
---6-485 
-0'325 
-0'139 

00050 
0'282 
0·507 
()O731 
0'887 
0-991 
1·007 
1'010 
0-989 
0-777 

12'80 
5·20 
1'73 
1-45 
1'09 
H4 
1'13 
1-21 
1·83 
2·92 
4'91 
7'37 

1()O34 
20-02 

-0'387 
0'118 
0'109 
0-110 
0·225 
0'193 
()O104 
0'163 
0-084 

--4040 
0-047 
0'103 
0-222 
0·669 

a 

-6'80 
-6-20 
-6-10 
--4'50 
-3·50 
-2·20 
-0·80 

0'40 
1'80 
3-20 
4-60 
6-10 
7·70 
9-60 

10·50 
11-30 
12-20 
13·20 

-12-00 
- 9'13 
- 6'94 

11. TABLES 

66 824: R = 2-2 . 10' 
--4001 

()O066 
O-oM 
0-205 
0·342 
0-482 
0'614 
0-749 
0'878 
()O997 
H18 
1-214 
1·297 
1'382 
1'355 
1'376 
1-394 
1'406 

1·03 
0·97 
1'01 
()O91 
0-91 
0-93 
0-95 
0·93 
1-02 
1-23 
1'43 
1-92 
2'75 
5-34 
&40 
7'67 
9-34 

12·22 

66 825: R = 1'2 _ 10' 

0·850 
0'850 
0·880 
0'850 
0'850 
0-840 
0'830 
0'800 
0'750 
0-700 
0-630 
0'530 
0'460 
0·500 
0-500 
0'500 
0'550 
0'590 

- 4''Tr'''-

o 
0-032 
0-200 
0·385 
0-562 
0'767 
0'942 
1'057 
()O579 
0-610 
0·721 
0-755 

11·30 
5·20 
3'53 
3-32 
3'M 
3'92 
4'04 
5'03 

0-530 
0·921 
(}980 
(}893 
0'865 
1-123 
1·040 
0·900 
1-330 
0'809 
1·015 
(}840 

- 2'55-
- 0'51 -

1'76 
4-18 ' 
7-88 ' 
9-25 

._U·.!lll' 
14-M 

-t5·36 
-12·45 
-U'71 
_I()049 
- 9-96 
- 9·32 
- 8-lT 
- 6'24 
- 4·12 
- 2-13 
- 0-07 

H9 
4·41 
6·90 
9'66 

12·98 

-4-92 
-2·82 
-0'72 

1·00 
3·40 
5·17 
7'27 
9-71 

12·42 
14-40 
15-00 
1&99 
18-66 

17·99 
19'84 
24'67 
28'54 

66852: R = 4-2 . 10' 
0-087 
0·108 
0'146 
0·213 
0·205 
0·291 
()O471 
0'703 
00915 
1'131 
1-333 
1'510 
1'673 
1'794 
1'827 
1'774 

13'55 I 
9-44 
8-84 
7-85 
2'60 
2-16 
1'96 
1'99 
2'23 
2·46 
2·67 
3·35 
4-23 
6'16 
9'87 

15·53 

66 883: R = 4-0 • 10' 
-0·235 
--4044 

0'149 
0-323 
0-575 
0-846 
1·036 
1-170 
1'239 
1'244 
1-241 
1-222 
1'182 

1·38 
1-33 
1'23 
1'18 
1'55 
1'72 
2'15 
2-97 
4-97 
70()9 

8'14 
11'74 
14'18 

0'572 
01l9O 
1'029 
1'111 
2'067 
2·212 
2·291 
2·370 
2'443 
2·460 
2·452 
2·426 
2·403 
2'341 
2-259 
H49 

0·323 
0·232 
0'177 
00Q90 
0·182 
0-322 
0·333 
0·248 
0·125 
0-041 
0-031 
0'155 
0'118 



11.5 MEASURED FORCE AND MOMENT COEFFICIENTS 171 

a CL 100· CD I -10·C .. II a CL I 100· CD I -10·C .. II a CL I 100-CD I -10-C .. 

Ga 708: R = 4'2 . 1()6 sa 711: R = 4·0. 1()6 Ga 735: R = 4,0. 1()6 
-5'5 ~'100 4-41 1-062 14-1 ~-173 16040 0-174 -21'7 ()'415 29-46 0-696 
-3-5 0-121 1-90 1-150 11'6 ~-083 12·71) 0-300 -16-1 0'31)7 21'76 0'652 
-H 0-310 1-05 1·081) 9-0 0-009 9-28 0-5M -14·6 0-340 19-84 0-574 

0-9 ()O472 0-81 0-937 6-2 0-070 1)-87 0'912 -10·9-- - -0-829- 2'96 0'371-
3-2 ()O629 1-64 ()O816 4-2 0-284 2-99 1-236 -8-7 0-659 2-13 0'283 
I)-I) 0'788 3-35 0-761 2'2 0-483 1-65 H74 -6-1) 0-457 1-86 ()O215 
7'7 0-949 6046 ()OM3 0-0 0-661) 1-42 1-145 -4'5 0-257 1-73 0-168 
9-2 0·949 10-36 0-81)2 2·1 0'843 1-34 1'089 -2-4 O-ot>2 1-66 0-131 

11'0 0'891 14-16 1-126 4·3 1-019 Nl3 1-070 ~-4 0·148 1-46 0-100 
6-6 1'190 2-35 1-060 1-7 0-347 I-51 0-039 
8'8 1-361 2-97 1-061 3-6 0-596 1-86 0-099 

11'3 H79 4-76 HI0 &4 0'858 2'37 0-286 
14'3 1'478 10'78 1-270 7'3 1-080 2-60 0-326 
17-8 1-354 20-90 1-480 9-7 1-238 3-18 0-238 12-0-- -- 1-366 4'28 0'135-

14-7 1'441 NO 0-154 
17-6 1'466 11'82 0'243 
20·7 1-456 17-41 0-370 
24-3 1'313 24'22 0-480 
27·9 1-185 29-33 0-518 

Ga 738: R = 4-0 1()6 Ga 741: R = 4'0.105 Ga 744: R = 4'0 . 106 

-32-1 ~·614 47-11 0-928 -33'2 -0-583 48-46 I 1-016 -30'7 ~'559 43-94 1-162 
-27-2 ~-576 39-11 0·840 -28'3 ~-552 38-89 O-~ -27-8 ~'531 38·74 1-114 
-21'4 ~'535 29-71 0-772 -22-6 ~-493 29-80 0-886 -25-0 -0-492 34-00 1-026 
-15-5 ~-521 21-61 0·725 -16·9 ~'431 21-97 0-891 -22-1 ~463 29-69 0-992 
-14'0 ~-521 19-21 0-657 -14-2 ~-379 17-85 0·791 -19'3 -0-417 25'65 0·998 
-I()OS ~-906 3'22 0-331 -11-3 ~-337 12-45 0-893 -16-5 ~-392 21-59 0'969 
-8-4 ~'743 2-25 0'22S -8·3 ~'337 10-05 0'570 -13·8 ~-331 17-38 0-S61 
-5-3 ~-569 1-66 0-168 -6-9 ~-320 8'01 0·328 -11'0 ~'266 13'53 0'740 
-4'3 ~'358 1-42 0-101 -5-7 ~'260 2-03 0·192 -8-3 ~·216 10·29 0·647 
-2'1 ~'162 1-16 0-067 -3'7 ~-046 1-64 0-11)3 -5·4 ~'170 7-31 0-435 
~'O 0-042 H2 0-015 -1-6 0'159 1-43 0'093 -3'4 0-027 4'75 0.029 

1-9 0·247 1-01 0-050 0·3 0'384 1'1)2 0·088 -1'5 0'271 2-02 0'112 
3'0 0·356 H2 0-054 2·2 0'627 1'68 0'193 0-4 0-488 1'90 01186 
3'8 0'485 1-25 0'010 4'2 0,857 1'85 0'224 2'3 0'725 1'98 0·134 
5'7 0-729 1-61 0-107 6·2 1'073 2-34 0'210 4-2 0-978 2·22 0·254 
7·9 0·932 2·02 '0·060 8-2 1'284 2'72 0'279 6'3 1-190 2'85 0·334 

10·1 1'078 3-03 ()'006 10'7 H05 4'77 0'307 8'/1" 1·342 4-51 0-413 
12·8 H52 5-94 0-056 12-1 1·431 6-68 0-461 11-0 H75 6-54 0'434 
11)-6 1-204 10·33 0'199 13-6 10416 10'17 0'438 13·5 1'571 9'51 ()O474 
18'7 1-184 1&45 ()O392 17,0 1'340 17-15 0'612 14-0 1'601 11'58 ()O536 
24'1 0-652 33-79 0'797 20·8 1'167 23'21 0'678 16-3 1-610 14'39 0-545 

21)'8 0·717 4&41 1'032 17-9 1'1)96 18·99 0'743 
11M 1'561 21'52 0'665 
2~'1) 1'31)1 27'95 0-708 
27'3 H96 32'56 0-773 

Ga 748: R = 4-0. lOS Ga 7580: R = 1'5 . 10' Ga 708m: R = 1'5.10' 
-30·2 ~ 45-83 1·093 -10'3 ~'287 10'56 0'110 -10·2 ~'299 10'81 0'110 
-27'3 -0-645 41-55 H02 -7·8 ~-191 4'96 0-750 -7·7 -0-196 5'12 0'740 
-24'5 -0'597 31)-85 1-063 -5·7 ~'019 1·27 0·800 -5·7 ~O()23 1-30 0"7S0 
-21-6 ~568 3()O67 1-024 -3'7 0'184 }'17 0-740 -3'7 0·175 1-18 0-690 
-18'7 -0'548 26'22 1'049 -}'8 0'382 }'06 0-710 -1·8 0'382 1'05 0-740 
-15'8 -0'516 21'84 1'013 0'1 0-1)85 1'01 ()O700 0'1 0'586 ()O90 0'730 
-12'9 -0·481 17'47 ()O912 2'1 0'771) 1'07 ()O670 2·0 0'792 0'94 0-720 
-104 -0405 13'42 ()O790 4'1 00982 1'IS ()O680 4·0 0·998 .1·05 0-720 
-7'1) --&382 9-74 0'682 6-1 H62 1'49 0'680 1)·9 1-201 0098 0'710 
-4'8 -0-306 6'37 ()O366 7-8 1-221 2·66 0-620 NI 1,253 2·24 0-660 
-2'8 -o-oD1 3'75 ()'053 9-0 H95 1)'08 0,700 8'7 1'223 4-93 0-.750 
-()'9 0·145 1·86 ()O027 12-2 H29 11'09 0-830 12'2 1-149 11-19 0'890 

1-1 0·372 1·33 ()OO17 
3-l 0'1)95 1'39 0'113 
5'1 ()OS13 1'80 0'144 
7·0 1'040 2-15 0'153 
9·2 1'227 3'26 0-218 

10·7 1'227 6·26 0'509 
12,4 1-178 9'54 ()O432 
15·9 1'076 1&96 0-578 
19-1 1,016 21·69 0'747 
21-1) 0'828 33'08 0-966 
23·2 0-779 3&09 0·934 

• 



112 11. TABLES 

a CL I 100.· CD I -lo.·C", II a CL / 
100.· CD I -lO·C", II 

a CL 
/ 

100.·0D /-10..0", 

GIJ 788: R = 1'5 . 10' GIJ 788: R = 1'9.10' GIJ 788: R = 2·4:.10' 

-1001 ~'662 21-19 0.·730 7·4 0.'851 1-28 0.'120 5-6 0.·644 1-09 0.'130. 
-13-1 -1-182 2'58 0.'160 9'3 1'043 1'61 0.'130 704 0.'846 1'36 0.'130 
-11'7 -1'0.78 1'85 00110.0. 11'3 1'223 2'33 0.'130. 9'5 1'0.24 1'80. 0.'130 
-9·7 ~·909 1'33 0.'150 12'0. 1-279 2'50 0.'140 11'3 1'222 2'24 0.'140 
-7'9 ~'719 HI 0.'130. 12'4 1-302 2'71 ()O14O 12'7 1'340 2115 0.'130 
-5'8 ~'526 1'0.2 0.'110. 14-1 1'099 9'62 0.'180 15'0. 1'008 12'59 0.'360 
-3·9 ~'331 0.·93 0.0()70. 
-2·0. ~'135 0.·93 0.·0.30. 
~'1 0.·049 0.'89 0.'0.10 

0.'5 0.'111 0.·90 0.'0.30 
1·2 0.'176 0.-91 0.-050 
1·9 0.·239 0.·94 0.'0.70. 
3-7 0.·435 1-02 0.·110. 
5-6 0.'646 H3 0.·100 
704 0.'850 1'38 0.'090 
9-4 1·0.31 1'76 0.'0lI0 

IH 1'20.5 2·42 0.-090. 
11'8 1'226 2·78 0.·080. 
12·9 1-111 7'l5 0.·210. 
15-1 1'0.80. 11-50. 0.'400 

GIJ 787: R = 1'5 • 10' GIJ 787: R = 1,9.108 GIJ 767: R = 2·4: • 10' 
~--'-o..o3s 

---_. __ ....... 
-17-1 ~'657 17-25 ()oo.30 0.'88 0.-030 0.·1 ()o0.36 ()O90 ()003o. 
-12'9 -1'236 2·62 0.'100 ·2·1 0.'239 0.-93 0.0()70. 2-1 0.-238 0.·99 0.'070. 
-11-5 -H12 1-81 0.'110. .3-9 . 0.'437 0.·93 0.'100 3·9 0.·437 0.·99 0.'100 
-7-6 ~-746 1·0.3 0.'100 5·7 . 0.·648 1'0.3 0.'100 5·8 0.-647 1·09 0.·110. 
-5'8 ~'55O _J.:OO ()o0.70. 7'6 0.-8540 1-18 0.'100 7-6 0.'845 1'39 0.'110. 
-3,9 ~·35O 0.'94 0.'0.50 9·4 I·OM 1'53 0.'090 9'5- 1'0.51 1-63 00090 
-1·7 . ~'15O 0.·95 11'5 1'239 2-07 ()o0.70. 11'5 1-242 2'~2 0.0()70. 

