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Summary.--In Part  I of this paper the method of two-dimensional aerofoil design in incompressible flow due to 
LighthiU 1 (1945) is extended to compressible subsonic flow. Lighthill's equations are derived as special cases of more 
general equations due to tile author, and some advances are made in tile application of these equations to aerofoil 
design. I t  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. Tile compressible flow theory is based 
on an approximation to the equation of flow not unlike, and with at least the same accuracy, as the Kbrmbn - 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 I I  is symmetrical, designed for M~o = 0, 
and ct = 0 (Moo being the Mach number at infinity, and ~ the absolute angle of incidence), while Aerofoil I U  has been 
designed for the same distribution but  at Moo = 0- 7. A comparison is made between Aerofoil I I I  and that  obtained 
from Aerofoil I I  by linear pertubation theory. I t  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 Moo = 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. 
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N O M E N C L A T U R E  

z = x + iy,  (~ = ~/ -- 1), the physical  plane 
w = ~ -4- i~p, the plane of equipotentials  (4, ----- constant) 

(~o ----- constant) for zero circulation 

Velocity vector  in polar co-ordinates for zero circulation 

Angle of  incidence measured from zero lift angle 

Velocity vector  for angle of incidence 

Velocity at inf ini ty 

log(U/e) 
Distance measured along the  aerofoil surface 

and streamlines 

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

Elliptic co-ordinates defined by w = ~ + i~0 = -- 2a cosh (~ + iv). 
The aerofoil surface is ~ = 0, when ~ = -- 2a cos ~. 

Leading- and trailing-edge angles respectively 

Symmetric and antisymmetric parts of 0 on the aerofoil surface 

Mach number 

_ =  (1 - 

l o g  
q = U  

As a suffix to denote values at infinity. 

In incompressible flow L (log (U/q)) and 0 are conjugate harmonic functions in the (x, y) 
and (4, ~o)-planes, and so if either is specified on the aerofoil boundary the other can be calculated. 
In the (4, ~0)-plane, the aerofoil is simply a slit on ~o = 0, and so in this plane the boundary 
conditions are very simple ; we are thus able to find an equation for L(~b, ~o) given 0(4 , 0) on the 
aerofoil--or conversely find an equation for 0(4, ~o) given L(~b, 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 t reatment  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 ), (see Fig. 1) ; in fact L must 
be specified as an analytical function of 7 simple enough to enable the conjugate to be evaluated. 
This limitation means tha t  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 r ==- ~ ~ dL, which yields a complicated functional relation between 
r and q (see equation (61)). If we are prepared to define r as an analytical function of 7, 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 q. These con- 
siderations lead the author to develop the numerical method set out in section 4. 

I t  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 ' aerofo i l '  
will, in general, not be a closed one, and further the nose radius will be automatically determined. 
In this paper we therefore specify tile 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 tile 
unspecified distribution near the nose, dq/ds >~ O, 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 r in almost 
ail the design equations and proceed in exactly the same way as for incompressible flow.' I t  is 
a simple mat ter  to tabulate r as a function of q/U for a given value of M , .  Aerofoils ! I  and 
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III give an interesting comparison between the author's theory and linear pertubation at 
~o~ = O. 7 (see Fig. 3). The author believes his theory to be reasonably accurate for aerofoils not 
,aving supersonic patches. By defining/3 ( ~  (1 -- M2) ~/2) to be (M 2 -- 1) 1/2 in supersonic patches, 
'_he theory can be extended to this case, but the accuracy of this has yet to be studied. 

I t  has been mentioned by Glauert ~ (1947) that  the method of Ref. 1 can not be used to estimate 
Lhe effects of a modification of design shape on the velocity distribution. It  is important  to be 
able to do this for the designed aerofoil may possess minor undesirable features, such as con- 
:avities 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  
5erivation. The equations are obtained as special cases of formulae for L and 0 at any point 
in 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 6, 
1949), but  before this can be done, at least approximate values of 0 on an outer boundary sur- 
rounding the aerofoil need to be estimated, for otherwise the relaxation field is unbounded. 
These outer boundary values of 0 can be obtained with reasonable accuracy by  the author's 
more general equations (see equation (1)). The field is then filled in by  relaxation on the exact 
differential equation, and values of 0 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 I 

M a t T z e m a t i c a l  TTzeory 

1. Two Methods of Design in Incompressible Flow.--We shM1 first consider the case of zero 
incidence. Suppose that  w = ¢ + iv, where ~ and ~ 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  0, i.e., in Fig. 1, from A to B, 
a distance of 4a. If L ~ log (U/q), q and U being the local and undisturbed stream velocities 
respectively, and if 0 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 + iO satisfies Laplace's 
equation. If L on the aerofoil surface, for zero circulation, IS given as a function ~*, where 
~* ~ cos- l (--  ¢*/2a), then it has been shown that  (Woods 2, 1950) 

where 

f(~' Y) = 2~ L(y*') coth 1(i7" -- iy -- ~) d~,*, 

w = ¢ -}- i~0 = -- 2a cosh (v + iy), 

(1) 

(9.) 

and the star distinguishes the integrated variable. Ill terms of these elliptic co-ordinates, 
(~, y), it follows from (2) tha t  the aerofoil surface is defined by 

= 0, when ~ = --2acosy . . . . . . . . . . . . .  (3) 

We shMl take the L.E. and T.E. to be at y = 0 and y = ~ respectively. 
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I n t e g r a t i n g  (1) by  par t s  we have  

f(~, r) = L(y ~') d[log s inh ½(iv* --  i~, - -  ~)] 

_-- _ _ i  L ( y * ) d  log s inh = c°s~ ½()'* - -  Y) + sin= ½(Y* --  y) cosh= 

- -  i t an  -1 co th  ~ 7 ) ]  ff t an  ½(r* - -  

Tak ing  the  l imi t  as ~ --+ - -  0, we have  

L(~,) + i0(~,)= f 
~ 

i L ( r* )  d[log sin ½(r* - -  ~)] 
;N 

1 l im L(y*)  d t an  - l c o t h  ~ ~ t an  ½(y* --  ~) 
~7 --'--~ --0 ?*=--~ 

Now the  func t ion  l im tan_  1 co th  2 t an  ½(~,* - -  ),) is a s tep func t ion  wi th  
* 7 - - +  - -0  

a d i scon t inu i ty  

of - -  ~ at  ),* = 7. E v a l u a t i n g  the  Stiel t jes  integral ,  we therefore  have  

L(),) + iO(r) = i L(~,*) d[log sin ~(~'* ~)] + L(V) 
2g 

Thus  on the  aerofoil  surface equa t ion  (1) reduces  to 

0(y) = 2~ L(>,*) cot ½(r* - -  y) d~,* . .  . . . . . . . .  (4) 
d --7~ 

This special  case of equa t ion  (1) was der ived  by  ano the r  m e t h o d  by  Lighth i lP  (1945), and  is t h e  
basis of his m e t h o d  of aerofoil  design. 

I t  has been  shown t h a t  (Woods' ,  1950), on the  J o u k o w s k i  Hypothes i s ,  at  an  absolu te  angle of 
inc idence  c~, the  ve loc i ty  (q', 0') at (~, y) is r e la ted  to the  zero c i rcula t ion veloci ty,  (q, 0), by  

- e -i°' = cos c~ + i sin e co th  -~(~ + i~,) e -i° 
U 

s inh ½(~ + i), + 2ic~) q e_~0 
= s inh ½(~ + iv) ~r . . . . . . . . . . . .  (5) 

Tak ing  loga r i thms  we find 

s inh ½(~ + i~, + 2i~) 
/ '  = f - ~og - ; i ~  ~(~ + #) 
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which on the  aerofoil surface, ~ ---- O, becomes 

L '  = L - 
sin -~7 

(7) 

If this result is used in equat ion  (4) we find the otherwise obvious result 

0 = -- 2--~ L' c o t  ½(~* - -  7) dT* + ~ • 

Of course in design problems q', 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 q'(s), we can deduce ¢(7) 
wi thout  much  difficulty. 

W h e n  0 has been calculated from (4) the profile co-ordinates follow from 

cos 0 cos 0 sin 7 d7 
x = - -  de = "2a 

_~ q q 

f f'sinOsin,d, s in0  de = 2a 
Y =  q q 

- - 2 a  0 

(8) 

An alternative,  but  inferior me thod  of design, is as follows. The author  has shown tha t  
(Woods ~, 1950), if z = x + @, then  x -- ¢/U, and y -- ~/U are conjugate harmonic  functions 
and corresponding to equat ion (1) there is 

z(~, 7) --  U 2~ x --  coth 1(~ + i~ --  i7*) dT* 

On the  aerofoil surface this becomes 

1 f~ ( _ ; ) co t { (7  _7,.)d7, y(7)  = G ~ x 

b u t f r o m e q u a t i o n ( 8 ) , x - - 4 - = 2 a f i ( C q O  1 )  sin ~,* d),* 
U 

hence 

~ ~7 s in~*dT* cot d~ (9) 

This equat ion  has the  d isadvantage  of being an integral  equat ion requiring an i terat ive me thod  
of solution. 

In  the  following sections we shall develop a me thod  of applying equat ion (4) to aerofoil design 
which differs in detail  from, and has some advantages  over the  me thod  of Ref. 1. These details 
will also shor ten the  explanat ion of the  compressible flow design technique.  



2. Conditions to be Satisfied by the Specified Velocity Distr ibut ion.--Integrating equation 
(4) by parts we have 

0(7) 1 log sin ½(y* 7) dL(7*') 

and then dividing L(7) into symmetrical and antisymmetrical parts defined by 

L,---- ½{L(y) + L ( - - 7 ) }  , L o =  ½{L(7) - - L ( - - 7 ) }  . . . . .  (10) 
we find that  

0 ( ± 7 )  = 4-1 . sin ½ ( 7 " - - 7 )  dL/7.,) 
log sTn ½(7* + 7) 

~,*=0 

+~1 logsin 1(7 * -- 7)sin ½(7" + Y) dL~(7*) . . . .  . . .  (11) 
7*=0 

Note that  dL, is the derivative of the symmetric pa r t - -no t  the symmetric part  of the derivative, 
and similarly for dL~. From equation (7) it follows that  

L s = L ' , +  ½1ogsin(½7 + ~)sin(½7 -- c¢) " log sin½7 , "~ 

and _ ~) t sin (½7 + c~) ... (12) 
L~---- L~' + {-lOgs~-n (½7 

One advantage of dividing L into symmetrical and an tisymmetrical 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 
7 = 0 and 7 = ~, L~ will be bounded--in fact zero--a t  these points, and it is only necessary 
to consider the infinities in L,. 

Pu t t ing~  = -- oo ( i . e . , z =  w---- oo) in (1) we find 

1 • ) = log U~j io 0 , 5(7 dT* + = 

but since 0oo = 0, qo~ = U, then f .  = 0, 

i.e., L must satisfy f i ~  L(7*)dT* = 0 . 

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

f lL~(7)  d7 = 0  . . . . . . . . . . . . . . . . . . .  (13) 

Equation (13) is the condition that  the velocity at infinity is equal to U. 

Now dz/dw = CO~q, i.e., the z- and w-planes are related by 
¢0 

z =  - - d w  = U ef dw . . . . . . . . . . . . . . .  (14) 
q 

Closure of the profile in the z-plane requires that  

; el dw = O, 

where the integral is taken around any contour enclosing the profile. 
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Thus dp (1 + f + ½f2 + . . .  ) dw O ,  

but  f = 0 at  w = oo, and so from Cauchy 's  theorem of residues f mus t  be of the  form 
L /  

A+B_'+ 
f ~ W 2  W 3 " . . , 

i . e . ,  no ' 1 / w  ' te rm in the expansion.  The closure condit ion is therefore equ iva len t  to 

~f~w = 0 . . . . . . . . . . . . . . . . . . .  (is) 

f s i n h  + iv) d(n + iv) = 0,  

which on the aerofoil surface yields 

(r) sin r dr = 0 (r) sin r dr = 0 . . . . . . . . . . . . . . .  (16) 

W i t h  the  aid of equat ion (4) 

0(r) s i n r  dr = (r*) cot { ( r - - r * )  d r* s in  r d r ,  

0 = t  "'" L ( r * ) c o s y * d r *  . . . . . . . . . . . . . . .  (17) i . e . ,  

J -  

Equa t ions  (16) and (17) can be generalized, wi th  the aid of (7), to 

f '* L ' ( r )  s i n  dr + x s i n 2 ~ = 0  r 

and O~ 

j L '(r)  cos t  dr + 2~s in  ~ ~ = 0.  

We notice from (12) t ha t  since L~ = 0 a t  r = 0 ,  x, t h e n L ~ '  = 0, at r = 0 ,  x. Thus  using 
equat ion (10) and in tegra t ing  by  par ts  we can write the  first of these equations as 

sin 2~ = --  L ~ ' ( r )  sin r d r ,  

0 

i,e., 

sin 2~ = _ 2_ cos r d L ~ ' ( r )  . . . . . . .  • . . .  . .  . .  (18) 
~ / = 0  

Similar ly equat ion (17) yields 

f ~ sin dLs(r) = 0 (19) r 
~=0 

Equat ions  (13) and (19) mus t  be satisfied by  Ls, while equat ion (18) can b e regarded as defining 
e, which clearly depends very  largely on the an t i symmetr ic  par t  of the  distr ibution.  L~(r) 

• (or L j ( r ) )  mus t  be specified in at  least a two-parameter  form so tha t  (13) and (19) can be satisfied, 
and so if we desire to control, say, n other  features, s u c h  as the leading-edge radius, the  trail ing- 
edge angle, etc., L,(r) mus t  be specified in a n + 2 parameter  form. From (13) however, we see 
tha t  one of these parameters  need be merely  an addit ive constant ,  which will have no effect on 
0 (equation (11)), the nose radius (equation (34)), or equation (19). 
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• The Effect on Veloc#y D~strzbutzon of a Modification to Aerofoil S h a p e . - - I t  is convenient  
at  this  stage to outline the au thor  s method ~ of calculat ing the flow about  a given aerofoil. The 
conjugate  equat ion to (1) is (merely in terchange L and iO in the integral) 

f" f(~, )') = ~  0()'*) coth ½(i)"*-- i)" --~1) dr* ,  

or in tegra t ing  by  parts,  

f(v, r) = --  - log sinh ½(i)"*-- i)" --~)  dO()'*). 
. ) 7 *  = --~z 

On the aerofoil surface v = 0, and so 

L()') = - - -  log sin ½()'*"- r)dO()"*) . . . . . . . . . . .  (20) 
' - / 7 *  = --~z 

i f  0 is divided into symmetr ica l  and an t i symmetr ica l  par ts  defined by  

o&) = ½{o(r) + o ( - ) ' ) } ,  oa(r) = ½ { o ( ) ' ) - o ( - ) ' ) } ,  

then  (20) can be wri t ten  

L ( ~ ) ' )  ± 1  . sin ½(y*--) ') dO,()'*). = 

~ ' * = 0  

- - -  log sin ½( r*- - r )  sin l ( r *  + ~) dG()'*) . . . . . . .  (21) 
d 2 ~ *  = 0 

If there is a simple d iscont inui ty  in 0 of r, at  )'* = ~, viz., a T.E. angle of 2~, then from (21) 
this  jump in 0 contr ibutes - - (2 , /~)  log cos 1)' to L ( +  )'). Similarly a d iscont inui ty  of ½~ at  the  
L.E. (a rounded nose) contr ibutes  - - l o g  sin ½r to L ( +  )'). These results will be used in the  
next  section. 

Suppose now tha t  we have designed an aerofoil to give a certain velocity distr ibution,  and 
have found tha t  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 veloci ty 
dis t r ibut ion of modifying the shape to el iminate the undesirable feature. Equa t ion  (21) enables 
this  to be done• In the  actual  computa t ion  we proceed as follows. 

When  0 is continuous,  dO -= (dO~dr) d)', otherwise at sharp corners there are simple discon- 
t inuit ies  in 0, say  A 0. We subdivide the range (0, r) into (r2,)', . . . .  )'~. • • r,;-1, )'~), where 
)'2 = 0, r,, = ~, such tha t  we can assume, wi th  negligible error t ha t  dO~dr is constant  in each 
interval ,  say equal to (dO/d)')~ in the  in terval  (y~,)'~+1). Equa t ion  (21) then becomes 

j . 

+ \ d r / , ] ~ ,  log sin - - 2 

1 2 [  ± A 0 ~ l ° g s i n  ½()'g- r~) ] 
- -  2~ sin½()'j + )'~) + A O~;log sin ½()';--r~) sin ½fly + w) , (22) 

where the discontinuit ies in 0 occur at )'j. In  the case of a symmetr ica l  aerofoil O~ = O, and O~ = O. 



1~ ~ 
If I (x )  --~ - - -  log sin ½t dr, which has been tabula ted  5 then 

and 

- - -  log sin ½(~,* + yk) d~* = I() ,* --y~) - -  I(r* + y,o)| , 

:r,,+, . [ 
- - -  l o g s i n { ( y * - - ) , k ) s i n ½ ( y * +  yk) dr*  = I() ,* --y~,) + i ( r *  + y~) • 

We shall write the discontinuities in 0 at the T.E. (), = z) and L.E. (), = 0) as *b and r~ respec- 
tively. If matrices A, B, C and D are defined by 

A ~ 
1 ~n+~ sin ½(~,*--~,~) 

i , k = 2 , 3 , . . . n  --I 

} f  Vi+l ----.--- logsin½(Y*--yk) s in½(Y*+y~)d~*,  i , k =  2 , 3 , . . . n  --  1 

= __ 2 log sin ½rk, i = 1, k = 2 , 3 , . . . n - - 1  

Bik = ---2log cos ½yk, 

' 2 1 ~+~ = - log sin ½~* d~*, 
~'*gJV i 

2 fu/+l log cos ½y* dy*, 

i = n , k = 2 , 3 , . . . n - - 1  

= 2 , 3 . . . n - - l , k =  1 

i : 2 , 3 , . . . n - - l , k = n  

c, 
7J a 

Tb 

i = 2 , 3 , . . . n  - - 1  

i = 1  

D~ 
i/  dO ~'~ = 2 , 3 , . . . n  - - 1 ,  

then  (22) ~:an be wri t ten  concisely as 

'* n - -  i 

L(--F ~,~) = E C~B~ -4- E D~A~k, 
i=l i=2 

k = 2 , 3 , . . . n  - - 1 ,  (23) 



in which, to save space, it has been assumed tha t  the only discontinuit ies in 0 are at  the T.E. 
and L.E. If any  other  discontinuit ies exist their  effects can easily be calculated from (22). 

