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1. fecapitulation,

Ag in Part I' we heve three approximate formulae, of
increasing accurncey and conmplexity, for the velocity at the sur—
foce of any acrofoil.

With the enme nomenclature nas in Pr ¢ I x  is the
distance from the leading edge (measured along the chord) eand ¥y
is the ordinate, both in froctions of the chord, 9 is the fluid
velocity nt the avrofoil surface, U the veloclty of the undis—

turbed otream, and —B  the theorctical no—lift angle. Then with
X o= “1?'(1""’0053 Q)' vy o= %\1{ agin e, PRI (1)
1 7%
Cy = — [ ¥(B)at, U )
2% —1
1 7
e(9) = —— P [ ¥(t) cot #(f — g)at
2T -= ‘ .
1 T
= (0 + %) — (0 — %)} cot ¥t dt. ceenn (3)
25

(P denoting thot the principal value of the integral is to be
taken), , tac simplest approximotion (Approximetion I) is

C_{/U = 11;- {3_’,, 'TEREE (‘1’)
where
Cr CL
g = O +¢e?(0) + (e —B) cot 8 +—* cot 6 + — cosec 9
U (‘5,
when/
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when*

C;, = &, sin (¢ + B). ceves (8)

0 is positive on the upper surface ond negatvive on the
lower surface; it is zero at the leading edge and +*m at the
trailing cdge. g is the value of ¢ ot 8 = 7. When the
Kutta—Joukowski condition is satisfied at a sharp trailing edge,
or the trailing edge, if rounded, is a stagnatien point, the
theoretical value of a, is approximately 2mneo.

Approximation I must f2il when sin 6 dis small; owr
next espproximntion (Approximsgion IT) is

q (1 + % Cp2) [sin @]

—~— =y

=
U (p* + sin® 8)=

(1 + g). veeee (T)

Morc accurately still, especially at high lifts, we have
Approximation ITII, namely*

q ~ ebo(q+er) o % oy, cre 0
- = 1— ~~ | gip (8+e~R)+ ~= cos (O+e—B)+ — |.
U ($3+ sin?9)d a.® 8, an

E R BN BN BN (U)

2. The Contributions from the Thickness and the Camber,

)

FPor a cambered amerofoil we now use subscripts u and

to denote quantities on the upper end lower surfoces respictivel
(remembering also that 6 is positive on the upper ond negative on
the lower surfoce); we use the subscript ¢ for the centre line
and the subscript s for the half—thickuness, i.e. for the corres—
ponding symmetrical aerofoil. Thus we denote by ¥o +the
ordinatc of the centre line, and by ysg the half-thickness, which
is the ordinate of the upper surface of the corrcesponding symmetri—
cal serofoil. ThenX

Vg = Yo ¥ Tgr Tp = Vo7V, veeer (9)

N

We/

e —_— PR—
Ak s - et b b v T e s S MMM 4 b+ a2 e e @ e aam -
- [

*1r (6) does not hold, we must substitute sin (« + B) for OL/ao
in (5). In obtoining (5) Cr%/ap® is_neglected, so w b~
stm%u%e & + f for gL}ag; %ﬁ/pgrticulargif OL'= 2PN 3Mm2yﬁfg,
where B; # B, then we simply edd (8 — B,) cot & +to the right—
hand side of (5).
7 When (6) does not hold we must substitute sin (¢ + ) for (r/a
X 0
an the first two_terms of (8),
Xphe formulae (9) are approximate only if the fairing is put on
(in the American meanner) normal to the cenire line; they are
accurate if the fairing ie put on (in the British mammer) normal
to the chord,
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We write

by (9) = ug (0) + ¥, () |

by (8) = wy (@) =g () | e 1100
where

Vg = 2yy/sin e, ¢ = 2y /ein 6. ceeee (11)

is an even function and y an odd function of 83
for the dergvatlves of ¢ we have

bt (8) = gt (8) + wt (9)

-

' : t (12)
bt (=0) = Bt (8) — gt (6)
$,* being odd ond ¢ ! even.
We next write -
A
g, (8) = e, (8) +e, (0)
(13)
e, (—8) = e, (8) =4 (8)
where
1 it n
ey (8) = —'z; by (8% %) —b, (8 - £)} sot 3t ds.
gin 0 T v, (1) ,
= b P J S dt, e o ooy (14)
T e08 O — cos t
and . :
: 1. .
e, (8) = - [ {bg (8 +4) =9, (8~ 1)} cot &t av
1 %y (1) sin ¢
= ——p [ =& at, ceeer (189
yis VY cos 8 — coB8t
(See Part I, Lemma §.) We also note that, as in Part I, if
)
by (8 = C + - Z C, cos n3 veeey (16)
n=1 .
then
eg (8) = E ¢, sin ng , cea (A7)

n=1

while/



while if
then
(C2. Part I,
Thus g is
and
where
%

egt (9)
and

e, (8)

o -
Y. {(0) = % D gin nd veese (18)
c ne=q n
00

Lemma 5, )

odd and €4 is cven, eg" 18 even and ac’ is odd,

e, (8) = eg' (0) + e, (8) ]

gg! (—=08) = g (9)-sc' (B)I

eeeae (20)

—-1- "oy 0 + %) =4 ' (68 ~t)} cot 3% at
il (R A PR LI 7t

1 T . (t) sin 4
a——7 [—E at crees {21)
b O cos 8 —~cos

1 7
== [ (8 %) —%t (6 = 1)} cot At ab
20
gin O 9% vo(4
> g $r (E)
n cos @ -~ cos8 t©

o —

at. eeveaa(22)

Finally wo write

g ()

wheres

&g

&¢

= gy (6) + g, (0) + g (0) veens (23)
= G, teg' (8) + e, cot o, eeoes (28)
= se' (6) + (e, —~ 8) cot o, veono-{25)

&/
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C C
gr, = ~L cot 6 + L cosec 6
8o 2T
0 ‘ 1 1
= — cot $ 6 — Cp{ = — = Jcosec 8
Bq 8 27

1 1 1 1
- %CL — + — oot %0 — 30; [— — —|tan 30 ...(23)
8q 27 8¢ an

In using Approyimations I eand IT we must bear in mind that &g is
en even function and 8oy 87 ere odd functions of ©, In using
Approximetions II and III we must uce the values Yo Eyyo eu' for
¥, £, €' on the upper surface, and the values ¢3, Eps eg’ on the
lower surface,

Since ¢c is odd
1 T 1T
Go = — J 9g(t)at = = [ $,(t)at, ... (27)
2n —~7| T

end hae the same value ns for the corresponding symmetrical
aerofoil.

Since e, 18 zeroat © = n, B is the value of =

a O
at 6 = n, Hence from (45),

1 wm Y. (t) sin t 1 1 —cos t

o 1 4+ cog t x? C sin t

The cnlculation of g,, Coy €4y 4" was considered in

Pnrt I3 we are here concerned with the cnlculntion of €ar 8¢ + &1,
ﬁ? ?’n’ SC!'

5., The Simplest Approzimntion for a Combered Aerofoil.

