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Summary.—In Part T of this paper the method of two-dimensional aerofoil design in incompressible flow due to
Lighthill! {1945) is extended to compressible subsonic flow. Lighthill's equations are derived as special cases of more
general equations due to the author, and some advances are made in the application of these equations to aerofoil
design. It is shown, for example, how the designer can control the nose radius of curvature. The method of Ref. 1
requires that the velocity distribution be prescribed analytically, whereas this paper deals with distributions defined
numerically, a development especially important for compressible flow design. The compressible flow theory is based
on an approximation to the equation of flow not unlike, and with at least the same accuracy, as the Karmdn — Tsien
approximation for calculating the flow about a given aerofoil. A method of estimating the effects of a modification
to the designed aerofoil shape, on the velocity distribution is also given.

In Part 2 five examples have been calculated. Aerofoil I is symmetrical, with a * roof-top ’ distribution at a given
angle of incidence, showing how a given nose radius can be achieved ; Aerofoil IT is symmetrical, designed for M, = 0,
and o = 0 (M, being the Mach number at infinity, and o the absolute angle of incidence), while Aerofoil I1I has been
designed for the same distribution but at M = 0-7. A comparison is made between Aerofoil III and that obtained
from Aerofoil 1L by linear pertubation theory. It is shown, as would be expected, that this theory underestimates
the reduction in thickness necessary to produce a compressible flow aerofoil from one designed for incompressible flow
and the same velocity distribution. Aerofoils IV and V are asymmetric aerofoils designed for Mo = 0-7, the former
being designed to have a given distribution over each surface at incidence, while the latter is designed so that the
upper surface has a given distribution at incidence and the lower surface has a given distribution at zero incidence.
The design of an asymmetric aerofoil by the author’s method is about two days’ work for one computer.

Introduction.
NOMENCLATURE
(%, ¥) z = x + 1y, (i = 4/ — 1), the physical plane
@, v) w = ¢ + iy, the plane of equipotentials (§ = constant) and streamlines
(y = constant) for zevo circulation
(g, 6) Velocity vector in polar co-ordinates for zero circulation
o Angle of incidence measured from zero lift angle
(¢, 0") Velocity vector for angle of incidence
U Velocity at infinity
L = log(Ug)
s Distance measured along the aerofoil surface

* Published with the permission of the Director, National Physical Laboratory.
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NOMENCLATURE—continued.

(n, ») Elliptic co-ordinates defined by w = ¢ + iy = — 24 cosh (n + oy).
The aerofoil surface is y = 0, when ¢ = — 24 cos .
2z,, 2z, Leading- and trailing-edge angles respectively
9, 0, Symmetric and antisymmetric parts of 6 on the aerofoil surface
M Mach number ' ‘
i = (1 — M2
q
4 EJ pd {log (U/q)}
g=U
© As a suffix to denote values at infinity.

In incompressible flow L (log (U/g)) and 6 are conjugate harmonic functions in the (x, y)
and (¢, y)-planes, and so if either is specified on the aerofoil boundary the other can be calculated.
In the (¢, )-plane, the aerofoil is simply a slit on v = 0, and so in this plane the boundary
conditions are very simple ; we are thus able to find an equation for L(¢, y) given (¢, 0) on the
aerofoil—or conversely find an equation for 6(¢, ) given L($, 0) on the aerofoil. The calculation
of the flow about a given aerofoil has been set out in detail in a previous report® and in this
report we shall consider the converse problem—the calculation of the aerofoil shape for a given
velocity distribution. This problem has already been solved by Lighthill' (1945) for the case
of incompressible flow. The main purpose of this paper is to extend the method of Ref. 1 to a
fairly accurate treatment of subsonic compressible flow.

However, it was found necessary to develop the application of the design equations along
somewhat different lines from those of Ref. 1. For example, Lighthill’s method requires that
the velocity distribution be specified analytically as a function of y (see Fig. 1) ; in fact L must
be specified as an analytical function of » simple enough to enable the conjugate to be evaluated.
This limitation means that a profile with a given distribution defined by a complex formula or
numerically cannot be designed by the method of Ref. 1. In the compressible flow theory of
this paper L is replaced by » = J 8 dL, which yields a complicated functional relation between
v and ¢ (see equation (61)). If we are prepared to define 7 as an analytical function of ¥, pos-
sessing an explicit conjugate we can, following Lighthill, readily find the corresponding aerofoil
shape, but then we are scarcely designing an aerofoil for a given distribution of g. These con-
siderations lead the author to develop the numerical method set out in section 4.

It is shown below how the nose radius of an aerofoil, an important parameter in the theory of
aerofoils, can be controlled in the design problem. Lighthill’s aerofoils in most cases had a
zero nose radius of curvature, ‘R, ; he did give a method of obtaining a finite R, but not of
controlling it, which however fails for aerofoils of zero incidence (see Ref. 1, equation (IX. 14)).
If the velocity distribution is specified over the whole aerofoil chord, the resulting ‘aerofoil ’
will, in general, not be a closed one, and further the nose radius will be automatically determined.
In this paper we therefore specify the velocity distribution over only about 80 per cent of the
aerofoil chord, leaving the distribution near the nose and trailing edge to be determined by the
‘ closure ’ conditions, the specified trailing-edge angle, and the specified value of R,. In addition
adverse pressure gradients near the nose are avoided by requiring that, in the region of the

unspecified distribution near the nose, dg/ds = 0, where s is the distance measured along the
aerofoil surface from the front stagnation point.

. The extension to compressible flow is relatively simple. We merely replace L by 7 in almost
all the design equations and proceed in exactly the same way as for incompressible flow. It is
a simple matter to tabulate » as a function of ¢/U for a given value of M,. Aerofoils II and
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ITI give an interesting comparison between the author’s theory and linear pertubation at
M, = 0-7 (see Fig. 3). The author believes his theory to be reasonably accurate for aerofoils not
\aving supersonic patches. By defining § (= (1 — M?®)"”) to be (M* — 1)"/*in supersonic patches,
‘he theory can be extended to this case, but the accuracy of this has yet to be studied.

It has been mentioned by Glauert® (1947) that the method of Ref. 1 can not be used to estimate
{he effects of a modification of design shape on the velocity distribution. It is important to be
1ble to do this for the designed aerofoil may possess minor undesirable features, such as con-
savities towards the trailing edge, which cannot always be predicted beforehand. A convenient
method of modifying designed aerofoils is given in section 4 and illustrated in section 13.

The method of obtaining the design equations given below is quite different from Lighthill’s
Jerivation. The equations are obtained as special cases of formulae for L and 6 at any point
i the field. Of course for design problems it is usually only necessary to have equations giving
values on the aerofoil alone. However, it is possible to calculate compressible flow aerofoils
accurately by using a relaxation technique on the non-linear differential equations for L (Woods®,
1949), but before this can be done, at least approximate values of 6 on an outer boundary sur-
rounding the aerofoil need to be estimated, for otherwise the relaxation field is unbounded.
These outer boundary values of 6 can be obtained with reasonable accuracy by the author’s
more general equations (se¢ equation (1)). The field is then filled in by relaxation on the exact
differential equation, and values of 6 on the aerofoil determined, completing the design. This
relaxation method is a comparatively long process, but, provided the lattice is fine enough,
provides accurate answers even in the transonic region of flow.

PART 1
Mathematical Theory

1. Two Methods of Design in Incompressible Flow.—We shall first consider the case of zero
incidence. Suppose that w = ¢ -+ sy, where ¢ and y are the equipotential and stream functions
respectively for zero circulation, then in the w-plane the aerofoil will be represented by a slit
extending from the trailing edge (T.E.) to the leading edge (L.E.), s.e., in Fig. 1, from A to B,
a distance of 4a. If L = log (U/g), ¢ and U being the local and undisturbed stream velocities
respectively, and if 6 is the flow direction, assumed to be zero at infinity, then it is easily shown
that, for incompressible flow, the complex function defined by f= L + 10 satisfies Laplace’s
equation. If L on the aerofoil surface, for zero circulation, is given as a function y*, where
y* = cos~}(— $%/2a), then it has been shown that (Woods?, 1950)

1 . .
o, ») = Z—ﬂJ L(y*) coth §(iy* — 1y —n) dy¥, P 0
where w=q§+iw=—2acosh(n—|—iy), . . . . . (2)

and the star distingﬁishes the integrated variable. In terms of these elliptic co—ordihates,
(9, v), it follows from (2) that the aerofoil surface is defined by

n =0, when ¢ = —2acosy. .. . . .. .. .. (3)

We shall take the L.E. and T.E. to be at y = 0 and y = = respectively.
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Integrating (1) by parts we have

QI

f, v) = — J L(y¥) dlog sinh 3(iy* — 1y — )]

y*=—n

J L{y* d[% log <sinh2?é7 cos® 3(y* —y) + sin®*(y* — y) cosh? g)

Phom—m

==,

— 7 tan™" coth g tan 4(y* —-y):l .

Taking the limit as » — — 0, we have

7T

Liy) + ioy) = — J L{y¥) dllog sin §(y* — »)]

Y=z

)
7—>—0

_1 lim J L(y*) d‘:tan‘1 coth%7 tan 3(p* — y)]

pr=—x

Now the function _Eno tan™* coth%tan 3(y* —v) is a step function with a discontinuity
> —

of —=z at y* = y. Evaluating the Stieltjes integral, we therefore have

L) + ioty) = — J L{y¥) dllog sin 3(* — )] + L(y) .

N

Thus on the aerofoil surface equation (1) reduces to

O(y)z—gy—z[L(y'*‘)cot%(y*—y)dy*. R 71

J ~n

This special case of equation (1) was derived by another method by Lighthill' (1945), and is the
basis of his method of aerofoil design. ‘

It has been shown that (Woods? 1950), on the Joukowski Hypothesis, at an absolute angle of
incidence «, the velocity (¢’, 6') at (, y) is related to the zero circulation velocity, (g, 0), by

T,

= — {cos o 4+ i sin «coth 3(n + ’iy)} Lo

_ sinh §(n + 9y + 2ix) ¢ -
= sinhi( + ) U

Taking logarithms we find

sinh 3y + iy + 2ia)
sinh 4(7 + 1) 7 oo o)
' 4

J'=/—log




which on the aerofoil surface, n = 0, becomes

DT 10 (EY + @)
L'=L —log sin Iy S . . . A . .. (7)
If this result is used in equation (4) we find the otherwise obvious result

a 1 .7! , ; -

Of course in design problems ¢’, and hence L', is usually defined as a function of s, the distance
along the aerofoil surface, but it is shown in Appendix I that, given ¢'(s), we can deduce q'(y)

without much difficulty.

When 6 has been calculated from (4) the profile co-ordinates follow from

$ .
v — [ cosf)dd) _ 9, MCOS@Slnydy )
J —2a g v o q
- (8)
¢ . . .
y = ' Sln0d¢ _ o, Msm@smyd_y
J —2a Jo 1 J

An alternative, but inferior method of design, is as follows. The author has shown that
(Woods?, 1950), if z = x - sy, then ¥ — ¢/U, and y — /U are conjugate harmonic functions
and corresponding to equation (1) there is

1| L,
2(n, y) —(—ZQ}:Z_%J (x ——.%>00th%(n + 7y — ay®) dy¥ .

On the aerofoil surface this becomes

Y = zﬂ (x - %)cot W =5

: [ " /cos 6 1N . *
but from equation (8), ¥ 7= 2a J ~———g U) siny* dy* |

[

7 Y
_a cos® 1N .. L., 6 — vy
y(é)—v—vJ_{J'_—q U)smy dy}cot ol (9

0

hence

This equation has the disadvantage of being an integral equation requiring an iterative method
of solution.

In the following sections we shall develop a method of applying equation (4) to aerofoil design
which differs in detail from, and has some advantages over the method of Ref. 1. These details
will also shorten the explanation of the compressible flow design technique.
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2. Conditions to be Satisfied by the Specified Velocity Distribution.—Integrating equation
(4) by parts we have o

L[ :
0(y) = ;J logsin §(y* — »)dL(y¥) ,
yr=—n
and then dividing L(y) into symmetrical and antisymmetrical parts defined by
L= #L0) + L=} » Le=#Ll) — L= )}, - (19
we find that
U it =)
O(j: '}’) - :l: - Jy*=0 logSin %(,}/x + '}/) dLs(y )
1 s -
+;J logsind(y* — y)sin §(y* + y) dL,(y* . .. .. .. (11
yr=0

Note that dL, is the derivative of the symmetric part—not the symmetric part of the derivative,
and similarly for 4L,. From equation (7) it follows that

L =L, + jlogsin(by + o)sin(by — @) — logsingy , )
and (12)
) La,_'La _I_ 2108‘5111(%7 _ O(.)

One advantage of dividing L into symmetrical and antisymmetrical parts lies in the fact
that even when L is infinite at the leading and trailing edges, i.e., the aerofoil is not cusped at
y = 0 and y = =, L, will be bounded—in fact zero—at these points, and it is only necessary
to consider the infinities in L.

Putting # = — o (ie.,, 2 = w = o) in (1) we find
L romar —10g Y 4 in —

but since 6, = 0, g, = U, then f, = 0,
ie., L must satisfyf Ly® dy* =0 .

From equations (10) it follows that this is equivalent to

JLS(y)dVZO. .. .. .. .. .. .. . .. .o (18)
0
Equation (13) is the condition that the velocity at infinity is equal to U.
"Now dzldw = €°[g, i.e., the 2- and w-planes are related by
e '

Z = Edw:U e dw. - .. e . . oo (14)

Closure of the profile in the z-plane requires that
Sgef dw = 0,

where the integral is taken around any contour enclosing the profile.
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Thus - 34(1+f+%f2+...)dw=0,

but f = 0 at w = o, and so from Cauchy’s theorem of residues f must be of the form

A B
f= - + 8 + ..., i
i.e., no ‘ 1jw’ term in the expansion. The closure condition is therefore equivalent to
ffﬁfdw:o. TSR O -

§sinh(n + i) din + ) =0,

which on the aerofoil surface yields
pr fa

L(y)siny dy = O(y)sinydy = 0. .. .. .. .. .. .. .. (16)
J - J —n

With the aid of equation (4)

o]

ik 7
0(y)siny dy = J L(y*) cot §(y —y*) dy*siny dy,

v -z o

rr

i.e., 0= L(p*cosy*dy*. .. .. . .. . .. .. (17)
Equations (16) and (17) can be generalized, with the aid of (7), to

o

L'(y)sinydy + msin2« = 0

J -z

e

and

L'(y)cosydy + 2asin*a = 0.

J -z
We notice from (12) that since L, = 0 at y = 0, =, then L, = 0, at y = 0, ». Thus using
equation (10) and integrating by parts we can write the first of these equations as

7T

sin 200 = — gJ L/(y)siny dy,

T
.., :
. 2 , :
Sm2“:_";J cosy dL,'(y). . .. .. .. .. .. .. (18)
Similarly equation (17) yields
J siny dL(y) = 0. . . . .. .. .. (19
y=20

Equations (13) and (19) must be satisfied by L,, while equation (18) can be regarded as defining
«, which clearly depends very largely on the antisymmetric part of the distribution. Li(y)
. (or L,'(y)) must be specified in at least a two-parameter form so that (13) and (19) can be satisfied,
and so if we desire to control, say, # other features, such as the leading-edge radius, the trailing-
edge angle, etc., L(y) must be specified in a # - 2 parameter form. From (13) however, we see
that one of these parameters need be merely an additive constant, which will have no effect on
8 (equation (11)), the nose radius (equation (34)), or equation (19).