One small  modification needs to be made to the  above scheme, a modification which is real ly 
more impor tan t  in the  case of aerofoil design. Clearly dO=~@ = 0 at )' = 0, and so instead of 
assuming (dOJd~,)2 to be a constant ,  it is be t ter  to write (dO=~@) in the  form A sin )' in the in terval  
(0, 4) where 4 is the  value of )' at  the end of the first interval .  (We choose A sin )' as dO=/d)" is 
an an t i symmetr ica l  funct ion vanishing at  )' = 0.) If then  w e  redefine D= = A sin ½4 

and A=~ = - - - -  
y . sin½(~,* --)'~) 1 sin * . . . . .  - 

~sin½4 o )' l ° g s i n ½ ( ) " * + ) ' k ) @ *  

( sin ½()'~ -- 2) } 
_ 1 2 sin ½()'~ + 4) sin ½()'k --  2) log sin 1()'~ + 4) + 4 sin )'k 

sin ½2 

(23) remains unchanged  in form. 

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

There are equat ions which must  be satisfied by  (dO~,/@), (dOs~d)'), "~ and zb which are equivalent  
to the  closure condit ions (18) and (19) of the  previous section. F rom (16) and the conjugate  
of (17) t hey  are 

L 0 ; ( ) ' ) s in ) '@ = 0 and 0()') co s ) '@ = 0.  

In  addi t ion f = ( )  
do) ,  = 0 ,  

expresses the  obvious requirement  tha t  0 be cyclic. 
0 into symmetr ic  and an t i symmet r ic  par ts  results i n  

In tegra t ion  by  parts,  and a separat ion of 

cos )' dO, )' = sin) '  dO= )' = dO ,~ )" =- 0 ,  

and ignoring all except the T.E. and L.E. discontinuit ies in 0 

and 

+ o 

jok= + ,o + ,o = o 

, it follows that 

4 Q (24) 
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Now a given closed aerofoil does satisfy these exactly, but  if the given aerofoil is replaced by an 
approximating one, for which (dO/d?,)~ is constant in the i " interval, then instead of (24) the 
equations . - : /dO X 

E (~--~) Esin ?'], q- r~ - rb = 0 

TKd°A . . . .  (25) 

d ?" d ?, 

and so 

dL,, dL', 

L , . =  L% + ½log 

From (12) [ 
sin(½?' -- o~)sin(}Ysin,(½?,) q- o~) q- lJ~I  

log sin 17, 0 ~ ?, ~ 
sin ½~' 

0 A~<y~<~--~ 
cos }?' 

o g ~ , = - - ~  ~<~ ~<=,  

. .  (27) 

+ ~Icbt (½?, + ~) + cot (½?, -- 00 -- 2 cot ½?,} 

11 

I ½cot½?,,0~<?' ~ 
+ 0 ,~ <?' ~<~_, (28) 

--L tan ½?', ~ - -~  ~< ?, ~< ~ . 

,,-1ADO \ 
~; ( T  ~) [cos?']; = O, 

where [X]~ is the jump in X in the i" interval, must be satisfied exactly. This is ensured by 
using the first two equations to define ~ and r~, completely ignoring the actual values of these 
angles. The last equation can be satisfied simply by adjusting the value of (dOdd?,)~. 

Of course 0 is not given as a function of ?, 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 0. In the design problem the result of the calculation will be 0 as a function of ?,, and 
if over any interval (?',, ?'~) say, the shape is undesirable, we can modify it by  changing 0 to 
0 + O. We can then calculate the modification to log U/q by using 0 (which we have as a 
function of ?') in equation (23), ensuring beforehand that  equations (25) are satisfied. An 
example of this calculation appears in section 13. 

4. Calculation of the Aerofoil Prof i le . - -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 q'(?,) (see Appendix I), then calculate L / a n d  L/ .  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~ ~-~ -- (2T/~)log COS ½~' at the T.E. and 
L, ~-~ -- log sin ½7, at the L.E. Consequently the auxiliary function defined by 

{ ~  log <sin }?,/sin {g), 0 ~< ?, ~< 

L,,, = L ,  + 0 ,.,!. <~ ?, <~ ~ - -  e . . . . . .  (26) 

log (cos }?'/sin }8), a -- 8 ~< ?, ~< a, 

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



In the special case of a symmetr ical  aerofoil L~ 

and 

= 0, i.e., from (12) 

~. sin(½r + ~) 
L'~ = - - ~ l o g ~ ( ½ r  - - ~ ) '  and so 

L', ~ L '  -- L'~ = L'  + 41ogSin ({y q- o~) 
sin ({r -- ~) '  

L,,, = L'  + log sin (}y + ~) 
sin ½~, 

9 (28) become when (..7) and 

log s in [y  0 ~< ~, ~<.Z l sin ½,t ' 
__2~:. cos ly  

l o g ~ , a  - - e  ~< y ~< a, 
7C 5111 ~ 8  

dr -- & + ½- cot({r + ~) --cot½r I~ cot½y , 0  ~< y ~<,l 

-/  ,~ ~ < y ~ < ~ - - e  

Differentiat ing (26) and subst i tut ing the result in (11) we find 

0(k r~) = +{J(Z, 

where 

y~) _ 2r= 0r(e ' = _ yk)} log sinsin ½(~,*- ½()'* q--- Yk)Yk)dL,,,(r*') 

+ 1_ logsin ½(y* -- yk) sin ½(7* + y~) dL~(~,*) 
y*=0 

~*=0 

l f i "  s i n l ( y * - - Y )  c o t ½ y * d r * .  J(x,y)___ 2= t°gs~n½(r* + y )  

This integral  is readily evaluated and is discussed in Appendix II. 
integration just  as for the conjugate equation we find corresponding to (23) the equation 

{ ,-1 } ,_1 1 sin 1 
O(± y~) = 4- G~(~) - -  E E~Aik - -  X FiB~k ~ - X Ak,,,~ log ~(YJ -- ~'~) 

~=:2 ~='~ :~ j sin ½(Yi q- Y~) 

+ ; ~ 1  d L ~ l o g s i n ½ ( r i - - r k ) s i n ½ ( r ~ + r k ) ,  k =  1 , 2 , . . n  , 

or 0(~: y~) = :k O: ± 0,,, + 0~, say . . . . . . . . . . . . . . .  

where G~(~) = J(z, yk) _2_~ J (e ,=  -y~)  = o:, k = 1, 2, . . . n 
arc 

Z 
E2 = A sin ½Z, 

,,,dr J, 

i = 3 , .  . . . .  n - - 1  

i = 2 , 3 , . . . n - - 1 ,  

(29) 

(30) 

Subdividing the range of 

(31) 
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and AL,,,j and AL~j are jumps in L,~ and L~ at y = 7j. Of course if a jump occurs in the  i a' range, 
then (dL/d),)~ is the slope calculated after the jump has been removed. I t  will be noticed from 
the form of E= tha t  we have assumed dL,,,/d~, to be equal to A sin y in the first interval  (0, ~). 
The significance of this will be made  clear in the next  section. 

5. The Nose Radius of Curvat**re.--If R is the radius of curvature  at any point, and p is 
the semi-perimeter  (very nearly equal to the chord for convent ional  aerofoils), then  

p do dO dy d4, pq do 
R -- p d s  = p dr d$ ds -- 2a sin r dy '  

and so from the first equat ion of section 2 

( ) ( ) I  p 1 p U  q cot ½(y*-- r) dL(r*). R-;~ ~ Vgnr 
If we denote  L,. at y = 0 by  h, then  from (26) 

(32) 

l im q - - l i m  e-%, sin I r 1 
. _ _  . 

~---,o U sin y s--+0 sin ½,~ sin r 2e t' sin {7, 
(33) 

Thus the nose radius of curvature  is given by  

p l (pu)  e-" 
R,,--7~ 4 a  2sin½~ 

~*= _ c o t  ½r* dL(~*) 

1 pU e -I' 
= ~ ~ sin ½~ cot ½~* dL,(y*), i.e., using (26) 

7 ~ * = 0  

? * = 0  

In the previous section we wrote dL,,/dr in the form A sin y in the neighbourhood of r = 0. 
We shall now find an approximate  relation between Rn and the constant  A. If 

dLs 
dr 

-- A sin ~ -- ½ cot { r ,  O~<r~<~ 

= 0  , 8 ~ < y ~ < ~ ,  

where $ is a small angle greater  than  or equal to ;t, then  from (26) 

f 
A s i n r  , 0~<y~<Z } 

dL,, A sin 7' ½ cot ½y ,1 < r < 
dy = -- ' " 

0 , d ~ < y ~ < ~  

Subst i tut ion of these values in (34) yields 

P 
n 

Rn 
~ \ V ~ / ~ c o t ~  + ~ + A(~ + sin~/+-- . 

13 
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Therefore R-~ -"-~k, .  4 a / / 2 a  (1 + Aa~) ,  

since a, ~ and ,~/~ are small, but  A m a y  be a relat ively large number .  In tegra t ing  the equat ion 
for dL,/d), we find L s -  A c o s 7 -  log sin½~ + constant ,  0 <~ ~ <~ a. The constant  
follows from (26), and the result, L,~ = h at ), = 0. I t  is found tha t  

L, = A (1 - -  cos ~,) + h + l o g S i n ½ 2  0~<~  ~<a 
sin ½~ ' 

sin½Z a ~<), ~< u .  
= A (1 --  cos a) + h + log sin ½~ ' 

Subs t i tu t ing  this  in (13) and ignoring a te rm 0(d ") we find 

and hence 

e -~ =~;~exp ½Aa ~ + ~ _ - -  ~ . e x p  (½Aa ~) 1 + -"- ~ exp (½Aa 2) 

R - ~ - - ~ , , 4 a f i  ~ -  ( l + A a  2) 

i.e.j 
where z = ½Aa ~. 

p 4 ( p U ) (  1 ~ - "  ~a-~ e~ + 2x), . . . . . .  (36) 

For  given values of a and p/R,, this approximate  equation yields a value of A to use in (35). 
pU/4a can be t aken  to have some value sl ight ly less than  un i ty  at  first (see equat ion (38)). An 
example  of the  applicat ion (36) is given below in section 11. 

Since ds -- de _ 2a sin ~ @ 
q q 

then 

i.e., p u  e u 
4a - -  ~} + q(--~,~) 

0 

sin ~, d~, . . . . . . . . . . . . .  (37) 

For  th in  aerofoils 

U U 

q(:'i + 
- -  e L(~/-f- e L(-~I -"- 2{1  -p- L , (y ) }  , 

and so f~ pU -.._ 1 + ½ L,(~,) sin ~, d? 
4a 0 

(3s) 
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6. A Method of Modifying a Give~ Distributio~ to Yield a Closed Aerofoil.--Substituting 
(26) in (19) and  (13) we find tha t  L,, mus t  satisfy 

[ " sin y dL,~(r) = ½(~ + sin a) --  ~- (e + sin e) = P,  say, . .  . .  

,J ~ , = 0  a 

and  

fl L,,d), = - -  I(X) + I(e) - - Z l o g s i n ½ X - - 2 * e l o g s i n ½ e  = Q, say, 

(39) 

(40) 

where  I(x) ~ - -  - I  log sin ½t dt. 
~Jo 

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

L,,, 

- C(cos,:, + c o s  r) i 
= L , ~ +  0 

B(cos ~ --  cos r ) ,  

such t ha t  L,,, satisfies (39) and  (40), then  L,, is una l te red  in d ~< ~ ~< ~ --  e, and  further,  if 

L, , is  cont inuous  in 0 ~< y ~ =, so is L,,. Equa t ions  (39) and  (40) become 

i.e., 

L,,,dy + B(d cosd --  s in~)- -C(G cos~ - - ' s in~)  = Q, 

0 

B(d cos d --  sin d) --  C(~ cos ~ --  sin ~) = Q +  r dL,,,(r) --  aL,~(r) , (41) 
V = 0  

and  ½B(d --  ½ sin 2d) + ½C(~ --  ½ sin 2~) = P --  sin y dL,,,(),), 
d V = 0  

(42) 

respectively.  
b y  

These s imul taneous  equat ions  are solved for B and  C, and  then  dL,,,/d7 is replaced 

dL., d-L., 
dr dr  

f C sin r ,  

f : . ,  

L B  sin y, O ~ d  

(43) 

The smaller ~ and  ~ are, the  larger will B and C become in magni tude ,  bu t  the  need to avoid 
adverse  pressure gradients  near  the  nose imposes an upper  l imit  to the value of B, i.e., a lower 
l imit  to the values of ~ and  d. In  equat ion  (41) L,,(=) is ob ta ined  from 

S 
~ 

L,~(~) = L~,(~*) + dL,,,(~), . . . . . . . . . . . .  (44) 
? = y *  

w h e r e ~  ~< 7" ~< = - - ° ,  
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I t  is also necessary tha t  the  an t i symmet r ic  par t  of L' satisfies 

f '~ dL'~. 
2 ~- sin 2c~ + cos ~ ~ @ = 0 

Suppose tha t  d'~/dL~, does not  sat isfy this  equation,  but  tha t  

dL'~ dL'~ 
d), d~, 

f R, O <<. ), <~ X } 

I..O,a <~ ~, <<. ~ 

does, then in tegra t ing  from ~ = 0, at  which L'~, = L'~ = O, to ), = d, we have 

(18 bis.) 

. .  ( 4 5 )  

= + Rx + - z )  ; 

hence L ' ~ ,  ~ ~< ~ ~< ~, will be unal tered  if R = - -  S ( ~  - -  ~)/~. 
(18) will be satisfied if S is calculated from 

Using (45) we find tha t  equat ion 

( ) f  S 0s inX sind ---- c o s ~ , @  i ] d ) , + { ~ s i n 2 ~ ¢  (46) 
] ~  • 0 " ° ° ° ° 

If  we assume, as in section 4, tha t  dL,~/dy and dLd@ are cons tant  over small  intervals,  
and t ha t  dL,~/dy = A sin y in the first in terval  (0, ~), where a is small, then  (41), (42) and (46) 
can be wri t ten  as 

• A .  
B(~ cos ~ --  sin d) -- C(~ cos ~ -- sin ~) = Q + -~- + ,=~ ~, d), 1 ]  [½r~] ' -  ~L~(=) , . .  (47) 

, - 1 (  "~ 
½B(d -- ½ ~in 2~) + {C(z --  ½ sin 2~) = P AXa E dL,,, [ - -  cos y], . . . . .  (48) 

and 

S (  d s i n x  sin ~ )  = ~ sin 2~ + ~ ' ( d L ' , " ~  [sin y], . . . .  (49) 

respectively. Similarly equat ion (34) can be writ ten.  

+ A(~ + sink) + E (dLm 21ogs in  . . .  (50) 
p 1 

R ~ 4~a sin½----Z c o t ½ X + ½ X + ~ -  ,=3 k,, d~, / /  , 

For  the  par t icular  subdivision of (0, ~) used in Tables 2, and  3, Table 1 sets out the  values of 
[cosr~ ,  1 ~ o [~71~, [2 log sin and [sinrl~. In  this case X = 6 ,  s = 10 ° , and so P and Q are 
given by  

and 

P = 0.1046 - - 0 . 1 7 4 1 ~ . ~ - ) ,  . . . . . . . . . . . .  (51) 

I Q 0.1047 -+- 0 .1744  = - • . . . . . . . . .  ( 5 2 )  

, 1 6  



7. Equations for Design in Compressible Flow.--The exact equat ions ~ 

OL D o DL DO (1 --  M 2) ---- O, + - -  = 0 
Dn Ks Ks Dn ' 

where n is distance measured normal  to a s t reamline 
s is distance measured along a streamline 

and M is the  local Mach number ,  
when t ransformed to the  ($, ~o)-plane defined by 

d¢ = q d s ,  d~ -----~qdn, 
po 

in which p and po are the  local and s tagnat ion densities respectively, become 

DL DO p OL 
aO P ° ( 1 - - M ~ ) ~ = O  ~ - ~ -  - - 0  
D~ ~p ' Po ~ " 

The (6, ~o)-plane in t roduced here is the  compressible flow plane for zero circulation. 
ables $, ~0, of the  previous sections will be dist inguished by  a suffix i in the  sequence. 

If, following von K~rm~n 3 (1941), we write 

and 

p0 (1 M2) ~/2 ( 1  + 
m - - - - - - -  - -  - - - -  - -  

p 

--  1 "k 1/(v-1) 
2 M 2 )  

. .  (53) 

.. (54) 

The vari- 

. .  (55) 

(1 --M~) 1/2 , .. . .  (56) 

where 7 here is the  ratio of the  specific heats,  equat ions (54) becomes 

O0 Dr DO '1 Dr (57) 
o + o ' m D~o 

Since from equat ion (56) 

m =  1 ~ + 1M~ + O(M8 ) 
8 

then  + l (M 4 _ M4 ) + O(Mo6 _ M 6) m -- moo -- 8 

and so for subsonic flow about  aerofoils of modera te  thickness/chord ratio it is sufficiently 
accurate to write ( )1/(~,-1) 

m-~-moo~--- 1 + y - I M < o "  (1 --M~") 1/2 . . . .  (58) ~ . , . . 

an approximat ion first in t roduced by  von K~rmdm 3. 

17 
g 



Using this approximat ion in (57)we have .  

~0 ~r ~0 a r  
O(m~o) = ~-~ ; ~-~ = - -  0(m~--~ . . . . . . . .  . . . . . . .  (59) 

From these Cauchy-Riemann equations we conclude tha t  g ~ -  r + iO, is an analytic function Of 
w ~ ~ + imo~o. Using dashes to denote  values applying to a non-zero circulation, and un- 
dashed symbols for zero-circulation values, we have t h u s  proved 

g'  = . . . . . . . . . . . . . . . . . .  ( 60 )  

a part icular  case of which is g = g(w). 

We note here tha t  if equat ion (58) is regarded as being exact for some imaginary  gas, this 
gas proves to be a ' t a n g e n t '  gas, tha t  is a gas whose (p, 1/p)-curve is a straight line tangent ia l  
to the (p, 1/p)-curve of an ideal gas. The point  of tangency is (Poo, 1/p~o). At this stage we 
have a choice between (a) taking (58) as an approximat ion and using the  exact relations for an 
ideal gas between/5,  p, M and q, and (b) developing an exact theory for the tangent  gas defined 
by  (58). In  other  words we have to choose between an approximate  theory  for an ' e x a c t '  
.gas, and an exact theory  for an ' a p p r o x i m a t i n g '  gas. In this paper  we choose the former ;  
m Ref. 4, which dea ls  with aerofoil design with mixed boundary  conditions, the lat ter  point  
of view was adopted.  There is probably little to choose between them. 