It follows from (15), (22), (25) nnd (28) that

1 n e (L) sin 6 + ¢ (t) sin t cot ©
g, = ——0D 2 :
1’ cog 6 - cos t

cos8 8 (1 — coe t)

+ 1, () — - dt. .. (29)
sin & 8in % ,

Since/



Since

gin t cot 8 — 8in ® cot % gin® + co9 6 — 8in® 8 cos t
3
cos 8 ~ cos % sin 8 sin 4+ (cos & — cos %)
1 + cos 8 cos
= L N B BN N ) (30)
gin @ gin £
it follows that
gin t cot ® cos (1 —~ cos t) gin 8 cot 1 1 + cog 0
+ = +
c08 B=cog t ain 8 sin t cos & — cos % gin 6 sin ¢
sin 6 cot t cot 20
= + ; P I (31)
cos 8 ~cos % sin t
hence
sin 6 x g (L) +9 (%) cot & cot 30 m ¥ (%)
g, = — p [ = < df = — [ =B at.
A 0 ¢08 0 — cos % T °© gin t
o0 (32)
Now write
dy
_-—'g‘ =2 F(@). LI I ] (33)
ax
Then
o a
F(0) = — (¥, sin 8) = 9.7 (8) +y,(8) cot 8. ... (34)
sin 9 de
In terme of Fourier series let
o0
Me) = £ A, cos n9, eeres (35)
n=0
where
1 T 2
A = - { P(t)at enga A = ~— { F(t) cos ntdt for md1. ... (36)
© T n )

L4

We assume that J:po(a) = q:c('m) = 0, 1i,e, that yc/x%'-éo a8 x =0

and yo/(1t —x)®* 20 as =x - 1. These limits are valid with all
usual centre linee (and their velidity is necessary for the conver—
gence of the second integral in (32)). Then (see Lemma 2,
Appendix)

-

1 = 2wy (t)
AO = ;{¢c(t)cottdt,A1 = ;E'J

at, ..... (37)
gin €

Hence/



Hence
gin © T R(t)at
g, = -%:A1 cot 46 — P S 3 eee.. (38)
T ¢ cos & —cos t
also (from (28))
= 1 -
B = +a —a. eens. (39)

4. Connection with the Vortex—lheet Theory of Infinitely Thin
herofoils.

The vortex—sheet theory of thin aerofoils as presented,
for example, by Glauert?®, is a thosry of aerofoils of zero thiclkness
and small camber at small 1lift coefficlents, with all squares and
products of the camber and lift coefficient neglected. When we
make the same approximations, taking lhe thickness as zero, our
formuls Tor ¢/U is ¢/U=1 % [gc?e) + gr,(0)]; it follows that
the strength of the vortex sheet by which the infinitely thin
aerofoll is replaced in the vortex—sheect theory should be equal to

20 [gc(@) + er(8)]. :

From (38) and Lemma 6 of Part I we sce that, in terms of
Fourier series

[+24)
g = —%A cot 30+ T A_ ein no, eee.. (40)
c 1 - n
n=1
so from (26)
for) CI:
g + g =—45A_ cot 30+ % A sin nd + — cot 40
c T 1 n
n=1 a
)
1 1
= Cp |— — — | cosec 0. ceeee (41)
a 27
)
Hence with Cp = aOOI + B) eand the value of f 1 (39)
36 ca /1 1
g +g.=( —A)cot 40 + E A sin nG — ¢ (-— — - |cosec 6,
¢ L 0 n=1 n Lao 21'1'./

veeoe (42)

Remembering that Glauerils AO is here denoted by o — A

ond that Glauvert's k/2V should be equal to gc + €1, Wwe sec thnt
for a, = 21 the above result agrecs with Glauert's.

0

Tor the no—lift angle it follows from (39) that

s
1 T 2 1 dy b4 =
- [ T(8)(1 — cos 8)d0 = — — bf g A%, ..... (43)
0 dx 1 X

n ]

p=-

T

and/
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2
and if y./ (1 —x)®* >0 as x> 1 & partial integration leads to
the formula

1 Vo
J ;5(1 -.x)37ﬁ dx, reeve (44)

B =

9
T

which may elso be obtained directly from (28),.,and is in agreement
with the usual formula of thin-aeerofoil theory . For our purposes,
however, equation (39) is preferable as it stands.

We have deduced the results of the vortex—sheet theory of
thin serofoils from the exact theory of Theodorsen and Carrick (with
an extensionto values of 8y other than 2w), and have Found an
integral sum” for the Fourier series; wunless the Fonr.er series
terminate we use the integral to calculate results for special cases,
The Fourier series terminate if, and only if, ¥y, 1€ expressible as
a single polynomial in x over the whole range 0 € x € 1.

5. _The Moment Coefficient at Zerg Lift.

The values of the moment coefficient C have not so far
becn congicdered; when tesken, as is usual, about the quarter-chord
point these values are sensitive to drfferences, duc to the
presence of the boundary layer and the weke, butween the cnlculeted
and measured pressures nt the surfoce towards the troiling edge;
it olgo apperrs thet for non-zero vanluce of ¢ some ottention
should bhe pr.id to the thickness of the nerofoi? mmd the sh-pe of the
feiring, The metter is one of considernble complexity, but it
anppetrs thrt the thickness mnd shnpe of fairing do not, to the first
order, nffect the moment coefficient Cpy, ¢t zero 1ift; moreover
if the ezperimental no—lift rmgle (~B) is equ~l to the theoreticnl
no—1ift cngle (—B), then Ctg should apprrently be given

sufficiently ~ccurntely by the theoreticrl onswer found by ignoring
the effects of the boundnry lnyer tnd the woke; snd it is convenient
to put on record here the theoroticrnl vilues of Cy., ©o found,

For rn verofoil whose thickness snd chmber are not %Jrge the farmula

for Op,, token rs o "nofse-mp" moment coefficient, is, in *he
wetotica used here,

y|! yi i
OM o —Da—-—ﬁ = —(A2“A1), X ER) (4‘5)
Q 4 2 4
if B = B1X. [The second equality in (45) fullowe from (39) and
Temmo 2 (Appendix). ]

From/

*rdrmd 5 i inci m integral formula
drmdn and Burgere® zive (for zero incidence) ¢ . .
f%r the strength of tﬁe vortex sheet whlch.after some manipulation
may be shown to be identicel with that obtaoined here; they appear
to have made no use of the integral formula,

fo B # By then theoretically, with the pressumen calculated for
the messured Lift but with no other allowance for the boundary
layer and the woke, we should odd in (B — B4) to the right—hand
side of (45); there are indications thot other‘a}lowances for the
boundary layer end the wrke would leave the addition proportional
to B — B, but would change the focter H5u.
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From (45) we may deduce that

1 y
¢ = oy
¥ { 2x*(1 — x)°

which agrees with the usual formula of thin—eerofoil theory?®,  For
our purposes, however, (45) is preferable as it stends.

s [4(1 = x)(1 —2x) — 1] dx, ..... (46)

]

6. The "Optimum" Tift and Angle of Attack.

Since

) - x\2 1 .
cot %0 = , cosec 8 = - , ceeae (47)

[ty

k)

X 2x%(1 -~ x) t
it follows from (41) that in general g, + gr, becomgs infinite at ,
the leading and treiling edges like muliiples of x5 or (1 — x)7%
these infinities occur therefore in g and in q/U according to
Approximation I (equation (4)).%* These infinities will not be
present in the other approximate solutions or in the exact solution]
for example they disappear in Approximetion II (equation (7)) on
maltiplication by :