7



3. The Effect on Velocity Distribution of a Modification to Aerofoil Shape.—It is convenient
at this stage to outline the author’s method? of calculating the flow about a given aerofoil. The
conjugate equation to (1) is (merely interchange L and 76 in the integral)

f,7) 22—4 0(y*) coth 4(iy* — oy —7) dy*,

or integrating by parts,

7T

1 : e
fl.v) = —;J log sinh }(iy* —iy —7) do(y¥) .

p*=—n

On the aerofoil surface 4 = 0, and so

L(y)z——%f logsind(F—y)do(¥). .. .. .. .. .. ()

Y= —m

If 0 is divided into symmetrical and antisymmetrical parts defined by

O.v) = 3{00) + 0(—=»)},  Oaly) =#0()—0(—»)},
then (20) can be written

T sindr—y)
Makr) = s [ IOgSin Lp*4v) WBulr®)

oy =

_j logsin $(y* —y) sin 3(y*-+ ) do,(y*). R 1

YE=0

If there is a simple discontinuity in 0 of 7, at y* = &, viz., a T.E. angle of 2z, then from (21)
this jump in 6 contributes —(2z/x) log cos 4y to L(4-y). Similarly a discontinuity of }z at the
L.E. (a rounded nose) contributes —log sin 4y to L(<4-y). These results will be used in the
next section. o

Suppose now that we have designed an aerofoil to give a certain velocity distribution, and
have found that some undesirable feature has appeared in the shape of the designed aerofoil,
e.g., concavities towards the T.E., then it is useful to be able to calculate the effect on the velocity
distribution of modifying the shape to eliminate the undesirable feature. Equation (21) enables
this to be done. In the actual computation we proceed as follows.

When 6 is continuous, d0 = (d8/dy) dy, otherwise at sharp corners there are simple discon-
tinuities in 6, say 40. We subdivide the range (0, 7) into (ve, v . .. ¥:. . . yi_s v.), where
ye = 0, y, = =, such that we can assume, with negligible error that 46 /dy is constant in each
interval, say equal to (46/dy); in the interval (y;, y,,,). Equation (21) then becomes

1#-1 dﬂs Vit sin %(V*'—yk) *
Al =—7% [i@y)i J 8 Sin gl 1 ) 7

a0, S A 2 T il o 0 %
+<E>L log sin 5 sint— dy

mn 1(v. —
- }zz [i 46,10 30305 =70 4 4o 10gsin 3y, 4) sin 3, - yk):l . (29
J

sin §(v; + vs)

where the discontinuities in 6 occurat ;. In the case of a symmetrical aerofoil 6, = 0, and 6, =0.
8 A .




19

IfI(x)= —iJ log sin ¢ ¢, which has been tabulated® then

0

d . v

1| sind(y* —v) -
2| 10g 3BV TN gk T* — ) — Tp* 4y |

x], §ém Fr* 47 4 v =) "+ ) ;s

and

1 (‘)’,,'+1 ) ' ) y‘l:-’rl

- log sin (y* —y,) sin $(y* 4 v,) dy* = [I(?* — i) HIp* ’}/k)j]
JYi 12

We shall write the discontinuities in ¢ at the T.E. (y = =) and L.E. (y = 0) as 7, and 7, respec-
tively. If matrices A, B, C and D are defined by

(Vi1 . ’
1 sin 3 (y* —v3) )
A, Rt log——2——"% gy % 1, h=23,...n —1
B
i 1 [+
=1 logsingr —p)sindo byt k=238 .0 —1
J 7 '
2 — -
=—-;z-logsm§yk, : i =1,k=223...n—1
2 ~ . '
B, < :-—;zlogcos—%yk, T =u k=23 ...n—1
, Vi1 -
:_;J log sin y* dy*, i =23...n—1%k=
b 'yi
Vi1
z——J log cos Ly * dy*, : 1 =23,...n—1Lk=mn
7t
. i
:<%>, i =238 .. .n—1
C. < :
= . 1, ¢ =1
f— Tb: ‘Z = N

D, =<@A, i =23 ...n—1,
@),

then {22) can be written concisely as

L(+ yy) = Z C;By :l:ngDiAik, » R =2,8...n—1, (23)
=1 i

$e=2



in which, to save space, it has been assumed that the only discontinuities in 6 are at the T.E.
and L.E. If any other discontinuities exist their effects can easily be calculated from (22).

One small modification needs to be made to the above scheme, a modification which is really
more important in the case of aerofoil design. Clearly 40,/dy = 0 at y = 0, and so instead of
assuming (40,/dy), to be a constant, it is better to write (@6,/dy) in the form 4 sin y in the interval
(0, ) where 4 is the value of y at the end of the first interval. (We choose 4 siny as d8,/dy is
an antisymmetrical function vanishing at y = 0.) If then we redefine D, = 4 sin 4

A
— 1 * M #
and Ay = —azsin%ALSlny 1ogSln 1y -H/)dy
! 2 sin $(y, -+ 4) sin $(y, — 1) lo Sin 3 — ) + Asin
T wsindh v Il - 4) Ve

(23) remains unchanged in form.

Suitable matrices A and B are given in Tables 2 and 3. 1In these tables (0, =) has been sub-
divided into (0°, 6°, 12°, 18°, 24°, 30° 40°, ... 160°, 170°, 180°), and y; has the values 3°, 9°,
15°, 21°, 27°, 35°, 45°, . . . 165° and 175°. These tables, which are also used for aerofoil design
(see equa’uon (31)) should be quite sufficient for all but the most unusual aerofoil shapes. The
interval is reduced near the nose to allow for the greater rate of change of 6 in this neighbourhood.

There are equations which must be satisfied by (d0,/dy), (d6,/dy), 7, and 7, which are equivalent
to the closure conditions (18) and (19) of the previous section. From (16) and the conjugate
of (17) they are ) :

e =

8(y) siny dy =Oandf O(y) cosydy = 0.
J -z —x
pr

In addition aoly) =0,

Vv y=-n

expresses the obvious requirement that 6 be cyclic. Integration by parts, and a separation of
9 into symmetric and antisymmetric parts results in-

Jn cosy db,(y) = r siny do,(y) = Jn dba(y) = 0,

y=0 y==0 r=0

and ignoring all except the T.E. and L.E. discontinuities in 8, it follows that

e

cosy <fz—0“> dy + 7, — 7, =0
Jo 4
fded

<@l>d,}/ +Ta+rb:O

dy

Jo
[

sin y <;£Qs> ay =0 »,
J [ 4 _/

10
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and




Now a given closed aerofoil does satisfy these exactly, but if the given aerofoil is replaced by an
approximating one, for which (40/dy); is constant in the ¢* interval, then instead of (24) the

equations et /20
S5 )[sinyli + 7, —7, =0
ise\dy /.

-

n—1 d@u

> bl +wtn=0 > (25)
=2\ dy /,

n—1 d@s -

i=22 <%—} >1 [cosy]; = 0, )

where [X]; is the jump in X in the ¢ interval, must be satisfied exactly. This is ensured by
using the first two equations to define 7, and 7,, completely ignoring the actual values of these
angles. The last equation can be satisfied simply by adjusting the value of (40,/dy);.

Of course 6 is not given as a function of y when calculating the flow about a given aerofoil,
but this difficulty is easily overcome by making use of the Cauchy-Riemann equations relating
L and 6. In the design problem the result of the calculation will be 0 as a function of y, and
if over any interval (y,, y,) say, the shape is undesirable, we can modify it by changing 0 to
§ 4 0. We can then calculate the modification to log U/g by using @ (which we have as a
function of y) in equation (23), ensuring beforehand that equations (25) are satisfied. An
example of this calculation appears in section 13.

4.  Calculation of the Aevofoil Profile—Returning now to the design problem, we shall suppose
that we have a given velocity distribution which does satisfy (13), (18) and (19), and that we
have to calculate the corresponding aerofoil co-ordinates. In section 6 methods of modifying
a given distribution to satisfy these equations are given, but it is convenient to postpone this

for the moment.

First we find ¢'(y) (see Appendix I), then calculate L,’ and Z,". The angle of incidence follows
from (18), and then equations (12) yield L, and L,. The infinities in L, can be dealt with as
follows. In the previous section it was shown that L, ~ — (2¢/n)logcos$y at the T.E. and
L, ~ — logsin}y at the L.E. Consequently the auxiliary function defined by

log (sin 3y/sin $1), 0 < » < 4
L,=1L,+ 0 A<y <o —c¢ . .. (26)
= log (cos §y/sinde),n — e <y < =, ‘ '
3

remains bounded at y = 0, and y = «. If other discontinuities in ¢ are required on the aero-
foil surface further appropriate terms can be added to the right-hand side of (26), but for sim-
plicity = shall be assumed that this is not the case, so that L, is bounded in 0 < y < =.

From (12 sin §y
" sin (1y — «)sin (y + a) PEgngac ST S
L,= L, + tlog—2 Sinz(%_y)z + ) 0. i<y<a-—s (27)
| “Tlog o s <y <
andso T 5111 gé
i lcotdy, 0 <y <4
L ’
gj‘=dis+%{cbt(%7 + o) + cot (3y — «) —Zcot%—y}—}— S A<y <a—e (28)
——tandy,n —e <y < =
A
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In the special case of a symmetrical aerofoil L, = 0, 7.¢., from (12)

sin (4y 4+ o)

: and so
sin (4y — &)

3

L, = —1lo

. 1
L'y=L —L',=1"1+ %1og22—%:yl%—% , when (27) and (28) become

in i
f log o2 0 <y < 2
sin (zy + «) s A
L, =1L+ log=——2—2 1 0 Sy Ssa e (29)
Sin gy 2 cos Ly
: —1 %,n—eé)}gn,
4 511’158
and
$cotgy  ,0<y <1
aL al’
-ﬁ=@+%M@+@—ww}%0 Asysa—e (30
——:—ztan%,—y,n—8<7/<ﬂ

Differentiating (26) and substituting the result in (11) we find

2 1 ind(* —y,
9&y9=i{mwﬁ~fﬂ&ﬂ—M}i;J mﬁiﬁ;ﬁ%&m&

y*=

1 (" . ‘ .
+ ;j logsin §(y* — y,)sin3(y* + y,) dL,(v*) ,

)
where ’

—— i ) Sin%(y*‘ —y) 1., % 4
](x,y):—Znﬁlogsm——in%(ﬁ__I_y)cotgy dy* .

Subdividing the range of

This integral is readily evaluated and is discussed in Appendix II.
0 (23) the equation

integration just as for the conjugate equation we find corresponding t

n—1 n—1 1 Sin l‘('}/ — )
0(k vi) = & {Gk(f) Ez 1Azk} Ez E.By + o ,2 AL, ;log sin 1(y; + ya)

1 . .
-+ ;zz AL, ;logsin §(y; — y,) sin i+, R=1,2..n,
J
or g(i yk) == j: 0] i 07;: + am Sa'y ] (31)
where Gk(r):](l,yk);%fj(s,n—yk)zej, R=1,2,...n
aLl, .
Eiz E;}*) 2—3, ..... n —1
E,= A4 sin {2,
F;z(d—[‘f‘ 1=2,3...n—1,
¥ J,

12




and 4L, and 4L, are jumps in L, and L, aty = y; Of course if a jump occurs in the ¢* range,
then (dL/dy) is the slope calculated after the jump has been removed. It will be noticed from
the form of E, that we have assumed dL,/dy to be equal to A sin y in the first interval (0, 4).
The significance of this will be made clear in the next section.

5. The Nose Radius of Curvature—If R is the radius of curvature at any point, and $ is
the semi-perimeter (very nearly equal to the chord for conventional aerofoils), then
p a0 b dydp  pg db
R=Pas=P 3 agds™ %using dy’

and so from the first equation of section 2

)(UMJJ cot (y*—y)dLBy*¥ . .. .. .. (32

If we denote L,, at y = 0 by 4, then from (26)

lim L = fim & SR ] ' (33)
o Usiny ,->osinii siny  2e'sinly o . o o e
2 2

Thus the nose radius of curvature is given by

1 U et "
%_ ~a £W>2sm 1}{J‘ cot gy* dL(y*)

yr=—n
! ﬂ‘ *\ .
B sin 11 cot 3y*dL(y¥), i.e., using (26)
p_1(pUN e e [ |
R\ Ha Jsmp OB AV AL cotw ALt (34
y¥=0

In the previous section we wrote 4L, /dy in the form A sin y in the neighbourhood of y = 0.
We shall now find an approximate relation between R, and the constant 4. If

ar,

dy 5

—ASlny—chtz?’: OS'}/

N

2

=0 , 0

~
N
d

3

where ¢ is a small angle greater than or equal to 4, then from (26)

. Asiny , 0<y <4
d—”’: Asiny —fcotdy, A<y<$d . .. . .. .. (85)
'

0 , 0<y<m

Substitution of these values in (34) yields

p_1(pUN e | - ze
R _n<4a>sin%/11wt%a + 46 + A(6 + sind) + n}

13



Therefore

( ) L+ Ao

since 8, A and 7e/m are small but 4 may be a relatlvely large number.
for dr Jdy we find L, = — A cosy — logsin §y -+ constant, 0 <
follows from (26), and the result, L, = haty = 0. Itisfound that

sin 2

L= A(l —cosy) 4 h + log 0<y <o
5y

in 1
= A(1 — cos o) -+ h—[—logz;lig,
2

S

Substituting this in (13) and ignoring a term O0(6%) we find

A d A ) A
et = 5 €XP <%A62 -+ ;)i‘:g{exp (—%Aéz)} {1 -+ z}—"k

Integrating the equation
< y < 6. The constant

exp (3467

(36)

and hence
b _ 4 pU \exp (346 .
R,;_—JE H 5% (1_{—‘46)
. P4 . (2U
ie., R——msze’<4a (1 4+ 2y),
where 7 = +A6%.

For given values of ¢ and p/R, this approximate equation yields a value of 4 to use in (35).
pU/4a can be taken to have some value slightly less than unity at first (see equation (38)). An

example of the application (36) is given below in section 11.

dp _2asiny dy
q q

Since ds =

b 9 — 9 nsiny dy sin y dy
then ? “{ J ) +L =) [
- pU_,|'JU | U

i.6., i —4J {q(y)+g(—y)} sin y dy

For thin aerofoils

U U
M é(:}j_eum_[_eu M= 201 4 Liy)},
and so ?4(;-'*1—[— J J(y)siny dy .

14
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8. A Method of Modifying a Given Distribution to Yield a Closed Aerofoil.—Substituting
(26) in (19) and (13) we find that L, must satisfy

J siny dL,(y) = (A + sin4) — = (¢ + sin¢) = P, say, (39
T

p=0
and ‘

3 2 . 2re .

J L, dy :—(I(Z) 4 :I(a))—llogsm A —?logsm Le = (), say, .. (40)
0
N
where I(x)=— ;J log sin 3¢ dt .
0

Suppose L, denotes values not satisfying (39) and (40), then if we take

—C(cose +cosy), n—o<y<m
Lm:f‘m_l_ 0 ’ ’ (3<')/<7Z——0’
B(cosd —cosy), 0<y <9 ,

such that L, satisfies (39) and (40), then I, is unaltered in 6 < y < » — ¢, and further, if

L, is continuous in0 < y < =, sois L, Equations (39) and (40) become

J L,dy - B(5coss —sind) —C(o coso —'sino) = @,
0

..,

F14

B(6 cos & —sind) — C(o coso —sino) = Q@+ J v dL(y) —aL,(y) , (41)

y=0
and 1B(6 — sin26) + $C(o — §sin20) = P — J siny dL.(v), .. (42)
, -
respectively. These simultaneous equations are solved for B and C, and then dL,/dy is replaced
by
Csiny, n—o
+<0 ., <

d'LTH d‘tﬂt
= T3 Y
Bsiny, 0y

=7 in—a . .. R 71:)

The smaller ¢ and 6 are, the larger will B and C become in magnitude, but the need to avoid
adverse pressure gradients near the nose imposes an upper limit to the value of B, i.e., a lower
limit to the values of ¢ and 8. In equation (41) L, (=) is obtained from

n

L@p:@@ﬂ+f aL.(v) , PR 21

y=y*

where 6 < y* <@ —o.
15



It is also necessary that the antisymmetric part of L’ satisfies

% " L', :
Qs1n2a+J COSdey—-O. .. .. .. .. (18 bis.)

y=0

Suppose that d',/dLy does not satisfy this equation, but that

i’ dl’, RlO<ys<s
d“: LS, ALy<é , .. .. .. - .. (45)
y dy

0,6<y<m

does, then integrating from y = 0, at which L', = L', =0, toy =&, we have
L'(8) = L',(8) + Rz + S(8 — 1) ;

hence L', 6 < y < =, will be unalteredif R = — S(8 — 2)/A. Using (45) we find that equation
(18) will be satisfied if S is calculated from .

ssinA . " /L
S( 7 —sma):[ocos;»(d

y“) dy + $msin2a. .. .. (46)

If we assume, as in section 4, that dL,/dy and dL,/dy are constant over small intervals,
and that dL,[dy = A siny in the first interval (0, 1), where 4 is small, then (41), (42) and (46)
can be written as ,

: - Als wt(dL,
B(#cosé —sind) —C(ocose —sino) =Q +— + 2 & (3% — 2L, (=), .. (47)
3 w1 / '
1B( ~%Sin26)—|—%C(a—%sin20)=P—%—~ 21<6%”‘>[—c05y]i , .. .. (48)
=38 .
and ¢
8 sin A . »=1 (dL’, .
S( . ——smﬁ)——éstcx—l— E(dy>.[smy],~, .. .. (49
respectively. Similarly equation (34) can be written.
p_17pUN\ e 1415 4 i "5 #Lw in2
R\t )5 cot2l+21+ﬂ+A(A+sml)+Ea ) 210gsm2 o (50)

For the particular subdivision of (0, =) used in Tables 2, and 3, Table 1 sets out the values of
[cos y];, [3¥%): [21og sin 4y]; and [siny),. In this case 4 = 6°, ¢ = 10°, and so P and Q are
given by ‘

P=0~1o46—0-1741<g1”>, R -3 )
4

and Q:—{01047—+—01744<%§>} . . .., . .. .. (52)

: 16




7. Equations for Design in Compressible Flow.—The exact equations’

20 . oL 20 oL
M_%L_M)%_ﬂ’%+@n_o’
where # is distance measured normal to a streamline

s is distance measured along a streamline
and M is the local Mach number,

when transformed to the (¢, v)-plane defined by

dqb:qu,dy):;—gd%, NP -+ )
0

in which p and p, are the local and stagnation densities respectively, become

Po oL 36  p oL
— 21 —-M)— =0, — == =0. . . . e 54
,p( )8¢ 0 " po oy (,)

The (¢, v)-plane introduced here is the compressible flow plane for zero circulation. The vari-
ables ¢, v, of the previous sections will be distinguished by a suffix ¢ in the sequence.