0.·1 0.-038 0.-96 0.-030 12-1 1'300 2·35 Q-0.5O_ 12·.1 ~ .-- .... 2·11L- 0.-060 
2-1 0.'234 1'02 0.0()70. 12"-- -- }O338 -2'-38- 0.·050 12-7 1·367 2-67 -0-040 
4'0. 0.·431 1'0.3 0.·110. 12'8.:- 1'363 2-84 ()OO4O 13'0. 1'394 2'87 0.0()30 
5'8 . 0.'640 1-13 0.·100 15'0. H38 11'95 ()O530 15-1 H19 12-04 0.'540 
7·6 0.'846 1·27 0.'100 
9'5 1'040 1'66 ()0090 

-11'5 1·226 2·28 0.0()70. 
12-2 1-283 2'540 0.·060 
13'9 1'164 8'16 0.·330 

GIJ 789: R = 1'51 • 108 GIJ 789: R = l'S7 • 10' GIJ 789: R = 2·07 • 10' 

-5·8 o.o()04 1-03 0.'590 -7'8 ~·201 1'14 0.·650. -7·8 ~·20.2 HI 0.·660 
-3'7, 0.-204 1·0.2 0.'530. -6-7 ~100 1'0.7 0.·620. -6·7 ~-10.2 1'0.3 ()O620. 
-1'8 0.'411 0.·94 0.0480 -5-8 0.'96 00590 -5'7 ~0()04 0.-97 0.-580. 

0.'2 0.'609 0.'98 0.'440 -4'8 0.·096 0.-92 0.·550 -4'6 00096 0.·95 0.'550 
2'3.. 0.'808 1-06 (l-410. -3·7 __ J!~!.96 0.'90 0.-520 -3-5 0.·200 0.'91 _0.'520-
4·2 _ 1-013 1·0.9 0.'410 ---:::v7 ()O401 0.-89 0.·480. -2'7 ----0.-301 0.'89 0.'490 
6·3 - 1'199 1·36 (HlO 0.·2· 0.'604 0092 0.0430 -1-7 ()O400 0.-91 0.'470. 
8'50- 1'384 1'85 0.0430 2-3. 0.'813 0.·95 0.·410. 0.·2 0.-606 0.·90 0.'420. 

10.0() - H79 2'50 0.'440 4'2 1'0.13 0.-97 0.·400 2·2 00814 0.·94 0.'400 
-10'4 1'488 3'33 0.'520. 6·3 1-209 1'34 0.'410. 4·2 1'0.17 1'0.3 ()O410. 

11'0. H61 5·11 0.'570. 8-4. 1·395 1'67 0.·430. 6·3 1-216 1-19 ()O430 
12'0. 1'470. 6-26 0.'600 9'1 1'453 1·91 0.'460 8'4 1'400 1'68 0.·440 
13'0. H80. 7·69 0.'660 9'5. 1-474 .2-12 0.'450 9·0. H63 1'77 0.'440 
14'0. 1'476 9·58 0.-720. -9·9 1'506 2·0.5 0.-446' 9:5- H78 2'25 ()O44O 
15'1 H48 11'99 0.·790 10-2 1'543 2-19 ()o460 10.·2 H36 4'75 ()O590 

11'0. 1-474 4'88 0.-580 10.'7 1'436 6'09 0.'660 
12'0. H75 6·31 0.-610. 11'1 1'439 7-26 ()O690 
13-0. H78 7'93 0-670. 12'2 H16 9'58 0.'100 
15'1 1'450. 12·18 0-800 13'2 1'417 11'39 0-800 
IN 1'395 16'57 0.·950 15'5 1'368 17·09 1·0.10 

17'5 1'376 20·78 1-150 

·J • 



11.5 MEASURED FORCE AND MOMENT COEFFICIENTS 173 

a CL I 100· CD I -10,Cm II a CL I 100· CD I -10,Cm II a CL I 100· CD I -10,Cm 

G6771: R = 2'4.10. G6771: R = 2'4.10' G6795: R = 3'8 . 105 

-2·8 0·01l 0·77 0'470 -2'2 0-075 0'82 0·470 -6'8 -0·394 /)·76 0'262 
-2'1 0'072 0'79 00460 -1'0 0'208 0'83 00460 -6·2 -0'351 4'25 0'393 
-1'6 0'140 0·78 0-450 0'1 0·339 0·82 -O·4pO -5-7 -0'301 2·20 0'452 
-1·0 0'201 0·76 0·440 1'3 0'467 0'73 -0'450 -4'4 -0'158 1·40 0'563 
-0·3 0'267 0·79 0·430 2-6 0'597 0'76 -0'430 -3·2 0'007 H9 0'650 

0·2 0·325 0'69 -0·420 3·8 0·728 0'77 -0'420 -1'9 0'147 0-87 0'651 
0·9 0·390 0'75 -0·410 /)'0 0'860 0'81 -O·~O 0'1 0'355 1·00 0'642 
1-5 0'449 0'80 -0'400 6'2 0'987 0·93 -0'420 2-l 0·557 1-08 0·605 
2'1 0'512 0'78 -0'390 7'5 B03 Jo25 -0'410 4'2 0-741 1'52 0'543 
2·7 0-574 0·85 -0'380 8·2 1'154 1-50 -0·390 6·4 0'896 2·34 0·459 
3-4 0'641 0-90 -0-400 8'9 1'204 1·76 -0-390 7'3 0-928 3'82 0'423 
400 0-703 0'96 -0'390 9'3 1'228 1'88 -0'390 8'3 0'930 7·97 0-579 
4-7 0·766 1'01 -0'380 10'3 1'135 5·17 -0'370 9'3 0·918 U·a6 0'722 
6'5 0'945 1'38 -0·390 11'3 1'143 6,34 -0'520 
8'6 H11 2'08 -0'370 14'3 1'135 1(}93 -0'640 
9·3 1-157 2'36 -0'360 
9-7 H76 2'72 -0'370 

10'8 1'085 5'88 -0·470 
11'7 1'094 6'77 -0·490 
15'7 1·095 10·98 -0,600 

G6796: R = 3'8.105 G6797: R = 3'8.105 Go 798: R = 3,8.105 

-9'0 ---0·296 7·72 0-376 -19'2 -0·237 19·84 0·095 -10'1 -0·134 2-26 0'514 
-8-0 -0'241 4'75 0·782 -13-6 -0'156 12'83 0·331 -9'5 -0'040 2'10 1'359 
-7-8 -0-234 1'80 0·934 -10·0 -0-106 7-14 0'501 -8'8 0·017 2'02 1'300 
-7·4 -0·204 1'71 0-946 -9·4 -0-205 1'96 B21 -7·7 0'111 2'00 1'282 
-6'7 -0'137 1-68 0·952 -8'7 -0-143 1'72 H07 -5·7 0'301 1'84 1-261 
-4-7 +0'052 1'45 0'889 -5·9 +0·107 1-81 1·090 -2'6 0'599 1-83 1'214 
-2·6 0·244 1'31 0'831 -1'8 00496 I-58 0·986 -0-6 0'799 1"58 1·259 
-0-6 0'458 1'21 0-925 0 0·735 1-45 1-046 +1-4 0'992 1'59 1'185 

1·3 0·672 1-04 0-841 2·0 00933 Jo20 1'042 3'7 1-147 1-90 1'142 
3-4 0-864 1'15 0-808 4-2 H06 1-19 0-948 5-9 1-298 2·29 1-016 
5-5 1-043 1-39 0-702 6-5 1-241 1-76 0'844 8'5 1-386 3'01 1'007 
8-0 1-151 2-53 0-761 9-1 1-333 3-64 0-766 10-9 1-512 4-95 0'860 
9-5 1-137 4'86 0'554 U-9 1-361 6'99 0-702 13'6 1'572 8-37 0-969 

11-2 H12 7-63 0-599 15-3 1'291 13-10 0-818 1&0 1-585 10-43 0·897 
14'5 1-037 14-41 0-787 24'6 -0-240 22-64 00055 16'8 1-525 14'33 1-038 

DVL 0 00 09 - 0'825 -10 DVL 0 00 09 - 0'55 40 DVL 0 00 09 - 0'55 45 
R = 2'59 .108 R = 2-66.108 R = 2'60 .10' 

-3-4 -0-303 0'80 0-111 -1-4 -0·114 0'60 0-050 -1-0 -0'096 0-47 0-0116 
--1-4 -O-1l4 0-61 0-059 -0'5 -0-043 0-52 0-010 -0-3 -0-035 0-39 0'013 

0-0 -0-002 0·48 0 -0-0 0-005 0-50 0 0-2 0-009 0-37 -0·007 
0'6 0-062 0'50 -0-029 0-3 0-036 0'49 -O-Oll 0-7 0'053 0-38 -0-029 
1-4 0'120 0-55 -0-057 t-7 0-066 0·49 -0'022 2-1 0'161 0'55 -O-1l6 
2·7 0·243 0-64 -0'092 1'3 0-126 0·54 -0·048 6-2 0-531 0-88 -0-206 
4'7 00432 0·75 -0·133 2'0 0-186 0'60 -0'071 8-2 0·724 1·24 -0-199 
H 0'688 1-10 -0-145 2-7 0-249 0-64 -0'086 8-6 0·756 1-31 -0-196 

10'1 0-934 1'73 -0'154 4·0 0-373 0'75 -O-1l7 9'0 0-684 5-18 -0-064 
U-6 1-037 2'36 -0-170 5-4 00498 0'88 -0'126 10-6 0-657 11'78 0-245 
12-3 1-072 2-77 -0'175 6-7 0-624 1'07 -0-134 16'9 0-596 20-59 0'500 
14-6 0'632 19·06 0-626 7-4 0-662 1'18 -0-136 
15'8 0-606 20'18 0-627 7-6 0-616 3-64 -0'205 
16'8 0-598 21-57 0-702 7-7 0'631 4'39 -0'193 
17·9 0'590 22·84 0'677 9'1 0-666 8'39 -0-055 

10-0 0-672 11'17 -0'270 
11-7 0-627 14-35 -0'492 
13-8 0'601 17-58 -0'573 



174. 11. TABLES 

a CL I 100· CD I -10,Cm il a CL I 100· CD I -10,Cm II a CL 100· CD I -lO,Cm 

DVL 0 00 09 - 0'55 50 DVL 000 12 - 0'275 40 DVL 00012 - 0'55 40 
R = 2'65.108 R = 2'51.108 R = 2,70.108 

-0'5 -O.04Ii 0'40 0·015 -0'6 -0-063 0'52 0·021 -0-6 -0·063 0·/i6 00()35 
00() -00()()3 0'37 -0'026 0 0-001 0'52 -00()09 -0'3 -0-031 0'54 0'016 
0·3 0·030 0'37 -0'046 0·6 00()62 0'50 -0-034 0'3 0'028 0'53 -0·019 
0·8 0'066 0-39 -00()92. 2'8 0·235 0-59 -0'130 1-4 0'113 0'55 -0'066 
1'6 0'105 0'55 -0'175 6-9 0'580 1"15 -0'278 2·8 0'231 0·64 -0'130 
2'5 0'181 0-61 -0-214 8·6 0'648 3-46 -0'357 5'5 0'474 0'79 -0'209 
3'2 0'273 0'64 -0'246 ll'O 0'670 10'78 -0'046 8'3 0'716 HO -0'270 
4·9 0'393 0'81 -0·278 14'0 0'573 17-18 0'305 11'1 0'956 1'76 -0'285 
6'3 0'515 1-03 -0,309 13'3 1'092 2'77 -0'301 
7·7 0·641 H9 -0·318 13-7 1'110 3-12 -0'309 
8·2 0'691 1'33 -0'317 16'3 0-642 20-46 0-478 
8·8 0·616 6'75 -0·266 16'7 0-633 22·23 0'524 
8'8 0'620 7'33 -0·249 
9·2 0-633 8·24 -0'158 

10·6 0-654 11'00 0·061 
11·6 0-667 13·94 0'232 
12·6 0'654 15'73 0'339 
14'8 0'600 18'59 0'379 
17-1 0'560 21'26 0'458 

DVL 000 12 - 0'825 40 DVL 00012-1'140 DVL 00015 - 0'825 45 
R = 2·79 . 108 R = 2'54 .108 R = 2'59.108 

-0'6 -0-058 0'57 00()27 -3,5 -0·283 0'84 0'162 -3'0 -0·178 0-76 0·28. 
0 -0-001 0·53 -0,013 -1'8 -0'130 0'67 0'105 -1'5 -O0()83 0'56 0'181 
1·0 0-085 0'56 -0'071 -0-7 -0'050 0'/i6 0-049 0·0 -0'005 0'48 -0-003 
2'4 0·201 0-62 -0'138 -0-0 0-006 0'53 -0·002 1'5 0'082 0'54 -0'180 
4-8 ()O414 0'79 -0·208 1-4 0'113 0'59 -0·088 3·8 0'228 0'73 -0-345 
8'2 0'724 HO -0·262 3-4 0'291 0'73 -0'152 7'3 0-513 1·09 -0'466 