Using the exact adiabatic relation between q and #, and taking r = 1.4, we can integrate 
equat ion (55) to find 

1 - #  ' "" 
r =  log ~ / 6 - - f l  ~ / 6 + # ~ o  + ½ l o g  1 - - # o ~ ! + - # .  . .  (61) 

in which the constant  of in t eg ra t ion  has been selected so tha t  r = 0 when q = U. Thus we 
can deduce a relation . 

r = r(q/U) , . . . . . . . . . . . . . . . . . .  (62) 

a l though it is much  easier to obtain this by numer ica l in t eg ra t ion  of equat ion (55) (see Table 6). 

(a). The Case of Zero Circulation.--Corresponding to e q u a t i o n  (2) we now define elliptic 
co-ordinates by  

w = $ + i m ~  ----- --  2a cosh (7 -q- i),) . . . . . . . . . . .  (63)  

In  this (7 + /),)-plane the differential equat ion and boundary  condi t ions  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 o f f  to compressible f low--and  hence corresponding to equat ion (1) we have 

1 . )  
g(~l,r) = ~  r(~ coth½(i~* ~ i : - - ~ ) d ~ * .  • . . . . . . .  (64) 

On the  aerof0il surface, V = 0, and (64) reduces to 

o ( r )  - -  c o t  . . . . . . . .  ( 6 s )  

W h e n  0 has been calculated from (65), equations (8), which in vir tue of (53) are stiU applicable, 
yield the  profile co-ordinates, . . " - 

18 



(b) Non-zero Circuia#on. F r o m  dz' " dx +:' id3i  : - :  e~0 ds, dz i e!O dn, and equations (53) it 
is found tha t  : - :  :-:: - = == 

dz = -  de + dw . . . . .  
q p 

Unlike t h e  case of incompressible flow (@ 

- . .  "j 

7 ' ' - " 

equat ion (14)), the r igh t -hand  side of (66) is 
not  an ana ly t i  c funct ion of w: i.e., z is not  an analy t ic  funct ion of w. In  :incompressible flow 
W ~ ± w'(z), and z = z(w) = z(~ + i~,), from (63). H e n c e  w' =W' (~  + i~). W e  can thus  wri te  
f '  = f ( ~  + i 7 ) + d ( ~ ,  ~ + i ~ ) ,  where $ is the  increment  due to incidence. For  compressible 
flow, however, this  a rgument  cannot  be applied, and so we cannot  separate  out the effects of 
incidence so convenient ly.  

However  for small values of ~ the w- and w'-planes are almost  coincident. Approx imat ing  
in the  posit ion of the solution g', we can write g ' -" -g ' (w)  = g'(~ + iy), and hence for small  
values of c~ 

. . . . . . .  . ~g' =g(~ +i~,)% ~(e,~ + $~). ..... . . . . . . . . . . . .  (67) 

Equa t ion  (67) is an approximat ion,  exact ly  true in either of the  l imits c~--+ 0, or M~ --+ 0. I t  
neglects  the  second-order effects of ~ on= the mapping  from w '  to ~ + iv. I t  is an adequate  
approximat ion  over the range of ~ for which it is legi t imate to l inear ly superimpose the effects 
of thickness and incidence. This  is sufficient for prac t ica l  purposes, as high-speed aerofoils 
operate  over fairly small  incidence ranges. 

The increment  d in (67) satisfies the. s ame  bounda ry  condit ions as ~ for incompressible flow 
(_flow direction regersed:.01~er - 2~ ~ ~ ~< 0), and the!efore f rom (6) we conclude t ha t  

sinh ½(~ + i~, + 2i~) 
g' = g --  log s i ~  ½(~ + i~,) 

Thus corresponding to equa t ions  (2) a n d  12) we: h a v e  

. sin ½(), + 2c~) . . . .  .~ 
=r'=r--log" s T n l r  ; . . . . . . . . . . . .  

is = r ! s +  ½1ogsin(½r + ~)sin(½~. - -~ )  - -  log sin {~ ., . . . . . . . .  

and 
i ~ = r ' ~ +  ½.log ~) . . . . . . . . . . . . . . .  

respectively. 

The equat ion c o n j u g a t e t  0 (65) is 

1 .) . . . . .  
= (r  c o t  1 ( v *  

If  w e  redefine r to be f(M~ --  1)~/~ d L  in...supers0nic patches,  then  since Moo < 1, i.e.; moo 
is real, equat ion (65) is still val id  on the assumpt ion tha t  (58) holds. This extension of the 
theory  is not  mean t  to prSvide an  accurate method: of dealing w i t h  sui~ers0nic patches,  bu t  it 
permi ts  "a calculation to be carried ou t -even  if-s~perso-nic patches  are present:;  t h e  aerofoil 
shape outside the supersonic pa tch  m a y  still be reasonably  accurate, 
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8. Conditions to be Satisfied by the Compressible Velocity Distribution.--Since we have taken  
r to vanish when q = U, it follows tha t  r .  = - 0 ;  also if 0 is measured from the direction of 
flow at infinity, 0 ~ = 0 .  H e n c e g ~ = 0 .  Now z, w--+ oo as ~ - + - -  ~ ,  and so from (64) it 
follows tha t  

g~ - 2~ f ( r* )  d r * .  

P ~  

. lors(r)dr=O, .-. . . . . . . . . . . . . . . . .  (71) Hence 

is the equat ion corresponding to (13). 

F rom (63) for large w 

ZV 

hence if equat ion (64) is expressed as a power series in exp(~ + i t) ,  and then  t ransformed into 
a power series in (a/w), it  will be found tha t  in the neighbourhood of the point  at  infinity 

= --  - -  re-'~ dr + 0 . . . . .  (72) g :NW . . . . . . .  

Now irom (55) it follows tha t  well away from the aerofoil 
q/U = e - ' / ~ ,  

and hence we see tha t  from the form of g, q/U will be of the form 1 + A/[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), 

r c o s r d r  = 0, s i n r d r  = 0 .  

By just  the same algebra as in section 3 these equat ions can be wri t ten  in the form 

s in  = - 2   o"sin - r d r  , • . . . . . . . . . . . . .  ( 7 3 )  
7t: J .  

and sin r drs(r) = 0 . . . . . . . . . . . . .  . . . . . .  (74) 
y = 0  

I t  should be clear now tha t  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 ~0i into g, r, ¢ 
and m~o respectively. Amongst  the numbered  equations the only exceptions to this rule are 
(9), (14), (34), (36) and (38). Th e  author  has not  found an equat ion corresponding to (9) for 
compressible flow, the in tegra ted  form of equat ion (66) corresponds to equat ion (14), while 
equat ion (38) is approximate  in any case ; its exact form is equat ion (37) which also applies 
to compressible flow. I t  is shown in Appendix  I I I  tha t  

lira q _ exp ( - -  h --  ~aMo~j ~ 
~-+0 U sin r 2 sin ½~ ' 

where h is now defined as the  value of r,~ at r : 0. Thus corresponding to (33) we  have 

p 1 pU e x p ( -  h -- ¼ M® ~) Le + cot {7* dr,,(r*) • (75) 
R ,~- -~  ~ 2sin½A cot½2 7/,½Z + ~ 

d ) , * ~ O  

2O 



equation (50) is similarly modified. Likewise, i f  r~ replaces L~ in (35) then (36) becomes 

p _ 4 e x p ( -  ¼Mo~ ~) p U  e ~ (1 + 2z) . . . . . . . . . .  
- -  ~ 4 a  

(76) 

9. A Simple Approximation for Compressible Flow.--The incompressible flow plane is defined 
by 

d¢~ = q~ ds, d~o~ = qi dn . 

At infinity q~ = q = U, and so from (53) and (56) it follows tha t  at infinity the (~, ~) and 
($, ~)-planes are related by 

_ _  m ~  . . . .  ( 7 7 )  d~ = d~, dv~ = p o &o = - -  d~o . . . . . . . . .  

If we now assume tha t  r = fl ,L and (77) hold throughout the field, and not merely at infinity, 
then (65) can be written 

L(~, 7) + i0(~,7) _ (7*) coth½(iT* -- i~  --~) dT* , . .  . .  . .  . .  . .  (78) 
J ~ o o  , - -  

where -- 2a cosh (,/ + i7) = $, + ifl®~0~ . 

On the aerofoil surface (78) becomes 

0(7) = ~ L(7*) Cot 1(7" --7) @* . . . . . . . . . . .  (79) 
- - J g  

I t  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/3~L. For 
a given velocity distribution over a symmetrical aerofoil at zero'incidence, compressibility (on 
this theory) reduces 0 by  the f ac to r /~ ,  which for thin aerofoils (and this approximate theory 
is only applicable to thin aerofoils) is equivalent to reducing the ordinate y by  the factor $~, 
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 II  

10. Summary of  the Aerofoils Designed.--Five aerofoils have been designed, each one illus- 
t rat ing some feature in the method. Aerofoil I is symmetrical with a ' roof-top' distribution 
at a given angle of incidence, showifig 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 I n  has been designed for the same distribution 
but  at Moo = 0-7. The theory of section 3 has been illustrated on Aerofoil U I  in the modifi- 
cation of the rear part  into a simple wedge. Aerofoils IV and V are asymmetric aerofoils designed 
for Moo = 0.7, the former being designed to have a given distribution over each surface at 
incidence, while the latter is designed so tha t  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 Radius~.-;,-Specification: A symmetr ica l  
roof.top aerofoil, T.E. angle 18 °, Moo = O, CL ~---- 0.-25, c/)?, 2_- 100 z~ 2 per  centl and the roof- 
top extending to about  0.75c. =:, -~., 

Now CL = (8a~ sin ~)/cU (see Ref. 8, section 7.13), and assuming ( u/4 li= o.9, we find 
from this equat ion tha t  if CL = 0.25, c~ ~ 2°6 '. Using this value of ~ we can fill in columns 
2 ando 3 of Table, o, 4. . In  column. 4 we. have• otaken- the value of dL'/d~, as zero in t'he range (12 °, 
120 ) - - t he  12 being arbi t rary,  while 120 has been Selected ~i~ the an t ic ipa t ion  }hat  it will be 
the interval  end nearest  to the given value x = 0.75c for ,the te rmina t ion  of-the roof-top. The 
exact  position of the end of the  flat port ion of the veloci ty dis t r ibut ion Will be known only when 
the design is complete. Since dL'/@ I1/q') (dq'/@), a? p~osi~ive ,value o f  dL'/dT~ imi01.ies 
an adverse pressure gradient  which we wan t  to avoid in (0 °, 120 °) ; :a~art  from this  restr ict ion 
we shall select dL'/@ in (0 °, 12 °) and (120 °, 180 °) so tha t  thespec i f ied  nose radius is achieved 
and  the aerofoil is dosed.  Column 5 follows from columns 2 ; 3  :and 4 (see equat ion (30)), in 
which 2 = 6 °, e = 10 °, and the entries in (120 °, 180 °) are based on the t empora ry  assumption 
t ha t  dL'/@ vanishes in this range also. 

. , , - . -  . _  

I~(iln (36) we take p/R,, = 100, (pU/4a)= 0.9,  d = 12 °, then  l~(p/R,~)~(4a/pU) -"- 3.84 
= + 2Z). Therefore z = 0.58, and so A ~ 2 6 .  Then from (35) we have tha t  26 s i n 3  ° 

: - - - . .  - . " = . - .  : _ ,  . " . , ; l ta~l;wPli?to s 

B = 0 in equat ions (47) and (48), and then calculat ing L,,(a) from 
by putting 

A X  3 n - 1 / ' d L , , ' N  1 2 
= Q + - 5 -  + 3,.  . .  (s0) , ,  ~=3 - -  dy  --~,, " " " . . . . .  

F rom (5i), wi th  ~ = 9 °, we find P ' 0. 0872, and so wi th  ~ 60 ° in (48) we have 

0.3071C 0.0872 A'%~ "-'/ZdZ~"'X 
3 i = a  •' 

W i t h  ,1 = 6 °, A = 26 a n d W i t h  t h e  aid of column 1~ Table 1 we have 

0.3071c = 0.0872,= o.oo99  0.1842;, 
iie.-, C = 0"851 . : 

Thus if we add (see (43)) 0.851 sin y to dI.,,,/dy in (120 °, 180 °) we obtain column 6 which does 
sat isfy  the closure condition. 

Equa t ion  (52) yields Q = - 0.1221, and from (80), in which the sum is evaluated by  mult i -  
p ly ing  column 2, Table 1 into column 6, Tal91 e :4,:we find 

L~(~) = 0.2165. 
• { 

Remember ing  tha t  we have assumed dL~/@ to be constant  in each interval  we can in tegra te  
from ), = a back to ~ = 0 to find L,,,(~,) (column-7), a n d - t h e n u s e  l inear . ih terpola t ion  to. find 
Ls(y) at the  mid-range points  (column 8). Over the  last  in terval  j 

dL,, dy , 
dy = A  s i n y @ - ~ - ½ A 2  ~ . . . . . .  

i.e., a , . ( 0  °) --= z o 
= , , ( 6 ) - - ~ A 2 2  • L s ( 3 ° ) f o l l o w s  f r o m  (26)  , i .e.,  

L, (3° )  = L , , (0° )  @ ~ A,~2 + l o g  sign ½~l 0 . 1 8 1 6  + 0 . 0 3 5 6  + - 0 . 6 9 3 2  0 . 9 1 0 4 .  
s i n  }2  - 7  = , 

. . . .  " , ::i ::. .v. . ,  
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while for L,(175 °) we have  - .  

L:(175 °) = {@,,,(n) -t- L,,,il70°)} + 2~ iog sin ½e 
sin ~e 

1 
= 4(0.2068 + 0.2165) + I-0 × 0.6932 = 0.2810. 

Column I0 follows from columns 1 and 9, the first entry being, 
2 e h sin ½1 = 2 e°'~8 ~6 sin 3 ° = 0" 1255. 

Equa t ion  (37) for a symmet r ica l  aerofoil becomes 

p U  = ½  _ U s i n y d T .  

0 q 

and so using column 10, and  the formulae 
(pU/4a) = 0.9115. 

in tegra t ion  
Equa t ion  (50) becomes 

from equa t ion  

P 
m 

Rn 

(33), 

of Appendix  I V , w e  find t ha t  

It-- i dL m 
0"9115 X 2 19"115@0"2093A + Z 21ogsin , 

column 3, Table  1, gives p/R,~ = 92. 137. If in equat ion  (50) we replace 
h will be replaced by  h - - { A A 6 2  ~- h - -  0.0217AA (0 = 127), the first 

which,  wi th  the  aid of 
A b y A  + A A ,  when  
two entries in column 6 will be altered, and  then  

P --  4"6235 e °'°217An (19.928 -4- 0.435AA 

Therefore A A  -"- 2 . 

= 100 . 

Thus to obtain the requi red  nose radius we should take  28 sir/33 and --  { Cot 4{ ° + 28 sin 9 ° 
= - 1.9730 as the first two entries in column 6. 

However ,  if dL,,,/dy > { cot (4½ ° + g) --  ½ c o t 4 {  ° = --  2.0317, dL' /dy > O, and  an adverse 
gradient  pressure exists. We shall therefore take  A = 29 in (0 °, 6°), and fixthe value of dL,,,/d7 
at 7 = 9° to be --  2.0371 ; this increase in A will p robably  compensate  for the  lower value of 
dL/md7 at 7 = 9 °. Wi th  these values in column 6 and the  rest of the  entries unchanged,  we 
find tha t  now 0.3071C = - - 0 . 0 0 3 8 ;  Therefore C = - - 0 . 0 1 2 4 .  Applying this correct ion 
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 equat ion  (31)) follows from columns 
5 and  6 o f  Table 1, while column 17 follows from column 11 and  Table 2 .  The first en t ry  in 
co lumn 11 is 29 sin 3 ° = 1. 5179 (see paragraph  following equat ion  (23)). Columns 19, 20 and  
22 are obvious, and then equat ion  (8) enables us to fill in columns 21 and 23. The in tegra t ion  
fo rmulae  of Appendix  IV are used a t  this stage. Columns 24 and  25 follow from 21 and 23 on 
division by  ( cU/2a) - - the  last en t ry  of column 23. I t  will be not iced from column 25 tha t  the 
aerofoil fails to ' close ' by  a small  amoun t  (0. 0006), bu t  this is an inevitable consequence of 
our numer ica l  methods.  I t  is e l iminated s imply by  in t roducing  a th in  wedge into the prof i le - -  
and this in t u rn  in t roduces  some slight unce r t a in ty  into the veloci ty  distr ibution.  If we have  
a symmet r i ca l  wedge such tha t  0 has discontinuit ies of ~ at 7 = 0 and --  ~ at 7 = a, then  
from the  compressible flow equat ion  corresponding to (22) we find . . . .  

r ( ±  7) 2~ log tan  ½~ . 
gg 
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For  a wedge of ~ = 0.0006, r ( ~  7 ) -~ -0 .00041og  tan  ½7, which  exceeds un i ty  in the th i rd  
figure after the  decimal  place only outside the range 12' < 7 < 89°48 '. Column 26 sets out  
the ad jus ted  values of (y/c). 

Using equat ion  (50) in which  (pU/4a) is replaced by  (cU/4a I we find tha t  c/R,, = 99.78, 
which  is wi thin  the  specified range for this parameter .  Also CL = (2a sin 2°6')/(cU/4a) = O. 259. 
Finally,  L', and  hence q'/U, follows from column 13, and equat ion  (7). The shape and veloci ty  
dis tr ibut ions for this aerofoil are shown in Fig. 2. 

12. AerofoilII.--Specification" Symmetr ica l ,  T.E.  angle 12 °, c/R,~ -"- 50, q/U vary ing  
l inearly from 1. 1794 at  x/c -"- O. 25 to 1. 0766 at x/c ~ O. 75, Mo~ = 0. 

Thus be tween  60 ° and  120 ° (these values corresponding roughly  to x/c = 0.25 and x/c = 0" 75 / 
we have  

dL 2a sin 7,dL _ ! ( 4 a ' ~  0. 1650 --  0 .0740 
d7 -- pq d7 2klSq/] sin 7 × 0 .5  -"- 0 .0910 sin 7 ,  

the  last step being on the assumpt ion  tha t  

4a____~l. W i t h  p'- = 5 0  ( p U )  /Sq R,, ' 4aa = 0 .9  and d = 12 ° 
\ / 

in equat ion  (36), we find A -"- 11, and so we put  11 sin 3 ° and 11 sin 9 ° --  ½ cot 41° in the first 
two places of co lumn 2, Table 5. The values of d[,,,,/d7 in (60 °, 120 °) are 0.0910 sin 7 ; the  
values in (12 °, 60 °) have  been wr i t t en  down arbitrari ly,  while the values in (120 °, 170 °) are 
115 t an  {7. I t  follows from equat ion  (36) t ha t  near  a d iscont inui ty  in 0 of ~, dL,/d7 ~-~ r/~ tan  ½7, 
and  dLm/d7 = 0 at  = 175 °. For  this aerofoil T/~ = 1/30, and so by  taking dL,,,/d7 = az~ tan  ½7 
ins tead of the  seemingly more  appropr ia te  value -a~ tan  {7, we cause concavities to appear  in 
the  surface near  the  trai l ing edge. We have  in t roduced  these concavities so tha t  we can elimi- 
na te  t hem in the next  section the reby  i l lustrat ing the theory  of section 3. 