If, following von Karman® (1941), we write

u g
—_ AR/ _ = 9
dr = (1 — M***dL gﬁd<U>, .. . . . .. (55)
and
_1 1/ty=1)
mE’-’;u — MY = (1 +”—7M> (1 — M2, ... (58)
where » here is the ratio of the specific heats, equations (54) becomes
29 or 80 1or

then  m —m, = V—;’;—l- (M2 — MY + O(M.° — M) ,

and so for subsonic flow about aerofoils of moderate thickness/chord ratio it is sufficiently
accurate to write

: _1 1/(v—1) . .
m2me<I+VTMm2> (1 — M2, R -

an approximation first introduced by von Karman®.
17
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Using this approximation in (57) we have .

o0

00 07 .
3 (mp)

5 R e (89)

Q),Q)
1=
Q2
-

From these Cauchy-Riemann equations we conclude that g =7 - 16, is an analytic function of
=¢ + um,y. Using dashes to denote values applying to a non-zero circulation, and un-
dashed symbols for zero-circulation values, we have thus.proved

g =gw), N (<11

a particular case of which is g = g(w).

We note here that if equation (58) is regarded as being exact for some imaginary gas, this
gas proves to be a ‘ tangent’ gas, that is a gas whose (p, 1/p)-curve is a straight line tangential
to the (p, 1/p)-curve of an ideal gas. The point of tangency is (P, 1/p,). At this stage we
have a choice between (a) taking (58) as an approximation and using the exact rélations for an
ideal gas between p, p, M and ¢, and (b) developing an exact theory for the tangent gas defined
by (58). 1In other words we have to choose between an approximate theory for an ‘exact’
gas, and an exact theory for an ‘ approximating ’ gas. In this paper we choose the former ;
in Ref. 4, which deals with aerofoil design with mixed boundary conditions, the latter point
of view was adopted. There is probably little to choose between them.

Using the exact adiabatic relation between g and §, and taking y = 1-4, we can integrate
equation (55) to find '

_ V6
r=-3 log

... (8

i1
V6 =6+ | TH®IT T 114,

in which the constant of integration has been selected so that #+ — 0 when g = U. Thus we
can deduce a relation | o ’ : . -

r=rlglU), .. .. (6

although it is much easier to obtain this by numerical integration of e(iuation (55) (see Table 6).

V6 —8 645, -’1—ﬁml+'ﬁ'

(@). The Case of Zevo Circulation.—Corresponding to equation. (2) we now define elliptic
co-ordinates by ‘

W=1¢ + 1M,y = — 2acosh (yn + 7y). .. .. R (% )
In this (y 4 4y)-plane the differential equation and boundary conditions for g are identical

in form with those of the function f defined in section 1—in fact g can be regarded as a general-
isation of f to compressible flow—and hence corresponding to equation (1) we have

1 . .
g, v) ZZ—nJ r(y*) coth3(iy™ —yi—n)dy*. . S . .. (69
On the aerofoil surface, = 0, and -(64) reduces to
1" , ‘ ‘
0(y) :—»2:6] 7(y*) cot—%(y*v—yr)dy*. .. ST .. (65)

When 6 has been calculated from (65), equations (8), which in virtue of (53) are still applicable,
yield the profile co-ordinates, . . S

18




(b) - Non-zero Circulation.—From dz'=dx +"i dy =e"ds, dz ='1 ¢ dn, and equations (53) it
is found that : S N - ~ :

_e” b0 - N
=T @i ) .. .. (68

Unlike the case of incompressible flow (c¢f. equation (14)), the right-hand side of (66) is
not an analytic function of w, i.e., zis not an analytic function of w. In incompressible flow
w' =w'(z), and z = z(w) = z(n + 4y), from (63). Hence w’' =w'(y +1y). We can thus write
f'=fln +1y) + 6(«, n + 4y), where & is the increment due to incidence. For compressible
flow, however, this argument cannot be applied, and so we cannot separate out the effects of
incidence so conveniently.

However for small values of « the w- and w'-planes are almiost coincident. Approximating
in the position of the solution g’, we can write g’ == g'(w) = g'(n + 4), and hence for small
values of « '

B & =gy —}—Zy)—}—é(oc,n + dy)ee e o .. ... (87)

Equation (67) is an approximation, exactly true in either of the limits « —0, or M, —0. It
neglects the second-order effects of o on the mapping from w’ to # 4. It is an adequate
approximation over the range of « for which it i$ legitimate to linearly superimpose the effects
of thickness and incidence. This is sufficient for practical purposes, as high-speed aerofoils
operate over fairly small incidence ranges. ‘ ) ' ‘ ‘

The increment 6 in (67) satisfies the same boundary conditions as ¢ for incompressible flow
(flow direction reversed.over — 2« < y < 0), and therefore from (6) we conclude that

. sinh(y + iy + 2i)
=8 18 " Gnhlr + i)

Thus corresponding to equations (7) and 12) we have

o osindlp %) R |

7' = —log sinly 0 e .. .. (68)

|7, =7, + }logsin (¥ + o) sin(gy —o) —logsingy, ... .. .. (69).
and _— ,
S smigp Fe L L)

po— L
7 7“+210gsin(%7"——ot)’,

respectively.
The equation Cohjuga‘te‘to. (65) is

1, ‘ :
1’(;/) = Z—EJV 9()}*) cot %(y%le — y) dy*.

If we. redefine # to be [(M?*— 1)¥2 dL in.supersonic patches, then since M, <1, ie. m,
is real, equation (65) is still valid on the assumption that (58) holds. This extension of the
theory is not meant to provide an accurate method of dealing with supersonic patches, but it
permits ‘a calculation to be carried out even if-supersonic patches are present; the aerofoil
shape outside the supersenic patch may still be réasonably accurate, S
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8. Conditions to be Satisfied by the Compressible Velocity Distribution.—Since we have taken
7 to vanish when ¢ = U, it follows that », = 0; also if 6 is measured from the direction of
flow at infinity, 6, = 0. Hence g, =0. Now z, w— « as n— — o , and so from (64) it
follows that

I 5 P,
gm—%ﬁ r(y¥) dy*.

n

Hence,Jrs(y)dy:O, . .. .. . .. . . {71

0

is the equation corresponding to (13).‘

From (63) for large w

2
77+1'v:_ﬁ _d_
€ w+0 w )

hence if equation (64) is expressed as a power series in exp(y -+ 4y), and then transformed into
a power serles in (a/w), it will be found that in the neighbourhood of the point at infinity

7 2
a a
g:_a_@‘[— ve de+0<w>. « . ... .. .« . .. (72)

Now from (55) it follows that well away from the aerofoil
/U = e™e

and hence we see that from the form of g, /U will be of the form 1 + A4/|w|. Since there are

no sources or sinks at infinity this result is contrary to the assumption of zero circulation on
which (64) is based. Hence from (72)

b

J rcosy dy = 0, frsinydyzo.

-0

By just the same algebra as in section 3 these equations can be written in the form

sinZoc:—an’sinydy, .. .. . .. - . .. (73)
4

0

andJSinydn(y):O. . o . .. . .. o (74)

y=0

It should be clear now that most of the equations given in sections 1 to 6 for incompressible
flow can be made applicable to compressible flow merely by changing f, L, ¢; and v, into g 7 ¢
and .y respectively. Amongst the numbered equations the only exceptions to this rule are
(9), (14), (34), (36) and (38). The author has not found an equation corresponding to (9) for
compressible flow, the integrated form of equation (66) corresponds to equation (14), while
equation (38) is approximate in any case ; its exact form is equation (37) which also applies
to compressible flow. It is shown in Appendix III that

: g _exp(—h—IM.?
yllrfa Usiny 2 sin 34

3

where % is now defined as the value of 7, at ¥ = 0. Thus corresponding to (33) we have

p 1/ pU\Nexp(—h — % MY e | | , .
o 50 T cot 34 + A 4 — + | cot fy*dr,(r¥) b (75)

y*=0
20




equation (50) is similarly modified. Likewise, if 7, replaces L,, in (35) then (36) becomes

4 exp(— M .%)

7wt

2_ ot o . (9

9. A Simple Approximation for Compressible Flow.—The incompressible flow plane is defined
by '
dé; = g, ds, dy; = g; an .

At infinity ¢; = ¢ = U, and so from (53) and (56) it follows that at infinity the (¢, v;) and
(#, w)-planes are related by | |

Mo
d(ﬁi:dq{),dwi:?—dqp:ﬁ—dw. .. - .. - .. .. (77)

If we now assume that #» = L and (77) hold throughout the field, and not merely at infinity,
then (65) can be written

i0(n, 1 . .
Lin,») + %}w — %J Li# coth d(ip* —iy —m)dy* , .. oo . . .. (78)
where — 2acosh (n + %) = ¢ + fay; .
On the aerofoil surface (78) becomes
1" | :
0(y) = ZJ L(y*) cot {(y* —») dy*. . . o . .. (79)

It is unnecessary to pursue this theory further, as it is obvious that all the incompressible flow
equations can be modified to apply to compressible flow merely by changing L into L. For
a given velocity distribution over a symmetrical aerofoil at zero incidence, compressibility (on
this theory) reduces 6 by the factor f., which for thin aerofoils (and this approximate theory
is only applicable to thin aerofoils) is equivalent to reducing the ordinate y by the factor f,,
a simple result which could also be deduced from the linear pertubation theory of compressible
flow. This, and the more accurate theory of the preceeding section is compared in Fig. 3.

PART 11
Examples of Aerofoil Design

10.  Swummary of the Aerofoils Designed.—Five aerofoils have been designed, each one illus-
trating some feature in the method. Aerofoil I is symmetrical with a ‘roof-top’ distribution
at a given angle of incidence, showing how a given nose radius can be achieved by the theory
of section 5 ; Aerofoil II is symmetrical, designed for M, = 0, and « = 0°, and illustrates the
use of equations (47) and (48), while Aerofoil III has been designed for the same distribution
but at M, = 0-7. The theory of section 3 has been illustrated on Aerofoil III in the modifi-
cation of the rear part into a simple wedge. Aerofoils IV and V are asymmetric aerofoils designed
for M, = 0-7, the former being designed to have a given distribution over each surface at
incidence, while the latter is designed so that the upper surface has a given distribution at
incidence and the lower surface has a given distribution at zero incidence. The design of an

asymmetric aerofoil by the author’s method is about two days’ work for one computor.
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11. Aerofoil I: An Aerofoil with a- Given Nose Rudiusy~Specification : A symmetrical
roof-top aerofoil, T.E. angle 18°, M, =0, C, ='0-25, ¢/R, = 100 4 2 per cent, and the ‘roof-
top * extending to about 0-75c¢. R S

Now C, = (8ax sin «)/cU (see Ref. 8, section 7.13), and assuming (cU/4a) = 0-9, we find
from this equation that if C, = 0-25, ¢ = 2°6". Using this value of « we can fill in columns
2 and 3 of Table 4. In column 4 ‘we have taken the value of dL'ldy as zero in the range (12°,
120°)—the ‘ 12°’ being arbitrary, while 120° has been selected in the anticipation that it will be
the interval end nearest to the given value x = 0-75¢ for the termination of the roof-top. The
exact position of the end of the flat portion of the velocity distribution will be known only when
the design is complete. Since dL’jdy — —(1/¢')(dq’|dy), a’ positive value "of aL’|dy ‘1mplies
an adverse pressure gradient which we want to avoid in (0°, 120°) ;-ajpart from this restriction
we shall select 4L’/dy in (0°, 12°) and (120°, 180°) so, that the specified nose radius is achieved
and the aerofoil is closed. Column 5 follows frem columns 2, 3 and 4 (see equation (30)), in

which 2 = 6°, ¢ = 10°, and the entries in (120°, 180°) are based on the temporary assumption
that dL’/dy vanishes in this range also. o '

If in (36) we take p/R, = 100, (pU/4a) = 0-9, 6 = 12°, then 1(p/R,)6*(4ajpU) == 3-84
= e*(1 + 2y). Therefore y = 0-58, and so 4 = 26. Then from (35) we have that 26 sin 3°
and — {cot4L° 4 26sin9° — — 2-2858, are the appropriate entries for the first two places
of column 5. In this example we shall not control the velocity magnitude, but will allow it to
be determined by the condition that the velocity at infinity is U. This is done by putting
B = 0 in equations (47) and (48), and then calculating L, () from :

Aﬂ's nal dLm - . ‘ . ‘ . - .
%Lm(n) = Q + ? + 4,‘23 (ﬁ;)[%yﬂl . ‘. . . R .. .. . (80)
From (51), with = = 9°, we find P = 0-0872, and so with & — 60° in (48) we have

‘ ~ . AX® n—1 ’dz;,% o . ]

L=

Wi—th - A=6%4 =‘:26' and'\évith_ ‘thﬁaid of.column. 1; Table 1 we have
. 0-3071C = 0-0872 — 0-0099 = 0-1842,
ie:, C =10-851.

Thus if we add (see (43)) 0-851 sin y to dL,/dy in (120°, 180°) we obtain column 6 which does
satisfy the closure condition. T

Equation (52) yields Q = — 0- 1221, and from (80), in which the sum is evaluated by multi-
plying column 2, Table 1 into column 6, Table 4, we find

L, (=) = 0-2165. ' ‘ o
Remembering that we have assumed dLm/dﬁ/ to be constant in each interval we can integrate

Irom y = = back to y = 0 to find L, (y). (column-7), and ‘then use linear .interpolation to find
L,(y) at the mid-range points (column 8). Over the last interval L

i A o
aL, dy = A | siny dy = FAA®
o W D' |

2

e, L,0°)=h=L,6° —442* . L(3° follows from_(26), i.e.,

) o sin 44
LS(3 ) = Lm(O ) + %Alz + 10g Sil’l ;A =

0-1816 + 0-0356 +0-6932 = 0-9104;
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while for L,(175°) we have
S sin }e

L,(175%) = }{L,(%) + L,.(170°} + 2;’ log S 2°

sin te
= 1(0-2068 + 0-2165) + '1% X 0-6932 = 0-2810 .