12'3 1'091 . 1·90 -0·283 6·2 0'539 0·93 -0'204 11'6 0'857 2'02 -0'534 
14·7 1-220 3-00 -0'309 8·2 0'724 1-14 -0·229 15·2 H05 3'55 -0'526 
15'5 1'255 3'59 -0'287 11'0 0'970 1·71 -0-210 16-1 1-131 4'27 -0'528 
18'8 0'668 2.2'08 0-427 12-4 1'079 2'09 -0·222 19-6 0-496 24'84 0'181 

14'7 1'220 3'05 -0·237 21'0 00478 25'99 0'203 
16'0 1·264 4'03 -0·233 
18'6 0'804 17·44 0·349 

DVL 000 15 - 0'55 40 DVL00015 -1'140 DVL 00015 - 0'5550 
R = 2'60.108 R = 2'50.108 R = 2'71,108 

-3'5 0·274 0'80 0·172 -3'5 -0·281 0·94 0'244 -1-1 -()'068 0·47 ()'098 
-201 0'168 ()O66 0'108 -1·8 -0'131 0'76 0'162 -0·4 -0·019 Qo43 0·023 
-0-6 0-053 0'60 0'023 '-0·3 -0-031 0'63 0'045 0'3 • 0·037 0042 -O0()24 

0'3 ()'032 0'58 -0·035 0-4 00()21 0-61 -Oo()09 1'5 0'090 0'48 -0'181 
1-7 0'147 ()O57 -0'114 1'9 0'119 0'68 -0'133 3·3 0·139 0·69 -0'463 
2-4 0·194 0'63 -0'160 4·3 0·319 0·82 -0-246 8'3 0'525 1-25 -0'653 
3'5 0'276 0-69 -0'220 8-4 0-675 1-29 -0'362 12·6 0'857 2-18 -0-725 
5'7 0·442 0-88 -0·317 12'7 1'021 2·23 -0'403 16·3 HOO 4'01 -0'671 
7·8 0·615 H6 -0'377 15'2 1-151 3·30 -0-435 16'8 1-126 4·68 -0·644 
9·9 0·790 1'53 -0'407 16'7 0·913 10'86 -0-043 2004 0-456 24'81 00()14 

12-1 0·958 2-16 -0'397 17'2 0'915 11'60 -0'006 
13'6 1-040 2'90 -0-431 18'6 0'847 14-89 0-123 
14-1 1-054 3'30 -0'431 
17'0 0-544 19'73 0'135 
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" OL 100·OD , -10·0,. 

" 

" OL 100·OD I -10·0,. " . OL 100·OD I -10·0,. 

DVL 000 15- 0'5545 DVLOOOI5-1'150 DVI. 00018 - Jot 40 
R = 2'73.108 R = 2,69.108 R = 2,63.108 

-3'8 ~'236 0·78 0'322 -5'4 ~'306 1·07 0'560 -3,3 ~'208 0'86 0'318 
-1'6 ~'1l3 0'59 0'163 -3'3 ~'126 0·88 0'476 -1'9 ~'106 0·74 0'218 
~'8 ~'038 0'53 OO()67 -1'4 ~O()()3 0'76 0'348 ~'8 ~'040 0'65 0'099 

0·6 0'063 0'51 -{)O057 -1'0 OO()14 0'70 0'277 -{)OO 0'005 0'63 ()OO15 
loO OO()89 ()o49 ~'087 ~'5 00()()8 0'63 0·157 0'8 0'046 0'62 -{)O060 
2-l 0·156 0'56 -0·197 0'0 ~'004 0'59 0'002 2'3 0'129 0'70 ~'217 
5'2 0·360 (}O86 -0'380 1'0 -{)OO16 0'68 -0'280 5'2 0'350 0'91 ~'382 
9'3 0'702 1-38 ~·499 1'9 ()OOlO 0·74 ~'410 9'4 0'686 1'57 -0'505 

13·6 I-032 2'78 ~'503 2'6 0'060 0'78 -0'462 13'7 1·013 2·78 ~'528 
15·2 H08 3'59 ~'513 4'4 0'197 0-83 ~'552 15'0 1'076 3·36 ~'537 
15'7 l-l24 3'88 ~'509 7'6 0·460 1'09 ~'663 15-4 1·088 3·85 ~'518 
IN 0'808 13'55 -OO()38 11'8 0'804 1'78 ~'734 15'8 1'056 5·32 -0'459 
17'8 0'803 14-12 ~·001 16-1 l'l42 3'30 ~'671 16'9 ()O982 8'84 -0'261 
18'3 0'759 18'95 (}O007 17'3 1·2lO 4'10 -0'654 19'0 0'968 13'42 ~'102 
19'5 0'773 19'74 ()O043 17'6 1-226 4'23 -{)OM8 20'3 0'899 16·40 OO()16 
21'3 0'523 29'99 0·243 17'8 1'236 4·38 -{)OM8 
22·2 0'528 28'65 0'249 21'6 0'530 24'74 0·007 

22'2 0·539 25·75 0'023 

DVL 00018 - 0'5540 DVLOOOI8-H50 DVL 000 18 - 0'82545 
R = 2'74.108 R = 2'59.108 R = 2'74.108 

~'7 -{)O053 0'67 0·069 -5'3 ~'207 I-l9 00769 -1'6 ~·065 0'64 0·270 
-{)OO ()O002 0·65 ()OO14 -2,9 0·88 (}O632 ~'4 ~'017 0'57 0'100 

0'6 0'054 0'66 ~·040 -1'7 0'067 0'75 0'518 0'6 0'031 0'55 ~O()30 
2-l 0·156 0'68 ~'148 ~'7 0'053 0·69 0'237 2·0 0'084 0'65 ~'250 
5'8 0·419 0'94 -0·362 H ~'013 0'86 ~'325 4-0 0'177 0·84 ~'460 

10'2 0'742 1'56 ~'497 2'9 (}O045 0-92 -{)O590 8'3 0'508 1-29 ~'630 
13'1 0·952 2·40 ~'514 5'0 0'196 0·99 ~'739 12'7 0'830 2'27 -0-690 
14'2 1-010 3'20 -{)O497 8'2 0'457 1-29 ~'828 15'6 1·040 3'58 ~-630 
14'8 0'983 4-60 -{)O416 11·8 0'740 1-98 ~'842 16'6 1·091 4-15 ~'610 
15'2 0·975 5'34 -0·388 16'2 1-052 3'63 ~'725 17'6 0'914 10'46 ~'350 
16-1 0'954 7'16 ~·323 16·9 1-096 4'14 ~·714 19·2 0·912 13001 ~'230 
20'6 0'861 1&48 -0·012 17'7 H45 4'69 -{)O670 

19'3 0'869 1'34 ~'345 

21-4 0'804 I'S7 -0-168 
22'6 0'778 20'90 -0,095 
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Table 11.6 

Arrangement 

<-.-.~ 

2 ~---.~ 

3 ~ \ . 
\ 

\ 

4 

5 

6 £---~ 

7 -G---.~ 

Profiles with High-lift Devices 

Profile 

Wa 192 

Wa743 

Wa284 

Cl&rkY 

Various 

NACA 2409 
2412 
2415 
2418 
2421 

NACA 2409 
2412 
2415 
2418 
2421 

Wa743 
Zap 

Source 

FB 1655 
Wysocki 

FB 1655 
Wysocki 

FB 1655 
Wysocki 

N 422 

Jahrbuch 
d. Lufo 
1939, I 79 
Schrenk 

FB642 
Kramer, 
Doetsch 

FB 1655 

7 

6 

6 

6 

6 

6 

5 

t/C 

0·12 

0'14 

0'176 

0-115 

0'09 
0-12 
0-16 
0-18 
0-21 

0-09 
0-12 
0-15 
0-18 
0-21 

0-09 
0-12 
0-16 
0-18 

0'21 

0-14 

11. TABLES 

c~/c 

0'30 

0-30 

o 
0'16 
0·25 
0-36 

o 
0'20 
0·30 
0-40 

0·20 

0-10 

0-20 

0-30 
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R eLma.:!: aCLma% 
Remarks 

0 I 2'2.105 1'20 16 - I - 9'50 86 Warsaw 

20 1'65 - 0045 - - 118 

40 1-86 U'5 0'66 -4'5 5·40 133 

60 1'99 11'5 0·79 -4'5 4·30 142 

I 

0 3.105 1'07 17'5 - - 7-50 112 .. 
20 1-54 13'5 ()O47 -4'0 - 160 

40 l-90 13'5 0·83 -4'0 - 198 

60 1'87 n·o 0-80 -6'5 3'70 195 

I 
60 7'l .105 1040 14-5 - - 7'80 93 .. 

2'05 11'5 0·65 -3-0 4'80 137 
2-12 n'5 0'72 -3'0 3·80 141 
2-16 U'5 0·76 -3'0 3·40 144 

6.105 1-27 
Position of axis of rotatio 

0 14'0 - - 9'16 
%R = 1'0 

68 2·27 14·0 1'00 0 4'20 c 

n 

62 2-45 13'0 l-l8 -1'0 3'60 0·93 
54 2'52 12'5 1'25 -1-5 3·90 0'90 

NACA 

I 

75 >2.106 0·66 Mean values from 

0'81 German and other 

0-97 measurements 

l-l4 
1'28 

I 
0 2'7.106 1043 20'6 - - 8·4 213 DVL 

1·35 20'0 - - 8'6 190 
1·28 19'2 - - 9'3 164 
1'18 23'0 - - 9'0 151 
1'16 24'0 - - 5·0 141 

60 2'7.106 2·1)7 19'0 0·64 -1'6 4'2 308 .. 
2·40 24'5 1·05 +405 3-9 338 
2'50 24'5 1-22 +5-3 400 320 
2-48 23-0 1-30 0 4-0 317 
2·46 21'5 1-30 -2-5 4'1 300 

0 3 _105 1-07 17-5 - - 9·1 107 Warsaw 
20 I-55 14'0 0-48 -3-5 5-3 165 
40 1-97 13'5 0·90 -4'0 405 197 
60 2·05 10·7 0-98 -6·8 3-8 205 
97 2-09 1M 1·02 -6'8 3-3 209 



r-----------------------------------------~--~~--~~--

178 11_ TABLES 

Arrangement I Profile I Source I 
b' A=-
8 I/c I c.,{c 

W,,192 FB 111M 7 0-12 0-4 -c_, 6 0-12 

8 

W,,829 FB 1655 7 0-12 0-15 
Wysocki 

9 ?=---~\'\ 

Clark Y RIi54 6 0-115 0-20 
Wenzinger .--' 

10 C ~-

W,,859 FB 1655 7 0-126 0-33 
Wysocki 0-33 

C ~-
0-28 

11 

.B 106--0-4 R FBM3 5 0-137 0 
M_ Schiller 0-1 

0-2 

12 -E------~ 0-3 
0-4 

, 

. 
NACA 
23012 R554 6 0-12 0·20 

Wenzinger 
13 see No. 12 

23015 N 763 6 0·15 0·25 
Ames 

14 see No_ 12 

23021 R554 6 0-21 0-20 

15 see No. 12 

I 
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R eLmax aOLmax LlCLmax LlaCLmu (LjD)CLmax 
CLmax 

Remarks 'I 
CDm1n ('1- 0) 

0 H . 105 1'20 14'0 - - 6·2 89 Warsaw 
60 1'65 12'5 ()o45 -1'5 3'9 147 

0 2'9.105 0·95 14'0 - - 10·2 100 .. 
60 1'63 9'0 0-68 -40 6-3 172 

50 opt 6-0.106 1'67 ()O60 4-3 Slot open 
60 opt 2'02 0-77 4'9 Slot closed 

NACA 

0 2'9.106 1'32 14'0 - - 10'4 94 Warsaw 
13 1'51 12-5 0'19 -1-5 7'8 108 
20 1'65 12-5 0'33 -1'5 7'3 lI8 

0 6'1 • 106 )'08 14'5 - - 8'3 108 DVL 
76 opt 1'74 14'2 0'66 --{)·a 5-l 174 
80 opt 1'85 15-0 0'77 +0'5 3'9 185 
60 opt 1'82 13'0 0'74 -1-1. 3'8 182 
60 opt 1'68 10-0 ()O60 -4-5 3'3 168 

0° 6'1.105 l-l4 - NACA 
30° 1'68 ()oM 

60° 1'96 ()O82 

0° 6-1.105 JolO 14-5 - - 11'9 lI5 .. 
30° 1'69 13'7 ()O59 -0-8 6'6 178 
60° 1'98 12-7 0'88 -1·8 4'8 210 

00 6'1.105 1-18 - .. 
300 1'70 0'62 
600 

2'15 0'97 
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I Arrangement I Profil .. I Source 
b' 

A=S I I/c c1)/e 

66 (215)-216 R824 OC 0'16 0-20 

16 see No. 12 

W .. 743 FB 1655 5 0·14 0·30 

17 ~-:-~=--
Doetach-KoDig 

~ 

2412 FB762 5 0'12 0·2 

18 ~-.--~~ 

23012 R 679 OC 0'12 0·10 
ACR (1940) 0·12 0'15 
ACR (1940) 0·12 0-25 

R664 0·12 0'256 

I 
R664 0-12 0-257 
R 679 0'12 0-257 

19 
R864 0·12 0-267 
N808 0'12 0'30 
N 808 0'12 0'30 
N808 0·12 0'30 
N808 0'12 0'30 

%"/ N808 0·12 0·30 

~' 
N 715 0-12 0-40 

~ 
e .. N715 0'12 0-40 

---

23021 N782 0'21 0'15 
ACR (1941) . 0·21 0'15 
ACR (1941) 0·21 0'25 

20 R677 OC 0'21 0'257 
R677 0·21 0'257 
R877 0-21 0'257 
R677 

I 
0·21 0'257 

N728 0'21 0'40 
N728 

I 
0'21 

I 
0'40 

---
23030 N755 

I 
OC 0-30 0'257 

V tr Lr 
0-30 0'257 
0'30 0-40 

21 0'30 0'40 

---
83'4--420 R824 

I 
OC 0-20 0·25 

63'4-421 MR (1943) 0-21 0·243 

Q:::::::> C£:::::> 
(appt'Ox.) 