At 7 = 120 ° we wish to fix the value of q/U as 1.0766, i.e., L(120 °) = - -0 .0740 .  Using an 
obvious nota t ion,  we can wri te  equat ion  (44) as 

L.,(=) L o 180of~,r, \ 
= ,,(120 ) + 

= - -  O" 0740 + ~ 1~o \ d 7 / / .  

= O" 1543. 

F r o m  (51) and (52), in which z = 6 °, we find P = 0. 0930 and Q = - 0.1163. Taking  ~ = c~ = 60 ° 
and  using these values of P ,  Q, and L,,,(a) in equat ions (47) and (48) we have  

- -  0. 3424B + 0. 3424C = 0. 000383A -- 0.1163 --  0. 1543 + 2; ~ [~712]i 

0"3071B -l- 0"3071C --  0"000383A -+- 0 " 0 9 3 0 -  ~(-d-b'~"~ \ d7 2 ,  E-  cos 71, • 

Eva lua t i ng  the  sums in the usual  way,  pu t t ing  A = 11, and solving these s imul taneous equations,  
we find B = 0.0496, C = 0.0706. Column 3 is now obta ined  from column 2 and equat ion  
(43). Columns 4 to 17 now follow just  as for the  corresponding columns in Table 4. An appli- 
cat ion of equat ion  (50) yields c/R~ = 52.8.  The aerofoil profile and veloci ty  dis t r ibut ion are 
shown in Fig. 3. 
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13. A Modification to Aerofoil I I . - - C o l u m n  10, Table 5 shows tha t  Aerofoil I I  has concavities 
near  the  trai l ing edge. We shall calculate the effect on the velocity dis tr ibut ion of changing 
the  rear 28 per cent of the  aerofoil into a simple wedge and thus el iminat ing these concavities. 
Table 8 sets out  the  calculation : column 1 is taken  from column 10, Table 5 ; column 2 follows 
from column ] by  interpolation,  and column 3 is calculated from the first differences of column 
2. In terpola t ing  in column 16, Table 5, we find x/c = 0-7225 at )' = 120 °. We shall s tart  the 
wedge at .this point.  We therefore fill in column 4 in (125 °, 175 °) so tha t  dO~d), + dO~d)" = 0. 
We shall also enter  non-zero values of dO/d), at  )' = 95 °, 105 ° and 115 ° so tha t  the  modified rear 
section joins the  front section smoothly,  dO~d)' will be zero in (0 °, 85°). If, for convenience, 
we assume tha t  dO~d)" has a constant  value, say (dO~d)')* at 7 = 95°, 105 ° and 115 °, then, wi th  
an obvious notat ion,  the  first two of equations (25) can be wri t ten  

180° ( ~ ) [  I __7;b (dO~* [ ] 120° 
E dO sin )' + ~ , @ / /  sin )' = 0 
1'~0 o i / 9 0  ° 

and 

? = 0 .  7 + + - d ) ' -  
120 o 

Solving these equations with the  aid of Table 1 we find (dO~d)')* = --  0. 0415 and ~ = 0. 0284, 
which values are entered in column 4. This procedure ensures tha t  the  modified profile is 
closed. Column 6 is obta ined by  in tegrat ing column 5, while column 7 follows from column 4 
and  Table 3 (see equat ion (23)). Column 8 is 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 distr ibut ion are shown in Fig. 3. 

The same procedure applies to compressible flow with the exception tha t  Table 6 replaces 
logar i thm tables. 

14. Compressible Flow Version of Aerofoil I!.--Specificatio~ ." As for Aerofoil II, but  with 
M £  = 0.7. 

I t  is first necessary to construct  Table 6 set t ing out r and/~ as differenced functions of q/U. 
Column 2 of this table was calculated from the  equat ion preceding (63), and column 4 was 
obta ined  by numerical  in tegrat ion of column 3 (see equat ion  (55)). 

For Aerofoil II  (cU/4a) = 0.9026 (foot of column 15, Table 5), and c/R~ = 52 .8 ;  we shall 
suppose tha t  compressibil i ty changes c/R.~ to c/R,,~® and tha t  cU/4a is unchanged,  then  an appli- 
cation of equat ion (76), with ~ = 12 °, yields A -"- 22. This value of A enables us to make  the  
first two entries in column 3, Table 7. Column 1 of this table was obta ined by  taking anti- 
logari thms of column 4, Table 5, while column 2 was obta ined from column 1 and Table 6. 
Column 3 follows from column 2, and as we are assuming tha t  d~,~/d)" is constant  in each interval,  
these derivatives are obta ined directly from the first differences. An application of equat ions 
(47) and (48) to column 3 yields 

- - 0 . 3 4 2 4 B  + 0.3424C = --  0.0401 + 0.00294AA 

0.3071B + 0.3071C = 0 . 0 1 8 3 - - 0 . 0 0 2 9 4 A A ,  

where the  te rm AA gives the  effect of changing A to A + AA in the range (0 °, 12 °) on these two 
equations.  We want  to keep the veloci ty dis tr ibut ion of Aerofoil I I I  as close as possible to 
t ha t  of Aerofoil II, and so if we take AA = 9. 730 in the  above equations we find tha t  B = 0, 
and  C = --  0.0355, when the  dis t r ibut ion for this aerofoil will be exactly the  same as for Aero- 
foil II  in the range (12 °, 120°). It  is interest ing to note  that ,  from this example,  i t  appears 
tha t  a distr ibution 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 ~,,, and 
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A =  31.73, we obtain a new column dr, J@. Checking this new column (always a necessary step) 
in equat ions (47) and (48) we find that ,  B = C = 0, if A = --  0.072. This ad jus tment  yields 
column 4. The remaining columns of this Table follow as for the previous aerofoils, with only 
two excep t ions - -co lumn 7 m u s t  be obta ined from column 6 with the  aid of Table 6, and  the 
value of U sin y/q at ~ = 0 must  be calculated f rom equat ion (89), Appendix  IIIi  The aerofoil 
and cSrresponding veloci ty distr ibution is shown in Fig. 3. Also shown in this figure is the 
profile obta ined by  mul t ip lying column 17 of Table 5 by/3~, i.e., the profile predicted by  linear 
per tubat ion theory  (see column 18, Table 5). We see tha t  the point  of m a x i m u m  thickness, 
l inear per tubat ion  theory,  yields only 80 per cent of the reduction in profile thickness obta ined 
by  the author 's  theory. 

15. Aerofoil I V :  An Asymmetric Aerofoil with Both Surfaces Designed at the 
Incidence.--Specification • q'/U to have the following values : - -  

~(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 t h e  nose at incidence, 
velocity peak on lower surface at zero incidence to be (at worst) of about  the  

(a) 
(b) 

Same 

same order of magni tude  as the upper  surface magni tude  of 1. 2675, at incidence. 
Using Table 6 and the specified values of q'/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 distr ibution (vanishing at 180 °) 
for r~' (column 5). We have taken r~ = {(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 
est imate c~. To do this we fill in column 7 in (40 °, 140°), and integrate  it with respect to y. 
We now put  0 = 40 ° in equat ion (91), Appendix  V, and assume tha t  the last two terms in the 

2 
bracket  cancel. W e  then  find s i n 2 a - - (  1 _ ~ ) ×  0. 07595 -~- 0. 0622, i.e., c~= 1°47'i 

Condition (a) of the specification will be satisfied if, in (6 °, 40 °) r ( -  y) = r'(y) 

=-. r(y) - - l o g  sin (½)' + ~) 
sin ½r , from (7), 

= 1- lo~ sin !½K_+ ~) 
i.e., r~ 2 ~ sin½y ' 

in which we p u t  ~ = 1°47 '. r~ at y = 0, must,  of course, vanish. We can thus fill in columns 
8 and 9 in (0 °, 40°). Another  application of equat ion (91), but  this t ime using column 9 and 
c~ = 1°47 ', yields 

18 
sin 2c~ -= ~ (0.07595 -- 0.01017 -- 0.00841 -¢- 0.01980) = 0.06316, 

i.e., c~ = 1°49 ', a value so close to 1°47 , tha t  we shall leave column 8 (and hence 9) unal tered 
in (0 °, 40°). Wi th  this new value of 0~ we can now fill in columns 11 and  12, and then, from the  
second of equations (12) we can fill in coIumn 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 (a) of the  specification requires tha t  in (0 °, 40 °) 

q_' 
U ~< 1 "2675, i.e., r ' ~> -- 0. 1394 ; therefore rs' >~ --0.  1394 --r~', 

and so from (12), 

r,,, >~ - -  O. 1394 --r~' + ½ log sin (½y + ~) sin (½y - -  ~) . . . .  (81) 
sin ½r " "  
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These l imit ing values of rm are entered in column 13. Since r,,(409) mus t  remain unal tered,  
the corresponding values of dL,,/@ in (0 °, 40 °) mus t  not  be exceeded or condi t ion  (81) will be 
violated. The values assumed for dLd@in (140 °, 1 8 0 ° ) a r e ~  tan  ½7, (see column 2, Table 5). 

W i t h  ~ = d = 40 °, equat ions (47) and (48) become --  0. 1089B + 0. 1080C --  0. 1163 
+ 0.000383A + 0.5308 -- ~ × 0. 1351 and 0. 1029B + 0. 1029C = 0.0930 -- 0.000383A 
0.0616, which are satisfied by  A = 54.67, B = 0, and C = 0.1019. B is t aken  to be Zero, 
as a positive value would violate (81) and a negat ive  value would increase A, which m u s t  not  
exceed 74.22 (see Appendix  VI, equat ion (93), in which Z = 6 °, cq_= 0 ° and cq = 1°49'). A 
reapplicat ion of equations (47) and (48) to the new column dr,,,/@ given by  (43), yields A ---- 54.89, 
C = 0.0009, B = 0 ; column 15 is the  final result. In tegra t ing  column 15 we can now com- 
p le te  column 13, which enables us to complete columns 5, 3, 4, 1 a n d  2 in tha t  order. Columns 
~6: and 17, and, hence 18 and 19, follow from columns t 3  and-&-: Columns 1 and 2 of Table 10 
are then  obta ined wi th  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, (see equation (31)). Co lumn 21 happens  
to be the  same as column 10, Table 7. Columns 20, 21 and 22 yield c01umn 4, Table 10., The 
aerofoil co-ordinates given in columns 11 and 12 of Table 10, are obta ined jus t  as for the  other  
aerofoils. The veloci ty  dis tr ibut ions and aerofoil shape are shown An:Fig. 4. 

16. Aerofoil V" An Asymmetric Aerofoil with the Surfaces Desigiced for Difference Inci- 
dences.--Speci fication • 

7 (deg) 40 to 90 90 to 140 
" i 

q' 
(7) 1.28 1.28 q- 0 . 2 6 i l  cos y 

-¢ ( - r )  
U 

Moo ----- 0.7,  T.E. angle = 24 °, and 
e -  

q' 
~< 1.28 in (0% 40 °) 

q ~ <  1.16 i n ( 0  ~, 40 ° ) 

1.16 1.16 q- 0.1044 cos 7, 

. .  (82) 

F r o m  the specified "¢elocity distr ibution,  columns 1 to 5, Tabie 11, can be completed in (40 °, i ;I0°). 
Column 5.is completed in (0 °, 40 °) on the assumpt ion tha t  (r ' !y) r(--y.)} remains cons tant  and 
equal  to its .value at  y = 40 °, while the  values in (140 °, 180 ) are assumed to vanisli. : These 
assumptions  are only temporary ,  and are made merely to enable us to es t imate  an appropr ia te  
value of ~ from equat ion (92), Appendix  V. In  this  way  we find tha t  ~-1"- l °21 ' - -we  shall 
take  a smaller value, say ~ = 1°12 '. Column 7 follows from columns 3 and 6, (see equat ion 
(7)), and then  columns 8 and 9 can be ca tcu la t edmbut  only in the range (40 °, 140°). Column 9 
is completed in (140 °, 180 °) arbi t rar i ly ,  except t ha t  G(!807) 0 .  

The inequali t ies (82) are equ iva l en t  to 

r'(7) >~ --0"1433, r ( - - 7 )  ~> - -0"0959 :  . 

F rom equat ion (7) it follows tha t  

r,(y) ~> ½( -- O. 1433 -- O. 0959) + { log 

27 

sin (½7 q- ;¢) 
s in  

. . . . . .  (83) 



whi le  a s s u m i n g  t he  equa l i t i e s  to  h o l d  

r~(~) = } ( 0 . 0 9 5 9  - - 0 .  1433) + } log sin (}r + ct) 
s in  }~, . . . . . . . .  (84) 

C o l u m n  9 was  c o m p l e t e d  in (6 °, 40 °) f r o m  e q u a t i o n  (84}, b u t  t hese  f igures  were  e n t e r e d  in penc i l  
only .  C o l u m n  10 t h e n  fol lows f r o m  the  first  d i f ferences  of c o l u m n  9. P u t t i n g  e = 0 in  e q u a t i o n  
(49) we h a v e  

X sin 0 = [sin ~ i  . \.+ ), 
W i t h  ~ = 40 °, ~ = 6 ° in  th is  e q u a t i o n ,  we f ind f r o m  c o l u m n  10, Tab l e  11, a n d  c o l u m n  4, Tab l e  1, 
t h a t  S ---- - -  0 .0684 ,  a n d  so R ~ S(~ - -  4)/,~ ---- 0 .3876 .  E q u a t i o n s  (45) t h e n  y ie ld  c o l u m n  11. 
I n t e g r a t i n g  c o l u m n  11 we can  n o w  wr i t e  in  t h e  f inal  va lues  of r~ in c o l u m n  9, in  (0 °, 40°), ove r  
t h e  original penc i l l ed  va lues .  C o l u m n  12 fol lows f r o m  c o l m n n  8 in (40 °, 140°), f r o m  t h e  e q u a l i t y  
in  (83) in (6 °, 40°), a n d  f r o m  

d~,,, .v 
- -  t a n  ½y = - ~  t a n  ½y in (140 °, 180 °) 

(see r e m a r k s  in  first  p a r a g r a p h  of sec t ion  12). C o l u m n  13 is t he  resu l t  of a p p l y i n g  e q u a t i o n s  
(47) a n d  (48) to  c o l u m n  12 in j u s t  t he  s a m e  w a y  as for  Aerofo i l  IV.  C o l u m n s  14 to  22 can  n o w  
be  d e d u c e d  in  t u rn ,  a n d  c o l u m n s  1 to  8 c a n  be  c o m p l e t e d  ou t s i de  t he  r a n g e  (40 °, 140°). Tab le  
12 se ts  ou t  t he  f inal  s t ages  of t he  ca l cu l a t i on  l e ad ing  to  t he  aerofoi l  co -o rd ina tes .  T h e  v e l o c i t y  
d i s t r i b u t i o n s  a n d  aerofoi l  s h a p e  a p p e a r  in Fig.  5. 
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A P P E N D I X  I 

Velocity Distribution Specified as a Funct ion  of Perimeter Distance 

I f  we t a k e  t h e  or ig in  of s a t  t h e  t r a i l ing  edge  whe re  ¢ z 2a, t hen ,  s ince d¢/ds = q, 

¢ : f l q d s +  2a , 

- - 2 a ( 1  + cos~,) = p  q d  . 

28 



Therefore cos 2 (½7) = -- u d . . . . . . . . .  (85) 

This equat ion  gives the  relation between 7 and sip if q/U is specified as a function of sip. When  
7 = 0, s - " - p  (equivalent to assuming tha t  the front s tagnat ion point  for zero circulation is 
at  the semi-perimeter  point), and (85) becomes 

p u = -  p " 

o (;) a - ~ d . . . . . . . . . .  (86) and so cos 2 (½7) = U " "" 

Wi th  this relation between 7 and sip we can readily find q -~ q(7) from the  given q(s/p) dis- 
tr ibution.  

A rough approximat ion is given by  q = U, when cos' (½7) = sip. This approximat ion  is 
useful in the  case of incidence. Using it we can find q'(7) from the given q'(s/p). L'(7) and 
LI(7) can then  be ca lcula ted ;  ~ follows from equat ion (22). From (5) 

q' sin (½7 + c~) q 
U sin ½7 U ' 

and so we can find q/U(7), which can then  be used in 

= \ f O / j o  sin 7 dT, 

and pU fl  sin7 d7 
2a q 

to find a new relation between 7 and s. This new relation enables us to find q'(7) from the  given 
q'(s/p), and so on. For convent ional  aerofoils only one or two i terat ions are necessary. 

A P P E N D I X  II  

1 f l  " s i n ½ ( 7 * - - 7 )  d7 , Evaluation of J(~, 7) m_ _ -2n cot ½7" log s~n-n ½(7" + 7) 

If p ---- tan  {7, t = tan  ½7", a = tan  ½;~, then  

1 j log -- t/p'~ 2dr 
J = - 2~ + t / p / t ( 1  + t ~) ' 

0 

and so f o r p  > t , t  < 1, 

J = ~ o  2+~ +~ ~ +... (2- 

_ p a + ~  . 1 a 3 + ~  ' 3p' 
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which converges rapidly.  This series enables all of column 5, Table 1, except the first en t ry  
to. be calculated. For the first entry,  p .~< t, and we proceed a s  follows : - -  

• ill s in1(  y* Y )  l y ,  I f "  J (a '  ~') -- 2= log " c o t  --  d y * "  + 
sin ½(y*" + y) 

a 

1 cos ½(r'* + r) 
-- ~ + ~ log tan ½~,* d~,* 

cos ½(r'* - ~) 

0 = - -  tp 2t d~ 
= ) + ~  log + (1 + t ~ )  " 

If tp = k and k = tan  ½y/tan ½2, then, 

j(z,r) ~+1 log . . . . .  
' ~ J o  ' + x / ~ +  x= '  

log sin ½()'* - -  )') cot -~y* , 
sin½(~* + r) - dr* 

. ' L  

1 

and so if x < 1, which is the case if k < 1, 

J ( <  r) . . . .  
Or, 

2 c ( ) 2 X 2 X 2 X ~ 

=jop~ + x~ 1 + 5 + g + . . .  