Column 10 follows from columns 1 and 9, the first entry being, from equatvion A(33),
2 ¢"sin 4 = 2 e’ sin 3° = 0-1255. , . e

Equation (37) for a stme_triéal aerofoil becomes

%);%J Ysnydy .
| E] g

and so using column 10, and the integration formulae of Appendix IV -we find that
(pU/J4a) = 0-9115. Equation (50) becomes ‘ o - S

p_ 09115 x 2 o 00034+ "5 ( Y| 2162 sin ?
R = % 0-1255 19-115+ 0 2_093/1—}—23 iy v210gsm2: ,

which, with the aid of column 3, Table 1, gives p/R, = 92-187. Ifin equation.(S(‘)) we reblaeé
A by A -+ AA, when A will be replaced by & — §446* = h — 0-021744 (6 = 12°9), the first
two entries in column 6 will be altered, and then - : S

% = 4-6235 "4 (19-928 - 0-43544) = 100 .

Therefore = AA == 2 .

Thus to obtain the required nose radius we should take 28 sin 3° and — § cot 43° + 28 sin 9°
= — 1-9730 as the first two entries in column 6. =

However, if dL,jdy > } cot (44° + «) — } cot 44° = — 2-0317, dL'/dy > 0, and an adverse
gradient pressure exists. We shall therefore take 4 = 29 in (0°, 6°), and fixthe value of dL,[dy
at y = 9° to be — 2-0371 ; this increase in A will probably compensate for the lower value of
dL],dy at y = 9°. With these values in column 6 and the rest of the entries unchanged, we
find that now 0:3071C = — 0-0038; Therefore C = — 0-0124. Applying this correction
over the range (120°, 180°) we obtain column 11, then, just as before, we find L, = 0-2133,
and are able to complete columns 12 to 16. Column 18 (see equation (31)) follows from columns
5 and 6 of Table 1, while column 17 follows from column 11 and Table 2. The first entry in
column 11 is 29 sin 3° = 1-5179 (see paragraph following equation (23)). Columns 19, 20 and
29 are obvious, and then equation (8) enables us to fill in columns 21 and 23. The integration
formulae of Appendix IV are used at this stage. Columns 24 and 25 follow from 21 and 23 on
division by (cU[2a)—the last entry of column 23. Tt will be noticed from column 25 that the
aerofoil fails to  close’ by a small amount (0:-0006), but this is an inevitable consequence of
our numerical methods. It is eliminated simply by introducing a thin wedge into the profile—
and this in turn introduces some slight uncertainty into the velocity distribution. If we have
a symmetrical wedge such that 0 has discontinuities of = at y = 0 and — 7 at y = =&, then
from the compressible flow equation corresponding to (22) we find ‘

., ' 2
#(y) = —;tlogtan 3 -
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For a wedge of v = 0-0006, »(4 y) == 0-0004 log tan 3y, which exceeds unity in the third
figure after the decimal place only outside the range 12’ < y < 89°48’. Column 26 sets out
the adjusted values of (y/c). - ‘

Using equation (50) in which (pU/4a) is replaced by (cUJ4a) we find that ¢/R, = 99-78,
which is within the specified range for this parameter. Also C; = (27 sin 2°6')/(cU/4a) = 0-259.

Finally, L', and hence ¢'/U, follows from column 13, and equation (7). The shape and velocity
distributions for this aerofoil are shown in Fig. 2. '

12. = Aerofoil I1.—Specification :  Symmetrical, T.E. angle 12° ¢/R, == 50, ¢/U varying
linearly from 1-1794 at x/c == 0-25 to 1-0766 at x/c == 0-75, M, = 0.

Thus between 60° and 120° (these values corresponding roughly to x/c = 0-25 and x/c = 0-75)
we have

dL  2asiny<dl | 4a> siny 5 01650 = 0-0740 o o o

v pg o dy T P\ 0-5
the last step being on the assumption that :
4a

N - PUN _ _ 190
Y 1. WlthR,, = 50, (4@) =0-9andé = 12
in equation (36), we find 4 == 11, and so we put 11 sin 3° and 11 sin 9° — 4 cot 44° in the first
two places of column 2, Table 5. The values of oi’f;,,z/dy in (60°, 120°) are 0-0910 sin y ;- the
values in (12°, 60°) have been written down arbitrarily, while the values in (120°, 170°) are
75 tan 4y. It follows from equation (36) that near a discontinuity in 6 of v, dL Jdy ~ v/x tan Ly,
and dL,[dy = 0 at = 175°. For this aerofoil /= = 1/30, and so by taking 4L, /dy = % tan 1y
instead of the seemingly more appropriate value % tan 37, We cause concavities to appear in
the surface near the trailing edge. We have introduced these concavities so that we can elimi-
nate them in the next section thereby illustrating the theory of section 3.

At y = 120° we wish to fix the value of ¢/U as 1-07686, i.e., L(120°) = —0-0740. Using an
obvious notation, we can write equation (44) as

120°

)
- 100/ A7
Lm(n) = I’m(lzoo) + 2 (ﬁ I:y]L

o /4T
= —0-0740 +1§z dT)

= 0-1543.

From (51) and (52), in which « = 6°, we find P = 0-0930 and 0 = — 0-1163. Taking o = 8 = 60°
and using these values of P, Q, and L, () in equations (47) and (48) we have

i

— 0-3424B + 0-3424C = 0-0003834 — 0-1163 — 0-1543 + 5 (‘%—) [3v7]
i~s \ 4y /.

0-3071B 4 0-3071C = — 0-0003834 -+ 0-0930 —El(f%)’") [— cosy]; .
i=3 .

Evaluating the sums in the usual way, putting 4 = 11, and solving these simultaneous equations,

we find B = 0-0496, C = 0-0706. Column 3 is now obtained from column 2 and equation

(43). Columns 4 to 17 now follow just as for the corresponding columns in Table 4. An appli-

cation of equation (50) yields ¢/R, = 52-8. The aerofoil profile and velocity distribution are
shown in Fig. 3.
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13. A Modification to Aerofoil II.—Column 10, Table 5 shows that Aerofoil 1I has concavities
near the trailing edge. We shall calculate the effect on the velocity distribution of changing
the rear 28 per cent of the aerofoil into a simple wedge and thus eliminating these concavities.
Table 8 sets out the calculation : column 1 is taken from column 10, Table 5 ; column 2 follows
from column 1 by interpolation, and column 3 is calculated from the first differences of column
2. Interpolating in column 16, Table 5, we find x/c = 0-7225 at y = 120°. We shall start the
wedge at this point. We therefore fill in column 4 in (125°, 175°) so that 40 [dy + dO]dy = 0.
We shall also enter non-zero values of dd/dy at y = 95°,105° and 115° so that the modified rear
section joins the front section smoothly. df/dy will be zero in (0°, 85°). 1If, for convenience,
we assume that 40/dy has a constant value, say (26/dy)* at y = 95°, 105° and 115°, then, with
an obvious notation, the first two of equations (25) can be written

we 7q0 [ ao\" o
2| 5 siny | —w, +1{ & sin y =0
v \ dy /. , dy o

- B * 120°
180° /40 do
2| 7 Y "|“ o+ 5 7 = 0.
200 \ dy / , dy e

Solving these equations with the aid of Table 1 we find (d6/dy)* = — 0-0415 and 7, = 0-0284,
which values are entered in column 4. This procedure ensures that the modified profile is
closed. Column 6 is obtained by integrating column 5, while column 7 follows from column 4
and Table 3 (see equation (23)). Column 8 1is the sum of columns 5, Tables 5 and 7, Table 8 ;
column 9 is the required modified velocity distribution. The modification alters all of column
6, and half of column 10, Table 5. All of column 13 and 16 will therefore be changed, but only
by very small amounts over (0°, 90°). The modified profile and distribution are shown in Fig. 3.

and

The same procedure applies to compressible flow with the exception that Table 6 replaces
logarithm tables.

14. Compressible Flow Version of Aerofoil 11 —Specification : As for Aerofoil IT, but with
M, =07

It is first necessary to construct Table 6 setting out 7 and § as differenced functions of ¢/U.
Column 2 of this table was calculated from the equation preceding (63), and column 4 was
obtained by numerical integration of column 3 (se¢ equation (55)).

For Aerofoil II (cUj4a) = 0-9026 (foot of column 15, Table 5), and ¢/R, = 52-8; we shall
suppose that compressibility changes ¢/R, to ¢/R,f,, and that cU/4a is unchanged, then an appli-
cation of equation (76), with 6 = 12°, yields 4 == 22. This value of 4 enables us to make the
first two entries in column 3, Table 7. Column 1 of this table was obtained by taking anti-
logarithms of column 4, Table 5, while column 2 was obtained from column 1 and Table 6.
Column 3 follows from column 2, and as we are assuming that d7,/dy is constant in each interval,
these derivatives are obtained directly from the first differences. An application of equations
(47) and (48) to column 3 yields

—0-3424B + 0:3424C = — 0-0401 + 0-0029444
0-3071B 4 0-3071C = 0-0183 — 0-002944 4,

where the term 44 gives the effect of changing 4 to A 4 44 in the range (0°, 12°) on these two
equations. We want to keep the velocity distribution of Aerofoil I1I as close as possible to
that of Aerofoil II, and so if we take 44 = 9:730 in the above equations we find that B = 0,
and C = — 0-0355, when the distribution for this aerofoil will be exactly the same as for Aero-
foil II in the range (12°, 120°). It is interesting to note that, from this example, it appears
that a distribution giving a closed profile at one Mach number does not generally produce a
closed profile at another Mach number. Applying (43), in which L, is replaced by 7,, and
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A = 31-73, we obtain a new column dr,/dy. Checking this new column (always a necessary step)
in equations (47) and (48) we find that, B = C = 0,if 4 = — 0-072. This adjustment yields
column 4. The remaining columns of this Table follow as for the previous aerofoils, with only
two exceptions—column 7 must be obtained from column 6 with the aid of Table 6, and the
value of Usiny/g at y = 0 must be calculated from equation (89), Appendix III. The aerofoil
and corresponding velocity distribution is shown in Fig. 3. Also shown in this figure is the
profile obtained by multiplying column 17 of Table 5 by §.,, 7.e., the profile. predicted by linear
pertubation theory (see column 18, Table 5). We see that the point of maximum thickness,
linear pertubation theory, yields only 80 per cent of the reduction in profile thickness obtained
by the author’s theory. :

15.  Aeroforl IV : An Asymmetric Aervofoil with Both Surfaces Designed at the Same
Incidence.—Specification :  ¢'|/U to have the following values :— '

y(deg) 40 to 90 100 110 120 130 140 — 40 to — 140

q'|U 1-2675 1-2241 1-1845 1-1492 1-1177- 1-0910 1-0366
T.E. angle = 12°, M, = 0-7, and : :

(@) .no adverse pressure gradients near the nose at incidence,

(0) velocity peak on lower surface at zero incidence to be (at worst) of about the
same order of magnitude as the upper surface magnitude of 1-2675, at incidence.

Using Table 6 and the specified values of ¢’/U we can set out columns 1 to 6 in Table 9, in the
range (40°, 140°). The other figures appearing in these columns are filled in at later stages of
the calculation. In (140°, 180°) we can assume any reasonable distribution (vanishing at 180°)
for 7,” (column 5).  We have taken #, = {(180°—)/180°}{0-0169} . In (0°, 40°) however we
have to take some care to satisfy conditions (a) and (b) of the specifications. We now have to
estimate «. To do this we fill mn column 7 in (40°, 140°), and integrate it with respect to y.
We now put ¢ = 40° in equation (91), Appendix V, and assume that the last two terms in the

S 0-07595 = 0-0622, ic, o= 1°47"
w(l — %)

Condition (a) of the specification will be satisfied if, in (6°, 40°%) 7(— ) = 7'(y)

bracket cancel. We then find sin 2¢ =

1 1
= 7y) — 1ogﬂs(i?r~ly_;—°‘), from (7),
log S (37 + @)

i.e. ¥, = -
’ “ sin %y

Doj—

2

in which we put o = 1°47’. #, at y = 0, must, of course, vanish. We can thus fill in columns
8 and 9 in (0°, 40°). Another application of equation (91), but this time using column 9 and
o = 1°47', yields :

18

sin 2 = - (0-07595 —0-01017 — 000841 -+ 0-01980) = 0-063186,

2.6, o = 1°49', a value so close to 1°47' that we shall leave column § (and hence 9) unaltered
in (0%, 40°). With this new value of « we can now fill in columns 11 and 12, and then, from the
second of equations (12) we can fill in column 8 in (40°, 180°) from column 6, and column 6 in
(0°, 40°) from column 8. Column 10 follows from the first differences of column 8. From the
first of equations (12) we can now fill in column 13, and hence column 14, in the range (40°,
140°).  Condition (@) of the specification requires that in (0°, 40°) o -

(a
g.—< 1-2675,1.¢.,# > —0-1394 ; therefore 7,/ > —0- 1394 — 7,
and so from (12),
< _q. 1 sin (§y + o) sin {3y — o) 1
= —0-1394 7, 4 }log oy N 1)
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These limiting values of #, are entered in column 13. Since #,(40°) must remain unaltered,
the corresponding values of @7,/dy in (0°, 40°) must not be exceeded or condition (81) will be
violated. ~The values assumed for d#,/dy in (140°, 180°) are 4% tan.4y, (see column 2, Table 5).

With ¢ = 6 = 40°, equations (47) and (48) become — 0-1089B 4 0-1080C = — 0-1163
£ 0-0003834 + 0-5308 — « x 0-1351 and 0-1029B -+ 0-1029C = 0-0930 — 0-0003834 —
0-0616, which are satisfied by 4 = 54:67, B = 0, and C = 0-1019. B is taken to be zero,
as a positive value would violate (81) and a negative value would increase 4, which must not
exceed 74-22 (see Appendix VI, equation (93), in which 2 = 6°, &, = 0° and «, = 1°49'). A
reapplication of equations (47) and (48) to the new column dr,,/dy given by (43), yields A = 54-89,
C = 0-0009, B = 0; column 15 is the final result. Integrating column 15 we can now com-
plete column 13, which enables us to complete columns 5, 3, 4, 1 and 2 in that order. Columns
16 and 17, and hence 18 and 19, follow from columns 13 and-8. Columns 1 and-2 of Table 10
are then obtained with the aid of Table 6; Columns 20 and 22 of Table 9 follow from Table 2
and column 15, and Table 3 and column 10; respectively:(se¢ equation (31)). Column 21 happens
to be the same as column 10, Table 7. Columns 20, 21 and 22 yield column 4, Table 10.. The
aerofoil co-ordinates given in columns 11 and 12 of Table 10, are obtained just as for the other
aerofoils. The velocity distributions and aerofoil shape are shown .in. Fig. 4.

16. Aeroforl V. An Asymmetric Aerofoil with the Surfaces - Designed for Diﬂerence Inci-
dences ~—Spectfication : ' S -

y (deg) 40 to 90 90 to 140
L) 1-98  1-28 + 0-2611cosy
%(—V) 1-16 1-16 + 0-1044 cos y,

M, =07 T.E. ang1¢ = 24°, and
< 1-98in (0°, 40°) -

o . .. .. .. .. (82
< 1-161in (0°, — 40°)

SIS

From the specified velocity distribution, columns 1 to 5, Table 11, can be completed in (40°, 140°).
Column 5 .is completed in (0°, 40°) on the assumption that {'(y) —#{—y)} remains constant and
equal to its value at y = 40°, ‘while the values in (140°, 180°) are assumed to vanish. :These
assumptions are only temporary, and are made merely to enable us to estimate an appropriate
value of o« from equation (92), Appendix V. In this way we find that « == 1°21'—we shall
take a smaller value, say « = 1°12’. Column 7 follows from columns 3 and 6, (se¢ equation
(7)), and then columns 8 and 9 can be calcilated—Dbut only in the range (40°, 140°). Column 9
is completed in (140°, 180°) arbitrarily, except that #,(180°) =0... -~ . ~- =

The inequalities (82) are -equivalent to
¥'(y) = —0-1433, #(—y) = — 0-0959..
From equation (7) it follows that

g
sim(gy o) (83

P
sin gy

r(y) = 3(— 0-1433 — 0-:0959) + } log
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while assuming the equalities to hold

in (&

o(y) = §(0-0959 — 0-1433) + 1 log ﬁ&—g%—a) . . . .. .. (84)
7

Column 9 was completed in (6°, 40°) from equation (84), but these figures were entered in pencil

only. Column 10 then follows from the first differences of column 9. Putting « = 0 in equation
(49) we have

é sin A ) w=i  dy, .
S < S —sin 6) = EZ (E;>[sm vl .