(1 + #C_®)|sin 6| )
($p® + sinze)%

ceen. (48)

but 4in ‘general therce will still be a rather sharp meximum of q/U
nesr the leading cdge. Therc may also be & maximum of /U near
the treiling edge; the infinity in Approximation T &t the tail will
alweys be vresent unless ugy = 2% (more accurately, 2neVo), but any
resulting meximum in  q/U nenr the trniling edge is modified by the
boundary loayer and wrke, ané hnrs no physicel significnnce. Near the
lerding cdge, however, there will be n dnnger of o suction peak unless
the infinity is avoided, Vith G?n ns in (6) the condition for the
£

abivaae of nn infinity et the Tend edge i«
1 = Cropt, ceees (49)
wherex
1 1 A (
- + ~—IC = vee.. (50
a, 27 Lopt, 1? )

and/

*We saw in Port I thot there are logarithmic infinities in g

at the nose ond *toil 1f the coefficients of x and of 1 -~ x, res—
pectively, in theexpans}ons of yg in,powers of x and of 1 — x,
respectively, (or of ¥ ond (1 - x)¥ ete.) 40 not vanish, These
infinitice arise from discontinuities in +4t; for example, if
0y ds the cocfficient of x in the expansion of yg in powers of
x (or x®), then Yg! changes abruptly ot the leading edge from
—~32p on the lower surface to + #a, on the upper surfoce. This
discontinuity occurs for such N.A.C.A, nerofoils as N.A.C.A.0012,
ete. The resulting infinities in gy are of o lower order than
those in g + gy,

¥If the experimental no—lift angle - 84 differs from its theoreti—
cal value = f, we must add B4 — B 1o the right—hond side of (s0).



and A4 1is given by (36). Cropt, 1S the "optimum" 1ift coefficient,

defined as the 1lift coefficient for which, on a theory neglecting
gquares of the camber, there i8 no singularity at the leading edge
in the velocity distribution for an infinitely thin aerofoil of the
shape of the given centre line. CLopt will be small for an

aerofoil of emell camber, and if we put

cLopt. = 8 Gxopt.+ B)s erens (51)
then the "optimum"incidence xopt is given by *
2% A N am — &8, A (52)
o = m————— —B = A, + 3 ceeee (52
opt. om + & | ° 21 4+ @ 17
0 !
from (39). 1In particular, if a, = 21, then
Clopt. = mA,, « = A (53)
. ‘, Opt, 0. LI I
Now write
gin @ T BP(t)at o0
gi —1 — P f = E An Sinne- s d v (54)
T ¢ cos 8 — cos n=1
Then from (26), (38) and (50)
1 1 1
€t & = & t 3 a + o (Cy, ~ Cropt) ©O% %0
o e
1 1
_%' _——— CL 'tal’l‘é'e, R (55)
8, 2n

so thet g 1s the value of g + g when Op = Cropt @nd
8o = 27 (more accurately éﬁeco).

A formmla for ‘xopt, when a, = 27, equivelent to aopt = AO,

wag given by Theodorsen?, who stressed its importance for avoiding

a large suction peak nesr the nose. Theodorsen was considering the
normal force distribution along the chord of an infinitely thin
cerofoil with &g = 2m, and obtained formulne equivalent to

formulae for gp + g in our notation. Although expressed in terms

ot/

*1f Cr, = 85 (“opt.+ By)s where By # B, we must add
8o (B — B1)/(2r + a,) +to the right—hand side of (s52).



of integrals, these formulae® are aifferent from, oand more compli-—~
cnted thon, those given here,

Since Ay 1s proportional to the amount of camber, the
formula commecting Crony, nd A, may be used to find, for a
given shape of centro 8§ne, the omount of camber which should be
given to 2 wing for a specified (1, in order that a moximum of
¢/U near the nose may be avoided, Now g, + g, has equal and
opposite values on the upper and lower surfaces, and if the slope
of the curve of g, + gy for OCp = Cr,pt, exceeds the slope of
the curve of gy, ‘tuen the curve of “g ZTor Oy = Cropy, on the
lower surface will have a negative slope, and when e curve is
rounded off by multiplication by the factor (48) we shall be left
with a maximum of /U somewhere near the nose on the lower
surface. To evoid this maximum it will be necessary to take a
somewhat higher value of Cr,e Thus if the slope of the curve of
g€c t g, for O = Cropy. . ©exceeds the slope of the curve of gg,
the criterion i% (50% will underestimate, for a given camber, the
1lift coefficicnt at wonich the maximum velocity mny be kept back
from the nose, and will therefore overestimate the amount of camber
required for any specified O, Tt will appear also that if o
wing is designed to have the maximum values of ¢/U on both
surfaces ot a considernble fraction of the chord back from the
leading edge, then there is a certain ronge of values of Cq,
which may be a moderate range or a very small one, for which the
positions of the maxima of ¢/U may be considered satisfnctory.
This "favourable range of Cr® will form the object of a separate
study, but we moy note now that a diminution of this favourable
range will be 2 consedquence of the shifting of the "optimun" (
value, a8 explained above, for o wing for which the slope of th
curve of gg 1s less than that of the curve of g, + g for
C1 = Cropt.s 1.e. very necrly, of the curve of gy-

7./

*Namely
FA
( g R R
g + g, = {0 —~« + x° (1 — X))~ ——
c T oph: - ax
: ( )}
+ e —ee g — g+ % (e —2C t ¢ )
2x<(1 — x)* { 0 ° !
where

4 ‘ y (1 = 2x)
ol = e—— 5 dx
cPt. 2% J [x(1 — %) ’

1 1 v (&) ag
P E ¥
7 EZ(1 — &)*(x — &)

and eg, £4 ere the values of & at x=¢ and x = 1,
refpactively,



7. Summerv of Formulee.

Ve have now obtained all the general formulae necessary
to study the velocity duistribution at the surface of a cambered
aerofoll, Before considering examples it will be convenient to
summarize the formulae,

It
dyc \ e
— = P(g) = 3 A, cos no eevve (56)
a=x n=o
and
2yc o]
1:}0 = X = z :Dn Sil’l 1’18, Reranm (57)
gin 8 =1
then
LA A .
ﬁ - = 1 - 09 CB&‘O - ;- (Aa —A1)’ LI (58)
¢ 1 1 A A (2= % (59)
-—n—-+*——— = ,C: — +_;?..._l A *# 0 s 59
Lopt. a o { opt. ) \2n - a, 1?
sin 9 fn F(t) at 3
o, o= — P = L A sin no
1 1 O cos 8 — cos % =1 B ’
eeees (60)
g, = &g~ M cot 1B, cevee (67)
+_Lf’1 q : ) ey [ 4 N
g. F* g = gtz | — + — | (Q.=C coti—5 | — — —] C_ tan 8
¢ T i 8 - L “TLopt. 8 on/) D =
Q
. 74 1\ q 1
= g;—H cotheid (— 4+ — Cr oot [ — — ~— ¢; ten % @,
8, 25:/ a 27
{ / 0
LI ] (62)
and
: s Yo (<) at Cio D nd (63)
& — —— = e 1. con os rew 63
¢ 7 g cos ¢ — cos + n=1 = ’

where/



-3 ~
where

& = % (1~ cos 1), ceese (64)
The formulae for gq/U are as follows,

Approximetion I:

VU = 1+ g+ g + g coree (65)
Approximation II.
a (1 +% 002)[sin 0]
U (4" + oin® 9)F (178 % &+ )

(1 + % coz)jsin o]

T
(}p? + sin® 0)*

i

1++C° 7o, O 11
+ — < 2+ L cos 8 — % [— + —|Cp (1 + cos 6)

2 + sin® 0)% jaq a, a aq) —OP%
° s es (66)

Approximation ITIT:

ec°(1+s')

(p2+ sin®0)”

1
q o2\ oy, o 00
- = 1— sin (9+e—B)+ — cos (B+e—~f)+ =
U ao3 8, 2%

esess (67)