22 

I 
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R aCLma% 
Remarks 

0° 6.108 1"43 16·5 I I 358 NACA 
30° 2'01 14'0 0'58 -2'5 

I i 
503 

60° 2'37 10'5 0·94 -6 593 

! 

I 
0 3-l.101 1'05 16'5 - - 8'51 82 W .. rsaw 

15 1'38 15'5 0'33 -1'0 6'2 108 
45 1'77 13'5 0'72 -3'0 5'0 138 
60 1-84 11'0 0-79 -5·5 4'4 144 

-
0 1-55.108 1'27 19·0 - - 9'1 106 DVL 

20 1'80 19-0 0'53 0 7'5 150 
45 2-34 21-0 1'07 +2'0 5'5 195 

I c",/c I 
Type 

I I w 'I "''I 1/", 

50 3'5.10' 2'25 (1093 .. A 0·004 (10005 NACA 
30 3'5.108 2'68 1'00 b A 0 (10015. 
40 3'5.10' 3'22 1'00 b A 0 0015 
50 3'5.10' 2·76 (1080 .. B Oo()05 ()O018 
50 3'5.108 2·81 0'83 .. A 0-005 OO()16 
40 3'5.10' 2'83 0'83 .. A (10013 ()O024 
30 3'5.10' 2'90 1'00 b A 0 ()O025 
50 3'5.10' 2·92 0-90 0 A (10002 0·010 
40 3'5.10' 2-92 ()O90 c A (10002 ()OO20 
30 3'5.10' 2·93 0·90 c A (10002 0030 
40 3'5.10' 2'88 0·90 b A ()O002 0'020 
40 3'5.10' 3'29 1·00 b A 0 0'015 
50 3'5.10' 2'87 0'715 b A OO()15 ()OO15 
50 3'5.10' 2'90 0'715 a A OO()15 ()OO1S 

60 3'5.10' 2'59 1'00 b A 0 OO()15 NACA 
60 3'5.10' 2-66 1'00 b A (10050 ()OO30 
40 3'5.10' 3'17 1'00 b A 00()25 'OO()15 
60 3'5.10' 2·69 ()O827 b B 0 0'015 
60 3'5.10' 2·74 (10827 a B 0 OO()15 
60 3'5.10' 2'71 0·827 b A 0'005 OO()20 
50 3'5.10' 2·82 0·827 .. A 0 0025 
50 3'5.10' 2-79 0·715 b A ()OO15 00()25 
50 3'5. 10' 2'88 0'715 .. A ()OO15 0'045 

60 3'5.10' 2'59 0·860 b B (10025 ()0040 NACA 
60 3'5.10' 2'68 0'860 .. B -0-005 (IoQ40 
50 3'5.10' 2'82 0'775 b B 00()25 Oo()6O 
50 3'5.10' 2'90 0·775 .. B 0·025 0060 

35 60() • 10' 3-00 (1088 b B 0018 ()O045 NACA 
40 9'0.10' 3'21 0'835 .. A 0 OO()27 



182 11. TABLES 

I I I I 
b' 

I Arrangement Profile Source A=8 Ifc ""Ie 

65-210 N 1191 00 O·lO -
00 O-lO 0-25 
00 O-lO 0·25 

23 00 O-lO 0·25 
00 O·lO ()O25 

see No_ 19-22 ---
66-2-216 R 824 00 0-16 0-30 
a = 0-6 

24 

Wa 743 FB 1655 5 0-14 0-68 

25 ~,,-,---
::::;: 

Wa 743 FB 1655 5 0-14 0'50 

~---~ 26 

Wa 859 FB 1656 7 0-126 ()O435 

27 ( =r-~ 

Wa 828 FB 1655 7 0-10 AB:O-335 
CD: 0-25 

28 .c:::. ---~ 

23012 R573 5 0-12 0 
0-20 

29 ?----~ 
~ 

PIIp ZAHI No_ 159 0-14 0'20 
Krassilschikoff 

30 £-- ~c:=.. 1934 

---

LL 
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R 
w 'I 

Type 
e .. /e Remarks 

0 6'0,10' l'3 NACA 
0 9'0. 10· 1-4 - - - - -45 6'0,10' 2047 0'84 c A 00009 00()10 

41'3 6,0.10' 2o4S 0090 0 A 00()14 00009 
35 60().10· 2046 00976 0 A Oo()04 00020 
35 9'0,10' 2'43 00976 0 A 00004 00()20 

37 &0.10' 2'92 (loOO c A 0 0'16 .. 

-JCLmax I -JaCLmu I f C
Lmu 

(LID)lh"",,, CDml" ('I ='0) 

0 3-l,105 1·37 18'5 Sol 67 Warsaw 
15 1'35 16'5 ~02 -0'2 4'8 66 45 1-42 U'5 00()6 -7'0 206 70 
60 1-27 6'5 -0'10 -12'0 1'8 62 

--

-20 3'1,105 0'60 19'5 6'0 .. 10 1-47 15'0 6'7 
45 1'97 U'O 4-4 

-25 2'9.10& 0·99 18'5 6'0 .. 4 HI 14'0 9,2 
10 1048 14'0 707 

CD .. -25 0 2'9,105 0'77 16'2 -0,16 +2'6 403 '75 0 (lo93 13'7 - - 9'S 91 10 1'20 U'7 0'27 -2'0 8'5 U8 

-25 60 1-36 12-5 0-43 -1'2 2·9 133 0 1'68 S'9 0'75 -4'S 4-3 164 15 1'77 6'3 0'84 -704 5'3 173 

0 7'3,10& 1-12 1&0 - - 12,2 112 NACA 30 1'91 14 0,79 -1'0 706 74 

I 
GQI) = I ZAHI Without Hap 3+6.100 1-46 16'0 - -0 1-46 13-6 0 -)'0 

30 2-05 7-5 0060 -7'6 
40 2'16 6'0 0'70 -10-0 
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Arrangement Profile Source A I/e "",/e 

I Wa 743 FB 1655 7 0·14 -

31 I ~ ---- ~---~ 

I 
I I 

Wa192 FB 1655 5 0-12 
2=0'154 

£€--~ 
e 

32 

Wa 755 FB 1655 5 0'12 without slat 

~ =0·10 
e 

33 ~C----~ 0·16 

5 e, 
= 0·13 NACA 23012 FB 1623 with 0·12 -e 

KrUger end plates 
34 ~C-·-·~ 

Clark Y R428 0'115 ~ = 0·145 
~ 

e 

35 ~--~ 

Clark Y N 598 '6 0·115 0·211 

36 4L= ~ 
Maxwell Slot 

Wa192 FB 1655 7 0·12 0·25 

37 ~.-.~ 

Short flap 

I 

Clark Y N 419 6 0·115 0 
0'40 

C J=:=..-. R534 0·20 
38 , 0'30 

Fowler 



11_6 PROFILES WITH HIGH-LIFT DEVICES 185 

R aGLma:z: LJCLmax Rem .. rks 

- 2-9 _10' 1-07 16-5 - - 9-2 100 without sl .. t 
1-1S 16-5 0-11 0 9-2 56 with sl .. t 

Warsaw 

- 7-l _ 101 1-21 17-5 - - 7-5 92 without slat 
1-46 24-5 0-25 7-0 5-6 111 z,/e = 0·020 
1-75 26-5 O-M 9-0 5-4 133 0-060 

1-70 27-0 ()O49 9-5 5-1 129 0-112 
Wars .. w 

I 
- 2-9.101 0-95 15-5 - - 9-4 79 " 1-4S 26-5 0-53 11-0 4-6 123 

1-64 2&5 0-69 11-0 4-0 187 

QCX) = AVA 
1-27 10-S - -
2-00 17-5 0-73 6-7 

6 _10' 1-30 14-0 - - ! without slat 
I-SI 26-5 ()O47 12-11 with .lat 

NACA 

I 
0 6 _101 1-26 14-0 - - 10-7 .84 origin .. l profile 
0 I-S1 23-0 0-/15 +900 6-9 121 with slat I 0-175 
0 2-07 25-S 0-81 +11-8 6-4 138 with slat 0, 0 = 0-300 

60 6 _10' 2-09 U8 0-83 -2-2 4-9 139 without slat 
60 2-31 16-7 I-OIl +2-7 4-7 1M with slat I 0-175 
60 2-53 21-6 1-27 +7-6 4-5 169 with slat 0, 0 = ()O300 

-
0 2-9 _10' 1-20 16-0 - - 9-6 91 Warsaw 

13 1-72 12-0 0-52 ---4,00 8-7 130 

I 
I 

0 6-1 _ 10' 1-27 16-0 - - 7-0 NACA 
40 3-17 14-0 1-90 -2-0 4-2 
30 2-45 1&0 1-18 -1-0 5-2 
40 2-85 13-0 1-58 -3-0 4-6 

I 



186 11. TABLES 

Arrangement Profile Source A tie c-r,le 

-E:---~~ NACA2410 Ja.h.rbuch 4 0-10 0-40 
d_ D_ Lufo 

~--~~ 1939 4 0-10 0-40 
39 

£---~~ 
Seiferth 

6-67 0'10 0-27 

~-.... 
Wa 433/349 FB 1655 7 0'189/0'160 0·7 

40 Ci':~:~ 
Kellner-Beehereau 

, 

NACA FB 1510 I) 0·12 0·3 

C"----~ 
2412 FBMS 

41 , 
23012 R679 ex> 0'12 0·10 

42 R723 0·257 
ARR 3 L 10 0-257 

--

I .,~ 43 
23021 0·21 0·257 

0'257 

--
[e~ 

_ ARRL4J05 

44 63-210 I NI545 

I I 0'10 I 0·25 

--
"w 

45 -~i.: 
64-208 N 1545 0-08 0·25 

1 ~)' 
0-25 

-- Yh=rr l-

I I I 46 --~f-~T 64-210 NI545 I 0·10 0·25 

--

~ I 
I 

I 1 

47 64t-212 NI545 I 0'12 0-25 

-- ~ ~ I 

I I I 48 641 A212 

I N 1293 0·12 0·229 

--
49 611-210 I NI545 I I 

0·10 I 0·25 

--
50 60 (216) -2151 

a=0'8 
RML7A30 I I 0·15 I 0·248 

--

I I I I 51 6Oa-418 NI071 0'18 0·236 

--
52 66-210 I NIM5 I I 0·10 I 0·25 



r 
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'I I R I °Lmax I aOLmax I .dCLmaz I .daC'Lmax I I C
Lm

.. I (LID)CLmax CDmln ('I = 0) Remarks 

32'5 6'3. loa 2-43 14-9 - 1-23 --2-0 4'2 AVA 
0 -1-20 -16-9 - -

42·5 6'3.10' 2-S2 12·6 _1'62 --4-3 4-0 
0 -1-20 -16-9 - -

17'5 -;-55 S-S • loa 2'92 14-8 1-72 -201 4-8 
0 1·20 16-9 - -

0 2·2 _ loa 1-70 21-0 - - 5-6 31 Warsaw 
2'.) 3'55 21-0 1'85 0 3-0 64 

0 1-32 IS 1·65 4-2 DVL 
45 2-l . 10· 2-97 

, 

c .. lc I CAlc I 1/11 I x." I y." I XII y" 

NACA 
70 3-5 _ lOS 2-99 0'S3 0-IS9 40 0·009 ()0()()9 0·014 0-024 
70 3-5.10' 3'47 0-715 0·227 30 0-014 0-012 0-015 0-035 
60 3-5.10' 3'30 0-S26 0·ll7 25 -OO()16 OO()IO -()0004 0-017 

60 3-5.10' 3-56 0·715 0·227 30 00()19 0-024 0'025 0-065 
70 3-5.10' 3'32 0-S27 0-147 30 00()17 00()27 01>07 0-024 

50 I &0.10'1 2·91 

I 
0-S4 

I 
00()75 

I 
25 

I 
0-022 I 0-024 I 00()24 OO()IS 

45 60() _ 10' 2-51 0'84 00075 30 0-015 0-015 0-015 0-019 
50 &0.10· 2·40 0-84 0-056 25 O-OIS 00()14 0-015 00()24 

I I I I I 
I 

I I 65 6-0.10· 2-S2 0-84 0-075 30 I 0-023 0-006 0-012 OO()IS 

-

I I I I I I I I 50 6-0.10' 3-03 0-84 0-075 30 0-021 0-020 0-010 0'019 

I 

55 

I 
6'0 _ 10· 

I 
2·S3 I 

o-S33 

I 
0-083 I 26 I 0-044 I 01lO5 I ()0004 0-014 

50 I &0.10' 

I 
2-72 I 0'84 

I 
0-075 I 25 

I 
(}025 

I 
o-Oll I ()0()()9 0-024 

I 
70 I &3.10' 

I 
3'38 I 0'S2 I 00()96 

I 12 

I 
0-024 I 0-010 I 0-025 0'032 

65 

I 
6-0.10' 

I 
3-50 

I 
0"851 

I 0'106 

I 
21 I 0-027 

I 
()0007 I 0-012 00()28 

60 

I 
60() .10' I 2-72 I 0'84 I 0·100 

I 25 I 0-027 

I 
0-039 I ()0024 0-021 
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Source A tic c.,,/e 

FBM3 II 0·137 0·2 
M.Schiller 

FB16M 7 0'12 0·228 

N459 6 0·1111 0 
0 
0'4 

Jahrbuch 4 0'13 0'4 
d. D.Lufo. 