With 6§ = 40°, 2 = 6° in this equation, we find from column 10, Table 11, and column 4, Table 1,
that S = — 0:0684, andso R = — S(6 — 1)/a = 0-3876. Equations (45) then yield column 11.
Integrating column 11 we can now write in the final values of 7, In column 9, in (0°, 40°), over
the original pencilled values. Column 12 follows from column 8 in (40°, 140°), from the equality
in (83) in (6°, 40°), and from

ar, =

iy — n B0y =15 tan gy in (140°, 180°)

(see remarks in first paragraph of section 12). Column 13 is the result of applying equations
(47) and (48) to column 12 in just the same way as for Aerofoil IV. Columns 14 to 22 can now
be deduced in turn, and columns 1 to 8 can be completed outside the range (40°, 140°). Table

12 sets out the final stages of the calculation leading to the aerofoil co-ordinates. The velocity
distributions and aerofoil shape appear in Fig. 5.
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APPENDIX I

Velocity Distribution Specified as a Function of Perimeter Distance
If we take the origin of s at the trailing edge where ¢ = 24, then, since dplds = g,

¢=Jgds—{—2a,

0

sip
1.e., — 2a(1l + cosy) = PJ qd(f)) .
: 28




pU i g f s
Therefore cos® (3y) = — | >J = d<~> . . . . .. (85)
4a . U\ p

This equation gives the relation between y and s/p if ¢/U is specified as a function of s/¢. When
y = 0, s = p (equivalent to assuming that the front stagnation point for zero circulation is
at the semi-perimeter point), and (85) becomes

)
da 11 s
ﬁf“ﬁ”@
s/p 1
and so cosz(%y)=J %d@)/f%d@) P (- 5)

With this relation between y and s/p we can readily find ¢ = ¢(y) from the given g(s/p) dis-
tribution.

A rough approximation is given by ¢ = U, when cos® (y) = s/p. This approximation is
useful in the case of incidence. Using it we can find ¢'(y) from the given ¢'(s/p). L’(y) and
L,/(y) can then be calculated ; « follows from equation (21). From (5)

_sin (3y + ®) g '

g
U sinly U’

and so we can find ¢/U(y), which can then be used in

3 2a U .
1—5(7)) = ﬁf)J'o P siny dy,

pU_ [0
and o5 = —ésmy dy ,

[1}

to find a new relation between y and s. This new relation enables us to find ¢’(y) from the given
q'(s/p), and so on. For conventional aerofoils only one or two iterations are necessary.

APPENDIX II

[l

Evaluation of  J(1,v) 2 * + 7)
7T 2

0

A
1 sin l(y* —_ y)
— = 1, % it A U *
J cot 5V 10g sin 1 dy

If p = tan iy, ¢ = taniy* a = tan {4, then

[t 11— yp 24t
J = _ZnJolog<l T Hp K1+ B)

and so for p > ¢,¢ < 1,

2 178N\ 178\ o
]_@Jc’(l—i—§<§>—|—g<z—b>+...>(l—t—|—t — .. )t
9 1/ 1 L1/ 1 .
:7—1:}{“_*_5(@_1)@ +5<§54-—§?;2 1)61 +},
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which converges rapidly. This series enables all of column 5, Table 1, except the first entry
to-be calculated.  For the first entry, pi< t, and we proceed as’ follows :—

: LT sin gy =) Low w1 " SN *—y) L e
](1,7{)—~2%J010gsin 1% ) cot §y*dy +2n Zlogsﬁin%(y——*—l--y)wt ¥ dy |

rn*l

I

pol R
+
S’\~

cos £(y* 4+ y)
%8 Cos 1y — )

"“’t”lo 1—zp 2zfclzf
/, g %_ Zb ~F ﬁ ‘

If zfp = x and k = tan 2y/’r,an $4, then,

: X dx
](Z-V)“—Jr J <+x>?2+x2,

and so if ¥ << 1, which is the case if 2 < 1,

2 # 2 S a2 4
m,w:g-;fﬁﬁo%wgﬂ;...)dx

_r_ 2, ok VAN A SN 6 N -
32 ) ) B ()

tan Jy*dy*

I
IR

+
¥l

Now £ = (tan #4)/(tan 1) == 1, for the first entry in column 5, Table 1, and so this expansion
1s valid in this case. ‘

Column 6 of Table 1 was obtained similarly.

APPENDIX III

Relation Between ‘v’ and * L’ near a Stagnation Point |

From equation (55) 7 — f (1— M7 2 4L,

but <> 2 M> ) —?L e (87)
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and so, with y = 1-4, it follows that

ARz 2 2
y:_J(l MYy PaM” J{1~07M2+OM4}dM

oM*(1 -+ 0-2M?) M

1log M* + 0-35 M?® - constant, if M is small. Nowr = 0, wheng = U, ie., M = M.,
and We can evaluate the constant in this equation. We find, with the aid of equation (87)

M? . 1+ 0-2M*
sz—[~0 35(M* — 1og< > ‘1—1—02M2

Thus, using (87), and 1gnor1ng terms O(M*), we find

TS {( >_1} O

This result enables us to calculate lim (U/g) sin y for compressible flow. Corresponding to
equation (26) we have r—>0

y = —}log 1035 (M —M.,.?).

y—>0 ¢

; sin 2'}/
. _ . _ sin 3y |
i.e., | Lo=v,—+tM,’ {( > 1} 8 g e
| .U |
— y = =M =4, .. . .. - .. ..
Therefore lim — sin 2{exp (h + 1M 2} sin 2 (89)

where 4 =7, at y= 0.

APPENDIX IV.

- Integration Formulae

Consider J y dy, where y is given at = 0, a, 3a and 5a. Flttmg a third-degree curve through

the ordinates we can readily deduce that the area under the curve is given by

5a
5
J ydy = 9—3 (8o + 25y1 + 50y; + 13ys) +- 0(a),

0 ' . - h .
a result we use in the ranges (0°, 15°) and (180°, 165°) (see Table 4). Similarly if we have y
at y = 0, 4a and 9«,

9a 9 ) .
J vy =45 590+ 27y.+ 8yq) + (),

which is required for the range (27°, 45°). Otherwise we use the well-known formulae,

2a 2
J yay = ”g(yo + 4y, + 3.) + O(a"),

0

2a 3
and J ydy = gﬂ (yo + 3y; + 3y, + ¥5) + O(a*)-
J 0
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APPENDIX V
Equations for the Angle of Incidence

From equation (70),
’ . sin ly _*— X
7, zya—%log.—&——)
and so
é ré
. ) } sin ($0 4 «)
v,/ sinydy =| »,siny dy — 36 sin 2o — 1(cos 20 — cos 8) log 2" T *)
J a Y ;V o y v 2 (1 2( el ) .gSln(%_a‘__a):
ra
but 7, siny dy = — lmsin 2u, .. . .. . .. .. (90
Jo

and hence by subtraction we find

. 2 o T
sin 2« =< 5 [—J 7, siny dy —J 7, siny dy
7 —
0 0

-Hm@—@gm%+@m§£@iﬁq. e

sin (46 — «)
This result is used in the design of Aerofoil IV.

With an obvious notation we have (see equation (68)),

sin (7 + o)
sin %y

sin (4y -+ o)

7aly) = #(y) —log sin Iy

s 7(v) = 7al(y) + log

sin (3y — o)
therefore H{7r.(y) —7a(— )+ = 37a(y) — 7a(— )} + L log S*Bhé_y — oc:) .

From (90)
sin 20y = — = | {ra(y) —7a(—y)}siny dy

v o

P 1

. 1. sin (4y — ay)
=5 | Fole) = ral =} siny dy J 78 G 4y Z e

0

which, after some algebra, reduces to

sin 2, 4 sin 20, = —%f {7aly) — ve(—y) > siny dy — é{log €0s %
0

7T ~ COS o,

+ sin® o, log tan o, — sin® «, log tan ocg} .
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f oy = a, and «, = 0, this equation becomes

: 2 . 4
sin 2¢ = — - [ {Fly) —#(— y)} siny dy —- {log cos « -+ sin® alog tan «}, (92)
v o

an equation used in the design of Aerofoil V.,

APPENDIX VI
The Maximum Value of “ A’ in Equation (35)

We shall suppose as is commonly the case, that we have to satisfy the following inequalities
near the nose (in order to avoid adverse pressure gradients) :

ORI O R

where A and K are constants. These inequalities are equivalent to
raly) = K, ro(—y) =2H, 0<y <4,
‘where K and H are constants derived from K and H.
From equation (7) we then have
) = R + log 22T -

. <
sindy ’ vS A,
- sin (4 — o)
H—) = B +log22le—%) oy
sSim 5
_ . sin (L sin (1y —
therefore vy) = $(K + H) + }log sin (3 + :iﬁzsin By _— o) , 0<y <4
‘ 2¥

Differentiating this equation, and using the compressible flow version of (26) we find, on the
assumption that #,(4) is fixed in value, that

d m
%< Heot (3y + ) + cot (fy — )}, 0Ky < 4.

From (35) it follows that
1
A4S o, (ot Gy + @) + cot (B — w)}.

But 4, oy and a, are usually small, so

1 <+ >
<*< 20(1)(1_2&2 0<y <4,

will be sufficiently accurate. This equation will be satisfied if

O — X
i<t <1+_ )
< 1+<2a1)<1_2_% )




TABLE 1

1 2 3 4 ‘5 6
Y [— cos ], AVl [2 log sin §y], [sin y] JBdeg,y) | J(10 deg, z—y)

0 1-5708 0

3 0-0055 0-0055 — +0-1045 1-26837 0-00146

9 0-0164 0-0146 1-3835 0-1034 0-44880 0-00438
15 0-0271 0-0275 0-8064 0-1011 0-25794 0-00733
21. 0-0376 0-0384 0-5690 0-0977 0-18150 0-01032
27 0-0475 0-0494 0-4380 0-0933 0-13959 0-01337
35 0-1000 0-1066 0-5546 0-1428 0-10607 0-01756
45 0-1232 0-1372 0-4232 - 0-1232 0-08062 0-02307
55 0-1428 0-1675 - 0-3363 0-1000 0-06411 0-02899
65 0-1580 0-1980 0-2746 0-0737 0-05238 0-03548
75 0-1684 0-2284 0-2279 0-0451 0-04350 0-04273
85 0-1736 0-2589 0-1907 +0-0152 0-03639 0-05103
95 0-1736 0-2894 0-1601 —0-0152 0-03056 0-06078
105 0-1684 0-3198 0-1341 —0-0451 0-02558 0-07258
115 0-1580 0-3503 © 0:1108 —0-0737 0-02124 0-08739
125 0-1428 0-3807 0-0909 —0-1000 0-01736 0-10706
135 0-1232 0-4112 0-0723 ~0-1232 0-01381 0-13480
145 0-1000 0-4416 . 0-0550 —0-1428 0-01051 017775
155 0-0737 0-4721 0-0387 —0-1580 0-00739 0-25519
165 0-0451 0-5026 0-0230 —0-1684 0-00439 0-44698
175 0-0152 0-5330 0-0076 —0-1736 0-00146 1-28485
180 0 1-5708
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TABLE 2

A x 10*
¥ 3 9 15 21 27 35 45 55 65 75
3 361 284 160 128 98 74 57 45 37 31
9 242 928 474 305 228 171 128 102 83 69
156 136 474 1097 607 414 298 220 173 140 116
21 96 305 607 1205 698 452 322 249 200 164
27 73 228 414 698 1284 675 443 333 265 216
35 93 286 499 761 1152 1986 1135 786 605 487
45 71 215 . 368 539 742 1135 2108 1232 868 673
55 56 170 - 288 415 557 786 1232 2185 1301 924
65 46 138 234 334 442 605 868 1301 2241 1346
75 38 115 193 274 361 487 673 924 1346 2276
85 32 96 161 228 299 399 543 719 959 1372
95 27 80 135 191 249 331 445 578 745 976
105 22 67 113 159 207 275 366 471 595 753
115 19 56 o4 132 171 227 301 384 479 595
125 15 46 76 108 140 184 244 309 384 471
135 12 36 61 86 111 146 193 244 301 366
145 9 28 46 65 84 111 146 184 227 275
1565 7 19 33 46 59 78 102 129 158 191
165 4 12 19 27 35 46 61 76 94 113
175 1 4 6 9 12 15 20 25 31 37
85 95 105 115 125 135 145 155 165 175
3 26 20 19 15 13 10 8 6 4 0
9 57 48 40 34 27 22 17 12 7 2
15 97 81 68 56 46 36 28 20 12 4
21 137 114 96 79 65 51 39 27 16 5
27 179 149 124 103 84 67 51 36 21 7
35 399 331 275 227 184 146 111 78 46 15
45 543 445 366 301 244 192 146 102 61 20
55 719 578 471 384 309 244 184 129 76 25
65 959 745 595 479 384 301 227 158 94 31
75 1372 976 753 595 471 366 275 191 113 37
85 2293 1381 976 745 578 445 331 229 135 45
. 95 1381 2293 1372 959 719 543 399 275 161 53
105 976 1372 2276 1346 924 673 487 331 193 63
115 745 959 1346 2241 1301 868 605 405 234 76
125 578 719 924 1301 2185 1232 786 508 288 94
135 445 543 673 868 1232 2103 1135 669 368 118
145 331 399 487 605 786 1135 1986 995 499 156
155 229 275 . 331 405 508 669 995 1816 783 225
165 135 161 193 234 288 368 499 783 1542 402
175 45 53 63 76 94 118 156 225 402 915

Cl
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TABLE 3

B x 10*

Y 0 3 9 15 21 27 35 45 55 65 75
0 — 23191 | 16203 | 12963 | 10838 9262 7650 6115 4919 3955 3160
3 2633 2546 1755 1376 1144 976 805 643 517 415 332
9 1710 1755 2168 1523 1207 1012 826 655 525 422 337
15 1362 1376 1523 1999 1390 1099 872 682 543 435 347
21 1137 1144 1207 1390 1890 1299 956 727 572 455 362
27 971 976 1012 1099 1299 1811 1117 797 614 484 384
35 1339 1343 1379 1458 1603 1890 2605 1627 1172 902 709
45 1070 1072 1094 1139 1215 1334 1627 2489 1529 1090 834
55 860 862 877 907 955 1026 1172 1529 2407 1461 1034
65 691 693 704 725 760 809 - 902 1090 1461 2351 1416
75 553 554 562 579 605 641 709 834 1034 1416 2315
85 436 437 444 458 479 507 560 852 788 998 1390
95 339 340 346 357 374 398 441 514 617 762 981
105 258 258 263 273 288 308 344 405 488 600 754
115 190 190 195 203 216 234 265 318 388 480 600
125 134 134 138 146 158 174 202 248 310 388 488
135 88 89 92 100 111 125 151 193 249 318 405
145 53 54 57 64 74 87 111 151 202 265 344
1585 27 27 31 37 47 60 82 120 168 228 301
165 10 10 13 20 29 42 64 100 146 203 273
175 1 2 5 11 20 33 54 90 135 191 260
180 — "2 19 55 107 178 302 504 763 1084 1474
85 95 105 115 125 135 145 155 165 175 180
0 2497 1940 1474 1084 763 504 302 153 55 6 —

3 262 204 155 114 80 53 32 16 6 0 0
9 266 207 158 117 83 55 34 18 8 3 2
16 274 214 164 122 87 60 38 22 12 7 6
21 287 224 173 130 94 66 44 28 17 12 11
27 304 239 185 140 104 75 52 36. 25 19 19
35 560 441 344 265 202 151 111 82 64 54 53
45 652 514 405 318 248 193 151 120 100 90 38
55 788 617 488 388 310 248 202 168 146 135 134
65 998 762 600 480 388 318 265 228 203 191 190
75 1390 981 754 600 488 405 344 301 273 260 258
85 2298 1381 981 762 617 514 441 390 357 341 339
95 1381 2298 1390 998 788 652 560 497 458 439 436
105 981 1390 2315 1416 1034 834 709 628 579 555 553
115 762 998 1416 2351 1461 1090 902 791 726 695 691
125 617 788 1034 1461 2407 1529 1172 1000 907 865 860
135 514 652 834 1090 1529 2489 1627 1288 1139 1077 1070
145 441 560 709 902 1172 1627 2605 1767 1458 1351 1339
155 390 497 628 791 1000 1288 1767 2775 1978 1732 1708
165 357 458 579 726 907 1139 1458 1978 3049 2359 2284
175 341 439 555 695 865 1077 1351 1732 2359 3676 3821
180 1940 2497 3160 3955 4019 6155 7650 9743 | 12963 | 19941 —
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TABLE 4

Aervofoil 1
{ 2 3 4 5 6 7 8 9 10 11 12 13
L’ | dL, iL, U sin dL,

y | deotdy |Feotly +o)| T G o L, L, 4w ; Y = | L) | L)
0 . 0-1255 . .