I

Y is to be found from (10), & from (13) and ¢! from (20),
8sy Ygs Eg, egt refer to values for the corresponding symmetrical
peraofoil, found cg dececribed in Prrt I,

The formulese show that in any example we have to find the
values of A,, Ay, A5, gi, £¢, ec!. tie use the Fourier series

for gy eand ¢ if they terminate, which is the case if, and only
if, y is a poiynomial in x over the whole range ¢ € % < 15
otherwise we use the integrals. As in Part I, the integrals may
be changed into proper integrals by the use of Lemma (7) of Part I,
thus

sin® = F (0)—F (t)
gy = dt, ceer. (68)

T cog @ —cus %

e wmy, (x)—y, (&
A = _— G C(gl dt, LR R (69)
T cos B —cos t

and in these forms the integrals may be evaluated by numerical
integration. This method of numerical evaluation is not rccommended
if suitnble algebraic formulae can be fitted to the ordinate y,
of the centre line; in such o c¢crese use should be made of the
analytical results of the following scctions,

8./



8. Method of Obtoining Results when the Ordinotes are given by
Algebraic Formuloe,

We shall now suppose thnt, with the chord divided into any
number of segments, in each segment the ordinnte yo of the centre
line is a polynominl in x,

Wherets in Part I it wos most convenient to corry out the
analysis in terms of x, it 18 here most conveniently carried out in
terms of 9, The resulting formulae may be oltered into formulae
in x whenever such ¢ change is thought desirable (just as the
formulce of Part I mey be altered into formulae in 8); the
necessory formulae of transformation will be considered later.

(See the end of §9 ond Lemma 10 (Appendix)). PFor purposes of com—
putation it appeors that neither form has o clear-cut advantage
over the other.

The functions ye and dys/dx = F(6) nare given over the
range (0,n) for O, and if the chord is divided into any nunber,
say 8, of segnents, then the intervel (o,n) for 6 is divided
in’tO S :i.l‘l'teI'VEllS, say (0,81), (81, 82)’ RN (GI""H GI‘)_'-'---
(8s—~1, m). In each interval y, and dys/dx are polynomialse in
x;, it follows from Temma 3 (Appendix) that in any interval, e.g.
éer—q, 8p), Yo ond F(8) are represented by expressions of the

orm

Yo = nic o cos n8, B(8) = nio by €08 38 (8, €8 <8.) .... {70)

where the any ond b,,. are known, and n, 1is the degree of the
polynomial representation of y. in terms 6f =x in the interval
considered. The values of nyp, ap,, bpp Wwill in general be
different in each of the different intervals (i.e. they will vary
with T), 50 this representation is not o representation by Pourier
cosine series,

The expressions for yo @and TF(®) in any intervel are
the sums of a number of contributions of which typical ones in the
interval (8,..,, 2x) ore cos n8 multiplied by apy omd bpp
respectively. ' Thus Ay, A,, A, ond g; are found by finding the
contributions from a term cos n® in the expression for F(8) in
the interval (0,4, 6p), multiplying by Ybpp, sumning for n
fromn =0 to n=nmn~{, and finolly sumnming the results so found
for all the intervals; e, is similarly found from y.. We
therefore proceed to write down the contributions to Ay, Ay, A,
and gy from a term cos n® 1in the expression for F(gs in the
interval {8n.y, Op). Ay, Ay, A, are found fron (36); thus the
contribution

1 8, 2 By

to Ay = - f cos nt dt, o A, = — f cos nt cos t dt,
T Bp— T Oy
2 By

to Ay = = [ cos nt cos 2t 4at, eeen (71)
T Oy

Hence/



Hence the contribution %o

cog O ~ cos t

Then from (60) and Lemma 4 (Appendix), the

1
AO = - (er - 81‘__1) ZﬁOI‘ =, Q ITERRT l
T
> [ 38 N B (72)
1 L3
= —- (sin n®  — sin no,_,) for n > 1, .
nn
-
to
\
2 -
A, =;~ (sin 6,—seineo ) forn =0
1 gin 20_ -~ sin 26
=—(e -9 + L Iu‘)for ne= 1 >(73)
r hand
1 . 2
_ 1fein (p1)0— sin (w=1)e, ., sin (a+1)0— sin (mt1)o.
nl n—1 n+ 1
forn ¢ 2, /
e&nd to
- 1 \
A, = = (sin 20, — sin 26, ,) for n== 0
1 gin 36_ — sin 30
=— {8in 8_ — 8in 6 + = I‘“‘)forn—%—*1
r 1 '
7 3
1 sin 40, — sin 40 __ o(74)
== (9, =0, * =] forn =2
T 4
_ ijsm (n—a)eg— sin (n-a)er_1 N gin (n+2)6r — 8in (n+2)ez,__1
T 1 n-—2 n+ 2
for n > 2. ‘30
Now write
er cos nt
I,(8,) = P { at. veeee (75)

contribution to

gy



N\
pin 6 er cos nt
"-.L;. = - P f at
' er_1 cos & — cos
1 a
=== {r, (8,) ein e — I, (8, ") sin 6}
1 sin % [ —~ 0 sin %0 — B ]
= — jiOge — I thl - 1o e l r‘ for n—= ¢
7 L sin #(6 + 8, ) sin #(8 + 8.,)
in Alg — in Ll ~—
Lo ol il mo] otn 30 =5y | o
n | Csin e +e,.,) sin (0 + Gr)_[ 7
gin ©
+ n (er —-Sr_1) for n = 4
nos nd gin &le — 9 sin 4l — ®
= e {loge | ;""1' — log, | 9-?-1-
7 sin (9 + er_1) gin #(6 + er)l
gin nd
T © (Op = Opy)
2 -2 sin (n—s—1)0_ — sin (n—s—1)8
- 3% = L3 5in (s + 1) & forn > 23

T 8=0

rbe contributions +to

13
[
Ve

J‘_',,'\.B

J

n-—g-—1

(:

By CM 0 CLopts Oco_p-t‘v Eor 8¢ t &7 follow from

{'”}, (59), 66}) end (62), *nd it oppecrs wmocessrry to write them

Similarly the contribution from 2 term cos né 1in the

~apregssion for ye

p fT

~ f5) = -
Mbad) /

2l

—1

8.) to

in the interval (8., O,

co8 nt

at = —i— {r,(0,) ~ I(0,.)}
ceeee (T7)

cos B —coa t

tn the contribution to % e,(6) ein 8 is equal to the contribution
wo gy in (76) rboye for the scme velae of nm.

We may find 8 from (39) and the values @f Ap and A,;

21 we caleulace e
veline given ty (28

Y5

then B is the value of eo(m), which is the
the values calculated by the two methods must

csree, 80 we may check our calculatioas in any example. In trans—
Lrming (28) to (39) it was assumed, of coursc, that Yo (1 — cos 8)

is/



is continuous, i.e. that y, tan} 6 is continuous, frow segment to
segnent, and in order to show thet the two values of 8 egree,
when found as algebrsic formulae and not numerically,:we may have
to nse the conditions of continuity of y, tan 39.°

We shall find e,' (8) by differentiation of the formula
for e4(0), and if we also find g, we shall have another check
from equation (25).