1939 
Seiferth 

Jahrbuch 4 0·12 0'3211 
d. D. Lufo. 

1939 
r 

Seiferth 

I 
Jahrbuch 4 0'16 0·325 
d. D. Lufo. 

1939 
Seiferth 

Jahrbuch 4 0·16 0'50 
d. D.Lufo. 

1939 
Seifarth 

I • 
&427 0·115 0'3 

I 
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R GLmax aCLm&X .daOLmax Remarks 

0 6·1 • loG l·OS 14'5 - - 8·3 lOS original profile 
80 1-85 1&.0 0'17 +0'5 3·9 185 without slat 
SO 2'15 20·0 1'07 +5'5 4-0 215 with slat 

0 2'9. loG 1-28 16'5 - - S·6 68 slot open 

0 l'S3 21-5 0'55 5·0 S'O 97 with slat 

20 2-21 lS'5 0·93 2'0 7'0 117 with slat and flap 

40 2·31 18·5 1'03 2'0 1i'6 122 with slat and flap 
Warsaw 

0 6'1 . loG 1-27 14·0 - - S'8 original profile 
0 2·0S 3()OO 4'5 with slat 

3'62 21·0 3'S with slat and Fowler 
NACA 

35 6·3. loG 3·22 30'4 - - 3·0 AVA 
2·61 20'3 0-61 10-1 3·7 

0 6'3. loG 0-94 16·4 - - - 80 without slat 
35 2'67 21·9 1·73 5'5 3'6 226 with slat 

AVA 

35 6'3. loG 2·61 20·3 3·8 without slat 
35 3'40 36'~ 2·9 with slat 

AVA 

45 2-75 20·2 3·4 without slat 

45 3-49 35·7 2·6 with slat 

40 6·3. loG 4'011 38'3 2-3 ~ = 0'18 
c 

AVA 

I 

0 6·1.loG 1-27 15·0 - - 7-5 84 original profile 
l'9S 120() 0·71 -3'0 4·0 131 

}With flap 2'26 19-0 0·99 +4'0 3'8 150 
2·60 20·0 1-33 +15-0 3-8 173 

NACA 
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Arrangement Profile 

NACA 2415 

61 c 

NACA 23014 

62 

NACA 23012 

63 

NACAOO20 

64 
~ :/'"---

~ ...... \ ~ --
, -~ 

.-.......:. 

Source 

Aero Digest 
VIII. 1938 
R. F. HaU 

Jahrbuch 
d. D. Lw<.. 

1940 
Staufer 

FB 1253 
Holstein 

FB 1576 
Kramer 

b' 
A=S 

5'16 

4'7 

11. TABLES 

tic "'rIle 

0'15 

0'14 0'26 

0'12 

0-20 0'50 

----+-------------------------------~--------~-------+--------~--------~--------

66 

66 

£-.-~]M. 
. ~ \jjoo 

~ 

Handley Page 

NACA 6215 AVA 
Bericht 
37/4/24 

Aeron. 
Journal 

1921 
p.270 

0·15 ef/l/e = 0'13 
c1/2/e = 0'10 
c1/3/e = 0'07 
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R GLmax aOLmax Remarks 

0 1'52 - - Domier wind· tunnel 
45 2'32 0'80 

0 1'6.108 1-42 20'4 7'5 119 AVA 
60 3'00 21-1 1'58 0-7 3'5 250 

0 1'43 DVL 
55 2'70 

0 1'97.100 1-14 
10 2'10 0-96 
20 2'58 19-0 00 1-44 

25 5'6.101 1-58 21'5 6·3 42 without flaps 
3'37 16'5 1'79 -0·0 4-0 89 with Haps 

1-1.101 3'92 45 

I 

I I 
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Special armngements Source A a Remarks 

mal[ 
EIV 12 2'0 4·0 without end plates 

0 
Busemann 4'0 8-4 

2'0 4·2 with end plates 
67 4·0 11'8 3: 1 

8'0 14'9 
12·0 16'0 AVA 
13-0 16'5 

Rotating cylinder 

FB826 4 9.10' 0 1·00 15 Profile 23015 
Regensoheit 1·0 1-20 AVA 

t= .-.~~~ 2·0 1-70 
68 3·0 2·07 

4-0 2-23 
5'0 2-27 

Wing with rotating roller 6'0 2'35 

I 
mal[ m&% 

FB 1513 6.105 0 0 1-60 200() Profile 23015 

~-. -:;::::::.. Kiichemann 1·0 - NO 21·0 AVA 
2·0 - 2·75 21'0 

69 + 4·0 - 3'SO 18'0 
0 45 2-10 21-0 

Wing with rotating flap "",Ie = 0·25 

~f 
mal[ 

FB 1308 5·3 1·0 2·0 with end plates 
v. HoIst 3·0 7'5 "Ib = 0-47 

6-0 16'6 AVA 
70 

3'0 5·3 without end plates 

6'0 7'7 

Rotating wing "Ie = 2'5 
7'0 8·3 

I 

+ 
FB 1661 1-7 2·0 1-3 without end plates 

Kiicbemann 4'0 1·8 AVA 
71 8'0 2·3 

10'0 2'6 

Rotating cylinder 

~ 
FB 1661 12 2·0 4·0 AVA 

Kiiohemann 4-0 11'7 

72 8'0 14'9 

Rotating cylinder with end· plates "Ie = 3 

I FB 1651 6 2·0 2·8 
Symmetrical 

Kiichemann 4'0 3'4 
circular a.rc 

73 ~ 8'0 204 
tIc = 0·1117 

AVA 
Rotating wing 

10-0 2'2 

'" FB 1661 6 2'9 AVA 2·0 

~1® Kiichemann 4'0 4'1 
8'0 8·g 

74 10-0 7'7 
h, 

Rotating wing with end· plates "II". = 1·83. ".Ie = 1 

FB 1651 6 2·0 2·9 
- AVA 

~ 
Kiichemann 4·0 4'3 

8-0 10-4 
76 10-0 12'6 

C . 

Rotating wing with end-plates hIe = 2'5 

, 
I 
U. 



11.7 COEFFICIENTS FOR THE DETERMINATION OF THEORETICAL LIFT AND DRAG COEFFICIENTS 

Table 11.7 

m x",/c 

1 0·93302 
2 0·75000 
3 0'50000 
4 0'25000 
5 0·06699 

m 

1 0'98297 
2 0'93302 
3 ()O85356 
4 0'75000 
/I 0'62941 
6 0'50000 
7 0'37059 
8 0'25000 
9 0'14645 

10 0-06699 
1I 0-01704 

Coefficients for the Determination of Theoretical Lift and Drag Coefficients 

N-l 
dCLlda = 2,,(1 + 1: Am·2YmC'ljc 

m=1 

N-l 
IS· = 1: E m ·2YmCc1 jc 

m=1 

0'66667 -2-48812 
0 0 

0·33333 -0·33333 
0 0 

0·66667 -0·17863 

0·64395 -4-89189 
0 0 

0·23570 -0'56904 
0 0 

0'17255 -0·22487 
0 0 

0'17255 -0·13240 
0 0 

0·23570 -0-09763 
0 0 

0·64393 -0'08478 

0'82136 
0'57736 
0·33333 
0'57736 

-H8804 

()O68634 
0'16667 
0'33333 
0'28868 
0'23874 
0'33333 
0'06012 
0'28868 

-0·33333 
()O16667 

-1'80170 

N-l 
Cm. =- 1: Dm·2'YmCc1 jc 

m=1 

N-l 
CL* = 1: F m ·2'YmCc1 jc 

m-l 

-4·36179 
-0·26180 
-0'52360 
0·26180 
0'17286 

-7'93704 
-0·22673 
-1'07896 
-0'13091 
-0·42099 

0 
-0·14021 
0'13091 
()O03178 
0·22673 
0'1I971 

-1-15471 
0 
0 
0 

1-15471 

-2-40322 
0 

-0'23571 
0 

-0·04623 
0 

()O04623 
0 

0·23571 
0 

2-40322 

193 

8'37760 
0 

2'09440 
0 

8·37760 

N= 12 

15'63328 
0 

2'09440 
0 

1'12238 
0 

1'12238 
0 

2'09440 
0 

15·63328 
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Table 11.8 Coefficients for Determining the Velocity Distribution (Given the Co-ordinates) 

(see p. 88) 

Table 11.8 a 

N = 121 N = 6 IN = 121 N = 61 
Upper side Lower side 

-c 
b .. 

° ° 24 12 1-00000 ° ° ° 
1 23 0-98297 0-12941 0-01704 0-01675 

2 1 22 11 0-93302 0-25000 0-06698 (}06250 

3 21 0-85356 0-35356 0·14644 0'12500 

4 2 20 10 0'75000 0-43302 0'25000 0'18751 

5 19 0-62941 (}48296 0'37059 0-23325 

6 3 18 9 0-50000 0'50000 0·50000 0'25000 

7 17 0-37059 0·48296 0'62941 0'23325 

8 4 16 8 0·25000 0-43302 0·75000 0·18751 

9 15 0·14645 0'35356 0'85356 0'12500 

10 5 14 7 0-06699 0-25000 0-93302 0-06250 

11 13 0-01704 0'12941 0'98296 0-01675 

12 6 12 6 0'00000 ° 1'00000 ° 

Table U.8 b Amn N=6 

m 2 3 4 5 

.. =0 ° ° ° ° ° 
1 +1-50000 -0-53867 -0'03868 

2 -0'53867 +1-50000 -0'57735 ° -0'03868 

3 ° -0'57735 +1-50000 -0-57735 ° 
4 -0'03868 ° -0'57735 +1'50000 -0'53867 

5 ° -0·03868 ° -0-53867 +1'50000 

6 ° ° ° ° ° 

Table 11.8 c Smn 

m 2 3 4 5 

.. =1 2'74400 -0-70533 0·16666 -0-12799 0-08932 

2 0-53867 +1-50000 -0-5 ° -0-03867 

3 1-24400 -0-66666 +1-66666 -0-66666 +0-08932 

4 1-11601 ° -0-5 +1-50000 -0-61601 

5 1-24400 -0-12799 0-16666 -0-70533 +1'58932 

Table 11.8 d Hmn 

m 2 3 4 5 

.. =1 +0-71126 +0-09967 +(}O7735 -0-03975 ° 
2 +0-14433 +0-86602 -0-50000 ° -0-14434 

3 +0-28867 -0-28870 +1-50000 -0-53273 -0-28867 

4 +0-29904 ° -1-00000 +2-59806 -2-29907 

5 ° +0-69063 I -1-15475 +1-00000 +1-38105 

11. TABLES 
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Table II.S e Amn N= 12 

... 2 3 6 7 8 6 10 11 

11=0 ° ° ° ° ° ° ° ° ° ° ° I 3'00000 -1'08071 ° -0'08604 ° -()o02312 ° -0-00869 0 -0·00322 ° 2 -1'08071 3'00000 -H6675 ° -0'10916 ° -0003181 ° -()oOII91 0 -()OOO322 
3 ° -H6675 3'00000 -H8987 ° -O'1l785 ° -0-03503 ° -O-O1l91 0 
4 -Oo()8604 ° -1'18987 3'00000 -1'19856 ° -0·12107 ° -()o03503 0 -0'00869 
5 ° -0'10916 ° -1019856 3'00000 -1·20178 ° -0'12107 ° -()o03181 ° 6 -0'02312 ° -0' II 785 ° -1'20178 3'00000 -1·20178 ° -O·II785 ° -()o02312 
7 ° -OO()3181 ° -0·12107 ° -1'20178 300000 -H9856 ° -0'10916 ° 8 0'00869 ° -Oo()3503 ° -0'12107 ° -1·19856 3'00000 -1'18987 ° -0'08604 
9 ° -OO()1l91 ° -0·03503 ° -0'11785 ° -1'18987 3'00000 -H6675 ° 10 ·-{)OOO322 ° -O·OlI91 ° -0'03181 ° -0'10916 ° -H6675 3-00000 -1'08071 

II 0 -Oo()0322 ° -{)o00869 ° -0002312 0 -0·08604 ° -1'08071 30Q0000 
12 ° ° ° ° ° ° ° ° ° ° ° 

Table II.S f Smn. N= 12 

m I 2 3 5 6 7 8 9 10 11 

11=1 5'44565 -1'36523 +0'28452 -0·19848 +0'1lM4 -()o08932 +()o06620 -0·05751 +()O04882 -()OO456O . +()O04238 
2 1-08042 +3'00000 -0·99467 ° -()O06292 ° -0'01443 ° -()oooM7 ° -()o00322 
3 2'44565 -1'27919 +3·28452 -1'25607 +0'II244 -0·16667 +()o06620 -407741 +()O04882 -()oOM20 +0·04238 
4 2·24717 ° -0·97155 +3'00000 -1'13494 ° -()O09725 ° -0·02859 ° -0'01513 
5 2-44565 -0'17536 +0'28452 -1·24738 +3011244 -1'24416 +()o06&20 -0·16345 +0'04882 -0'08063 +()O04238 
6 2·35633 ° +0'1l785 ° -1'13172 +3'00000 -H7796 ° -O'II775 ° -()O04694 
7 2'44565 -()OO8063 +0'28452 -0'16345 +0·II244 -1'24416 +3'06620 -1·24738 +0'04882 -0'17536 +()O04238 
8 2'38814 ° +0'207II ° -()o05101 ° -H8118 +3·00000 -1·20725 ° -0'15610 
9 2-44565 -()oOM29 +0'28452 -()o07741 +0'1l244 -0'16667 +00()6620 -1'25607 +3'04882 -}027919 +0'04238 