3 | 19-0940 7-9475 13624 | 1-3624 | 018161 g.0104 | 0.4024 | 0-1301 | 15179 | 1S | 0-8744
9 6-3530 43213 —2.9858 |-2-2858 | 0'52il | 0.2044 | 0-8151 | 0-1919 |-2:0817 | 0% | 0-1942
15 37979 29562 0 |—0-8417 |—0-817 | 9087 | 0.0407 | 0-9602 | 0-2605 |—0-8417 | ["0ATS | 0-0438
21 26977 29368 0 |—0-4609 |—0-4600 |—0°0933 1 _0.0075 | 1-0281 | 0-3486 |—0-4609 |~ '(ios | —0-0245
27 20827 17908 0 |-0-2019 |—0-2019 |ZO9508 | _0-0669 | 1-0891 | 0-4246 |—0-2919 |T{"S |—0-0639
35 1-5858 1-4042 0 |—0-1816 |—0-1816 |—O9822 | _o0.0080 | 1.1031 | 0-5200 |—0-1816 ' "YT0L | —0-0050
45 1-2071 1-0921 0 |—0-1150 |—0-1150 |01 | 0.1938 | 1.1318 | 0-6248 |—0-1150 | T Ii0S |—0-1208
55 0-9605 0-8801 0 |—0-0804 |—0-080¢4 |O133% 1 0.1400 | 1-1513 | 0-7115 |—0-0804 |19 |-0-1379
65 0-7849 0-7248 0 |—0-0601 |—-0-0601 |TO17% | _0.1551 | 1-1654 | 0.7777 |--0-0601 | IS | —0-1501
75 0-6516 0-6044 0 |—0-0472 |—0-0472 | "0 1584 | _0.1605 | 1.1763 | 0-8212 |—0-0472 | 1850 |—0-1596
85 0-5457 0-5070 0 |—0-0387 |—0-0387 |—O1%7 |_o.1701 | 1-1852 | 0-8405 |—0-0887 |Zg 1500 |—0-1670
95 0-4581 | . 0-4256 0 |—0-0325 |—0-0825 |—O173% |_o.1762 | 1.1925 | 0-8354 |—0-0325 |—"17% 101733
105 0-3837 0-8554 0 |—0-0283 |—0-0288 |—O'1791 |-0-1816 | 1-1987 | 0-8058 |—0-0283 | 170 |—0-1786
115 0-3186 0-2933 0 |-0-0253 |—0-0253 |~O1820 | 0.1862 | 1.2049 | 0.7522 |-0-0253 | 1ol |—0-1832
125 0-2603 0-2374 | ———|—0-0220 | 0-6742 | g 000 |—0-1296 | 1-1385 | 0-7195 | 0-6640 o 020x |—0-1275
135 0-2071 0-1859 —0-0212 | 0-5804 | g o203 |-0-0202 | 1-0204 | 0-7028 | 0-5717 |T('0d80 | —0-0197
145 0-1577 0-1377 —0-0200 | 0-4681 | 09305 | 0-0714 | 0-9311 | 0-6160 | 0-4610 | 002 | 0-0704
155 0-1108 0-0918 —0-019 | 0-3406 | o11%% | 0-1419 | 0-8677 | 0-4871 | 0-3358 | (o0 | 0-1399
165 0-0659 0-0472 —0-0187 | 0-2015 | 05718 | 0-1802 | 0-8276 | 0.3127 | 0-1983 | (" 0dd | 0-1865
175 0-0219 0-0085 —0-0184 | 0-0558 | 05098 | 0.2810 | 07550 | 0-1154 | 0-0547 | (72 | 0-2779
180 0




TABLE 4—continued

Aerofoil I

14 15 16 17 18 1 19 20 21 22 23 24 25 26

¥ % ) | Loy 0., 8, 6 Usinysing| U2 1USDY g UX ad S (/6
q : q 2a q 2a c c

0 0-1205 0 +1-5708 |+1-5708 —+0-1205 |—0-0011 0 0 0 —0-0006 0
3 0-4171 0-1255 |++0-0137 1-2682 1-2819 0-1203 0-0052 0-0358 0-0008 0-00047 | 0-0029 0-0035
9 0-8235 0-1900 0-2101 0-4484 0-6585 0-1163 0-0172 0-1503 0-0109 0-00612 | 0-0097 0-0102
15 0-9572 0-2704 0-2117 0-2572 0-4689 0-1254 0-0300 0-2396 0-0314 0-01765 | 0-0169 0-0174
21 1-0249 0-3497. 0-1813 0-1805 0-3618 0-1238 0-0430 0-3270 0-0610 0-03426 | 0-0242 0-0248
27 1-0661 0-4258 0-1550 0-1383 0-2933 0-1231 0-0560 0-4076 0-0997 0-05598 | 00314 0-0320
o 35 1-0992 0-5082 0-1251 0-1043 0-2294 0-1156 0-0747 04949 0-1619 0-09091 0-0419 0-0424
@@ 45 1-1286 0-6265 0-0934 0-0783 0-1717 0-1068 0-0920 0-6173 0-2594 0-1457 0-0517 0-0522
55 1-1479 0-7136 0-0659 0-0612 0-1271 0-0905 0-1115 0-7077 0-3755 0-2109 0-0626 0-0631
65 1-1621 0-7799 0-0398 0-0488 0-0886 0-0688 0-1233 0-7768 0-5052 0-2837 0-0692 0-0696
75 1-1730 0-8235 |+0-0142 0-0392 0-0534 0-0438 0-1353 0-8223 0-6453 0-3624 0-0760 0-0764
85 1-1817 0-8430 |—0-0128 0-0313 |+0-0185 +0-0154 0-1384 0-8428 0-7907 0-4440 0-0777 0-0780
95 1-1890 0-8378 | —0-0428 0-0245 |—0-0183 —0-0153 0-1406 0-8376 0-9380 0-5267 0-0789 0-0791
105 1-1953 0-8081 |—0-0802 0-0183 |—0-0819 —0-0500 0-1328 0-8066 1-0815 0-6073 0-0746 0-0748
115 1-2010 0-7546 |—0-1347 0-0125 [—0-1222 —0-0920 01227 0-7490 1-2180 0-6840 0-0689 0-0691°
125 1-1368 0-7206 |—0-2385 0-0067 |—0-2318 —0-1656 0-0989 0-7013 1-3435 0-7544 0-0555 0-0557
135 1-0199 | 0-6933 |—0-2564 |+0-0003 |—0-2561 —0-1755 0-0684 0-6707 1-4638 0-8220 0-0384 0-0385
145 0-9321 0-6154 |—0-2316 |—0-0073 |—0-2389 —0-1456 0-0399 0-5979 1-5751 0-8845 0-0224 0-0224
155 0-8694 0-4861 |—0-1808 |—0-0181 |—0-1989 —0-0961 0-0187 0-4765 1-6697 0-9376 0-0105 0-0105
165 0-8299 -1 0-3119 |{—0-1186 |—0-0403 |—0-1539 —0-0478 0-0083 0-3082 1-7387 0-9764 0-0036 0-0036
175 | 0-7574 0-1151 |—0-0378 |—0-1270 |—0-1648 —0-0189 0-0009 0-1135 1-7757 0-9971 0-0005 0-0005

180 0 0 —0-1571 |—0-1571 0 0 0 1-7808 1-0000 0 0




TABLE 5
Aeyofoil 11

-

1 2 3 4 5 6 7 8 9 10

aL, aL,, q U sin y
Llen 19 2 el 4
V d'y d)/ " Ls U(y) q 6m 63 6

0 +-0-8971 0 0-1558 0 +1-5708 |+1-5708
3 [+0-5757 |\ 40-5757 | G 459y +1-1054 0-3318 0-1580 +4-0-1034 1-2683 | 1-3717
9 |—4-6326 |—4-6248 —0-0269 +0-2153 0-8064 0-1941 0-4561 0-4485 0-9046
15 |—0-9511 |—0-9383 | . 1o5¢ ~0-0760 1-0791 0-2398 0-3120 0-2575 0-5695
21 |—0-1000 |—0-0822 | 397 —0-1294 1-1387 0-3148 0-1933 0-1808 0-3741
27 |—0-0825 |—0-0800 | 1400 —0-1369 1-1472 0-3957 0-1383 0-1387 0-2770
35 |—0-0825 |—0-0540 | G 1494 —0-1447 1-1560 0-4962 0-0955 0-1049 0-2004
45 |—0-0825 |—0-0474 | {zus —0-1536 1-1663 0-6063 0-0622 0-0791 0-1413
55 |—0-0825 |—0-0419 | . jaz, —0-1613 1-1752 0-6970 |4-0-0224 .| 0-0622 -| 0-0846
65 |+0-0825 |+40-0825 | . jz46 —0-1578 1-1711 0-7739 |—0-0189 0-0500 |+0-0311
75 0-0879 0-0879 | _.1353 —0-1430 1-1539 0-8370 |—0-04G3 0-0407 |—0-0056
85 0-0907 0-0907 |\ _.1794 —0-1274 1-1363 0-8766 |—0-0673 0-0330 |—0-0343
95 | -0-0907 0-0907 | 1.1036 —0-1115 11181 0-8910 |—0-0837 0-0265 |—0-0572.
105 0-0879 0-0879 | _(.0833 —0-0960 1-1009 0:-8774 |—0-0982 0-0207 |—0-0775
115 0-0825 0-0825 | . 4739 —0-0811 1-0847 0-8355 |—0-1146 0-0154 |—0-0992
125 0-1281 0-1862 | 4. 0414 —0-0576 10595 0-7731  |—0-1349 0:0102 {—0-1247
135 0-1609 0-2110 | 1 ho4g —0-0230 1-0234 0-6902 |—0-1487 |+0-0048 |—0-1439
145 0-2114 0-2521 1-0-0394 +0-0174 0-9829 0-5835 |—0-1553 |—0-0013 |—0-1566
155 0-3007 0-3307 00971 0-0383 0-9340 0-4525 |—0-1548 |—0-0096 |—0-1644
165 |+0-5064 0-5248 0-1886 0-1428 0-8671 0-2985 |—0-1356 |—0-0254 |—0-1610
175 0 |+0-0062 +0-2353 0-7904 0-1108 |—0-0383 |[—0-0842 |—0-1225
180 +0-1897 0 0 0 —0-1047 |—0-1047

11 12 - 13 14 15 16 17 18

Usiny Uy y U sin y Ux % .

)/ q n 6 24 c q COS % ¢ (y/cm) ﬁm(y/c}m

0 -+0-1558 —0-0008 —0-0004 0 0 0 0 0
3 0-1549 +0-0072 400040 0-0311 0-0007 0-0004 0-0044 0-0031
9 0-1526 0-0237 0-0130 0-1199 0-0088 0-0049 0-0135 0-0096
15 0-1204 0-0384 0-0213 0-2021 0-0256 0-0142 0-0217 0-0155
21 0-1151 0-0511 0-0283 0-2931 0-0514 0-0285 0-0288 0-0206
27 0-1083 0-0628 0-0348 0-3806 0-0869 0-0481 0-0354 0-0252
35 0-0988 0-0771 0-0427 0-4862 0-1459 0-0808 0-0431 0-0307
45 0-0854 0-0933 0-0517 0-6003 0-2426 0-1344 0-0520 0-0371
55 0-0590 0-1061 0-0588 0-6945 0-3539 0-1962 0-0591 0-0422
65 +0-0241 0-1134 0-0628 0-7735 0-4841 0-2682 0-0631 00450
75 —0-0046 0-1149 0-0637 0-8370 0-6250 0-3462 0-0640 0-0457
85 —0-0296 0-1120 0-0620 0-8763 0-7749 0-4292 0-0622 0-0443
95 —0-0511 0-1048 0-0581 0-8895 0-9203 0-5148 0-0583 0-0415
105 —0-0679 0-0945 0-0523 0-8749 1-0837 0-6003 0-0525 0-0375
115 —0-0827 0-0812 0-0450 0-8314 1-2331 0-6830 0-0451 0-0322
125 —0-0969 0-0657 0-0364 0-7669 1-3728 0-7604 0-0365 00260
135 —0-0991 0-0481 0-0266 0-6833 1-4997 0-8307 0-0267 0-0190
145 —0-0911 0-0317 0-0176 0-5765 1-6100 0-8918 0-0176 0-0125
155 —0-0740 0-0168 0-0093 0-4464 1-6995 0-9414 0-0093 0-0066
165 —0-0479 0-0065 0-0036 0-2946 1-7646 | 0-9774 0-0036 0-0026
175 —0-0135 +0-0006 -+0-0003 0-1095 1-8004 0-9973 0-0003 0-0002

180 0 0 0 0 - 1-8054 1-0000 0 0




TABLE 6

v =r(q/U), at M, = 0-7

1 2 3 4
differences differences

Z Ji3 of U ¥ of

u B x 10% q 7y x 10
0-72 0-8703 169 1-2088 0-2642 466
0-76 0-8534 “igs —16 1-1229 0-2176 "3 33
0-80 0-8349 “o01 —16 1-0437 0-1743 “a0a 31
0-84 0-8148 " o9 —18 0-9700 0-1341 “ay 28
0-88 0-7929 “os9 —20 0-9011 0-0967 “oug 26
0-92 0-7690 og1 —22 0-8359 0-0619 Ty 27
0-96 0-7429 “oss %7 0-7738 0-0298 “oog 23
1-00 0-7141 0-7141 0

1-00 0-7141 0-7141 0
1-02 0-6987 Tl =8 0-6850 —0-0140 i
1-04 0-6825 “17e —10 0-6562 —0-0274 Tios 7
1-06 0-6653 " 180 =8 0-6276 —0-0402 T
1-08 0-6473 Tie1 —11 0-5994 —0-0525 i1 8
1-10 0-6282 “o0s —11 0-5711 —0-0642 114 5
1-12 0-6080. “o5 —18 0-5428 —0-0754 05 7
1-14 0-5865 “os0 —15 0-5144 —0-0859 100 58
1-16 0-5635 “oug —18 0-4858 —0-0959 o5 B
1-18 0-5389 "o —19 0-4567 —0-1054 T 7
1-20 0-5124 258 —2I 0-4270 —0-1142 g0 6
1-22 0-4838 T34 —28 0-3965 —0-1224 —; 5
1-24 0-4524 i —32 0-3649 —0-1301 sy 8
1-26 0-4178 Toss 42 0-3316 —0-1370 ez 7
1-28 0-3790 e —58 0-2961 —0-1433 s 8
1-30 0-3344 - 0-2572 —0-1488

40




TABLE 7
Aerofol 111

|54

2 3 4 5 6 7
ar, ary,

Y W d'}/ Vm 7, q/U
| —0-0458 0 :
1-1506 1-6570 0-6908 0-4549 0-
-3586 0-1277 . . .
o | ot e | —ooo | TR Yol | o
10824 —0-0487 —0-0487 —0-0824 —0-0850 1-1383 0-
o —0-0344 —0-0344 IR —0-0893 1-1467 0-
L BE BE BE:'NE-BE 1N
‘1ot —0-0229 —0-0229 oo —0-1030 1-1748 0-
'BE BE BE BE NN N
0791 0-0220 00050 | —0omr | IR L1 | o
-0695 0-0550 0-0550 —0-0695 —0-0647 1-1009 0
0599 0-0544 0-0544 o oo —0-0551 10844 | 0
'BE EE BE: BE R I
-0035 0- 1844 0-1652 —0-0124 1-0-0020 0-9974 | 0