9. Centre—Lige Ordinate Represented by Two Quaertics.

We now consider the calculations in detail when Ve is
represented by two quartics in x, one in eacdh'of two segments of
the chorgd. It appears that such slgebraic formulae as hove so far
been proposed for centre—line ordinates are all™ included ns special
cases,

Tet
~
- n x2 + 3 4 "
Yo y,(x) = a,x + a,x* + 0,x°% + a,x* for o € x <X
. : . o (78)
= = 2 3 4
= y,(x) = b, + bxt b, x® + box? + b4x for X, <x<1,
80 that
dy > : . ~
— =y t(x) = a, + 2a,% + 32, % + 48 %% for 0<% ¢ X
ax 1 1 2 3 4 1

(79)

- T ¥
' 2 3 . e
_b1,+}2b2x;+.3b3X~‘f 4b,X for‘X1 € x-€-1

.= yzl‘. y_:)‘

"

. - | '- \ . - -
Since ¥... . ie measurcd from .the: chord line, ‘which is the join of the
lending®nd $railing edges, it must vanish ot the treoiling edge, so

L

& . v k
Z.,b, = o. cevees (80)
n=9
Let ;
X, = (1 —ocos @) veee. (81)
g0 that- ‘
re == ';r +
8, = 2 sin X1~. eeers (82)
Then it follows from Temmn 3 {(Appendix) thoat, in terms
of '8, ...

vy

*Except gentre lines designed to give, tccording to thin—nerofoil
theory, spccified load distributions along the chord at O, = CLopt.

Sea Part IV.



1

Vo = ¥, = :;; (64&1 + 4Ba, + 408, + 35a4)
1
- — + +
” (16:11 16a, + 158, + 14a4) cos ©
1 1
+ — (g4a, + —_—
(41, + 6a, + 78,) cos 28 (a; + 28,) cos 38
32 32
a .
+.—4— cos 48 for 0 < 8 £ By eeees (83)
128
1
Yo = ¥, = T (128by + 64b, + 48b, + 40b, + 35D,)
1
- ;; (16b, + 16b, + 15b, + 14b4) cos 8
1 1
+ — (4b, + 6b, + 7'b4) co8 20 — — (b3 + 2b4) cos 38
32 32
b .
+ —4~ cos 48 for 81 <0<, ceees (84)
128
AR + 1
— o e + + - + L
F(0) = - - (8a, + 82, + 92, + 108,) — — (8a, + 122, + 158,) cos ©

) a
+ ---(a3 + 2a4)cos 26 — ~% 008 30 for 0 <6 < 00 ovne (85)
8 8

dy 1 1
F(8) = -d—x—z- - (8b, + 8b, + 9by + 10b4)—-; (8b, + 12b, + 15b,) coe ©

3 bs
+ - (b3 + 2b,) cos 28 — —— cos 38 for 6, < 6 < . (86)
8 8

In the results of §8 we take Oy = 84, Byp—q = 0 Ffor the
first interval and 6y = %, 6p— = 8, for the second interval, and

we multiply the various contributions by the approprinte coefficiente
in the expressions sbove. In this wny, if we write

¢, = a,—b, (r=1, 2, 3 4), eenes (87)

we find, using the cocfficients in (85) and (86), that

Ay



1 3]
- . —1
A = (Bb1 + 8b, A 9b3 + 1ob4) + (8c, + 8¢, *+ g9c, + 1oc4)

8 an
sin 9,I 3 oin 291 e, gin 391
- (8¢, + 12c, + 1504) + (c3 + 204}- ,
an 16m 24T
LB BN BN B (88)
1 81
A, p----(eb2 + 12b3 + 15b4) ---——-(sc2 ¥ 12c, + 1504)
8 87
gin 81 sin 281
+ : (1601 + 16c, + 21c, + 2604) - (2c2 t 3¢, + 404)
¥ 4T
gin 36 . ¢, “8in 46
+ 1 (03 +204) - A:' 1, P I (89)
81 327
Ay = 2oy am) + oL (o, + 20,) — o ¢ + 4o,
= - +2b.) + ——— (¢, + 2¢,} ='———— (2¢, *+ 3cC 4c
2 g = 2 4 g - 3 . & o 2 3 4
gin 2@1 ( ) . 8in 381 ( )
% ———— (8¢, + 8¢, + 9c_ + 10c,) — ——— (B¢, * 12¢, + 15¢C
- 1 2 3 4 241 2 <3 4
3 9in 48 ' ¢, 8in 504
+ ! (c3 + 204) — 4 . ‘ esass (90)
327 40T
Hence
o 1
= T —_— — -+ +
B Bh, —A = p (16b, + 24b, + 30b, 35%,)
9
— =L (16c, + 24c, + 30c, + 35c,)
167
gin 81 ( 6c )
+ t6c. + 32C, + 45c, + 56¢
167 1 2 3 4
sin 261 ( )
- 4c_ + 9¢, + 14c
S 2 3 4
sin 39 ¢, gin 4@
+ L (50, + 8c,) ~~% L veee. (91)
487 O4T



™ 84 3] .
1
¢ = — (A, —A, ) =— (8b, + 15b_ + 21b,) + — (8c, + 15¢, + 21¢c,)
MO/ s 2 1 52 2 3 4 52 2 3 4
sin 81
—— (1601 + 2402 + 5303 + 4204)
32
sin 261
t ——— (8c1 + 12¢, + 150, + 1804)
32 .
gin 381 ( )
- ———— (8¢, + 150, + 21cC
96 2 3 4
sin.4e1 04,Sin 561
+ —m——— (303 + 704) - L] k2 re (92)
128 160

Also the values of (rLopt. and dgpg, are found &t once from (59),
and it appears unnecessary to wri%e them out. For g3 we find that

1 (dy, dy, L sin #|0 —-e1|
g. _— e e ——— Wi P —— og
+ n \dx ax ® gin 3(o + 61)

1 Q
— sin @]~ (8b, + 12b, + 15b ) + —- (8c, + 12c, + 15¢ )
3 2 1 3 4 o 2 3 4
3 8in 81 C, gin 261 )
= L (o, + 20,) *
4T 8w o
3 38 ¢, sin 8
+ sin za‘—- (b, + 2b,) + =L (¢ + 2c,) -—-f’ﬂ—-————‘-}
i 8 81 3 4T
b c,0
—Sj-n 38 ["A'+—A—1‘J 9 R (93)
8 8n

and g, g, * g, follow from (61) anad (62).

In the same way, using the coefficients in (83) and (84),
we find that



sin #|9 — 81,
gin {5 + e,)

? ,
e, sin 9 = — ; [y1(x) -~ y,(x)] log,

' 1
—~ pin 0 {-3—; (-16‘01 + 16b, + 150, + 14b,) '

1
+ —— (16c, + 16¢c, + 15¢, + 14c,)
327 TR 3 4
gin @
- 1 (4c, + 6c, + 7c4)
167
gin 28 c g8in 30
2m . 4 1927
B ( ) 21 ( )
+ gin 286 |—= (4b,. + 6b, + Tb + ~— (40, + 60, + TC
32 2 3 4 327 2 3 4
sin @, c, sin 291°
—— (c3 + 204) +
16% 1281 R
1 S c, sin 6.
— gin 36 ——(b3 + zb4) g =t (93 + 204) ——9‘-————-1-]
32 ' 32T 641 i
" b c .9, .
+ gin 48 | = + A1 | : ceees (94)
L128 1287

We divide by % sin & and use the expansion of gin n6/sin & given
at the end of Lemma 4 (Appendix), We then collect together the
verious terms, and substitute by for —(b, + by + by + by} in the
constant term (see egqustion (80)3. We ealso write