10 2·40005 ° +0'23023 ° +()o03181 ° -0·10916 ° -1-23027 +3-00000 -1'32285 
11 2·44565 -0'04560 +0'28452 -0005751 +0'1l244 -0008932 +()o06620 -0'19848 +0·04882 -1'36523 +3-04238 

Table II.S g Hmn N= 12 

m 2 3 5 6 7 8 9 10 II 

11=1 +0·71151 -0'35448 +0'10032 -()o09014 +(}o05376 -O0()4694 +(}o03104 -0'02619 +0·OUi52 -0·01200 ° 2 +0'14220 +(}o80376 -O'41194 ° -()O04828 ° -(}o01880 0 -0001323 ° -0·02441 
3 +0'31554 -0·32968 +I-34019 -0'69694 +0'04881 -O'1l784 +(}o02265 -0·04953 ° -0·02045 +0'04881 
4 +0'29584 ° -0040245 +1'73202 -O'!!7083 ° -0·12675 ° -0'06904 ° -O·1l483 
5 +0'31327 -0'02875 -0·09043 -0'68198 +2'33747 -H7794 ° -0·16846 -()O04197 -0005383 -0·18086 
6 +0'31021 ° +0'04882 ° -0'86845 +3'00000 -1-535II ° -0·28452 ° -0'35645 
7 +0'30718 +0'00852 +()o07128 -0'02946 ° -1·13179 +3'84945 -1096573 -0'15350 -0·23569 -0'53205 
8 +0'31440 ° +0'08577 ° -0'03916 ° -1-53937 +5'19607 -2·91443 ° -H8557 
9 +0'28452 +0'06170 ° +0'II957 -0'13205 +0'U785 -0'28452 -1'68285 +6'67352 -3·7II88 -1·83918 

10 +0'31596 ° +(}o09535 ° +()o02441 ° -0'14227 ° -2·97059 +lI·19624 -10·04747 
II ° +0'64317 -0·89525 +1'37900 -}0790M +2'35661 -3'10132 +3·89268 -5'78712 +4·03104 +4-53036 
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Table 11.9 Coefficients for Determining the Co·ordinates (Given the Velocities) (see p. 90) 

Table 11.9 a dm and dmn N=12 

m 1 1213141518 7 8 I 9 10 11 12 

d ... 1-0'04530 1-0'053991-0-052481-0'039321-0'021471 0 0002147 1 0003932 1 0005248 0'05399 0004530 0;15632 

Il=O 0 0 0 0 0 0 0 0 0 0 0 0 
1 0'00070 0000978 0·00300 0000427 0-00148 Oo()02()4 0000029 0-00050 -0·00054 -u,00038 -0-00086 -0-00218 
2 -0'11005 0004079 0002319 0001342 0·00965 0'00590 0-00314 0-00072 -0-00109 -0-00207 -0-00227 -0'00905 
3 -0·09218 -0·00898 0007118 0004083 0·02199 0001528 0·00895 0-00248 -0-00241 -0-00418 -0-00498 -0-01947 
4 -0'17831 -0-00703 0-02494 0'10089 0'05325 0002813 0-01531 0-00468 -0·00284 -0-00703 -0-00815 -0-63318 
5 -0'01783 -0-01022 0'00550 0-04412 0·12007 0-05977 0-02859 0001085 -0·00304 -0-00925 -O-O1l78 -0-04817 

ti ..... 8 -0-01494 -O'Olll1 0 0'01925 0·05577 0-12778 0'05577 0001925 0 -0-01111 -0-01494 -0-08389 
7 -0'01178 -0'00925 -0-00304 0-01085 0-02659 0-05977 0-12007 0'04412 0-00550 -0-01022 -0-01783 -0-07757 -
8 -0-00815 -0-00703 -0-00284 ()O00468 0-01531 ()O02813 ()O05325 0-10089 0-62494 -0-00703 -0-01831 -0-08872 
9 -0-00498 -0-00418 -0-00241 0-00248 0·00895 0-01528 0-02199 ()O04083 0-07118 ()O00898 -0-01718 -0-09303 , , 10 -0-00227 -0-00207 -0·00109 0-00072 0-00314 0-00590 0-00985 ()OOI342 6-02319 0004079 -0-00925 -0-09081 

11 -0·00086 -01)0038 -0-00054 ()OOOO50 0-00029 0000204 6-00148 ()O00427 0-00300 0-00978 0-01007 -O-()6384 
12 0 0 0 0 0 0 0 0 0 0 0 0 

Table 11_9 b N=12 

m 2 I 3 1 5 6 7 8 1 9 I 10 I 11 

" ... 0'12941 I 0-25000 1 0-35356 1 ()O43302 1 0-48296 I 0-50000 i 00482961 6-43302 1 0-35356 1 0-25000 1 0-12941 

,,=0 0-16383 0 0-14226 0 0-10490 0 0-06177 0 0002441 0 0-00284 
1 0 0-20854 0 0-13414 0 ()O08627 0 ()O04264 0 0-01137 0 
2 -0-05588 0 0·26219 0 0-12805 0 0-06912 0 0-02649 0 6-00305 
3 0 -0-13109 0 0-30178 0 0'11763 0 0005178 0 0-61324 0 
4 -0-01198 0 -0-20119 0 0-32237 0 0'10246 0 0003452 0 ()O00381 
5 0 -0-03431 0 -0'25915 0 6-32197 0 ()O08237 O. 0-01852 0 

" ..... 6 -0-00578 0 -0-05893 0 -0-30040 0 0'30040 0 0-05893 0 ()O00578 
7 0 -0-01852 0 -0·08237 0 -0-32197 0 0·25915 0 ()OO3431 0 
8 -0-00381 0 -0'03452 0 -0-10246 0 -0-32237 0 0-20119 0 0-01198 
9 0 -0-01324 0 -0-05178 0 -0-11763 0 -0-30178 0 0·13109 0 

10 -0-00305 0 -0-02649 0 -0-06912 0 -0-12805 0 -0-26219 0 ()O05588 
11 0 -0-01137 0 -0-04264 0 -0-08627 0 -0-13414 0 -0-20854 0 
12 -0-00284 0 -0-02441 0 -0-08177 0 -0-10490 0 -0-14226 0 -0-16383 

Table 11.9 c bmn N= 12 

m 2 3 4 5 6 7 8 9 10 11 . 
,,=0 0 0 0 0 0 0 0 0 0 0 

1 0002616 0'02372 ()OO1892 ()OO1699 0'01382 0001111 0-00811 0000552 6-00320 0-00148 01)0037 
2 ()OO1228 0-08392 ()O04742 0'03556 0'02968 0-02270 0-01689 ()OO1l2O 0-00860 0-00299 01)0076 
3 0-00692 0·03353 0-10052 0-06770 0-04777 0-03711 0-02631 0-01'770 0-01016 0-00466 0-00117 
4 0-00608 0'02053 0-05528 0-13038 0'08167 0-05399 0-63869 0-02483 0001445 0-00647 0-00185 
5 0'00370 0'01537 0-03497 0·07323 0-14979 0-08750 0-05354 0-03469 0-01926 0-00874 0-00217 

bmll 6 ()O00288 ()OOl135 0-02624 ()O04675 0-08452 0-15652 O-OS452 ()O04675 0-02624 6-01135 0-00288 
7 0-00217 0-00874 0'01926 0'03469 0-05354 0-08750 0'14979 0-07323 0-03497 0-01537 ()O00370 

.8 0·00185 0-00547 0-01445 0-02483 ()O03869 0-65399 0-08167 0-13038 0-05528 ()O02053 ()OOO508 
9 0-00117 0-00466 0-01016 0-01770 0-02631 0-03711 0'04777 0-06770 0-10052 ()O03353 0-00692 

10 0-00076 0-00299 0-00660 ()OO1l20 ()OOI589 0-02270 0-02968 ()OO3556 0-04742 ()O08392 ()OO1228 
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Table 11_9 d pnAbdqn N=12 

" "'II 1' .. q" 

1 0-98297 6-13163 0-03407 
2 0-93302 6-26795 0-13397 
3 0·85356 0-41421 0029289 
4 0-75000 0-57735 0-50000 
5 0-62941 0-76733 6-74118 
6 0-50000 1-00000 1-00000 
7 0-37059 1-30323 1-2I!882 
8 0-25000 1-73205 1-50000 
9 0-14645 2-41421 1-70711 

10 0-06699 3-73205 1-86603 
11 0001704 7-59575 1-98593 
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Fig. 12.37 a, b. Measured pressure distributions on two thick profiles, with boundary layer suction. (SCHRENK) 
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Fig. 12.39. Comparison between experi. 
mental and theoretical (fuII line) pressure 
distributions, at sub-critical Mach numbers. 
Profile 0015. Wind tunnel: nVL 2·7 Dl 
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Fig. 12.42 a-d. Pressure distributions 
In subsonic fiow on a profile with maxi
mum thickness further back and nose 
radius smaller than normal profile, 
Profile: 0 00 09-0·55 40. DVL 2·7 m 
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Fig. 12.51 a. Polars for lIat plate, ..t = 5. Cologne 0'7 m. 
(SCHMITZ) 
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Fig. 12.92 d. Go 798. Wind tunnel: Gottingen 0·7 m x 1 m (MUESMANN-EGGERT, 1956) 
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Protile NACA 0012 

R.lO-· 0'7 1'5 3 6 
w'o I w w'o w w'o w 

OLm.% 1·06 2'021 1·24 2'15 1'525 1'595 2·39 
0·85 1'741 0'94 1·82 1·035 1-93 

aCLma:z 13·2 8·1' 15·3' 9'2' 16'7' 16'3' 10·2' 
12·2 5' 11' 5' 12'2' 5'5' 

a, -12,4' -12'4' -12,6' 
±O' -11'1' -0,1' -11'2' -0'1' -12,2' 

w'o: without, w: with split tiap, 60' detiection. The lower values include the effect of standard roughness. 

Proftle NACA 4412 

R.lO-' 0'7 1'5 3 6 
w'o w w'o w w,o w 

CLmax 1-37 2·094 1·44 2·453 1-505 1·63 2·696 
1·15 2·17 1-18 2·345 1·38 

aOLmaz 15·2' 9'1' 14·2' 10·2' 13·4' 14·5' 11' 
11·2' 8' U'2' 9'5' 13'1 ' 

a, -4'02' -3'97' -3'83' -3'9' 
-4'17' -12,2' -3'7' -11'4' -3,65' 

w'o: without, w: with split tiap, 60' deflection. The lower values include the effect of standard roughness. 
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Profile N ACA 23012 

R.10-' 0'7 1'5 3 6 
w'o w w'o w w'o w 

eLm&X 1-173 2'21 1'425 2'46 1·611 1'75 2'73 
0'95 2·0S 1·08 2'122 1'235 2·25 

aJ)Lma% 14·2.' 10'1' 15·2' 11·1' 16·2' 17·S' 14·3' 
10'1' 8'1' ;1.1'1' S'l' 13'2° S'7' 

Uo -1,34' -1.3° -1,05° -1'1" -13·5' 
-1,2' -1·3' -1'39' -11'4' 

w'o: without, w; with split flap, 60' deflection. The lower values include the effect of standard roughness. 
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Profile NACA 23015 

0'7 1-5 2'6 6 9 
w'o w w'o w w'o w 

1'31 2'39 1'393 2·532 1'487 1-7 2'9 1'722 
0'973 2'2 1'014 2·27 1'19 2'39 

14'2' 10·1' 15'2° 11' 15'3° 17'4° 15.2° 18.2° 
11' 8' 11'1" 8'1" 12'6' 9° 

-1'1" -1'12° -1,1' -1'16' -1,05' 
-1'31" -1'12' -1'15' 

w'o: without, w: with split flap, 600 dellection. The lower values include the effect of standard roughness. 

Profile NACA 63-{)09 

3 6 9 15 25 
w'o w w'o w w'o w w'o W 

1·09 1'095 1·775 1·155 1'85 1'225 1'895 1·225 1'91 
0'895 0'895 0'905 

10.1 ' 10'6° 5·6' 11,2' 6'1' 12'2° 7' 11'7' 6'1' 
11.2° 11'2' 10'2' 

-11,5' -12'3° -12·2' -12'4° 
-0'2 

w'o: without, w: with split llap, 600 deflection. The lower values Include the effect of standard roughness. 
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Fig. 12.122. NACA 64 A 210. Wind tunnel: TDT 

Profile NACA 64-409 

R.1O-· 0'7 1'5 3 6 9 
w'o w w'o w w'o w 

Lmax 1'085 1'855 1·200 1·824 1'418 1·5 2·07 1'488 
1-1 1'76 1-12 1'81 1'109 1·87 

CLma.x 11·4' 6' 9' 6' 11'5' 13'4' 6·7' 13'6' 
11' 6'1' 12' 7' 11·3' 6' 

La (a In degrees) 0'0975 0'10 0'1115 0'114 0'1119 
0·092 0·099 0'11 , -3,6' _3·2' -2'96' -2'8' -2,5' 

-3'43' -3'3' -2,42' 
Om). -0'065 -0·067 -0,07 -0,07 -0·07 . 0·258 0·263 0'264 0·259 0'260 . -0,035 -0'020 -0'067 -0'020 -0'025 

w'o: without, w: with split fiap, 60' defiectlon. The lower values include the effect of standard roughness. 