= 2 k - -  p tan  -1 1 - -  + - -  - -  

2 :~ 3 5 5 q  7 " '" 

d x  

+ - 5  7 + . .  + . . .  - : 

Now k = (tan }a)/(tan ½4) ~--- ½, for the first en t ry  in column 5, Table 1, and so this expansion 
is val id  in this case. 

Column 6 of Table 1 was obtained similarly. 

A P P E N D I X  III 

Relation Between ' r ' and ' L ' near a, Stagnation Point 

From equat ion (55) r = f(1 -- M=) 1/~. dL, 

(¢= 
3 0  

= e-=L . . . . . . . . . . . .  (87) but  M~o= QI + y__~.M~ ) . 



and  so, wi th  7 = 1.4, it  follows tha t  

_ (1--M 2) I/~dM 2 1 M ~ 
r = 2M2( 1 + 0 . 2 M = ) =  - - ~  {1 - - 0 . 7 M  2 + O(M~)} dM~ 

2 log M 2 + 0 .35 M ~ + constant ,  if M is small. Now r = 0, when  q = U, i.e., M = M®, 
and  we can evaluate  the cons tant  in this equation.  We find, wi th  the  aid of equa t ion  (87) 

r --  ~ log ~ -¢- 0 .35 (M 2 --  M~o ~) = --  ½ log [ ~ /  - -  ½ log 1 + 0 . 2 M ~  ~ + 0 .35  (M ~ --  Mo~ 2) 

~.e., 

Therefore l im U 
W---~0 q 

Thus,  using (87), and ignoring terms O(M4), we find 

f : L _1 1 2 { ( q )  } ~M~ =-- 1 . . . . . . . . .  

This result  enables us to calculate lira (U/q) sin ~ for compressible flow. 
equat ion  (26) we have  ~-+0 

sin. {y 0 ~< y ~< 
r,,, = r, + log sin ½Z' 

1 = { Q q ) =  } sin½r 
L, = r,,~-- ~M~ --  1 --  log sTn ½a " 

sin r = 2{exp(h + ¼M®')} sin ½Z, . . . . . . . .  

where  h ~ r,,, at y = 0. 

. . . .  (8s) 

• Corresponding to 

. . . .  (sg) 

APPENDIX IV, 

Integration Formulae 

Consider o y @' where y is given at  = 0, a, 3a and 5a. F i t t ing  a thi rd-degree curve th rough  

the  ordinates  we can readi ly  deduce tha t  the area under  the  curve is given by  

fSfy@ 5a = ~ (8yo + 25yl + 50ya + 13y~) + 0(#), 

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 9a, 

f f Y d ,  9a = 40 (Syo + 27y~ + 8y9) + O(aS), 

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

dr = - -  (Y0 + 4yl + y~) + 0 ( # ) ,  

and  ~ dr = 
o 

3a 
g (yo + + + + O(a') . 

3! 



A P P E N D I X  V 

and so 

Equations for the Angle of Incidence 

From equat ion (70), 

r,/= r~ --½ log sin (½r + ~) 
sin (½r - -  o~)' 

r~ sin r dr = r~ sin r d), --  ½8 sin 2c~ --  ½(cos 2~ --  cos 6) log s~n (½8--  e) ' 

but  fl r/sin r dr = -- ½~ sin 2~, (90) 

and hence by  subtract ion we find 

s i n 2 ~ =  -- r / s i n r d r - -  s i n r d y  
z - - c 3  

+ sin (½8 --  ~) sin (½8 + ~) log sin (½8 + ~) ] 
sin (½8-- ~ ) J "  

This result is used in the design of Aerofoil IV. 

(91) 

With  an obvious nota t ion  we have (see equation (68)), 

rol(v) = r ( r )  - log  
sin (½r + cq) 

sin ½r , r(r) = ro2(7) + log sin ½r 
sin (I v + ~2) 

therefore 

From (90) 

l<~'al(r)  - -  ~ a l ( - -  )2)} = ~{  rll(r) - -  ~a2( - -  )2)} -~- 1 l o g  sin (½7, --  ~2)" 

s i n 2 ~ l =  - -  2_ -~(r,l(r). - -  r,,,(-- r ) } s i n r d 7  
7g 

0 

= -- -- r , 2 ( -  r)} sin r dr 1 ~sin r log sin (~}r -- ~,) 
- - ~  sin (½r -- o~2) d r ,  

0 

which, after some algebra, reduces to 

s in  2~ ,  + s in 2~2 = - -  {rol(r) - -  to2 ( - -  r ) }  s in  r dr - -  l o g - - -  
0 

+ sin 2 ~1 log tan  cq --  sin 2 ~2 log tan  ~o t . 
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If ~ ---- ~, and ~ ~ 0, this equat ion becomes 

- -  2J -- r ( -  r )}  sin ~ dr --  _4 {log cos c¢ + sin S a log tan  ~} s i n  2a 

an equat ion used in the  design o~ Aerofoil V. 

(92) 

A P P E N D I X  VI 

The Maximum Value o f '  A ' in Equation (35) 

We shall suppose, as is commonly  the ease, t ha t  we have to sat isfy the following inequali t ies 
near the nose (in order to avoid adverse pressure gradients  ) : 

a l  a2  

where H and K are constants.  These inequali t ies are equivalent  to 

rol(r)/> R, r ~ ( - r )  ~>/~, 0 < r -<< ~, 

where R a n d / t  are constants  derived from K and H. 

F rom equat ion (7) we then  have 
sin(½y + cq) 0 ~< Y ~< ~, 

r(r) ~ K + log sin ½r ' 

r ( - - r )  ~> B + log Sin (½ --  ~2) 0 < r ~< 
sin ½r ' 

therefore r,(r) ~> ½(K + /~) + ½ log sin ( ~  + ~1) sin (½r --  ~,) 0 < r < 2. 
sin2 ½r ' 

Different iat ing this equation,  and using the compressible flow version of (26), we find, on the 
assumpt ion tha t  rs(~) is fixed in value, t ha t  

d~ m 
~< ~(cot(½r + c¢~) + cot (½r -- ~)} ,  0 < r ~< 4. 

dr 

From (35) it follows tha t  
1 

- - - -  {cot (½r + ~) + cot (½r - ~ )} .  A ~< 4 s i n r  

But  ~, ~ and ~ are usual ly  small, so 

1 r 

A ~<r~ O . . < r  ~<2 

will be sufficiently accurate. This equat ion will be satisfied if 

A ~ < ~  . . . . .  
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T A B L E  1 

0 
3 
9 

15 
21- 
27 
35 
45 
55 
65 
75 
85 
95 

105 
115 
125 
135 
145 
155 
165 
175 
180 

[-- cos 71+ 

0-0055 
0.0164 
0.0271 
0.0376 
0.0475 
0.1000 
0.1232 
0.1428 
0.1580 
0.1684 
0.1736 
0.1736 
0.1684 
0-1580 
0.1428 
0.1232 
0.1000 
0.0737 
0.0451 
0.0152 

½1721~ 

0.0055 
0.0146 
0.0275 
0-0384 
0.0494 
0.1066 
0.1372 
0.1675 
0.1980 
0.2284 
0.2589 
0.2894 
0.3198 
0.3503 
0.3807 
0.4112 
0.4416 
0.4721 
0.5026 
0.5330 

3 

[2 log sin ½7]+ 

1.3835 
0"8064 
0.5690 
0.4380 
0.5546 
0.4232 
0.3363 
0.2746 
0.2279 
0.1907 
0.1601 
0.1341 

0 ' 1 1 0 8  
0.0909 
0.0723 

0 . 0 5 5 0  
0"0387 
0.0230 
0.0076 

[sin y]+ 

+0"1045 
0'1034 
0"1011 
0"0977 
0"0933 
0"1428 
0"1232 
0"1000 
0"0737 
0"0451 

+0"0152 
--0"0152 
--0"0451 
--0"0737 
--0.1000 
--0.1232 
--0.1428 
--0"1580 
--0.1684 
--0.1736 

5 
L 
r 

! J(6 deg, 7) 
I 

1.5708 
1.26837 
0-44880 
0.25794 
0.18150 
0-13959 
0.10607 
0-08062 
0-06411 

i 0-05238 
i 0-04350 
i 0"03639 

0"03056 
0.02558 

I 0-02124 I i 

' 0-01736 
i 0"01381 

0-01051 
0"00739 

[ 0-00439 
0-00146 

0 

6 

](10 deg, ~--y)  

0 
0.00146 
0.00438 
0.00733 
0.01032 
0.01337 

.01756 

.02307 

.02899 

.03548 

.04273 

.05103 

.06078 

.07258 

.08739 

.10706 

.13480 

.17775 

.25519 

.44698 

.28485 

.5708 
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T A B L E  2 
A × 10 4 

3 
9 

15 
21 
27 
35 
45 
55 
65 
75 
85 
95 

105 
115 
125 
i35 
145 
155 
165 
175 

3 
9 

15 
21 
27 
35 
45 
55 
65 
75 

8 5  
95 

105 
!15 
125 
135 
145 
155 
165 
175 

361 
242 
136 
96 
73 
93 
71 
56 
46 
38 
32 
27 
22 
19 
15 
12 
9 
7 
4 
1 

85 

26 
57 
97 

137 
179 
399 
543 
719 
959 

1372 
2293 
1381 
976 
745 
578 
445 
331 
229 
135 
45 

284 
928 
474 
305 
228 
286 
215 
170 
138 
115 
96 
80 
67 
56 
46 
36 
28 
19 
12 
4 

95 

20 
48 
81 

114 
149 
331 
445 
578 
745 
976 

1381 
2293 
1372 
959 
719 
543 
399 
275 

161 
53 

15 

160 
474 

1097 
607 
414 
499 
368 

288  
234 
193 
161 
135 
113 
94 
76 
61 
46 
33 
19 
6 

105 

19 
40 
68 
96 

124 
275 
366 
471 
595 
753 
976 

1372 
2276 
1346 
924 
673 
487 

. 331 
193 
63 

21 

128 
305 
607 

1205 
698 
761 
539 
415 
334 
274 
228 
191 
159 
132 
108 
86 
65 
46 
27 

9 

115 

15 
34 
56 
79 

103 
227 
301 
384 
479 
595 
745 
959 

1346 
2241 
1301 
868 
605 
4O5 
234 

76 

27 , 35 
.-I 

i 
98 74 

228 171 
414 298 
698 [ 452 

1284 675 
1152 [ 1986 
742 I 1135 
557 786 
442 605 
361 487 
299 399 
249 331 
207 i 275 
171 227 
140 184 
111 I 146 
84 111 
59 78 
35 46 
12 15 

I 
i 

125 135 

I 
13 [ 10 
27 ] 22 
46 I 36 
65 ! 51 
84 67 

184 146 
244 , 192 
309 244 
384 , 301 
171 [ 366 
578 , 445 
719 l 543 
924 673 

1301 868 
2185 [232 
1232 ~103 
786 [135 
508 669 
288 368 

94 118 

45 

57 
128 
220 
322 
443 

1135 
2103 
1232 
868 
673 
543 
445 
366 
301 
244 
193 
146 
102 
61 
2O 

55 

45 
102 
173 
249 
333 
786 

1232 
2185 
1301 
924 
719 
578 
471 
384 
309 
244 
184 
129 
76 
2 5  

65 • 75 

37 ] 31 
83 ~ 69 

140 116 
200 164 
265 216 
605 487 
868 673 

1301 924 
2241 1346 
1346 2276 
959 1372 
745 976 
595 753 
479 595 
384 471 
301 366 
227 275 
158 191 
94 113 
31 37 

145 155 165 175 

8 
17 
28 
39 
51 

111 
146 
184 
227 
275 
331 
399 
487 
605 
786 

1135 
1986 
995 
499 
156 

6 
12 
20 
27 
36 
78 

102 
129 
158 
191 
229 
275 
331 
405 
508 
669 
995 

1816 
783 
225 

4 0 
7 2 

12 4 
16 5 
21 7 
46 15 
61 20 
76 25 
94 31 

113 37 
135 45 
161 53 
I93 63 
234 76 
288 94 
368 118 
499 156 
783 225 

1542 402 
402 915 

CI 
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T A B L E  3 
B × 10 4 

0 
3 
9 

15 
21 
27 
35 
45 
55 
65 
75 
85 
95 

105 
115 
125 
135 
145 
155 
165 
175 
180 

0 
3 
9 

15 
21 
27 
35 
45 
55 
65 
75 
85 
95 

105 
115 
125 
135 
145 
155 
165 
175 
180 

0 I 3 I 9 I 15 [ 21 I 27 I 35 I 45 [ 55 

- -  23193 1620; 1 2 9 6 1  1083~ 
2631 254( 175~ 137( 1144 
171( 175~ 216~ 152} 120] 
136~ 137( 152~ 199~ 139( 
113~ 114~ 120~ 139( 189( 
97] 97( 101~ 109~ 129~ 

133~ 1345 137~ 145~ 1605 
107( 107~ 1094 113~ 1214 
86( 86~ 87~ 90~ 95~ 
691 69~ 704 725 76C 
55~ 554 562 57~ 605 
43E 437 444 458 479 
33~ 34C 34~ 357 374 
258 258 263 273 288 
190 190 195 203 216 
134 134 138 146 158 
88 89 92 100 111 
53 54 57 64 74 
27 27 31 37 47 
10 10 13 20 29 

1 2 5 11 20 
- -  2 19 55 107 

85 

2497 
262 
266 
274 
287 
304 
560 
652 

-788 
998 

1390 
2298 
1381 
981 
762 
617 
514 
441 
390 
357 
341 

1940 

101: 

129! 
181 
1891 

80! 
64: 

7650 

872 
956 

1117 

611 
64: 
65~ 

1172 I 152! 

441 I 51z 344 40~ 
265 31~ 
202 24~ 
151 19~ 
111 15] 

9( 

491~ 
51' 
52~ 
54: 
57: 
61, 

117] 
152! 
240: 
146: 
103~ 
78~ 
61: 
48~ 
38~ 
31( 

14( 
135 
765 

95 I 105 I 115 I 125 I 135 I 145 I 15~ 

1940 
204 
207 
214 
224 
239 
441 
514 
617 
762 
981 

1381 
2298 
1390 
998 
788 
652 
560 
497 
458 
439 

2497 

1474 
155 
158 
t64 
173 
185 
344 
405 
488 
600 
754 
981 

1390 
2315 
1416 
1034 
834 
709 
628 
579 
555 

3160 

1084 
114 
117 
122 
130 
140 
265 
318 
388 
480 
600 
762 
998 

1416 
2351 
1461 
1090 
902 
791 
726 
695 

3955 

763 
80 
83 
87 
94 

104 
202 
248 
310 
388 
488 
617 
788 

1034 
1461 
2407 
1529 
1172 
1000 
907 
865 

4919 

504 
52 

6C 
66 
75 

151 
193 
248 
318 
405 
514 
652 
834 

1090 
1529 
2489 
1627 
1288 
1139 
1077 
6155 

34 
38 
44 
52 

111 
151 
202 
265 
344 
441 
560 
709 
902 

1172 
1627 
2605 
1767 
1458 
1351 
7650 

153 
1C 
18 
22 
28 
36 
82 

120 
168 
228 
301 
390 
497 
628 
791 

1000 
1288 
1767 
2775 
1978 
1732 
9743 

6 
8 

12 
17 
25 
64 

100 
146 
203 
273 
357 
458 
579 
726 
907 

1139 
1458 
1978 
3049 
2359 

12963 

36 

65 

395, 
41~ 
42~ 
43~ 
4N 
48, 
90~ 

109( 
146: 
235: 
141( 
99~ 
761 
60( 
48( 
38~ 
31~ 
264 
22~ 
205 
191 

0 
3 
7 

12 
19 
54 
90 

135 
191 
260 
341 
439 
555 
695 
865 

1077 
1351 
1732 
2359 
3676 

19941 

75 

3160 
332 
337 
347 
362 
384 
709 
834 

1034 
1416 
2315 
1390 
981 
754 
60O 
488 
405 
344 
301 
273 
260 

1474 

180 

0 
2 
6 

11 
19 
53 
88 

134 
190 
258 
339 
436 
553 
691 
860 

1070 
1339 
1708 
2284 
3821 



TABLE 4 
AerofoilI 

1 2 

7 ½ cot ½7 

0 
3 19-0940 
9 6.3530 

15 3.7979 
21 2-6977 
27 2.0827 
35 1-5858 
45 1.2071 
55 0.9605 
65 0.7849 
75 0.6516 
85 0.5457 
95 0.4581 

105 0.3837 
115 0.3186 
125 0.2603 
135 0.2071 
145 0.1577 
155 0.1108 
165 0.0659 
175 0.0219 
180 

{cot(½7 + ~ )  - -  

7-9475 
4.3213 
2.9562 
2.2368 
1.7908 
1.4042 
1.0921 
0.8801 
0.7248 
0.6044 
0.5070 
0-4256 
0.3554 
0.2933 
0.2374 
0.1859 
0.1377 
0.0918 
0.0472 
O.O035 

4 5 

dL' dLm 
dy dy 

1.3624 
--2.2858 

0 --0.8417 
0 --0.4609 
0 --0.2919 
0 --0-1816 
0 --0.1150 
0 --0.08O4 
0 --0.0601 
0 --0.0472 
0 --0.0387 
0 --0.0325 
0 --0.0283 
0 ~0.0253 

- - - - 0 . 0 2 2 9  
--0-0212 
--0"0200 
--0.0190 
--0.0187 
--0.0184 

d E  m 

d7 

1.3624 
--2.2858 
--0.8417 
--0.4609 
--0.2919 
--0-1816 
--0.1150 
--0.0804 
--0.0601 
--0.0472 
--0.0387 
--0.0325 
--0.0283 
--0.0253 

0.6742 
0.58O4 
0.4681 
0.3406 
0-2015 
0.0558 

L,, 

0"1816 
0.3241 
0-0847 

--0"0033 
--0-0516 
--0.0822 
--0"1138 
--0"1339 
--0-1479 
--0.1584 
--0.1667 
--0-1734 
--0"1791 
--0"1840 
--0.1884 
--0.0708 

0.0305 
0-1122 
0-1716 
0.2068 
0,2165 

L~ 

0-9104 
0"2044 
0.0407 

--0.0275 
--0"0669 
--0-0980 
--0.1238 
--0.1409 
--0.1531 
--0.1625 
--0"1701 
--0.1762 
--0"1816 
--0-1862 
--0-1296 
--0"0202 