2y2

gin 8

1l

2y
b, (0) = ——, y,(60) . cern. (95)
ain o

The resulting fomuls; for € is

e, (8)/



(6) + ~ 204,(6)4,(0)] 1og, —omi 1 re,)
e (8) ~——y,(8), (6 log + b ——{c e, tc tcC
c - 1 2 € gin %(8+9 ) 0 - 1 2 3 4
g8in 61 sin 26, c, sin 381
+ (16¢c ,F2ec t29¢, ) S I (c +2¢ ) +
327 16M 96T
1 8
+ co3 O | — (16‘b +24b +29b, ) + —— (160 *24c,+29¢0 )
| 32 327
gin © Cy sin 291
- (03 + 2c4) +
AT 329 H
9, ¢, 8in 6,
— cos 20 —{b +2b ) + — (cyt2c ) —-—i——"———l]
81 161
b c, 6
+ cos 398 [—i + *i—l] . (96)
32 32W
It is not difficult to show that
[4,(8) = ,(6)J10g, ol 20 3 (97)
w 8 _'¢ 8 log = 2b_cotgs©,, verea (97
e ")0 ain %‘(94"91) 1
and that, with equation (80) satisfied,
Vin (4, (0)=b,(8)] Tog, bt - ) tand
im [y (8}, (8)] log = —.2{(a +a_+a_+a ) tant 8 .
g >q 2 e m_z_(e+91) 172 73 "4 1
LI B B N ] (98)
Hence
zbo 1 9
ec(o) =——xcot}8, —— (16b +8D,+6b +5b ) ~ 1 (160 +8¢ +605+50
T 16 167
sin 81 sin 261 C, sin 381
+ (16c2+1603+15c4) - (2c3+3c4) + ,
327 ‘32T 96T
ceves (99)
and
2
B = ac(ﬁ) — (a e ta ta, ) teng 6, —— (16b,+24b,+30b5+35b, )
1 16
9, sin §
- (1601+24c ¥30¢,+35¢C, y o+ (1602+3203+4704)
. 167 327
8in 281 C, sin 381
= ~——— (2¢c, * 5¢,) + ceees {1003
32% 96T



The two values of § in (91) and (100) agree if

2 sin 81 +
- (a1+az+a3+a4)'UHy%e1 =--*~----—---(3201+4802+5805 65¢Cy4)
T 327
sin 281
——— +
| . (8c, 1603+23c4)
gin 381 c4 gin 481
+ (2c3+504) - ’
327 . 64m
eeves (101)

and from the formulae for y_, in (83) and (84) and for tand' ® cos 1o
in Lemma 5 (Appendix), it foflows that this reiation expresses the
continuity of y, tant® at o = 8,,

Finally we must calculate e,'(6).” By straightforward
differentiation of (96) we find that -
[Vv,(8)4.(8)] sin o 1 sin #[6-9,|
1 1
e, 1(8) =~— 2 Lo~ =y, 1(0)%,"(0)] log, :
#(cos 8.~ cos §) T gin %(e+e1)
[1'< )+ )
— sin @|— (16b,+24b_+29b ) + —— (16c_+240,+290
‘ 32 2 3 4 327 2 3 4
gin 6 : c, ain 28
~-~—1 (c3+2c4) + 4 1}
Am 327

1 2] c, 8in ©
+ sin 20 |—(b,+2b, ) + —- (c +20,) — ~t—nu L
4 3 4 4T 3 4 81t

s

— &in 38

35 3¢ 8
£ 4 4 1] , ceve. (102)
32 327 |
where S\
(9) ra) — 220 ) = 4(8) cot 8
t 9 = xX _————————— X = f , — 6 co
2 cos 8 pr (103)
co
= t _ = v 1 —_
P, (8) ¥, ' (%) P Yo (®) = y, ' (x) = ¢,(8) cot GJ

but since ¥,(3) = ¥,(0,) the numerator and denominator of the
first term an (102) both vanish when @ = 6;, and a transformation
of this term is desirable. It y,(9), ygae) are used to denote
the values of yq and y, in (833 and (84), then y.(8,) = y2(8,)

and/



and

[%,(6),(8)] sin 6, i

co8 61 — Q0SS 8

]

i (8)y,(8)Ly. (8, ),(6.)1}
sin 6(cos @, —cos 8) {y,(8)7, ¥08,)75,(8,)

sin 8, | 1
—1 {_.... (160, +160,+15¢,+14¢c,)

sin © 16
1 cos 291 ~ ¢os8 26
—_— (402+603+7c4)
16 cos 81 — co8 8
1 cos 38, — cos 36 c, co8 46, — co8 48
+ — (cy+2c,) 1 ~ -4 :
16 cos 81 - co8 8 64 cos 81 — cog O
sin 91 g8in 28_[
cot%49 | ———— (32¢,+16¢c, +10c, +7¢,) ~ ~———— (8c_+8c, *+7C, )
1 2 3 4 p 3 4
64 &4
gin 30 c 1
+ —l (2c3+3c4) — -4 gin 491J
64 128
sin 81 sin 2631
+ tand O {———r- + +58¢,+ — ———= (8¢, +16c,+23cC,}
% ” (32c,+48c,+58c +65¢, ) ” (8c,+16c,+23¢, ]
gin 390 o
¢ ——t (2c3+5c4) — 4 ain 40,
64 128
sin 81 C, ¢, sin 61
— gin 8 |— (c3+204) — —= gin 20 | + 4 1 sin 28
4 16 16

eeoss (104)

from Lemd® 8 (Appendix),

Hence/



- 25 —

Hence
o= L Ly 1014, 1(0)] 108, S ElO]
e8] =—— (¥ 1(8)%,'(0)] log
© ) 2 ® sin #(6+6.)
gin 81 l gin 281
-~ coty 0 | —— (3201+1602+1ocj+7c4) - ——— (802+803+704‘
64T 64T
sin 30, c, sin'a,e1
+ —— (2c3+3c4) -
G410 128
sin 91
- tant 6 | ——— (32c1+48cz+580 +65¢ )
64T 3 4
gin 281 gin 361 C, gin 461
—-———————-(802+1603+2304) + (203+504)-
647 . 647 128w
~ ) e )
— 8in 6 | — (16b_.+24b_+29b ) + 16c,+24c_+29¢
32 2 3 4 som 2 3 4
g2in 91 304 gin 281
- — (c5+2c4) -
27 327
™1 0, 3¢, sin 81
+ sin 20 —-(b3+2b4) + — (cj+2c4) - —
4 4T 167
" 3b 3¢,0
— gin 30 - R cvee. (105
32 327

By considering limits 28 8 = 0 and as 6 ~> n we may verify that

0. weean (105

|

ec'(o) = ac'(n)

Finally by using Lemma 9 (Appendix) to transform
(ac — B) cot 8 we may verify that the equation

4

eo' + (e, —B) cot 8 = g, — 50, cotdo eeve. (1077

c 1
is satisfied, as it should be since each side is equal %o &qe

If we wish to express our formulae in terms of x we have

3 1 A—qc % e %
sin 8 = 2x7(y—x)®, cot$0 = |— ] , tanio =|—1 , .....(108)
X 1—x
Y
sin %[e—e1| X1+x(1—2X1)~2[X1(1—X1)x( 1—x) ] (
= - ’ veres (100}
sin %(8+81) |x —-X1|

¥, (0)/
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Y1(X) 1—2x
x%(1—x)% ox(1—=x)
and similarly for 95, P,t. Formulee for cdé ne and sin nd/sin 8
in terms of =x are given in Temma 10 (Appendix). The relations

between 84 and X4 are the same as those between 6 and Xx.