Profile NACA 64 A 010 

R.lO-· 3 6 9 
w'o w 

OLm..,. 1·065 1-17 1'925 1'225 
0'865 1'77 

aOLmaJ: 10·2' 11'2? 6'2' 12·3' 
12·05' 6'1' 

OL (ain 0·107 0'107 0'107 
• degrees) 0·102 

a, -0'4' -0'4' -12,3' 
-0'4' -l1'S' -0'4' 

(Om). 0 0 0 

"'. 0·250 0·253 0·253 
11. -0,018 -0'007 -0,017 

w'o: without, w: with split fiap, 60' defiection. The lower values include the 
effect of standard roughness. 

Profile NACA 64 A 210 

R:1O-' 3 6 9 
w'o w 

CLmax 1'35 1'415 2·15 1'4.4 
1'055 1·85 

aCLmax 12·2' 13·2' 8·05' 13'2' 
10'05' 6·05' 

OL (a In 0·1065 0'1065 0'1065 
• degrees) 0·105 

a, -1'6' -1·6' -12,3' -1'6' 
-1·3' -12'5' 

(Cm). -0·04 -0'04 -0'04 
x, 0'251 0·251 0'251 
11. -0'012 -0'006 -0'013 

w'o: without, w: with split fiap, 60' defiection. The lower values include 
the effect of standard roughness. 
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}'ig. 12.123. N ACA 64 A 410. Wind tunnel: TDT 

Profile NACA 64 A 410 

R.10-· 3 6 9 
w'o w ------------

eLmax 1-57 1-605 2'365 1·615 
1·2 2·0 

aCLmax 15'4° 15.4° 9'3° 15'4' 
11'3' 6'2' 

CL (a In 0'105 0'105 0'105 
«degrees) 0'105 

ao -3'5° -3'P -13'9° -3'1' 
-2,9° -12,1° 

(Om). -0'083 -0'083 -0'083 
z. 0'256 0·255 0'254 
11. -0·049 -@·067 -0·033 

w·o: without, w: with split flap, 60' deflection. 
The lower values lnclude the effect of standard 
roughness. 

12, CATALOGUE OF THEORETICAL AND EXPERIMENTAL RESULTS 
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Fig. 12.124. XACA 64,-012. Wind tunnel: TDT 

NACA 6ft, A212 
/ .1---- 1..-. 

I 1/ ~/ I 
..P' I ~ ~ ~ l-

I~ ~ V .# V 

f-W' I? ·5 fV·5.106 l/uuih 

I? .f} J-5 ~7.10' r 11 
'lJ I I Ii 

0IJf» '-' 

F.\~ ~, \~~ (}Q16 -£0 0fJ20 

\\ I" ~ ~ 
1'., 
t----: t--., 

\ \ '\ "'- r-:::: r-, 

}'Ig. 12.125. XACA 64, .'1.212. Wind tunnel: TDT 

R.lO-' 0'7 1'5 3 6 9 w'o w w'o w w'o W 

CLma.x 0'86 1'74 1-135 1'98 1'435 1'426 2'17 1'443 0·906 1'75 0'909 1·754 0'945 1-811 
a.(JLmax 12·2' 7° 14'3' 7'1' 15'3° 14'4' 9'3' 14'4' 11'1' 6'2° 12'2' 6·2' lG·2' 5·6' a, -11,6' -11'3' -11'4' 

-11' -10'8' -11,3' 
w·o: without, w: with split flap, 60' deflection. The lower values Include the effect of standard roughness. 

Profile NACA 64, A 212 

R.10-· 0'7 1'5 3 6 9 

CLmax 1'089 1·266 1'49 1-505 1-535 1·065 1-07 1-135 
aCLmax 11·1' 13·2' 15'1' 14·2' 14·2' 12·2' 13·2' 11'2' a, -1'9' -1'75' -1'91' -1'8' -1'89' -1,9' -2' -1'65' 

The lower values include the effect of standard roughness. 
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Fig. 12.127. NACA 64,-612. Wind tunnel: TD'l' 

R.1O-· 0·7 
w'o w 

OLmax 1·325 1·94 
1'21 1'89 

«aLma:z: 12'2' 6' 
12'2' 7' 

OLa. (a. in degrees) 0'1019 
0'097 

ao -4'12° -11,8' 
-3'9° -11,8° 

(Om). -0'1 
z. 0·260 
II- -0,041 

253 

Proflle NACA 64,-412 

R.10-' 0·7 1'5 3 6 9 
w'o w w'o W wJo W 

---------
CLmax 1'181 1'974 1'35 2'285 1'55 1·66 2·52 1-67 

1'2 1'94 1·23 1'98 1·33 2'075 
aCLmax 13'2' 6' 13'2' 10·2' 14'2' 15·3' 11'6' 15·2' 

12'3' 5·2' 12'2' 5'5' 12·2' 6'1' 
a, 2·8' -3,05' 2'76' -2,6' -13'4' -2,55' 

-2'8' -2'75' -2·9' -12'7' 

w'o: without, w: with split flap, 600 deflection. The lower values include the effect of standard 
roughness. 

w'o 

1'397 
1'328 

13'2' 
13'4' 
0'111 
0'101 

_4' 
-3,94' 
-0'101 

0'271 
-0,048 

IJ.Z 
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Fig. 12.128. NACA 64,-415. Wind tunnel: TD'l' 

Proflle NACA 64,-612 

1'5 3 6 
w w'o I W 

2·285 1'605 1·77 2·574 
2·09 1'39l 2'115 
8'1' 14·2' 16'2' 11'1' 
7'1 ' 11'1' 6' 

0'1125 0'1165 
0'111 

-12'2' -4'15' -4'06' -11'7' 
-12'2' -4·03' -11'3' 

-0'104 -0'104 
0'270 0'268 

-0'028 -0,039 

9 

1'775 

16·2' 

0'1162 

-3,93° 

-0'11 
0'264 
0'003 

w'o: without, w: with split flap, 600 deflection. The lower values include the effect of standard roughness. 

Proflle NACA 64,-415 

R.1O-' 0·7 1-5 3'1 6 9 
w'o w w'o 

I 
w w'o w 

OLma:!: 1'2 2'14 1'31 2'34 1'48 1'615 2'66 I-645 
1'13 2'12 1'22 

I 
2'2 1'31 2'32 

a.CLmaJ: 14·2' 8'1° 14·2' 9'1' 14·2' 16'2' 12'2' 16'2' 
14'2' 8'2' 15'2° 8'1° 13'2° 7'7° 

a, -3' _3' -3'05' -2'99° -2'87' 
-3,1' -2'95' I -2'95' 

w'o: without, w: with split flap, 600 deflection. The lower yalues include the effect of standard roughness. 
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12. CATALOGUE OF THEORETICAL AND EXPERIMENTAL RESULTS 
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Fig. 12.130. NACA 65-006_ Wind tunnel: TDT Fig. 12_131 &_ NACA 66,-415_ Wind tunnel: TDT 

Profile NACA 64,-418 

R_10-' 0-7 1·5 3 6 9 
w'o w w'o w w'o w 

OLmax 1·225 2·2 1·29 2·33 1-35 1·48 2·82 I-57 
1·04 2·2 1·09 2·26 1·25 2-509 

aCLmax 10·2' 8·2' 16-2' 9-3' 16·2' 16-2' 12·4' 20-2' 
11·2' 7-2' 16·2' 9-3' 14-2' 9-4' 

a, -2-35' -2-79' -2-86' -2·75' -13-6' -2-68' 
-2·55' -2-25' -2-85' -13-2' 

w'o: without, w: with split flap, 60° deflection_ The lower values include the effect of standard roughness_ 

-I 

Profile NACA 65,-415--

R_lO-' 0-7 1-5 3 6 9 
w'o w w'o w w'o w 

eLma.x . 1-169 2-075 1-297 2-4 1-44 1-588 2·605 1-62 
1·065 2-045 1-19 2-11 1-245 2·175 

aCLma.x 15-2' 7' 14·2' 9-2' 16-2' 17-3' 11·2' 16-2' 
13-3' 7' 13-2' 6-1' 13-2' 6-1' 

a, -3-1' -12-6' -3-16' -2-75' -2·76' -14-2' -2-75' 
-2·83' -12-6' -2-65' -12-6' -2-73' -12-8' 

w'o: without, w: with split flap, 60° deflection_ The lower values include the effrct of standard roughness_ 

Profile ~ACA 6~,-415 

R_10-' 0-7 1·5 3 6 9 
w'o I W w'o W w'o w 

I 

CLm&X 1-145 1-98 1·228 2-155 1-47 1-605 2·578 1-608 
1-026 1-992 1-155 2-054 1·215 2·19 

aCLmax 14·4' 6·1' 16·4' 6' 18·4' 18·4' 11·2' 17·2' 
15-3' 6·2' 13·2' 6' 12-4' 6-1' 

a, -2-7 -13·1 -2·63 -13·2 -2·51 -2·48' -14·2' -2·5' 
-2·74 -13·3 -2·25 -13-2 -2·38' -13·2' 

w'o: without, w: with split flap, 60° deflection_ The lower values include the effect of standard roughness_ 

... ---' 

--
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Fig. 12.132 a-d. Comparison of 
a four.llgure NACA protlle with 
a N ACA prollie of the 6-serie •. 
(a) Polars: 0, R = 3·7.10': 
D, R = 5·2.10': 0, R = 
5·2.1Q', rough. 

c-----------~ 
----------=--

-- NACA 0010 
(b) CL(a), CL(Cm) at R = 
3·7.10'. 
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(c) CL(a), CL (Cm) at R = 
5·2.10'. 
(d) CL(a), CL(Cm) at R = 
5·2.10', rough 
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Fig. 12.133. NACA 0015 for various Mach numbers. Wind tunnel: Ames Lab 1 ft x 3t ft 
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NACA 4415 
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Fig. 12.162. Beginning of cavitation for the 
affine series Go 5K, 6K, iK, 8K 

J!'ig. 12.163 (below). Beginning of cavitation 
for the affine series Go 9K, 10K, 11K, 12K, 
13K 
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LIST OF MAIN SYMBOLS 

Aspect ratio, b2/S. 
Speed of sound: strictly, local speed; free-stream 
speed when no confusion possible. 
Free-stream speed of Rounel. 
Span. 
Drag coefficient, iJ/q8. 
Total drag coefficient (see Section 6.4). 

Skin-friction drag coefficient. 
Lift coefficient, L/qS. 
The design OL, for which a = a*. 
Pitching moment coefficient, M/qSc. Suffix I mean/! 
measured from leading edge: suffix a means measured 
from aerodynamic centre. For further details see 
Section 3.1. 
Om for a = ao. 

Coefficient of normal force, N/qS. 
Power consumption coefficient (see Section 6.4). 
Pressure coefficient, (p - p",,)/q. 
Coefficient of tangential force, T/qS. 
Chord. 
Flap chord. 
Volume-flow-rate coefficient (see Section 6.1). 
Drag. In Section 2.2, diameter of sphere. In Section 
9.2, dissipation. 
Maximum camber. 
13*/8. 
3/8. 
Distance of centre of pressure from leading edge. 
Height of protuberance. 
Lift. In Section 2.2.1, scale of turbulence. In Section 
9.2.3, a boundary layer quantity. 
Mach number: strictly, local Mach number; free
stream Mach number when no confusion possible. 
In Section 3.1, pitching moment. 
Free-stream Mach number. 
Normal force. 
Local pressure. 
Vapour pressure. 
Stagnation pressure (see Section 10.2). 
Free-stream pressure. 
Kinetic pressure, teao V2. 
Reynolds number. In Section 3.1, total force. 
Nose radius. 
Radius of curvature at maximum thickness. 
Wing area. 
In Section 2.2.1, degree of turbulence. In Section 3.1, 
tangential force. In Section 9.2, turbulent energy 
produced per unit time. 
Maximum thickness. 
Turbulence factor (see Section 2.2.3). 
In Section 9.2.2, velocity components in boundary 
layer. In Chapter 10, velocity components in main 
stream. 

y 
v, 
'W 

y(r) 

y(t) 

a 

ao 
a* 

fJ 

y(x) 
a 
13* 
a 

7J 
8 
f.I 

" ~ 
e 
eo 

Free-stream speed. 
Suction velocity. 
Local speed. 
Local velocity components. 
Cartesian co-ordinates, explained in Section 1.2.1 
(but see also Section 9.2.2). 
Distance of position of maximum camber from lead
ing edge. 
Distance of position of maximum thickness from 
leading edge. 
Camber line (see Section 1.2.1). 
Thickness distribution (see Section 1.2.1). 

Incidence. 
Angle between chords defined in different ways (see 
Section 1.2.1). 
Incidence at which lift vanishes. 
Ideal angle of incidence (see Section 3.1). 
In Section 9.2.1, Hartree parameter. In Section 10.5.2, 
local slope. 
Defined in Section 9.3.2. 
Ratio of specific heat at constant pressure to specific 
heat at constant volume. 
Distribution of circulation. 
Boundary layer thickness. 
Displacement thickness (see Section 9.2.2). 

Energy thickness (see Section 9.2.2). 
tan TL 

t;C 
tanTL 
tiC' 
Flap deflection. In Section 3.3.1, efficiency factor. 
Momentum thickness (see Section 9.2.2). 
Viscosity. 
Kinematic . viscosity. 
Profile co-ordinate (see Section 1.2.1). 
Local density. 
roc/t2. In Chapter 10, stagnation density (see Section 
10.2). 
rIt/c?'. 
Free-stream density. 
Cavitation number (p - Pv)/q. 
Skin friction. 
Defined in (b) 1 of Section 1.2.2. 
tan Tr is the slope at the trailing edge. 
Wall skin friction. 
Velocity potential . 