0.0714 
0-1419 
0.1892 
0-2810 

9 

-q (7) U 

0.4024 
0.8151 
0-9602 
1-0281 
1"069t 
1.1031 
1"1318 
1-1513 
1"1654 
1.1763 
1-1852 
1-1925 
1"1987 
1.2049 
1.1385 
1-0204 
0.9311 
0.8677 
0.8276 
0.7550 

10 

U sin 7 

0.1255 
0.1301 
0.1919 
0.2695 
0.3486 
0.4246 
0-5200 
0.6248 
0-7115 
0.7777 
0.8212 
O.84O5 
0.8354 
0.8058 
0.7522 
0.7195 
0.7028 
0.6160 
0.4871 
0.3127 
0.1154 

0 

11 

E m 

d7 

1"5179 
--2.0317 
~--0.8417 
--0.4609 
--0-2919 
--0.1816 
--0-1150 
--0.0804 
--0.0601 
--0.0472 
--0-0387 
--0.0325 
--0.0283 
--0.0253 

0"6640 
0.5717 
0.4610 
0.3353 
0.1983 
0.0547 

12 

Lm(7) 

0.1415 
0.3005 
0.0878 

--0.0003 
--0.0486 
--0-0791 
--0.1108 
--0.1309 
--0.1449 
--0-1554 
--0"1637 
--0"1704 
--0"1761 
--0.1810 
--0-1854 
--0"0696 

0"0302 
0"1106 
0.1692 
0.2038 
0.2133 

13 

L,(7) 

0"8744 
0"1942 
0"0438 

--0"0245 
--0"0639 
--0"0950 
--0"1208 
--0"1379 
--0.1501 
--0-1596 
--0"1670 
--0"1733 
--0.1786 
--0.1832 
--0-1275 
--0.0197 

0.0704 
0.1399 
0.1865 
0.2779 



14 

0 
3 
9 

15 
21 
27 
35 
45 
55 
65 
75 
85 
95 

105 
115 
125 
135 
145 
155 
165 
175 
180 

15 

q (7) U 

0"4171 
0"8235 
0-9572 
1"0249 
1"0661 
1"0992 
1"1286 
1-1479 
1"1621 
1-1730 
1-1817 
1"1890 
1"1953 
1-2010 
1-1368 
1"0199 
0"9321 
0"8694 
0-8299 
0-7574 

T A B L E  4--continued 
Aerofoil I 

16 

U sin y 

0.1205 
0.1255 
0-1900 
0"2704 
0.3497 
0.4258 
0-5082 
0"6265 
0.7136 
0.7799 
0"8235 
0-8430 
0"8378 
0.8081 
0-7546 
0"7206 
0.6933 
0.6154 
0-4861 
0-3119 
0.1151 

0 

17 18 19 

Oj 0 

+1 .5708  
1-2819 
0"6585 
0.4689 
0.3618 
0.2933 
0-2294 
0-1717 
0.1271 
0.0886 
0.0534 

+0-0185 
!--0.0183 
--0.0619 
--0 .1222 
--0-2318 
--0.2561 
--0 .2389 
--0 .1989 
--0-1539 
--0 .1648 
--0.1571 

20 21 

0,~ 

0 
+0-0137 

0.2101 
0.2117 
0.1813 
0-1550 
0.1251 
0.0934 
0.0659 
0.0398 

+0-0142 
--0.0128 
--0.0428 
--0.0802 
~--0.1347 
--0.2385 
--0.2564 
--0.2316 
--0-1808 
--0.1136 
--0:0378 

0 

+1-5708 
1-2682 
0"4484 
0.2572 
0-1805 
0-1383 
0"1043 
0.0783 
0-0612 
0"0488 
0"0392 
0.0313 
0"0245 
0"0183 
0"0125 
0"0067 

+0"0003 
--0-O073 
--0.0181 
--0.0403 
--0.1270 
--0"1571 

U~_ sin 7 sin 0 
q 

+0.1205 
0.1203 
0.1163 
0-1254 
0"1238 
0.1231 
0.1156 
0"1068 
0"0905 
0.0688 
0.0438 

+0-0154 
--0.0153 
--0.0500 
--0.0920 
--0-1656 
--0-1755 
--0.1456 
--0-0961 
--0.0478 
--0"0189 

0 

Uy 
26 

--0"0011 
0"0052 
0.0172 
0"0300 
0-0430 

"0"0560 
0.0747 
0-0920 
0"1115 
0"1233 
0.1353 
0"1384 
0-1406 
0.1328 
0.1227 
0-0989 
0.0684 
0.0399 
0.0187 
0.0063 
0.0009 

0 

22 

U sin 7 cos 0 
q 

0 
0.0358 
0.1503 
0-2396 
0.3270 
0-4076 
0.4949 
0-6173 
0-7077 
0.7768 
0.8223 
0.8428 
0.8376 
0-8066 
0.7490 
0-7013 
0"6707 
0.5979 
0.4765 
0-3082 
0"1135 

0 

23 

a x  

26 

0 
0.0008 
0.0109 
0-0314 
0-0610 
0.0997 
0.1619 
0-2594 
0-3755 
0.5052 
0.6453 
0-7907 
0.9380 
1.0815 
1.2180 
1-3435 
1.4638 
1.5751 
1-6697 
1-7387 
1.7757 
1.7808 

24 

X 

C 

0 
0.00047 
0-00612 
0-01765 
0.03426 
0.05598 
0"09091 
0.1457 
0.2109 
0.2837 
0.3624 
0.4440 
0.5267 
0-6073 
0-6840 
0.7544 
0.8220 
0-8845 
0"9376 
0-9764 
0"9971 
1-0000 

25 

--0.0006 
0.0029 
0-0097 
0.0169 
0.0242 
0.0314 
0-0419 
0.0517 
0-0626 
0.0692 
0.0760 
0-0777 
0-0789 
0.0746 
0-0689 
0.0555 
0.0384 
0.0224 
0.0105 
0-0036 
0.0005 

0 

26 

(y/~),,+ 

0 
0.0035 
0.0102 
0-0174 
0-0248 
0.0320 
0-0424 
0-0522 
0-0631 
0.0696 
0-0764 
0-0780 
0-0791 
0.0748 
0-0691 
0-0557 
0.0385 
0.0224 
0-0105 
0.0036 
0-0005 

0 



T A B L E  5 
Aerofoil I I  

1 2 3 4 5 6 7 8 9 10 

U sin 7 08 0 
7 

0 
3 
9 

15 
21 
27 
35 
45 
55 
65 
7 5  
85 
95 

105 
115 
125 
135 
145 
155 
165 
175 
180 

d L  ,~ 

d7 

+0-5757 
--4.6326 
--0.9511 
--0.1000 
--0.0825 
--0.0825 
--0.0825 
--0.0825 
+0.0825 

0.0879 
0.0907 
0.0907 
0.0879 
0.0825 
0.1281 
0-1609 
0.2114 
0.3007 

+0-5064 
0 

dLm 
dy 

+0.5757 
--4.6248 
--0.9383 
:--0.0822 
--0.0600 
--0.0540 
--0.0474 
--0.0419 
+0.0825 

0.0879 
0.0907 
0.0907 
0.0879 
0.0825 
0.1862 
0.2110 
0.2521 
0.3307 
0.5248 

+0.0062 

L,,~ 

+0.3971 

--0.4574 
--0.0269 
--0.1251 
--0.1337 
--0.1400 
--0.1494 
--0 .1577 
--0.1650 
--0.1506 
--0.1353 
--0.1194 
--0.1036 
--0.0883 
--0.0739 
--0.0414 
--0.0046 
+0.0394 

0.0971 
0.1886 

+0.1897 

Ls 

+1.1054 
+0.2153 
± 0 . 0 7 6 0  
--0 .1294 
--0.1369 
--0.1447 
--0.1536 
--0.1613 
--0-1578 
--0-1430 
--0.1274 
--0.1115 
--0.0960 
--0-0811 
--0-0576 
--0.0230 
+0.0174 

0-0383 
0.1428 

+0.2353 

0 
0.3318 
0.8064 
1.0791 
1.1387 
1.1472 
1.1560 
1.1663 
1.1752 
1.1711 
1.1539 
1.1363 
1,1181 
1.1009 
1.0847 
1.0595 
1.0234 
0.9829 
0.9340 
0.8671 
0.7904 

0 

0:1558 
0-1580 
0.1941 
0-2398 
0.3148 
0.3957 
0.4962 
0-6063 
0.6970 
0.7739 
0.8370 
0.8766 
0.8910 
0.8774 
0.8355 
0.7731 
0.6902 
0-5835 
0.4525 
0.2985 
0-1103 

0 

0 
+0.1034 

0.4561 
0.3120 
0.1933 
0.1383 
0.0955 
0.0622 

+0.0224 
--0.0189 
--0.0463 
--0-0673 
--0.0837 
--0-0982 
--0.1146 
--0.1349 
--0.1487 
--0.1553 
--0.1548 
--0.1356 
--0.0383 

0 

+1.5708 
1.2683 
0.4485 
0.2575 
0.1808 
0.1387 
0.1049 
0.0791 
0.0622 
0.0500 
0.0407 
0.0330 
0.0265 
0.0207 
0.0154 
0.0102 

+0.0048 
--0.0013 
--0.0096 
--0.0254 
--0.0842 
--0.1047 

+1.5708 
1.3717 
0.9046 
0-5695 
0.3741 
0.2770 
0.2004 
0.1413 
0.0846. 

+0.0311 
--0.0056 
--0.0343 
- -0 .0572 
--0.0775 
--0.0992 
--0.1247 
--0.1439 
--0-1566 
--0.1644 
--0.1610 
--0.1225 
--0.1047 

0 
3 
9 

15 
21 
27 
35 
45 
55 
65 
75 
85 
95 

105 
115 
125 
135 
145 
155 
165 
175 
180 

11 

U sin 7 sin 0 
q 

+0-1558 
0.1549 
0.1526 
0.1294 

12 

~y 
2a 

--0-0008 
+0-0072 

0.0237 
0.0384 

13 

_Y 
C 

--0.0004 
+0.0040 

0.0130 
0-0213 

14 

U sin y cos 0 
q 

0 
0.0311 
0.1199 
0.2021 

15 

U:g 

2a 

0 
0.0007 
0.0088 
0.0256 

16 

L 

C 

0 
0.0004 
0.0049 
0.0142 

0.1151 
0.1083 
0.0988 
0.0854 
0.0590 

+0.0241 
--0.0046 
--0.0296 
--0.0511 
--0-0679 
--0.0827 
--0.0969 
--0.0991 
--0.0911 
--0.0740 
--0-0479 
--0.0135 

0 

0.0511 
0.0628 
0.0771 
0.0933 
0.1061 
0.1134 
0.1149 
0.1120 
0.1048 
0.0945 
0.0812 
0-0657 
0-0481 
0-0317 
0-0168 
0-0065 

0.0283 
0-0348 
0.0427 
0.0517 
0.0588 
0.0628 
0.0637 
0.0620 
0.0581 
0.0523 
0.0450 
0.0364 
0.0266 
0.0176 
0.0093 
0.0036 

+0.0003 
0 

+0.0006 
0 

0.2931 
0.3806 
0-4862 
0.6003 
0-6945 
0.7735 
0-8370 
0-8763 
0.8895 
O.8749 
0.8314 
0.7669 
0.6833 
0.5765 
0.4464 
0.2946 
0.1095 

0 

0.0514 
0.0869 
0.1459 
0.2426 
0.3539 
0.4841 
0.6250 
0.7749 
0.9293 
1.0837 
1.2331 
1.3728 
1.4997 
1.6100 
1.6995 
1.7646 
1.8004 
1.8054 

0-0285 
0.0481 
0-0808 
0.1344 
0-1962 
0-2682 
0.3462 
0-4292 
0.5148 
0.6003 
0.6830 
0.7604 
0.8307 
0.8918 
0.9414 

0.9774 
0.9973 
1.0000 

17 

(y/c,,~) 

0 
0.0044 
0.0135 
0.0217 
0.0288 
0.0354 
0.0431 
0.0520 
0.0591 
0.0631 
0.0640 
0.0622 
0.0583 
0.0525 
0.0451 
0.0365 
0.0267 
0.0176 
0.0093 
0.0036 
0.0003 

0 

18 

/%(y/c). 

0 
0.0031 
0.0096 
0.0155 
0.0206 
0.0252 
0.0307 
0.0371 
0.0422 
0.0450 
0.0457 
0.0443 
0.0415 
0.0375 
0.0322 
0.0260 
0.0190 
0.0125 
0.0066 
0.0026 
0.0002 

0 

39 



TABLE 6 
r = r ( q / U ) ,  a t  M~ = 0 . 7  

1 2 3 4 

q 

U 

O. 72 
O. 76 
0.80 
0.84 
0-88 
0.92 
0.96 
1.00 

1.00 
1.02 
1.04 
1.06 
1.08 
1.10 
1.12 
1.14 
1.16 
1.18 
1 "20 
1 "22 
1.24 
1 "26 
1.28 
1 "30 

0.8703 
0.8534 
0.8349 
0.8148 
0.7929 
0.7690 
0.7429 
0.7141 

0-7141 
0.6987 
0.6825 
0.6653 
0.6473 
0.6282 
0.6080 
0.5865 
0.5635 
0.5389 
0-5124 
0"4838 
0.4524 
0"4178 
0.3790 
0"3344 

differences 
of 

fi X l0 b 

--169 
--185 --16 

--16 --201 
--219 --18 

--20 --239 
--22 --261 
--27 --288 

--154 
--162 - -8  
--172 --10 
--180 --8 

• --II --191 
--11 --202 

--215 --13 
--230 --15 

--16 --246 
--19 --265 
--21 --286 
- -28 --314 
--32 --346 
- -42 

--388 
--446 --58 

v~ 
q 

1.2088 
1.1229 
1-0437 
0.9700 
0.9011 
0-8359 
0-7738 
0-7141 

0-7141 
0-6850 
0-6562 
0.6276 
0.5994 
0.5711 
0.5428 
0.5144 
0.4858 
0.4567 
0.4270 
0.3965 
0.3649 
0.3316 
0.2961 
0.2572 

0.2642 
0.2176 
0.1743 
0.1341 
0.0967 
0.0619 
0.0298 

0 

0 
--0.0140 
--0.0274 
--0.0402 
--0.0525 
--0.0642 
--0-0754 
--0-0859 
--0.0959 
--0.1054 
--0.1142 
--0.1224 
--0.1301 
--0.1370 
--0 .1433 
--0 .1488 

differences 
of 

r × l0 b 

--466 
33 --433 

--402 31 
--374 28 
--348 26 
--321 27 
--298 23 

- -  140 
--134 
--128 7 
--123 5 
--117 6 

5 --112 
--105 7 
--100 5 
--95 5 
- -88 7 
- -82 6 

5 --77 
- -69 8 
--63 7 
--55 8 

40 



0 
3 
9 

15 
21 
27 
35 
45 
55 
65 
75 
85 
95 

105 
115 
125 
135 
145 
155 
165 
175 
180 

TABLE 7 
Aerofoil I I I  

q/U 

0 

0.6329 
1.0274 
1.1333 
1.1431 
1.1503 
1.1611 
1.1707 
1.1792 
1.1624 

fm 

+0.3586 
--0.0190 
--0.0824 
--0"0875 
--0.0911 
--0.0964 
--0"1010 
--0"1050 
--0.0971 

d7 

1-1506 
--2-9122 
--0-6054 
--0-0487 
--0.0344 
--0-0304 
--0.0264 
--0-0229 
+0 .0453  

d 7  m 

d7 

1.6570 
--1-4015 
--0-6054 
--0.0487 
--0.0344 
--0.0304 
--0-0264 
--0.0229 
+0 .0453  

1.1448 
1.1269 
1.1093 
1.0926 
1.0765 
1.0424 
1-0049 
0.9614 
0.9076 
0.8282 

0 

--0.0883 
--0-0791 
--0.0695 
--0.0599 
--0.0504 
--0-0290 
--0-0035 
+0-0287 

0.0504 
0.0527 
0.0550 
0.0550 
0.0544 
0-1226 
0.1461 
0.1844 
0.2504 

0.0724 
+0.1454 

0.1454 

+0-4183 
0 

0.0504 
0-0527 
0"0550 
0"0550 
0.0544 
0"0951 
0.1224 
0"1652 
0.2362 

+0 .4096  
--0"0029 

fm 

- -0 .0458 

0.1277 
--0-0190 
- -0 .0824 
--0 .0875 
--0.0911 
--0-0964 
- -0 .1010 
- -0 .1050 
--0.0971 
--0-0883 
--0-0791 
--0.0695 
--0-0599 
--0 .0504 
--0-0338 
--0.0124 

0.0164 
0.0576 
0-1291 

0.1286 

0-6908 
0.0544 

--0.0507 
--0-0850 
--0-0893 
--0"0937 
--0.0987 
--0.1030 
--0"1010 
--0.0927 
~0 .0837  
--0.0743 
- - 0 . 0 6 4 7  
--0-0551 
--0.0421 
--0.0231 

. + 0 . 0 0 2 0 _  
0.0370 
0-0933 

+0.1750 

7 

q/U 

0 
0-4549 
0.9291 
1.0771 
1 1383 
1 1467 

--1 1555 
1 1658 
1 1748 
1 1707 
1 1535 
1 1357 
1 1181 
1,1009 
1-0844 
1-0630 
1-0335 
0.9974 
0.9508 
0.8835 
0.7993 

0 

U sin y 

0.1000 
0.1151 
0.1684 
0-2403 
0.3148 
0.3959 
0.4964 
0-6065 
0-6973 
0.7742 
0.8374 
0.8772 
0.8910 
0 - 8 7 7 4  
0.8358 
0-7706 
0-6842 
0.5751 
0.4445 
0.2929 
0.1090 

0 

Om 

0 
--0 .0180 
+0 .1106  

0.1053 
0-0591 
0-0397 
0.0242 

+0 .0084  
--0-0070 
--0,0277 
--0"0417 
--0 .0526 
--0 .0603 
--0 ,0685 
--0-0770 
--0 .0889 
--0.0984 
--0.1061 
--0"1098 
--0-1003 
--0 .0273 

0 



TABLE 7--continued 
Aerofoil I I I  

b~ 

10 11 12 13 14 15 16 17 I 18 

7 Oj 0 U_ sin y sin 0 Y y/c _U sin y cos 0 ~x _x (y/c)., 
q 2a q 2a c 

0 
3 
9 

15 
21 
27 
35 
45 
55 
65 
75 
85 
95 

105 
115 
125 
135 
145 
155 
165 
175 
180 

+1"5708 
1"2683 
0"4485 
0"2575 
0.1808 
0"1387 
0"1049 
0"0791 
0.0622 
0"0500 
0"0407 
0"0330 
0.0265 
0"0207 
0"0154 
0"0102 