:8331 0-2504 0-2362 8:8;33' 0-0370 ' 0-9508 0- 4

07 +0-4183 +0-4096 0. o7 0-0933 0-8835 0-
0 —0-0029 : 10+ 1750 ©0-7993 0-

1454 0-1286 0
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TABLE 7—continued

Aerofoil 111

10 11 12 13 14 15 16 17 18
¥ 6, 0 Z—]sin y sin @ T‘qua ] yle P sin y cos 0 2%1 %6 (V[C)m
0 +1-5708 -+1-5708 -+0-1000 0 0 0 0 0 0
3 - 1-2683 1-2503 0-1092 "+0-0054 —+0-0030 0-0362 0-0009 0-0005 0-0030
9 0-4485 0-5591 0-0893 0-0156 0-0086 0-1428 0-0106 0-0059 0-0086
15 0-2575 0-3628 0-0853 0-0248 0-0137 0-2247 0-0299 0-0165 0-0137
21 0-1808 0-2399 0:0748 0-0332 0-0183 0-3058 0-0577 0-0318 0-0183
27 0-1387 0-1784 0-0703 0-0407 0-0224 0-3896 0-0941 0-0519 0-0224
35 0-1049 0-1291 0-0639 0-0501 0-0276 0-4923 0-1557 0-0859 0-0276
45 0-0791 0-0875 0-0530 0-0603 0-0333 0-6042 0-2517 0-1388 0-0333
55 0-0622 0-0552 00385 0-0684 0-0377 0-6936 0:3655 0-2015 0-0377
65 0-0500 -+0-:0223 —+0-0173 0-0734 0-0405 0-7740 '0-4939 0-2724 0-0405
75 0-0407 —0-0010 —0-0008 0-0746 0-0412 0-8374 0-68348 0-3501 0-0412
85 0-0330 —0-0196 —0-0172 0-0732 0-0404 0-8770 0-7849 0-4328 0-0404
95 0-0265 —0-0338 —0-0301 0-0688 0-0380 0-8905 0-9394 0-5180 003881
105 0-0207 —0-0478 —0-0419 0-0628 0-0346 0-8764 1-0941 0-6033 0-0347
115 0-0154 —0-0616 —0-0515 0-0543 0-0306 0-8342 1-2437 0-6858 00307
125 0-0102 —0-0787 —0-0606 0-0448 00247 0-7682 1-3839 0-7632 0-0248
135 -+0-0048 —0-0936 —0-0640 0-0535 0-0185 0-6812 1-5106 0-8330 0-0186
145 —0-:0013 —0-1074 —0-0817 0-0228 0-0126 0-5718 1-6204 08936 0-0127
155 —0-0096 —0-1194 —0-0529 0:-0127 0-0070 0-4413 1-7090 0-9424 0-0071
165 —0-0254 —0-1257 —0-0367 0-0048 0:0026 0-2906 1-7733 0-9779 0-0027
175 —0-0842 —0-1115 —0-0121 -+0-0004 -+0-0002 0-1083 1-8086 0-9973 0-0003
180 —0-1047 —0-1047 0 —0-0001 —0-0001 0 1-8134 10000 0




Modification to Aevofoil 11

TABLE 8

1 2 3 4 5 6 7 8 9

v 0 0 (‘Z—e> (‘@) LR L | L +L | qu

dy dy dy  dy

0 0 — — 0
3 0 —0-0004 |+1-1050 | 0-3312
9 . —0-0004 |40-2149 | 0-8066
15 . —0-0004 |—0-0764 | 1-0792
21 . —0-0004 1| —0-1298 | 1-1387
27 . _0-0005 |—0-1374 | 1-1473
35 . —0-0005 |—0-1452 | 1-1562
45 ., ~0-0006 |—0-1542 | 1-1667
55 ., ~0-0008 |—0-1621 | 1-1759
65 ., ~0-0011 |—0-1589 | 1-1722
75 iy —0-0016 |—0-1446 | 1-1556
85 |—0-0343 | . 0 , —0-0029 |—0-1303 | 1-1393
95 |—0-0572 |—0'0%6L | _0.1232 00415 |—0-1647 [TQ 07og |—0-0067 |—0-1182 | 1-1256
105 |—0-0775 |0 0ar0 |—0-1163 |—0-0415 |—0-1578 [—9- 0788 | _0-0045 |-0-1005 | ‘1-1060
115 |—0-0992 (0% | _0.1346 | —0-0415 |—0-1761 |[Z0' 105 |+0-0039 |—0-0772 | 1-0803
125 |—0-1247 |Z0'1A1 101875 401375 0 0-0258 |—0-0318 [ 1-0323
135 |—0-1439 | 01350 | 0-0900 | 0-0900 0 » 0-0245 |4-0-0015 | 0-9985
145 |—0-1566 01211 100573 | 0-0573 0 > |10-0145 | 0-0319 | 0-9686
155 |—0-1644 |_0'15i1 | 0-0189 |40-0189 0 » | Zo-0012 | 0-0671 | 0-9352
165 {—0-1610 01541 1100957 |—0-0957 0 »  |—0-0280 | 0-1198 | 0-8872
175 |—0-1225 10-2464 |—0-2464 0 »  |-0-0309 |10-2044 | 0-8152

180 |—0-1047 |—0-1047 ' 0-0284 —0-1331 . = 0

43
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TABLE 9
Aerofoil IV

1 2 4 5 6 7 8 9 10 11
¢ 7 7 ¥'(— 7, 7, 7, sin 7, 7, Sin [2’” 1 w

v U(V) U( 7) (y) (—) ; . y L Sin y i }log sin by — )

0 0 0

8 1 1.2675 | 0-4059 |—0-1394 |+0-7996 |--0-3301 - ) L0244 {22231 3

o - - — + + —0-4695 +0-2328 | 0-0 e 0-7025
2 | 12675 | 0-7541 0-2242 |4+0-0422 |—0-1820 0-1295 | 0-0269 | 0285 0-3115
o7 | 1:2675 | 0-8902 . 0-0876 |—0-0259 |—0-1135 0-0895 | 0-0277 |~o"9550 0-2030
p 0-9892 +0-0078 |—0-0608 |—0-0786 0-0717 | 0-0292 |~ 1700 0-1503
o 1-0244 |—0-1394 |—0-0170 |—0-0782 |—0-0612 0-0577 | 0-0288 |~ "1357 0-1189

1-0366 |—0-1394 |—0-0252 |—0-0823 |—0-0571 |—0-0367 | 0-0303 | 0-0194 0-0874

45 —0-0437 |4-0-0110 —0-1106 0-0681
55 ” ” —0-0751

> . . i —0-0494 |—0-0021 T o-0a2s 0-0550
65 —0-0537 |—0-0118 00090 0-0453
P N —0-0561 |—0-0193 oo 0-0378
o | 12675 —0-1394 —0-0823 |—0-0571 (—0-0571 |—0-0264 L 0-0160 0-0307
s | 12241 . —0-1240 —0-0746 |—0-0494 |—0-0486 |—0-0236 0-0999 0-0258
e | 11845 —0-1074 —0-0663 |—0-0411 |—0-0387 |—0-0196 0-0963 0-0215
loe | 1-1492 —0-0906 —0-0579 |—0-0327 |—0-0283 |—0-0150 0 0258 0-0177
s | 1177 —0-0741 —0-0497 |—0-0245 |—0-0188 |—0-0102 0 09 0-0143
lgs | 1°0910 | 10366 |—0-0590 |—0-0252 |—0-0421 |-0-0169 |—0-0109 (—0-0057 00008 0-0112
ls2 | 1-0096 | 0-9768 |-0-0067 |+0-0167 |+0-0040 |—0-0127 |—0-0064 |—0-0045 0-0080 0-0082
165 | 0-9266 | 0-9081 |-0-0565 | 0:0785  0-0650 |—0-0085 |—0-0029 |—0-0031 0-0098 0-0054
oe | 0:8200 | 0-8117 |+0-1538 |40-1622 |4+0-1580 |—0-0042 |—0-0007 |-0-0014 +0.0080
180 0 0 0 0 0 0
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TABLE 9—continued

Aervoforl IV

12 13 14 15 16 17 18 19 20 21 22
11....Sin (3y +-o) sin (3y—ar) ar,, ar, o

4 2 log sin? %y Vm dj/ dy ¥s Ya 7('}’) 7’( ')’) Hm 6.1 6'1
0 —0-2003 0 1-5708 |—0-2873
3 —0-2998 10-1005 +2-8729 |4+0-5681 |+0-1164 |-L-0-6845 |40-4517 |—0-0717 1-2683 |—0-2627
9 T o-0a8 T 0060 |-1:0170 | -1-0170 |40-0473 | 0-1811 | 0-2284 |—0-1338 |—0-0380 | 0-4485 |—0-0380
15 IR T oiodeg |—0+3896 |-0-3896 |-0-0264 | 0-1095 | 0-0831 |—0-1359 |4+0-0591 | 0-2575 |4+0-0072
21 T onon T oioroe |—0-2454 | -0-2454 |0-0597 | 0-0806 |+0-0209 |—0-1403 | 0-0478 | 0-1808 | 0-0192
27 —0-0076 —0-0858 —0-1270 |—0-1270 |—0-0792 0-0647 |—0-0145 |—0-1439 0-0337 0-1387 0-0296
35 ooz T o-080a |—0-0046 | —0-0046 |-0-0862 | 0-0440 |—0-0422 |—0-1302 |4+-0-0130 | 0-1040 | 0-0416
45 o002 T o0.0850 |+0-0092 140-0092 |-0-0858 | 0-0207 |—0-0651 |—0-1065 |—0-0016 | 0-0791 | 0-0434
55 —0-0020 —0-0843 0-0040 0-0040 |—0-0847 |+4+0-0044 |—0-0803 |—0-0891 |—0-0094 0-0622 0-0395
65 —0-0020 o oess | 0-0029 | 0-0020 |-0-0840 |—0-0070 |—0-0910 |—0-0770 |—0-0188 | 0-0500 | 0-0343
75 oo o 08as | 0-0017 | 0-0017 | —0-0837 |—0-0156 |—0-0993 |—0-0681 |—0-0271 | 0-0407 | 0-0274
85 oot T o.0833 | 0-0011 | 0-0011 |—0-0834 |—0-0228 |—0-1062 |—0-0606 |—0-0370 | 0-0330 | 0-0195
95 T o-0008 T oioe; | 0°0452 | 0.0452 |—0-0794 |—0-0250 |—0-1044 |—0-0544 |—0-0503 | 0-0265 |4-0-0067
105 —0-0007 —0-0670 0-0482 0-0482 |—0-0712 |—0-0216 |—0-0928 |—0-0496 |—0-0615 0-0207 |—0-0013
115 —0-0006 —0-0585 0-0487 0-0487 |—0-0628 |—0-0173 |—0-0801 |—0-0455 |—0-0705 0-0154 |—0-0052
125 00006 Tor0s0a | 0-0470 | 0-0470 |-0-0544 |—0-0126 |—0-0670 | —0-0418 |—0-0809 | 0:0102 |—0-0095
135 —0-0006 —0-0427 0-0436 0-0436 |—0-0465 |—0-0080 |—0-0545 |—0-0385 |—0-0959 0-0048 |—0-0105
145 —0-0005 10-0045 0-2114 0-2703 |—0-0191 |—0-0051 |—0-0242 |—0-0140 |—0-1286 |—0-0013 |—0-0092
155 —0-0005 0-0645 0-3007 0-3441 |+40-0345 —0-0038 |-+0-0307 {+0-0383 |[—0-1402 —0-0096 {—0-0091
165 OO0 0.la7s |+0-5084 | 0-5332 | 0-1110 |—0-0022 | 0-1088 | 0-1132 |—0-1281 |—0-0254 |—0-0094
175 0 +0-:0090 (40-2045 |—0-0007 0-2038 0-2052 |—0-0355 |—0-0842 |—0-0091
180 +0-1591 0 |—0-1047 {—0-0094
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TABLE 10
Aeyoforl IV

1 2 3 4 5 6 7 8 9 10 i1 12
b4 q1u q/U v sin 6 — sin y sin 6 2 ~sin y cos § 3 ¥yle %fe (v/e) (x[c)
: g Y q 14 2a g 7 2a "
—180 0 0 0 4-0-0953 0 -4-0-0300 0 +1-8193 | +0-0165 |+-1-0016 |+0-0163 |-1-0000
—175 0-8117 0-7712 0-1130 0-1106 -+0-0125 0-0299 0-1123 1-8144 0-0164 0-9989 0-0162 0-9973
—165 0-9081 0-8622 0-3002 0-1441 0-0431 0-0242 0-2971 1-7780 0-0133 0-9789 0-0131 0-9773
—155 0-9768 0-9492 0-4452 0-1407 0-0624 0-0151 0-4408 1-7130 0-0083 0-9431 0-0081 0-9416
—145 1-0366 10200 0-5623 0-1207 0-06877 |4+0-0032 0-5582 1-6257 |+0-0018 0-8950 |4-0-0016 0-8936
—135 1-0558 0-6697 0-0806 0-0539 |—0-0071 0-6676 1-5187 —0-0039 0-8361 |—0-0041 0-8347
—125 ” 1-0626 0-7709 0-0612 0-0472 |—0-0160 0-7694 1-3931 |—0-0088 0-7670 |—0-0090 0-7658
—115 ” 1-0684 0-8483 0-0499 . 0-0424 —0-0236 0-8483 1:-2514 |—0-0130 0-6890 |—0-0130 0-6879
—105 ” 1-0752 0-8984 0-0395 0-0355 |—0-0307 0-8977 1-0087 |—0-0169 0-6049 |—0-0170 0-6039
—95 i 1-0832 0-9197 0-0305 0-0281 [—0-0360 0-9192 0-9397 |—0-0198 0-5174 |—0-0199 0-5166
—85 i 1-0938 0-9108 0-0235 0-0214 |—0-0405 0-9105 0-7796 |—0-0223 0-4292 |—0-0224 0-4285
—75 » 1-1068 0-8727 0-0318 0-0120 |—0-:0433 0-8726 0:-6236 |—0-0239 0-3433 |—0-0240 0-3427
—65 ” 11230 0:-8070 |-4-0-0031 4-0:0025 |—0-0447 0-8070 0-4766 |—0-0246 0-2624 |—0-0247 02620
—55 ” 11463 0-7146 |—0-0131 —0-0095 |—0-0441 0-7145 0-3434 |—0-0243 0-1891 |—0-0243 0-1888
—45 1‘6366 1-1824 0-5980 |—0-0341 —0-0204 |—0-0415 0-5976 0-2286 |—0-0228 0-1259 |—0-0228 0-1257
—35 1.0244 -1-2403 0-4625 |—0-0763 —0-0352 |—0-0367 0-4612 0-1360 |—0-0202 0-0749 |—0-0202 0-0748
—27 0-9892 1-2821 0-3541 |—0-1428 —0-0504 |—0-0307 0-3505 0-0795 |—0-0169 0-0438 | —0-0169 00437
—21 0-8902 1-2702 0-2821 |—0-2094 —0-0586 |—0-0250 0-2760 0-0467 |—0-0138 0-0257 |—0-0138 0-0257
—15 0.7545 1-2558 0-2061 |—0-3094 —0-0628 [—0-0186 0-1963 0-0219 |—0-0102 0:-0120 |—0-0102 0-0120
- =9 0-4059 1-2504 0-1251 |—0-5254 —0-0627 |—0-0120 0-1083 |4-0-0058 |—0-0066 |4+0-0032 |—0-0066 |4-0-0032
—3 0-5877 0-0891 | —1-4593 —0-0885 |—0-0044 0-0099 |—0-0005 |—0-0024 [—0-0002.|—0-0024 |—0-0002
1-8581 | . .
0 0 0-857 1-2835 -4-0-0822 0 - 0-0243 0 0 0 0 0




TABLE 10——continued
Aerofoil IV

Ly

|
2 3 4 5 6 7 8 9
U . U . . kY . %
q/U 7 sin y 6 7 sin y sin § 5q p sin y cos 0 % yle