. Parametric angle (see Section 1.2.3). 
Stream-function. 

land t are used as suffixes for quantities in laminar and tur
bulent How respectively. 

u and l are used as suffixes for quantities on upper and lower 
sides of profile respectively. 
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SUBJECT INDEX 

Ackeret rule, 108, 111 
Aerodynamic centre, 25, 35 
American profile, 4 
Ames Laboratory 1 ft x 3t ft high-speed tunnel, 18 
Amplification of disturbances in boundary layer, 95 
Angle, parametric, 3 
Angle of incidence, design, 24 

ideal, 24, 63, 76, 78, 80 
Angle of incidence at zero lift, 24, 29, 63 
Asymptotic suction profile, 94 
AVA 4 m x 5-4 m wind-tunnel, 16, 22 
AVA 2-25 m wind-tunnel, 15, 22, 26 

Bernoulli's equation, 62, 103 
Betz-Keune profile, 11, 74 
Biconvex profile, 67, 113, 114, 235 
Birnbaum-Glauert camber line, 63, 198 
Blowing, 53, 55, 88, 94, 95 
Boundary layer 

calculation of, 88, 90 
control, 53, 96, 97, 226 
effect of compressibility, 92 
equations, 89 
laminar, 95 
separation, 53, 72, 87, 91, 99, 100, 107 
stability, 93, 94, 95, 97 
transition, 93, 95 

Bow wave, 107 

Camber, maximum, 2, 63 
Camber line, 1, 62, 72, 138, 198 

Birnbaum-Glauert, 63, 198 
flow past, 76 
Kawalki,66, 198 

CAT,18 
Cavitation, 45, 267 
Cavitation number, 45, 46 
Cavitation tunnel, 16 
Centre, aerodynamic, 25, 35 
Centre of pressure, 25, 35, 64 
Chord,l 
Circular arc, 63, 221 

symmetrical, 67, 70 
Circular segment profile, 45, 46, 114, 235, 240, 241, 266, 267 
Clark Y profile, 27, 48, 136, 145, 213, 226 
Compressed air tunnel, 18 
Compressibility, effect on boundary layer, 92 
Conformal mapping, 83 
Constant pressure distribution, profile with, 65 
Control, boundary layer, 53, 96, 97, 226 
Conversion formulas, 21 
Corrections, wind-tunnel, 21 
Critical height of roughness, 44 
Critical Mach number, 29, 35 
Critical Reynolds number, 19, 30, 31, 93, 94 

Critical speed, 108 
Curvature, effect of discontinuity in, 45, 70, 199 

Degree of turbulence, 18 
Density, reservoir, 103 

stagnation, 103 
Design angle of incidence, 24 
Design of symmetrical profile, 81 
Design of thin profile, 81 
Design of unsymmetrical profile, 82 
Design lift coefficient, 63 
Discontinuity in curvature, effect of, 45, 70, 199 
Displacement thickness, 89 
Dissipation, 90 
Distribution, thickness, 1 
Disturbances, isolated, 42 
Double wedge profile, 236, 266 
Drag, 24, 40, 42, 43, 56 

minimum, 31 
profile, 31, 96, 97, 98, 99 
skin-friction, 31, 44, 91 

Drag coefficient, 24, 32, 46, 107, 113, 114, 116, 162, 193 
total,59 

DVL extension of NACA profiles, 7, 122, 146 
DVL 5 m x 7 m wind-tunnel, 16, 27 
DVL 2'7 m wind-tunnel, 16 

EC profile, 12, 70, 137 
ECH profile, 70 
Efficiency factor, 28 
End plates, 192 
Energy theorem, 89, 90 
Energy thickness, 90 
EQ profile, 12, 70 
EQH profile, 70, 137 
ETH wind-tunnel, 18 

Factor, turbulence, 19 
First main problem of profile theory, 80 
Five-figure NACA profile, 5, 6, 32, 126, 147, 161 
Flap, 48 

nose, 49 
plain, 48 
Short, 184 
slotted,48 
split, 48, 50, 56, 226, 247, 255 

Flat plate, 28, 44, 54, 63, 96, 97, 113, 114, 115, 116, 200, 221, 
237 

exact compressible solution, 114, 115, 116 
flow past, 76 

Flow field about Joukowsky profile, 74 
Flow field at a distance from a profile, 75 
Flow past camber line, 76 
Flow past flat plate, 76 
Form parameter, 91 
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Four-figure NACA profiles, 4,6,31,32,64,70,107,122,147,160, 

255 
Fowler high-lift device, 184 
Full-scale wind-tunnel, 17 

Generalised Joukowsky profile, 10, 74 
GOttingen low-turbulence wind-tunnel, 20, 21 
GOttingen 1·3 m wind-tunnel, 20 
GOttingen profiles, 3, 120, 141, 162 
Grain size, permissible, 44 
Griffith profile, 56, 137 
Gruschwitz parameter, 92, 93 
Guidonia wind-tunnel, 18 

Handley-Page high-lift device, 190 
Hantzsche-Wendt approximation, 105 
Hartree boundary layer profiles, 88, 89, 94, 95 
High-lift devices, 176 
Hinge moment, 114 
Hodograph method, 105, 106 
Hot-wire measurements, 20 
Hyperbola family of profiles, 12, 70 

Ideal angle of incidence, 24, 63, 76, 78, 80 
Incidence at zero lift, 24, 29, 63 
Isolated disturbances, 42 

Janzen-Rayleigh approximation, 105 
Japanese profile, 31 
Joukowsky profile, 4, 10, 32, 68, 74, 200, 239 

flow field about, 74 
generalised, 10, 74 

Karman similarity parameter, 108 
Karman-Trefftz profile, 11, 56, 74 
Karman-Tsien approximation, 106 
Kawalki camber line, 66, 198 
Kellner-Bechereau high-lift device, 186 
Kinetic pressure, 103 
Krahn's vi? method, 106 
Kutta condition, 75, 87 

Laminar boundary layer, 95 
Laminar profile, 7, 32 
Langley two-dimensional low -turbulence pressure tunnel, 17 
Langley two-dimensional low-turbulence tunnel, 17 
Leading edge coefficient, 2 
Lift, 24, 28, 53, 55 

influence of viscosity, 87 
maximum, 30, 40, 42, 49, 53, 99 

Lift coefficient, 24, 32, 46, 79, 113, 114, 116, 162, 193 
design, 63 

Lift coefficient at ideal angle of incidence, 63, 80 
Lift-curve slope, 24, 28, 4;2, 79 
Lighthill profile, 137 
Line, camber, 1, 62, 72, 138, 198 

mean, 1 
skeleton, 1 

Liquid media, 45 
LTT,17 

Mach cone, 111 
Mach number, critical, 29, 35 
Main problem of profile theory, first, 80 

second, 75, 83 
Mapping theorem, Riemann's, 83 

Maximum camber, 2, 63 
Maximum lift, 30, 40, 42, 49, 53, 99 
Maxwell slot, 184 
Mean line, 1 
Metacentric parabola, 24 
Minimum drag, 31 
Moment, see pitching moment 
Momentum theorem, 88, 90 
Momentum thickness, 90 
MV A 2 m x 2 m wind-tunnel, 15, 22 

NACA profiles, DVL extension, 7, 122, 146 
five-figure, 5, 6, 32, 126, 147, 161 

SUBJECT INDEX 

four-figure, 4, 6, 31, 32, 64, 70, 107, 122, 147, 160,255 
series 1 to 6, 7, 28, 32, 99, 206, 255 
series 7 and 8, 9, 32 
series 24, 27 
series 230, 27, 29, 30, 33, 36, 53 

NACA wind-tunnels, 16 
Neutral point, 25 
Normal force, 24 
Nose flap, 49 
NPL compressed air tunnel, 18 
NPL profiles, 137 
NPL 20 in x 8 in high-speed tunnel, 18 

Optimum suction, 97 

Parabola, metacentric, 25 
Parametric angle, 3 
Permissible grain size, 44 
Pitching moment, 24 
Pitching moment at zero lift, 35, 80 
Pitching moment coefficient, 24, 35, 63, 80, 100, 114, 167 
Plain flap, 48 
Pohlhausen parameter, 92 
Pohlhausen polynomial distributions, 88, 89, 93, 94 
Poisson integral, 83, 84 
Polars, 32, 237 
Power-consumption coefficient, 58 
Prandtl-Glauert rule, 29, 30, 104, 108, 111 
Prandtl-Meyer flow, 112 
Prandtl's boundary layer equations, 89 
Pressure, centre of, 25, 35, 64 

kinetic, 103 
reservoir, 103 
stagnation, 103 

Pressure coefficient, 103 
Pressure distribution, influence of viscosity, 87 
Pressure distribution in supersonic flow, 112 
Pressure side, 1 
Profile, 1 

American, 4 
asymptotic suction, 94 
Betz-Keune, 11, 74 
biconvex, 67, 113, 114, 235 
circular segment, 45, 46, 114, 235, 240, 241, 266, 267 
Clark Y, 27, 48, 136, 145,213,226 
double wedge, 236, 266 
DVL extension of NACA, 7, 122, 146 
EC, 12, 70, 137 
ECH,70 
EQ, 12, 70 
EQH,70,137 
five-figure NACA, 5, 6, 32, 122, 147, 161 
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SUBJECT INDEX 

four-fig~re NACA, 4, 6, 31, 32, 64, 70,107, 122, 
ge~eralised Joukowsky, 10,74 .. " 
GrIffith, 56, 137 .. 
Japanese, 31 

J~uko~skY,4, 10, 32, 68, 74, 200, 239 
Karman-Trefftz, 11,56,74 
laminar, 7, 32 
Lighthill, 137 
NACA series 1 to 6, 7, 28, 32, 99, 206, 255 
NACA series 7 and 8,9,32 
NACA series 24, 27 
NACA series 230,27,29,30,33,36,53 
RAF,136 
symmetrical, 67, 200 

Profile drag, 31, 96, 97, 98, 99 
Profile theory, first main problem, 80 

second main problem, 75, 83 
Profile with constant pressure distribution, 65 
Profiles, Gottingen, 3, 120, 141, 162 

Hartree, 88, 89, 94, 95 
hyperbola family, 12, 70 
NPL,137 
RAE, 159, 209 

Profiles with high-lift devices, 176 

RAE profiles, 159, 209 
RAF profile, 136 
Ratio, thickness, 2 
Reservoir density, 103 
Reservoir pressure, 103 
Reynolds number, critical, 19, 30, 31, 93, 94 
Riemann's mapping theorem, 83 
Rotating high-lift devices, 192 
Roughness, critical height of, 44 

standard, 28, 40, 247 
surface, 40 

Scale of turbulence, 18 
Second main problem of profile theory, 75, 83 
Separation of boundary layer, 53, 72, 87, 91, 99,100,107 
Shearing stress, work done against, 90 
Shockwave, 107, Ill, 112, 114, 228 
Short flap, 184 
Similarity rules, 108 
Skeleton line, I 
Skin friction, 88 
Skin-friction coefficient, 91 
Skin-friction drag, 31, 44, 91 
Slat, 50 
Slot, Maxwell, 184 
Slotted flap, 48 
Span, 1 
Speed, critical, 108 
Split flap, 48, 50, 56, 226, 247, 255 
Stability of boundary layer, 93, 94, 95, 97 
Stagnation density, 103 
Stagnation pressure, 103 
Standard roughness, 28, 40, 247 
Subsonic flow, 104 
Suction, 53, 56, 88, 94, 95, 97, 226 

asymptotic, 94 
optimum, 97 

Suction side, 1 
Supersonic flow, 111 

Support interference, 22 
Surface roughness, 40 
Surface waviness, 45 
Symmetrical circular are, 67, 70 
Symmetrical profile, 67, 200 

design of, 81 
velocity distribution on, 76 

Tangential force, 24 
TDT,17 
Theodorsen's mapping procedure, 83, 84 
Thickness, displacement, 89 

energy, 90 
momentum, 90 

Thickness distribution, 1 
Thickness ratio, 2 
Thin profile, design of, 81 
Tip-fairing, 22, 239, 240, 341 
Total drag coefficient, 59 
Transition of boundary layer, 93, 95 
Transition point, 99 
Transsonic equations, 108 
Transsonic flow, 107 
Truckenbrodt's procedure for boundary layer calculation, 90 
Turbulence, degree of, 18 

scale of, 18 
Turbulence factor, 19 
Turbulence of wind-tunnels, 18 

Unsymmetrical profiles, design of, 82 
velocity distribution on, 77 

Variable-density wind-tunnel, 16, 22 
Velocity distribution on symmetrical profile, 76 
Velocity distribution on unsymmetrical profile, 77 
Viscosity, influence on lift, 87 

influence on pressure distribution, 87 
Volume-flow-rate coefficient, 53, 94 
Vortex distribution, 75 

Wave, bow, 107 
shock, 107, 111, 112, 114,228 

Waviness, surface, 45 
Wind-tunnel 

Ames 1 ft x 3t ft, 18 
AVA 4 mx 5·4 m, 16,22 
AVA 2·25 m, 15, 22, 26 
DVL 5 mx 7 m, 16,27 
DVL 2·7 m, 16 

\ 
ETH,18 
full-scale, 17 
Gottingen low-turbulence, 20, 21 
Gottingen 1·3 m, 20 
Guidonia, 18 
Langley LTT, 17 
Langley TDT, 17 
MV A 2 m x 2 m, 15, 22 
NPL CAT, 18 
NPL 20 in x 8 in, 18 
variable-density, 16, 22 

Wind-tunnel corrections, 21 
Wind-tunnel turbulence, 18 
Wing-tip influence, 22 
Work done against shearing stress, 90 
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