+0.0048 
--0"0013 
--0"0096 
--0"0254 
--0"0842 
--0"1047 

+1-5708 
1.2503 
0.5591 
0"3628 
0.2399 
0"1784 
0-1291 
0"0875 
0"0552 

+0"0223 
--0.0010 
--0"0196 
--0"0338 
--0"0478 
--0"0616 
--0-0787 

+0.1000 
0.1092 
0.0893 
0.0853 
0.0748 
0-0703 
0.0639 
0.0530 
0.0385 

+0-0173 
--0.0008 
--0.0172 
--0"0301 
--0-0419 
--0"0515 
--0-0606 

0 
+ 0 . 0 0 5 4  

0.0156 
0-0248 
0.0332 
0.0407 
0.0501 
0.0603 
0.0684 
0.0734 
0.0746 
0.0732 
0.0688 
0.0628 
0.0543 
0.0448 

0 
+0.0030 

0-0086 
0.0137 
0.0183 
0.0224 
0.0276 
0.0333 
0.0377 
0.0405 
0.0412 
0.0404 
0.0380 
0.0346 
0.0306 
0.0247 

0 
0.0362 
0.1428 
0.2247 
0-3058 
0"3896 
0.4923 
0-6042 
0"6936 
0-7740 
0.8374 
0.8770 
0.8905 
0"8764 
0.8342 
0-7682 

0 
0.0009 
0-0106 
0.0299 
0.0577 
0.0941 
0.1557 
0-2517 
0.3655 

'0.4939 
0"6348 
0-7849 
0.9394 
1-0941 
1-2437 
1"3839 

0 
0.0005 
0.0059 
0.0165 
0.0318 
0"05i9 
0.0859 
0.1388 
0.2015 
0.2724 
0.3501 
0.4328 
0.5180 
0.6033 
0.6858 
0.7632 

--0"0936 
--0"1074 
--0.1194 
--0-1257 
--0"1115 
--0"1047 

--0.0640 
i 

--0-0617 
--0-0529 

! --0"0367 
--0.0121 

0 
[ 

0.0535 
0.0228 
0.0127 
0-0048 

+0.0004 
--0.0001 

0.0185 
0.0126 
0.0070 
0.0026 

+0.0002 
--0.0001 

0-6812 
0"5718 
0.4413 
0-2906 
0.1083 

0 

1.5106 
1-6204 
1-7090 
1-7733 
1.8086 
1-8134 

0.8330 
0.8936 
0.9424 
0.9779 
0"9973 
1.0000 

0 
0.0030 
0-0086 
0.0137 
0.0183 
0-0224 
0.0276 
0.0333 
0.0377 
0-0405 
0.0412 
0.0404 
0.0381 
0-0347 
0.0307 
0.0248 
0-0186 
0-0127 
0.0071 
0.0027 
0-0003 

0 



T A B L E  8 

Mod~cat iontoAerofoi l l I  

0 
3 
9 

15 
21 
27 
35 
45 
55 
65 
75 
85 
95 

105 
115 
125 
135 
145 
155 
165 
175 
180 

1 

y 

--0-0343 
--0.0572 
--0.0775 
--0.0992 
--0.1247 
--0.1439 
--0.1566 
--0.1644 
--0.1610 
--0.1225 
--0.1047 

2 

--0.0461 

dO dO 
7 + 

--0.1647 

0 + O  

--0. 
--0" 
--0" 
--0" 
--0" 
--0" 
--0" 
--0" 
--0" 
--0" 
--0" 
--0" 

., 

+1 .  
+0 .  
--0" 
--0" 
--0" 
--0" 
--0" 
--0" 
--0" 
--0" 
--0" 
--0" --0.1232 

0 
0 

--0.0415 0.0461 

0004 
0004 
0004 
0004 
0005 
0005 
0006 
0008 
0011 
0016 
0029 
0067 

L,+L, 

1050 
2149 
0764 
1298 
1374 
1452 
1542 
1621 
1589 
1446 
1303 
1182 

--0.0676 
--0.0879 
--0.1114 
--0-1354 
--0.1511 
--0.1611 
--0-1644 
--0.1477 

--0.1047 

--0.1163 
--0.1346 
--0.1375 
--0.0900 
--0.0573 
--0.0189 
+0-0957 
+0.2464 

--0.0415 
--0.0415 
+0.1375 

0.0900 
0.0573 

+0.0189 
--0.0957 
--0.2464 

0.0284 

--0.1578 
--0.1761 

0 
0 
0 
0 
0 
0 

--0.0748 
--0.  1024 
--0.1331 

J~ 

--0" 1331 

--0" 
+0" 

O" 
O" 

+0" 
--0" 
--0" 
--0" 

0045 
0039 
0258 
0245 
0145 
0012 
0230 
0309 

--0.1005 
--0.0772 
--0.0318 
+0.0015 

0.0319 
0.0671 
0"1198 

+0"2044 

9 

qlW 

0 
0.3312 
0.8066 
1.0792 
1.1387 
1.1473 
1.1562 
1.1667 
1.1759 
1.1722 
1.1556 
1.1393 
1.1256 

1"1060 
1.0803 
1.0323 
0.9985 
0.9686 
0.9352 
0.8872 
0.8152 

0 

43 



TABLE 9 
Aerofoil I V  

2 8 10 11 

qt 

(7) 

1.2675 
1.2675 
1.2675 

1.2675 
1.2241 
1.1845 
i-1492 
1.1177 
1.0910 
1-0096 
0.9266 
0.8200 

0 
i 

q/ 
(-7) 

0-4059 
0.7541 
0.8902 
0.9892 
1.0244 
1.0366 

<(7) 

--0.  1394 

--0" 1394 
--0.  1394 

r '(--7) 

+0-7996 
0.2242 
0.0876 

+0.0078 
--0.0170 
- -0 .0252 

+0.3301 
+0.0422 
--0.0259 
]--0.0608 
--0.0782 
--0.0823 

~'a p 

--0-4695 
--0.1820 
--0.1135 
--0.0786 
--0.0612 
--0.0571 

r. ' sin 7 

--0-0367 

~'a 

0 

+0-2328 
0.1295 
0-0895 
0.0717 
0.0577 
0.0303 

r. sin 7 

0 
0.0244 
0.0269 
0.0277 
0-0292 
O.0288 
0.0194 

d~' a 

dy 

+2.2231 
--0.9864 
--0-3820 
--0-1700 
--0"1337 
--0-1570 
--0-1106 

1.0366 
0"9768 
0"9081 
0"8117 

--0.1394 
--0-1240 
--0-1074 
--0-0906 
--0.0741 
--0.0590 
--0-0067 
+0-0565 
+0.1538 

--0.0252 
+0.0167 

0.0735 
+0-1622 

--0.0823 
--0.0746 
--0.0663 
--0"0579 
--0.0497 
--0-0421 
+0-0040 

0"0650 
+0.1580 

--0"0571 
--0"0494 
--0.0411 
--0-0327 
--0"0245 
--0"0169 
--0.0127 
--0-0085 
--0.0042 

--0.0437 
--0.0494 
--0-0537 
--0-0561 
--0.0571 
--0.0486 
--0.0387 
--0-0283 
--0-0188 
--0"0109 
--0.0064 
--0.0029 
--O-0O07 

+0-0110 
--0.0021 
--0"0118 
--0"0193 
--0.0264 
--0-0236 
--0"0196 
--0-0150 
--0.0102 
--0"0057 
--0-0045 
--0"0031 
--0.0014 

--0.0751 
--0.0556 
--0.0430 
--0-0407 
+0 .0160  

0.0229 
0.0263 
0-0275 
0-0258 
0.0069 
0.0080 
0-0098 

+0 .0080  

1, sin (½y + o~) 
log sin (½7 - oc) 

0"7023 
0.3115 
0.2030 
0-1503 
0"1189 
0"0874 
0.0681 
0.0550 
0"0453 
0-0378 
0"0307 
0.0258 
0.0215 
0-0177 
0"0143 
0.0112 
0-0082 
0"0054 



TABLE 9--continued 
Aerofoil I V  

01 

Y 

0 
3 
9 

15 
21 
27 
35 
45 
55 
65 
75 
85 
95 

105 
115 
125 
135 
145 
155 
165 
175 
180 

12 13 14 15 16 17 18 19 20 21 22 

½ log sin (½y +~)  sin (½y--~) 
sin ~ ½y 

--0.2296 
--0.0482 
--0.0209 
--0"0117 
--0"0076 
--0.0043 
--0-0027 
--0.0020 
--0.0015 
--0.0012 
--0"0010 
--0.0008 
--0"0007 
--0.0006 
--0.0006 
--0.0006 
--0.0005 
--0.0005 
--0.0005 

--0-2003 

+0-1005 
--0.0060 
--0.0468 
--0.0725 
--0.0858 
--0.0866 
--0.0850 
--0.0843 
--0"0838 
--0"0835 
--0.0833 
--0.0754 
--0.0670 
--0.0585 
--0.0503 
--0.0427 
+0.0045 

0.0645 
0.1575 

+0.1591 

d~ 
d7 

--1.0170 
--0.3896 
--0.2454 
--0.1270 
--0-0046 
+0.0092 

0.0040 
0-0029 
0-0017 
0.0011 
0.0452 
0.0482 
0-0487 
0-0470 
0.0436 
0.2114 
0-3007 

+0.5064 
0 

d'~m 
d7 

+2-8729 
--1.0170 
--0.3896 
--0.2454 
--0-1270 
--0"0046 
+0.0092 

0-0040 
0-0029 
0-0017 
0.0011 
0.0452 
0-0482 
0.0487 
0.0470 
0.0436 
0.2703 
0-3441 
0.5332 

+0.0090 

G 

+0.5681 
+0-0473 
--0.0264 
--0.0597 
--0.0792 
--0-0862 
--0.0858 
--0.0847 
--0.0840 
--0.0837 
--0.0834 
--0.0794 
--0-0712 
--0.0628 
--0-0544 
--0.0465 
--0"0191 
+0.0345 

0.1110 
+0-2045 

r(-y) Om rb') 

+0.1164  +0.6845 
0.1811 0-2284 
0.1095 0-0831 
0.0806 +0.0209 
0.0647 --0.0145 
0-0440 --0.0422 
0-0207 --0"0651 

+0-0044 --0-0803 
--0.0070 --0.0910 
--0.0156 --0.0993 
--0.0228 --0.1062 
--0.0250 --0-1044 
--0.0216 --0-0928 
--0.0173 --0.0801 
--0.0126 --0.0670 
--0-0080 --0.0545 
--0-0051 --0.0242 
--0.0038 +0"0307 
--0-0022 0.1088 
--0-0007 0-2038 

+0.4517 
--0.1338 
--0-1359 
--0"1403 
--0.1439 
--0"1302 
--0-1065 
--0.0891 
--0.0770 
--0.0681 
--0-0606 
--0"0544 
--0"0496 
--0.0455 
--0.0418 
--0.0385 
--0-0140 
+0-0383 

0.1132 
0.2052 

0 
--0.0717 
--0.0380 
+0.0591 

0.0478 
0.0337 

+0.0130 
--0-0016 
--0-0094 
--0"0188 
--0.0271 
--0.0370 
--0.0503 
--0"0615 
--0"0705 
--0.0809 
--0.0959 
--0.1286 
--0.1402 
--0.1281 
--0.0355 

0 

Oj 

1.5708 
1.2683 
0.4485 
0.2575 
0.1808 
0.1387 
0.1049 
0.0791 
0.0622 
0.0500 
0.O4O7 
0.0330 
0.0265 
0-0207 
0.0154 
0~0102 
0.0048 

--0.0013 
--0.0096 
--0.0254 
--0.0842 
--0.1047 

Oo 

--0.2873 
--0.2627 
--0.0380 
+0-0072 

0.0192 
0.0296 
0.0416 
0,0434 
0.0395 
0-0343 
0.0274 
0.0195 

+0.O067 
--0.0013 
--0-0052 
--0.0095 
--0.0105 
--0.0092 
--0.0091 
--0"0094 
--0-0091 
--0.0094 



TABLE 10 
Aerofoil I V  

(5) 

1 

7 q'lU 

- -180 0 
- -175 

0"8117 
- -165 0.9081 
- -155 0.9768 
--145 1 . 0 3 6 6  
--135 
- -125 " 
- -115 " 
- -105 " 

- -95  " 
- -85  " 
- -75  " 
- -65  " 
- -55  " 

- -45  1-0366 
--35 1.0244 
--27 

0.9892 
--21 

0.8902 
--15 
--9 0-7541 

0.4059 
--3 

0 

qlU 

0 
0.7712 
0.8622 
0-9492 
1.0200 
1.0558 
1.0626 
1-0684 
1.0752 
1.0832 
1.0938 
1.1068 
1.1230 
1.1463 
1.1824 
1.2403 
1.2821 
1.2702 
1.2558 
1.2504 
0.5877 

0 

U 
~- sin 7 

0 
0.1130 
0-3002 
0.4452 
0"5623 
0.6697 
0"7709 
0"8483 
0"8984 
0.9197 
0"9108 
0"8727 
0"8070 
0.7146 
0"5980 
0"4625 
0"3541 
0.2821 
0"2061 
0"1251 
0"0891 

0"857 

+0"0953  
0.1106 
0"1441 
0-1407 
0"1207 
0.0806 
0-0612 
0-0499 
0"0395 
0.0305 
0-0235 
0-0318 

+0"0031 
- -0 .0131  
- -0-0341  
- -0"0763 
- -0"1428  
- -0 .2094  
- -0"3094 
- -0"5254 
- -1 -4593  

--1"8581 
1.2835 

U 
- -  sin y sin 0 
q 

0 
+ 0 . 0 1 2 5  

0-0431 
0-0624 
0.0677 
0.0539 
0-0472 

• 0 .0424 
0.0355 
0.0281 
0-0214 
0-0120 

+ 0 . 0 0 2 5  
- -0 .0095  
- -0 .02O4 
- - 0 . 0 3 5 2  
- - 0 . 0 5 0 4  
- - 0 . 0 5 8 6  
- - 0 . 0 6 2 8  
- -0 -0627  
- - 0 . 0 8 8 5  

± 0 . 0 8 2 2  

6 

Y 
2a 

+ 0 . 0 3 0 0  
0.0299 
0.0242 
0.0151 

+ 0 - 0 0 3 2  
- -0-0071 
- -0 -0160  
- -0 .0236  
- -0 .0307  
- -0"0360 
--0.0405 
--0.0433 
--0.0447 
--0-0441 
- -0"0415 
- -0 .0367  
- -0 .0307  
- -0 -0250  
- -0"0186 
rO .O120  
- -0 .0044  

7 

U 
- sin y cos 0 
q 

0 
0.1123 
0-2971 
0.4408 
0.5582 
0.6676 
0.7694 
0.8483 
0.8977 
0.9192 
0-9105 
0.8726 
0-8070 
0-7145 
0.5976 
0.4612 
0.3505 
0-2760 
0.1963 
0.1083 
0-0099 

~ 0 . 0 2 4 3  

[ 8 

X 

2a 

+ 1 . 8193  
1-8144 
1"7780 
1.7130 
1.6257 
1-5187 
1"3931 
1.2514 
1-0987 
0-9397 
0-7796 
0.6236 
0.4766 
0-3434 
0.2286 
0.1360 
0.0795 
0"0467 
0.0219 

+ 0 . 0 0 5 8  
- -0 .0005  

9 

y/c 

+ 0 . 0 1 6 5  
0-0164 
0.0133 
0.0083 

+ 0 - 0 0 1 8  
- -0 .0039  
- -0 .0088  
- -0 .0130  
- -0"0169 
- -0 -0198  
- -0 .0223  
- -0 .0239  
- -0 .0246  
- -0 .0243  
- -0 .0228  
- -0 .0202  
- -0"0169 
- -0"0138 
- -0"0102 
- -0 .0066  
- -0-0024  

10 

,qc 

+ 1 - 0 0 1 6  
0-9989 
0.9789 
0-9431 
0-8950 
0-8361 
0 .7670 
0 .6890 
0 .6049 
0.5174 
0 .4292 
0-3433 
0-2624 
0"1891 
0 .1259 
0"0749 
0"0438 
0-0257 
0 .0120 

+ 0 " 0 0 3 2  
--0-0002. 