0-4579 | 0-1143 |1-0-9339 +0-0919 0-0046 0-0680 0-0025 0-0025 0- 0-

0-7506 | 0-2084 0-4485 0-0904 0-0141 0-1878 0-0163 0-0077 0 0-

0-8053 | 0-2891 0-3238 0-0920 0-0237 0-2741 0-0405 0-0130 0 0-

0-9719 | 0-3687 0-2478 0-0904 0-0332 0-3574 0-0736 0-0183 0 0-

1:0207 | 0-4448 0-2020 0-0892 0-0426 0-4358 0-1152 0-0235 0- 0

1-0632 | 0-5395 0-1595 0-0857 0-0549 0-5326 0-1829 | 0-0302 0- 0-

1-1016 | 0-6419 0-1209 0-0774 0-0691 0-6372 0-2853 0-0381 0- 0-

1-1293 | 0-7254 0-0923 0-0669 0-0818 0-7223 0-4042 0-0450 0- 0

1-1501 | 0-7880 0-0655 0-0516 0-0922 0-7863 0-5362 0-0508 0 0

1-1671 | 0-8276 0-0410 0-0339 0-0997 0-8269 0-6773 0-0549 0- 0-

1 1-1818 | 0-8429 {10-0155 +0-0131 0-1039 0-8428 0-8234 0-0572 0- 0-
1- 1-1778 | 0-8458 [—0-0171 —0-0145 0-1038 0-8457 0-9707 0-0572 0- 0-
1- 1-1554 | 0-8360 |—0-0421 —0-0352 0-0992 0-8352 1-1178 0-0546 0 0-
1. 1-1280 | 0-8028 —0-0603 —0-0484 0-0920 0-8014 1-2609 0-0506 0- 0-
1. 1-1049 | 0-7414 ' —0-0802 —0-0594 0-0824 0-7390 1-3959 0-0454 0- 0
1- 1-0834 { 0-6527 1—0-1016 —0-0662 0-0715 0-6493 1-5173 0-0394 0- 0-
1 1-0351 | 0-5541 {—0-1391 —0-0769 0-0591 0-5487 1-6219 0-0325 0- 0
0- 0-9588 | 0-4408 |—0-1589 —0-0697 0-0459 0-4352 1-7080 00253 0- 0-
0-8669 | 0-2986 |—0-1629 —0-0484 0-0356 0-2947 1-7723 | 0-0196 : 0-

0-7725 | 0-1128 |—0-1288 —0-0145 0-0297 0-1119 1-8084 0-0164 0

0 0 —0-1141 0 0-0291 0 1-8134 0-0160 1
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TABLE 11

Aerofoil 'V
1 2 3 4 5 6 7 8 9 © 10 11

. L4 9. y e ~ siny X Io sin (3y + ) p v " o v,
Y 7 @) i =) () (=) () — (=) & Giny ) () ) 2 ay

0 0 —0-0557 0

3 1-0964 1-1600 |—0:0621 |—0-0959 —0-0050 0-3360 +0-2739 |-4+0-0890 |4-0-1849 |+1-3780 |4-1-7657

9 1-1222 —0-0766 —0-0099 0-1815 0-1049 |4-0-0045 0-1004 |—0-7382 |—0-8066
15 1-1495 —0-0907 —0-0146 0-1240 +0-0333 |—0-0313 0-0846 |—0-2741 |—0-3425
21 11793 —0-1051 —0-0193 0-0938 —0-0118 |—0-0536 0-0423 |—0-1442 |—0-2126
27 1-2128 —0-1195 —0-0237 0-0750 —0-0445 |—0-0702 0-0257 |—0-0898 |—0-1582
35 1-2800 ' —0-1433 —0-0305 0-0557 —0-0876 |—0-0917 |4-0-0041 |—0-0556 |—0-1240
45 v —0-0363 0-0437 —0-0996 |—0-0978 |—0-0019 |—0-0344 |—0-0344
55 " —0-0410 0-0354 —0-1079 |—0-1019 |—0-0060 |—0-0235 |—0-0235
65 . —0-0445 0-0293 —0-1140 |—0-1050 |—0-0090 |[—0-0172 |—0-0172
75 —0-0467 0-0244 —0-1189 |—0-1074 |—0-0115 |—0-0143 |—0-0142
85 1-2800 1:1600 |—0-1433 |—0-0959 —0-0474 0-0205 —0-1228 |—0-1093 |—0-0134 |—0-0109 |—0-0109
95 1-2347 1-1419 |—0-1281 |—0-0869 —0-0406 0-0172 —0-1109 |—0-0989 |—0-0120 |+0-0080 |+0-0080
105 1-1907 1-1243 |—0-1102 |—0-0777 —0-0305 0-0143 —0-0960 |—0-0869 |—0-0092 0-0160 0-0160
115 1-1495 1:1078 |—0-0907 |—0-0686 —0-0191 0-0118 —0-0789 |—0-0738 |—0-0051 0-0235 0-0235
125 1-1122 1-0929 |—0-0711 |—0-0601 —0-0084 0-0095 —0-0816 |—0-0608 |—0-0008 0-0246 0-0246
135 1-0800 1-0800 {—0-0525 |—0-0525 0 0-0074 —0-0451 |—0-0488 |+40-0037 0-0258 0-0258
145 0-9931 0-9979 |1-0-0051 |-+0-0015 0-0054 +0-0105 |-+0-0060 0-0045 |+0-0046 |40-0046
155 0-9091 0-9133 0-0711 0-0676 0-0035 0-0746 0-0716 0-0030 |—0-0086 |—0-0086
165 0-7778 0-8074 |4-0-1980 |+40-1666 0-0016 +0-1696 |-+0-1681 |+0:0015 |—0-0086 |—0-0086
175 ' —0:0086 |—0-0086
180 0 0 0-1708 0
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TABLE 11—continued

Aerofoil 'V
12 13 14 15 16° 17 = - 18 19 20 21 22
di;m d”ﬁl q q

14 dy dy %(y) 7oly) (y) AL (=) (=) O 0, 0.

0 0 0 0 +1-5708 | —0-2177

3 +1-3823 0-6737 | +0-0925 +0-7662 0-4204 | 40-5812 0-5107 | —0-0222 1-2682 | —0-1980

9 —0-8069 | —0-8069 0-0468 0-1426 0-1894 0-7856 | —0-0959 1-1600 | 40-0629 0-4482 | —0-0175
15 —0-3419 | —0-3419 | —0-0134 - 0-0825 0-0691 0-9120 " 0-0752 0-2570 +0-0202
21 —0-2129 | —0-2129 | —0-0424 0-0535 +0-0111 0-9853 0-0680 0-1801 0-0308
27 —0-1585 | —0-1585 | —0-0619 0-0340 | —0-0279 1-0408 0-0611 0-1378 0-0345
35 —0-1232 | —0-1232 | —0-0810 0-0149 | —0-0661 1-1033 i . 0-0497 0-1037 0-0339
45 —0-0350 | —0-0350 | —0-0948 | +-0-0011 —0-0937 1-1556 0-0288 0-0775 0-0241
55 —0-0235 | —0-0235 | —0-0999 | —0-0040 | —0-1039 1-1768 +0-0136 0-0603 0-0185
65 —0-0178 | —0-0178 | —0-1035 | —0-0075 | —0-1110 1-1906 —0-0001 0-0477 0-0144
75 —0-0137 | —0-0137 | —0-1062 | —0-0103 | —0-1185 1-2055 —0-0139 0-0378 0-0105
85 —0-0109 | —0-0109 | —0-1083 | —0-0125 | —0-1208 1-2160 | —0-0959 1-1600 | —0-0297 0-0296 0-0061
95 -+0-0596 | --0-0596 | —0-1041- | —0-0127 | —0-1168 1-2058 | —0-0914 1-1510 | —0-0514 0-0225 +0-0004
105 0-0688 0-0688 | —0-0929 | —0-0106 | —0-1035 1-1705 | —0-0823 1-1330 | —0-0681 0-0159 | —0-0041
115 0-0751 0-0751 —0-0804 | —0-0072 | —0-0876 1-1433 | —0-0732 1-1160 | —0-0816 0-0096 | —0-0072
125 0-0745 0-0745 | —0-0673 | —0-0029 | —0-0702 1-1105 | —0-0644 1-1003 | —0-0946 | +0-0031 —0-0084
135 0-0688 0-0688 | —0-0548 | +0-0015 | —0-0533 0-1820 | —0-0563 1-0864 | —0-1110 | —0-0042 | —0-0078
145 0-2114 0-3139 | —0-0214 0-0041 —0-0173 1-0249 | —0-0255 1-0370 | —0-1452 | —0-0132 | —0-0041
155 0-3007 0-3762 | +0-0388 0-0038 | 4-0-0428 0-9437 | +0-0350 0-9534 | —0-1541 —0-0266 | —0-0007
165 —+0-5064 0-5526 0-1198 0-0022 0-1220 0-8526 0-1176 0-8555 | —0-1372 | —0-0552 | +0-0009
175 0 +0:0155 | 4-0-2618 | 40-0008 +0-2626 0-7214 | 40-2610 0-7227 | —0-0388 | —0-1699 0-0017
180 0 0 0 —0-2094 +0-0016
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TABLE 12

Aerofoil 'V
1 2 3 4 5 6 7 8 9 10 11 12
y (q/0Y q/U gsin ¥ 6 gsin ysin0 X gsin ycos 0 X yle xfc (v/e)m (%/€)
q 2a 2a

—180 0 0 0 +0-2110 0 +0-0171 0 4+1-7779 |40-0096 |+1-0007 |40-0088 |+1-0000
—175 0-0855 0-7227 0-1206 0-2104 +0-0252 0-0159 - 0-1179 1-7729 0-0090 09979 0-0082 0-9972
—165 0-9085 0-8555 0-3025 0-1933 0-0581 |4-0-0083 0-2969 1-7359 |40-0047 0-9827 |-+0-0039 0-9820
—155 0-9898 0-9534 0-4433 0-1800 0-0794 |—0-0037 0-4361 1-6712 |—0-0021 0-9407 |—0-0029 0-9400
—145 1-0671 1-0370 0-5531 0-1543 0-0850 |—0-0185 0-5465 1-5853 |—0-0104 0-8924 |—0-0111 0-8918
—135 1-0761 1-0864 0-6509 0-1074 0-0698 |—0-0319 0-6471 1-4813 |[—0-0180 0-8338 |—0-0187 0-8332
—125 1-0862 1-1003 0-7445 0-0831 0-0618 |—0-0433 0-7419 1-3598 |—0-0244 0-7654 |—0-0250 0-7649
—115 1-0976 1-1160 0-8121 0-0648 0-0526 |—0-0535 0-8104 1-2239 |—0-0301 0-5889 |—0-0306 0-6884
—105 1-1084 1-1330 0-8525 0-0481 0-0410 |—0-0615 0-8515 1-0785 |—0-0346 0-6071 |—0-0351 0-6067
—95 1-1184 1-1510 0-8655 0-0203 0-0254 |—0-0675 0-8652 0-9283 |—0-0380 0-5225 |—0-0384 0-5221
—85 1-1109 1-1600 0-8588 |4-0-0062 +0-0053 |—0-0702 0-8588 0-7776 | —0-0395 0-4377 |—0-0398 0-4374
—75 1-1019 " 0-8377 |—0-0134 —0:-0112 |—0-0696 0-8326 0-6296 |—0-0392. | 0-3544 |—0:0395 0-3541
—65 1-0905 v 0-7813 |—0-0332 —0-0259 |—0-0663 0-7808 0-4885 |—0-0373 0-2750 0-0375 0-2748
—55 1-0754 . 0-7062 |—0-0554 —0-0391 |—0-0606 0-7051 0-3585 |—0-0341 0-2018 |—0-0343 0-2017
—45 1-0541 " 0-6096 | —0-0822 —0-0500 |—0-0528 06075 0-2436 |—0-0297 0-1371 |—0-0298 0-1370
—35 1-0204 " 0-4945 |—0-1195 —0-0589 |—0-0433 0-4910 0-1475 |—0-0244 0-0830 |—0-0245 0-0829
—27 0-9886 " 0-3914 |—0-1644 —0-0641 |—0-0347 0-3861 0-0862 |—0-0195 0-0485 |—0-0195 0-0485
—21 0-9409 R 0-3089 |—0-2173 —0-0666 |—0-0278 0-3016 0-0502 |—0-0157 0-0282 |—0-0157 0-0282
—15 0-8477 ) 0-2231 |—0-3120 —0-0685 |—0-0208 0-2123 0-0232 |—0-0117 0-0131 |—0-0117 0-0131

—9 0-68117 1-1600 0-1349 |—0-5286 —0-0742 |—0-0133 0-1126 |+0-0061 |—0-0075 |[+0-0034 |—0-0075 |+-0-0034

-3 0-5812 0-0901 |—1-4440 —0:0894 |—0-0049 0-0114 |—0-0004 |—0-0027 {—0-0002 |—0-0027 |—0-0002

0 0 0-0990 | 717838 | F0-0967 0 T0-0241 0 0 0 0 0
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TABLE 12—continued

Aerofoil 'V
1 2 3 4 5 6 7 8 9 10 11 12

y {(q/U)’ q/U gsin y 0 gsin ysin @ Zla gsin ycos 926_11 yle xfe (¥/€)n (%/E)m

3 1-0964 0-4204 0-1245 |+41-0480 ~+-0-1079 0-0054 0-0622 0-0022 0-0030 0-0012 0-0030 0-0012

9 1-12292 0-7856 0-1991 0-4936 0-0943 0-0157 0-1753 0-0149 0-0089 0-0084 0-0089 0-0084
15 1-1495 0-9120 0-2838 0-3524 0-0979 0-0258 0-2663 0-0381 0-0145 0-0214 0-0145 0-0214
21 1-1793 0-9853 0-3637 0-2789 0-1001 0-0362 0-3497 0-0704 0-0204 0-0396 0-0204 0-0396
27 1-2198 1-0408 0-4362 0-2334 0-1009 0-0467 0-4244 0-1110 0-0263 0-0625 0-0264 0-0625
35 1-2800 1-1033 0-5199 0-1873 0-0968 0-0609 0-5108 | 0-1765 0-0343 0-0994 0-0344 0-0995
45 1-1556 0-6119 0-1304 0-0795 0-0762 0-6067 0-2741 0-0429 0-1543 0-0430 0-1544
55 ” 1-1768 0-6961 0-0924 0-0643 0-0887 0-6931 0-3877 0-0500 0-2182 | 0-0502 0-2183
65 ” 1-1906 0-7612 0-0620 0-0472 0-0985 '0-7598 0-5145 0-0555 0-2898 0-0557 0-2900
75 ” 1-2055 0-8013 0-0344 0-0276 | 0-1051 ~0-8008 0-6515 0-0591 0-3667 0-0594 0-3669
85 1-2800 1-2160 0-8192 |+0-0060 +0-0049 0-1080 0-8192 0-7931 0- 0608 0-4464 0-0612 0-4467
95 19347 1-2058 0-8262 |—0-0285 —0-0235 0-1065 0-8259 0-9367 0-0599 0-5273 0-0603 0-5277
105 1-1907 1-1705 0-8252 |—0-0563 —0-0465 G-1001 0-8239 1-0809 0-0563 0-6084 0-0568 0-6088
115 1-1495 1-1433 0-7927 |—0-0792 —0-0627 0-0906 0-7902 1-2225 0-0510 0-6881 0-0515 0-6885
125 1-1122 1-1105 0-7376 |—0-0999 —0-0735 0-0785 0-7339 1-3554 0-0442 0-7629 0-0448 0-7634
135 1-0800 1-0820 0-6535 |—0-1230 —0-0802 0-0652 0-6485 1-4770 0-0367 0-8314 0-0374 0-8320
145 0-9931 1-0249 05596 |—0-1625 —0-0905 0-0503 0-5522 1-5812 0-0283 0-8900 0-0290 0-8906
1585 0-9091 0-9437 0-4478 |—0-1814 —0-0808 0-0349 0-4405 1-6680 0-0196 0-9389 0-0204 0-9396
165 0-7778 0-8526 0-3036 |—0-1915 —0-0578 0-0225 0-2980 1-7331 0-0129 0-9756 0-0137 0-9763
175 0-7214 0-1208 |—0-2070 —0-0248 | 0-0152 0-1182 1-7707 0-0085 0-9967 0-0093 0-9974
180 0 0 0 —0-2078 0 0-0142 0 1-7752 0-0080 0-9993 0-0088 1-0000
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