10. Speciegl Examples.

Exgmple 1. Clark v,

R. C. Pankhurst has suggested formulae" for a Clark Y
aerofoil. The under surface of thig aerofoil is flat aft of a
certain percentage of the chord (33.17 percent according to
Pankhurst's formulae), so the camber is proportional to ihe thickness.
Results for a 12 percent thick fairing were set out in Part I, we
shall therefore set out here results for the centre line of a
12 percent thick aerofoil. All the results (4o, A4, A,, B, Cuag

L

CLopts %“opts &i» &cs €cs €¢p') ,except those depending on the 1lift

(80 + &1,), are proportional to the canber®, and therefore to the
thickness ratio for a Clark Y aerofoil.

For a 12 percent +thick amerofoil, Pankhurstts equations
for the centre line are

Yo = ¥, = 0.2431368% — 0,6994284%% + 0.9882636x> — 0.5411604x*

for 0 € x € 0,3317

]

Yy, = 0.0023316 + 0.1690320% — 0.258%216x° + 0,0868980x%x3

for 0.3317 € x € 1.
Hence
dy1

ax

0.2431368 ~— 1,3988568x% + 2,9647908x% — 2,1646416%7,

&y
dx

0,1690320 — 0,.5166432% + 0.2606940%2.

The meximum camber for any thickness ratio cccurs at x = 0.4134
according to Pankhurst!s formulae; for a 12 percent thick cerofoil
(Yo)may, is 0.03426, and for & thickness/chord rotib of 1t/c¢ is
¢.28557%/c.

In/

*CLopt. and “opt. depend on ay, and arc strictly proportional to
the comber only if no ig not altered.

‘R, end M, 2130,



In the notation of §9

o
]

i

0.2431368, &, = —0,6994284, a

by = 0.0023916, b1

3
0.1690320, b,
C, = 0.0741048,'c, = —0,4411068, Cy

X, = 0,3317, co8 8, = 0.3366, sin @8,

nl

= —0,2583216, b 0.0868980, b, = ¢

4

3

= 0.9013656, ¢, = —0.5411604,

0.9416477, 8. /% = 0.3907230,

9 1 .
1 . r
- cot%-91 = 0.4518176, *'tan%re1 = 90.2242524, — sin 81 = €,2997358,
Y ’ n T

1 1 . . .

— 8in 28, = 0,2017821, — gin 36 = —0,1638960,_, — sin 48, = —0,3121169_
TE 14 n 1 '5 ,]t 1 . i . o)
1 .

— 8in 50, = —0,0462211.

1

When we insert these values in the formulae of 59 we Tind the
following numerical results.

A = 0,017528, A = 0,146252, A = 0,050508,

o) 1 2
B = 0.,055598 radians, ‘OMb = —0,075197,
1 1
— t+ —\ C = @.,146252
a o Lopt. !
0
. } 27— T
4 = 0.017528 + 0,073126 radiong,
opt. |
2n+a .
0
. 1 fdy, &y, L 1—0.3366 .cOS 8—0,9416477 sin 8
8 = T T Logg
® \dx dx ~ |coe 8 — 0.3366]
+ 0.141476 sin 6 + 0.046624 gin 28
, + 0.026430 sin 39,

SPA 1 .
g. . * g = g+t |5|{—+t—\0,.~0.073126} cotEa .- ‘ :
c T i a o T

0
. 1 1 .
~ % (— =~ — |0 tanba,
a, 2n

1 ~ 00,3366 co8 8 — 0,9416477 8in 8

1
e, = ~ = [$,(8)¢,(0)] log
¢ o 2 ¢ |cos 8 — 0,3366]

— 0,002224 — 0.067498 cos § — ¢,012162 co& 28 —0,006608 cog 30

e (0)/



€, (0) = -0, DA 0652

1 — 0,3%66 c05 O — 0.9416477 8in €

)
8c'(e) - -i-[w1'(e)—¢2'(6)]‘1oge cos 8 — 0.3366|
— 0.00108093 cot46 + 0.002:06070 tant 8 + 0.060763 9in O
+ 0,03%34462 sin 20 + 0.019823% sin 38,
where '
¥$,(8) = 2y /ein 6, $1(8) = y,'(x) = ,(0) cot o,
and similarly for wz, %t |

Example 2, Pirst N.A.Q.A, Centre Tine.

The eguetions %o the first series of centre lines sug—
gested by the N,A.C.A.% are

n
Yo = ¥, = 3 (2px — x®) for 0 € X K p
D }
— 2)
= y, = = (1 =—2p + 2DX ~— X for p € x € 1.
2 (1~p)?
Hence
4§
dy 2m dy 2m
2
—~L = — (p=-3x), =* = ——— (p-23).
dx p* dx T1—p)?

N

nax.” m, The centre

line of such an aerofoil as N.A.(C.A.2412, for example, belongs to
this series with m = 0.02, p = 0.4 (end the fairing is 12 percent
thick, )

The maximum chuber occurs et x = p, and (yc)

In the notation of Sg

2m m
a = —, a = —— .8 = g = 0,
m{ 1—2p) 21p m
b = = == - b = b =6
o) ’ ) '
(1-p)? ! (1—p)2  ° (1-p)® 7 4
Write
n m m{1-2p)
i = '—-'-"-"-""———'-: =2 ‘
»®  (1-p)* p*(1—p)?
Then
= o = = =
c, 2npk, c, ~nM, Cy Cy 0.

Also/



Also
dy, 4y, -
—t~—% = i (p - x),
dx dx
‘ 2 2nM
b,(0) —9,(8) = {y(x) =3,(x)} = - (p = x)3,
gin 6 J ‘ . #&8in ©
1—'2
Y 1(8) —9,1(0) =y, (2) — ¥, (%) ————=[y,(x) —5,(x)]
2x( 1-x)
' . (1—2x)(p—=)
= aM(p—=x) {2 +
. 2x(1—x) _
Purther '
X-! = p’
hence
- ) 1 ' ' gin 9
91 = 2 gin 1p%, sin 61 = ZP%(T-P)E, cot%-61 = 1 =
1, = co8 81
sin 28, ' = 2(1—-2pj sin 8,; sein 30, = (3—16p+1épf‘) sin 61,

sin %[9—61| p+ x(1 — 2p) — 1 s8in ©, sin 8"
sin £(9+9 ) Vo p—x| L

When we make these substitutions in §¢ and write

o
2N = +Me1’
(1 =~ p)®
we find the following results.
A, = M 8in 8, ~ (1 ~ 2p)8, — np?]
A, = 2N - (1= 2p)M ein 6,
8
A, = —p(1 —p) M sin 8,
3
B = I\T+M[1tp3+‘(1-'2p)81-5%-(3—"2p) gin 61]
id M sin B1
Cy = = —¢2N————"(3+ 2p — 8p®)
o] 4 3
1 1 ) 21 — 8 A
-— C A a = A4 + ¥
a, > Lopt 17 “opt, 0 on + & 1?

‘81/



p+x(1~2p)—k sin 6, sin 8

g. = =—2M(p—=x) log
L e ,P“‘Xi
[ 1 1 AR
gc+gL = gi+L% -;--+-2—-T-c- CL—%A‘I cotd 9 — % ;—"—
0 X )
2M{ p—=x)* p+x{1—2p)—% sin 6, sin @
ec(e) = ———— log,
-8in 8 ) o=

4

+ M{np® + (1—2p)6, — % sin 8,] — ¥ cos 6,
e,(0) = M{np? + (1—2p)6, - #(1+2p) sin e.] -,

(1—2x)(p—=x) px(1—2p)~%

+ 2N sin 9,

1 .
—-)CL tang O,

27

gin 61 gin ©

e,'(8) = =MNM(p=x)i2 + o log,

| x|

. — #oM 8in 8, cot® 8+%(1~p)M sin 6, ten} o+N gin 6 ,

Example 3. ' Second N, A.C.A, Centre Line.