11 

(y/c),,, 
i 

I 
i 

+ 0 - 0 1 6 3  
0 .0162 
0.0131 
0-0081 

+ 0 - 0 0 1 6  
- - 0 . 0 0 4 t  
- - 0 . 0 0 9 0  
- - 0 - 0 1 3 0  
- - 0 - 0 1 7 0  
- - 0 . 0 1 9 9  

12 

(x/c) 

+ 1 . 0 0 0 0  
0.9973 
0"9773 
0"9416 
0.8936 
0.8347 
0 .7658 
0"6879 
0.6039 
0-5166 

I 
L 0 0 

- -0 -0224  
- - 0 - 0 2 4 0  
- -0 -0247  
- - 0 . 0 2 4 3  
- - 0 . 0 2 2 8  
- - 0 - 0 2 0 2  
- - 0 - 0 1 6 9  
- -0"0138  
' - - 0 . 0 1 0 2  
- -0"0066  
- - 0 - 0 0 2 4  

0"4285 
0"3427 
0.2620 
0 .1888 
0-1257 
0-0748 
0"0437 
0-0257 
0-0120 

+ 0 -0032  
- -0 .0002  



TABLE lO--continued 
Aerofoil I V  

1 

7 q'lU 

3 
9 1. 2675 

15 " 
21 " 
27 " 
35 " 
45 " 
55 " 
65 " 
75 " 

85 1.2675 
95 

105 1.2241 
115 1.1845 
125 1.1492 
135 1.1177 
145 1.0910 
155 1.0096 
165 O. 9266 
175 0.8200 

180 0 

6 

d u  

0.4579 
0.7506 
0.8953 
0.9719 
1.0207 
1.0632 
1.1016 
1.1293 
1.1501 
1.1671 
1-1818 
1.1778 
1.1554 
1.1289 
1-1049 
1.0834 
1.0351 
0.9588 
0.8669 
0.7725 

0 

U 
q sin 7 

0.1143 
0.2084 
0.2891 
0.3687 
0.4448 
0.5395 
0.6419 
0.7254 
0.7880 
0.8276 
0.8429 
0-8458 
0-8360 
0.8028 
0.7414 
0.6527 
0-5541 
0.4408 
0.2986 
0.1128 

0 

+0.9339 
0.4485 
0.3238 
0-2478 
0.2020 
0"1595 
0.1209 
0.0923 
0.0655 
0-0410 

+0.0155 
--0.0171 
--0-0421 
~--0.0603 
~--0.0802 
--0.1016 
--0.1391 
--0.1589 
--0-1629 
--0 .1288 
--0.1141 

U 
-Z sin y sin 0 

+0"0919 
0.0904 
0.0920 
0.0904 
0.0892 
0.0857 
0.0774 
0.0669 
0-0516 
0-0339 

+ 0 . 0 t 3 1  
--0.0145 
--0.0352 
--0"0484 
--0-0594 
--0.0662 
--0 .0769 
--0.0697 
--0-0484 
--0"0145 

0 

8 

Y 
2c~ 

0.0046 
0.0141 
0.0237 
0.0332 
0.0426 
0.0549 
0.0691 
0.0818 
0.0922 
0-0997 
0.1039 
0.1038 
0.0992 
0.0920 
0.0824 
0.0715 
0-0591 
0-0459 
0.0356 
0.0297 
0.0291 

U 
-2- sin y cos 0 

0-0680 
0.1878 
0.2741 
0.3574 
0.4358 
0.5326 
0.6372 
0.7223 
0.7863 
0-8269 
0-8428 
0.8457 
0.8352 
0.8014 
0.7390 
0.6493 
0.5487 
0.4352 
0.2947 
0-1119 

0 

X 

2~ 
y/c 

0-0025 
0-0163 
0"0405 
0.0736 
0.1t52 
0.1829 
0-2853 
0.4042 
0.5362 
0.6773 
0.8234 
0-9707 
1.1178 
1.2609 
1-3959 
1.5173 
1.6219 
1.7080 
1.7723 
1-8084 
1"8134 

0.0025 
0"0077 
0"0130 
0.0183 
0.0235 
0.0302 
0.0381 
0-0450 
0.0508 
0.0549 
0.0572 
0.0572 
0.0546 
0.0506 
0.0454 
0-0394 
0.0325 
0.0253 
0.0196 
0.0164 
0"0160 

10 

x/c 

0"0014 
0"0090 
0"0223 
0"0405 
0.0634 
0-1007 
0"1571 
0"2225 
0"2952 
0.3729 
0-4533 
0-5345 
0"6154 
0.6942 
0"7685 
0-8354 
0-8930 
0.9403 
0.9757 
0-9956 
0-9984 

11 

(yl~),: 

0.0025 
0.0077 
0.0130 
0-0183 
0.0235 
0.0302 
0-0381 
0-0451 
0-0509 
0.0550 
0.0573 
0.0573 
0.0547 
0.0508 
0.0456 
0.0396 
0.0328 
0.0256 
0.0199 
0.0167 
0.0163 

12 

0.0014 
0.0090 
0.0223 
0.0406 
0"0635 
0.1009 
0.1574 
0.2229 
0.2957 
0"3735 
0.4540 
0-5354 
0-6164 
0.6953 
0.7697 
0.8367 
0.8946 
0.9418 
0.9773 
0"9972 
1.0000 



T A B L E  11 
Aerofoil V 

~o 

0 
3 
9 

15 
21 
27 
35 
45 
55 
65 
75 
85 
95 

105 
115 
125 
135 
145 
155 
165 
175 
180 

q /  

-~ (7) 

1.0964 
1.1222 
1.1495 
1.1793 
1-2128 
1.2800 

1.2800 
1.2347 
1.1907 
1.1495 
1.1122 
1.0800 
0.9931 
0.9091 
0.7778 

q 
~- (--Y) 

1.1600 

1.1600 
1.1419 
1.1243 
1.1078 
1.0929 
1.0800 
0.9979 
0.9133 
0.8074 

r'(7) 

--0.0621 
--0.0766 
--0-0907 
--0-1051 
--0.1195 
--0.1433 

--0-1433 
--0.1281 
--0-1102 
--0"0907 
--0-0711 
--0-0525 
+0-0051 

0.0711 
+0.1980 

~(-7) 

--0-0959 

--0.0959 
--0.0869 
--0-0777 
--0-0686 
--0.0601 
--0.0525 
+0.0015 

0.0676 
+0-1666 

sin 7 × 

{r'(~,)-~(-7)} 

0 
--0.0050 
--0.0099 
--0-0146 
--0-0193 
--0.0237 
--0-0305 
--0.0363 
--0-0410 
--0.0445 
--0.0467 
--0.0474 
--0.0406 
--0.0305 
--0.0191 
--0.0084 

0 

sin ({Y + ~) 
log 

sin ½7 

0.3360 
0.1815 
0.1240 
0.0938 
0.0750 
0.0557 
0.0437 
0.0354 
0.0293 
0.0244 
0.0205 
0.0172 
0.0143 
0.0118 
0.0095 
0-0074 
0-0054 
0.0035 
0.0016 

r(7) 

+0-2739 
0.1049 

+0-0333 
--0.0113 
--0.0445 
--0.0876 
--0.0996 
--0.1079 
--0-1140 
--0.1189 
--0-1228 
--0.1109 
--0.0960 
--0-0789 
--0-0616 
--0.0451 
+0-0105 

0-0746 
+0-1696 

8 

r.,(7) 

--0-0557 
+0.0890 
+0.0045 
--0-0313 
--0.0536 
--0.0702 
--0.0917 
--0.0978 
--0-1019 
--0-1050 
--0.1074 
--0-1093 
--0-0989 
--0-0869 
--0.0738 
--0-0608 
--0-0488 
+0.0060 

0.0716 
+0-1681 

0-1708 

9 

to(v) 

0 
+0-1849 

0-1004 
0.0646 
0.0423 
0.0257 

+0-0041 
--0.0019 
--0-0060 
--0-0090 
--0-0115 
--0.0134 
--0.0120 
--0-0092 
--0.0051 
--0.0008 
+0 .0037  

0-0045 
0.0030 

+0 .0015  

10 

dy 

+1"3780 
--0.7382 
--0"2741 
--0.1442 
--0-0898 
--0-0556 
--0-0344 
--0.0235 
--0-0172 
--0-0143 
--0-0109 
+0.0080 

0.0160 
0-0235 
0.0246 
0.0258 

+0.0046 
--0-0086 
--0.0086 
--0.0086 

11 

dy 

+1"7657 
--0"8066 
--0"3425 
--0.2126 
--0"1582 
--0.1240 
--0-0344 
--0-0235 
--0"0172 
--0.0142 
--0.0109 
+0"0080 

0-0160 
0"0235 
0.0246 
0-0258 

+0"0046 
--0.0086 
--0.0086 
--0-0086 

, I"I:i" " I : i  ~ i ~ ' : " ] :  : : : ' : : ] "  " '  : " i : "  : :!";  ̧ " ; ] G F ; : ? ' U ; ' ; ~ : ;  ;,IL,, , ; L , i  ; . J . : ; ,  ; ; ' " : ; ; ' ~" ;FI ;  ~;~;: l;;;II"ll '"I ' ;ii~:I : ~ I I ; F ~ ;  " P '  ; : : l ,  , ,  r i l l  i::;:i; : : : : : i  " i ; : : i : :  ; ; : : i v : I : ; . :  ; , , : , , I I ! : l  I l I l : - ' l , I , ~ l l , ~ , I I  . . . . . . . . . . . . . .  u , , , i , , . , , ,  . ,~ , l , , , ,H,m,  ̧ , , . i  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  



T A B L E  1 1 - - c o n t i n u e d  

Aerofoil V 

¢,D 

0 
3 
9 

15 
21 
27 
35 
45 
55 
65 
75 
85 
95 

105 
115 
125 
135 
145 
155 
165 
175 
180 

12 

d7 

--0.8069 
--0.3419 
--0.2129 
--0.1585 
--0.1232 
--0.0350 
--0.0235 
--0.0178 
--0.0137 
--0.0109 
+0.0596 

0.0688 
0.0751 
0.0745 
0-0688 
0.2114 
0.3007 

+0.5064 
0 

13 
I 

~ m  

dy 

+1"3823 
--0"8069 
--0.3419 
--0.2129 
--0"1585 
--0.1232 
--0"0350 
--0.0235 
--0-0178 
--0.0137 
--0.0109 
+0.0596 

0.0688 
0.0751 
0.0745 
0"0688 
0.3139 
0.3762 
0.5526 

+0.0155 

14 

r,(7) 

0.6737 
0.0468 

--0.0134 
--0.0424 
--0.0619 
--0.0810 
--0.0948 
--0"0999 
--0.1035 
--0.1062 
--0.1083 
- - 0 . 1 0 4 1  
--0.0929 
--0.0804 
--0.0673 
--0.0548 
--0.0214 
+0.0388 

0.1198 
+0.2618 

• 1 5  

r~(7) 

+0.0925 
0.1426 
0.0825 
0.0535 
0-0340 
0.0149 

+0.0011 
--0.0040 
--0.0075 
--0"0103 
--0.0125 
--0.0127 
--0.0106 
--0 .0072 
--0.0029 
+0.0015 

0.0041 
0.0038 
0-0022 

+0 .0008  

f 16  

r(y) 

+0.7662  
0.1894 
0.0691 

+0-0111 
--0.0279 
--0.0661 
--0"0937 
--0.1039 
--0.1110 
--0-1165 
--0-1208 
--0"1168 
--0.1035 
- -0 .0876  
--0 .0702 
--0-0533 
--0.0173 
+0 .0426  

0.1220 
+0 .2626  

17 

U 

18 

r(--7) 

+0.5812 
--0"0959 

19 

q (--Y) 

0 
0.5107 
1.1600 

20 21 

Oj 

0 
0.4204 
0.7856 
0.9120 
0.9853 
1.0408 
1-1033 
1-1556 
1.1768 
1.1906 
1.2055 
1.2160 
1.2058 
1.1705 
1.1433 
1.1105 
0.1820 
1-0249 
0"9437 
0.8526 
0.7214 

0 

--0.0959 
--0"0914 
--0"0823 
--0.0732 
--0.0644 
--0.0563 
--0-0255 
+0.0350 

0.1176 
+0.2610 

1.1600 
1-1510 
1.1330 
1"1160 
1.1003 
1.0864 
1.0370 
0.9534 
0.8555 
0.7227 

0 

0 
--0.0222 
,+0.0629 

0.0752 
0.0680 
0.0611 
0.0497 
0.0288 

+0 .0136  
--0.0001 
--0.0139 
--0-0297 
--0-0514 
--0-0681 
--0.0816 
--0.0946 
--0.1110 
--0.1452 
--0-1541 
--0.1372 
--0.0388 

0 

+1-5708 
1.2682 
0.4482 
0-2570 
0.1801 
0"1378 
0.1037 
0-0775 
0-0603 
0-0477 
0.0378 
0.0296 
0.0225 
0-0159 
0"0096 

+0.0031 
--0-0042 
--0-0132 
--0"0266 
--0.0552 
--0.1699 
--0.2094 

22 

--0"2177 
--0 .1980 
--0.0175 
+0 .0202  

0-0308 
0.0345 
0.0339 
0.0241 
0"0185 
0.0144 
0.0105 
0.0061 

+0.0004 
--0"0041 
--0 .0072 
--0-0084 
- -0 .0 0 7 8  
--0.0041 
--0 .0007 
+0 .0009  

0.0017 
+0 .0016  



TABLE 12 
Aerofoil V 

o 

Y 

--180 
--175 
--165 
--155 
--145 
--135 
--125 
--115 
--105 
--95 
--85 
--75 
--65 
--55 
--45 
--35 
--27 
--21 
--15 
--9 
--3 

(q/u)' 

0 

0-0855 
0.9085 
0:9898 
1.0671 
1:0761 
1.0862 
1.0976 
1-1084 
1.t184 
1.1109 
1.1019 
1.0905 
1.0754 
1.0541 
1.0204 
0.9886 
0.9409 
0.8477 
0.6117 

q/U 

0 
0.7227 
0.8555 
0.9534 
1.0370 
1.0864 
1.1003 
1.1160 
1.1330 
1.1510 
1.1600 

J )  

s )  

J ~  

1.~600 
0.5812 

3 

U . 

- sin 7 
q 

0 
0.1206 
0.3025 
0.4433 
0.5531 
0.6509 
0.7445 
0.8121 
0-8525 
0.8655 
0.8588 
0-8377 
0-7813 
0.7062 
0.6096 
0.4945 
0-3914 
0-3089 
0.2231 
0.1349 
0.0901 

o.o99o 

4 

+0.2110 
0.2104 
0.1933 
0.1800 
0-1543 
0.1074 
0.0831 
0.0648 
0.0481 
0-0293 

+0-0062 
--0.0134 
--0.0332 
--0-0554 
--0.0822 
--0.1195 
--0-1644 
--0.2173 
--0.3120 
--0.5286 
--1.4440 

--1.7885 
1.3531 

a . 

-- sm 7 sin 0 
q 

0 
+0.0252 

0-0581 
0.0794 
0.0850 
0.0698 
0.0618 
0.0526 
0.0410 
0-0254 

+0-0053 
--0.0112 
--0.0259 
--0.0391 
--0-0500 
--0-0589 
--0.0641 
--0.0666 
--0.0685 
--0-0742 
--0.0894 

T0"0967 

Y 
2a 

+0.0171 
0.0159 

+0.0083 
--0.0037 
--0.0185 
--0.0319 
--0-0433 
--0.0535 
--0.0615 
[--0.0675 
--0.0702 
--0.0696 
--0.0663 
--0.0606 
--0.0528 
--0.0433 
--0.0347 
--0.0278 
--0.0208 
--0.0133 
--0-0049 

a 
, 

- -  sin y cos 0 
q 

0 
0-1179 
0.2969 
0.4361 
0.5465 
0-6471 
0.7419 
0.8104 
0.8515 
0.8652 
0.8588 
0.8326 
0.7808 
0-7051 
0.6075 
0-4910 
0.3861 
0-3016 
0.2123 
0-1126 
0.0114 

:7=0"0241 

8 

X 

2a 

+1.7779 
1-7729 
1.7359 
1.6712 
1-5853 
1.4813 
1.3598 
1.2239 
1-0785 
0-9283 
0.7776 
0.6296 
0.4885 
0.3585 
0.2436 
0.1475 
0.0862 
0.0502 
0.0232 

+0.0061 
--0.0004 

0 

y/c 

+0.0096 
0.0090 

+0.0047 
--0-0021 
--0.0104 
--0.0180 
--0.0244 
--0.0301 
--0.0346 
--0-0380 
--0.0395 
--0.0392,  
--0.0373 
--0-0341 
--0-0297 
--0.0244 
--0.0195 
--0-0157 
--0.0117 
--0.0075 
--0.0027 

10 

x/c 

+1.0007 
0.9979 
0.9827 
0-9407 
0.8924 
0-8338 
0-7654 
0.5889 
0.6071 
0.5225 
0-4377 
0-3544 
0.2750 
0.2018 
0-1371 
0-0830 
0.0485 
0.0282 
0 . 0 1 3 1  

+0-0034 
--0.0002 

11 

(ylc)~ 

+0.0088 
0.0082 

+0.0039 
--0-0029 
--0-0111 
--0.0187 
--0.0250 
--0.0306 
--0.0351 
--0.0384 
--0.0398 
- -0 .0395 

0:0375 
--0.0343 
--0.0298 
--0.0245 
--0.0195 
--0.0157 
--0.0117 
--0.0075 
--0.0027 

12 

(x/c),, 

+1-0000 
0.9972 
0.9820 
0.9400 
0.8918 
0-8332 
0.7649 
0.6884 
0.6067 
0-5221 

i 0.4374 
0.3541 

i 0.2748 
0.2017 
0-1370 
0.0829 
0.0485 
0.0282 
0.0131 

+0.0034 
--0-0002 

I 

0 0 



T A B L E  12--continued 
Aerofoil V 

¢J1 

Y 

3 
9 

15 
21 
27 
35 
45 
55 
65 
75 
85 
95 

105 
115 
125 
135 
145 
155 
165 
175 
180 

(q[U)' 

1- 0964 
1" 1222 
1" 1495 
1. 1793 
1-2128 
1- 2800 

1" 2800 
1" 2347 
1. 1907 
1" 1495 
1- 1122 
1- 0800 
0"9931 
O. 9091 
O. 7778 

0 

q/u 

0"4204 
0"7856 
0"9120 
0.9853 
1.0408 
1"1033 
1-1556 
1"1768 
1.1906 
1"2055 
1"2160 
1-2058 
1.1705 
1"1433 
1-1105 
1"0820 
1.0249 
0.9437 
0.8526 
0.7214 

0 

U . 

- -  S i l l  y 
q 

0"1245 
0"1991 
0"2838 
0"3637 
0.4362 
0"5199 
0-6119 
0-6961 
0.7612 
0-8013 
0-8192 
0"8262 
0.8252 
0"7927 
0-7376 
0"6535 
0"5596 
0.4478 
0"3036 
0"1208 

0 

+1"0480 
0"4936 
0.3524 
0-2789 
0"2334 
0.1873 
0"1304 
0"0924 
0"0620 
0"0344 

+0"0060 
--0"0285 
--0"0563 
--0.0792 
--0.0999 
--0-1230 
--0.1625 
--0-1814 
--0.1915 
--0 .2070 
--0-2078 

U . 

- sin y sin 0 
q 

+0-1079 
0.0943 
0.0979 
0-1001 
0-1009 
0"0968 
0.0795 
0.0643 
0-0472 
0-0276 

+0.0049 
--0.0235 
--0-0465 
--0-0627 
--0.0735 
--0.0802 
--0.0905 
--0-0808 
--0-0578 
--0 .0248 

0 

Y 
2a 

0"0054 
0"0157 
0"0258 
0"0362 
0"0467 
0"0609 
0"0762 
0"0887 
0-0985 
0-1051 
0"1080 
0"1065 
0"1001 
0"0906 
0"0785 
0"0652 
0"0503 
0"0349 
0-0229 
0-0152 
0"0142 

U , 

- -  s l n  7 c o s  0 
q 

0.0622 
0.1753 
0.2663 
0.3497 
0.4244 
0 .5108 ,  
0.6067 
0.6931 
'0-7598 
0 .8008  
0.8192 
0.8259 
0.8239 
0-7902 
0.7339 
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X 
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0"0080 

10 

x/c 
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0.0084 
0.0214 
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0.0994 
0-1543 
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0"2898 
0"3667 
0"4464 
0.5273 
0"6084 
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0.9756 
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11 

(y/c),,, 

0-0030 
0.0089 
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0.0264 
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0-0568 
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0.0374 
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0-0012 
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0"0995 
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0"4467 
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0-6088 
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0-7634 
0-8320 
0-8906 
0-9396 
0.9763 
0.9974 
1-0000 
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