The equations to theg second series of centre
gested by the N,A.C.A,%:7 are .

Yo = ¥, = K[@a(? ~ m)x — 3mx® + x?] for 0 € x
=y, = Km*(1™— x) for;m“< < 1. - '
Hence
d‘Y1 iy
— = K[@?(3 ~m) — 6mx + 3x*]
dx ! !
E-J-ri P a— Kmﬁ.
dx

lines sug—

<€m
!

These centre lines were designed to meke it easy to bring the
maximum camber further forward than usual. The maximum value of ,

Yo occurs for a value p, say, of x less than m;
o% m are given in Ref. 7 for p = 0.05, 0.10, 0.15, ©
together with the corresponding wvalues of 6K (denoted b

the values
.20, 0.25,
y k4) for

a value 0.3 of Cropt, (with a, = 2x). A revised version of

this table is given_below; it contains values of  m,
maximum camber as multiples of K, and values of ¥ b
2 percent ceamber and for Crppt = 0.3, where Cropt,
(59) with a, = 2%.

values of
oth for
ig given by

- Pable/

- 1° 1 T
*In Refs. (6) end (7) ~k or =~ k1 ig written for K.
6 6



Table 1.
i ) i K for Cyopt. -
P iek -Lyc)max‘ K for(yckmﬁ{ = g'B_Wiig
X | = e.02 o~
I
0,05 0,058082 0,00018562 107.75 58,39
0.10 I 0. 125744 0.00177233' 11,2846 B.5962
0.15 { 0,202682 0.0069310 % 2,8856 2,65327
0.20 0.290309 0,0183371 [ 1,06173 1. 10400
0.25 0.391344 | 0.0421270 ! 0,474755 0.53713
The centre line of such an aerofoil 28 N.A.C.A.23012, for example,

belongs to this
= 0.02
lnglca¥ :

ing a 12
For the centre

chogsen %o make '
at the end

series, with K and m
p=o0,15 (i,e. 2p = 0,30), the
percent thick fairing.

12

lineg of this series, in the notation of §9

a1/K =, m3(3 —m), azﬁgl = ,m-?m, ay/K = 1, 8 = 0,
= 3 = =~ g3 =) = ‘ =
bo/K-m,b1/K- m3, b, by b, 0
01/K = 3m®, 02/K e — 3m, 03/K = 1, ¢, = 0,
X1 = m,
1 [dy dy
- e 3(x ~m)?,
K \dx dx
1 2
= [b,(8) —¥,(8)] = (x —~ m)3,
K sin ©
- ) (1=2x) (x—m)
= [4,1(8) = %,'(8)] = (x—m)®|3~
2x( 1—x)

and proceeding
recsults.

as in the previous example we obtain the following

30, 9 sin 6,
A/EK = - +-~— (8n® — fm + 3) — (1 ~ 2m)
. 81 . 87 .
38 gin 0,
AR = - =Ll (1 —2m) + =L (4m® — 4m + 3)
2% 27
381 ein 61 -
A/ = - (16m® ~ 240® + 2m + 3)
87 81

B/K



30 gin 8

B/ = m® —~ —L (8m® - 12m + 5) + el (Bm? —~ 26m + 15)
8% 87
30 8in 01
¢ /& = ~—L (5 = 8m) = ——— (16m® — 8m% —~ 14m + 15)
0 32 32 ’
1 1 am = a,
(; a%) Lopt. 1ot ° (2“ ta ) 1
0 0
g; 3(xn)? n+x(1—2m)~% sin 9, 8in ©
=+ = - 10g
K s € |x — m]
3 8in ©

——

[291(1—2111)-;- sin 0, — 6, cos 0]
4T

1 1\
g .+ = g+ |5|—F+—1C—3%A | cotdo
c 1, i (ao 211:/1' =

1
~%(———]0; tan %0
ao 27

e 2 (x)3 mrx(1~2m)— % oin 0, sin O
< =2 - log,
X ® gin 9 |z — m
1 5 8in O1
+ o - — (30® —3m+ 1) + (1—2m)
s . 8w
cos O - C)j
+ {30,(1—2n) — sin 01]——-—009 20,
4T 8n
e(0) 30, gin 3
= m®——— (8n® —4n + 1) - ———— (82°® + fom —~ 3)
K 8% 81

" (0)




e 1(9) (x—m)? (1—2%)(x-m) | m+x( 1—2m)~% sin 9, sin
= | =~ {3 log, - 1
K k. 2x( 1) | =

sin 61
-—---;——— fm? cot30 + (1-m)® tan %.8]
T :
Bin 8
- [361(1—2111)—-2 sin 8 —26. cos 8]
o 1 71
where
- Y .
8, = asu11m% sin 8, = ﬂéﬁﬂﬂz, '

end values of 6 s&nd sin 6 are given in the table below for -the
same positions of maximum cenber as in Table 1, together with the
values of mA;/K wused in finding the last coluan of Table 1.

-

Table 2,

P 8, - sine, | mA/K
0.05 { 0,48679% [ 0,467797 | 0,005137g
0.10 0.724981 0.663121 0.034899
0. 15 0.933983- 0.803995 ‘ 0,113068
0.20 1.138032 0.907810 1 0.271738
0.25 1,351737 0.976102 | 0.558527

Example 4. Third N,A.C.A, Centre Tine.

The equatigne %o the third series of centre lineés suggested
by the N.A.C.A.7 are

yoo= Y, = K[ (z—n)>~B(1—=)3zxn3x2+m3)] for 0 ¢ x ¢ m
=y, = K[ B(x~m)>-B( 1~n)*z= z+m® ]for m € x < 1,
Hence
ay,
— = K[3(x —m)? — B(1=)® —-m®] .
dx '
ay, ]
~—= = X[3B(x - m)?® ~ B{1 - m)%>m®].
dx

These centre lines are somewhat similar to the former ones
over the forward portion, but are designed to have reflex curvature
over the rear portion. As a conscguence the constants may be ®o
chosen thet Cy, = o. The maximum camber occurs between X = 0

and x = m; 1if it occcurs at x = p, ‘“then

B(t ~m)® = 3(m~ p)® — n®.
S For/

1

*In Ref. 7 —lky is written for X and k,/k. for B,
, 6



For a given value of p it is possible to choose m and
B 8o that CMO = 0, X 18 then determined by the amount of cember

or by the value of Crgpt, A table of values of m and B
(denoted by Iky/ky) is given in Ref. 7 for Cy, = 0 and p = 0.10,

0.15, 0.20, 0,25, together with the corresponding values of 6K
(denoted by k4) for Cpopy = 0.3 (with &g = 27).

The centre line of such an aserofoil as N.A,C.A,23112, for
example, belongs to this series, with Oy, = o, (yo)max, & 0.02 and
D = 0.15.

The derivetion of the formulase giving the properties of
these centre lines is very similar to that in the preceding example,
we shall be content simply to write out the answers in clgebraic
form for genersl values of the constants m, B, X, without entering
into any numerical computation. In particuler we shall not solve
the equation cMo = 0, by substituting the value of B given above

in terms of m &and p into the formula for CMUZK below, the

equation is found as & relation between m and p, oand may be
golved for m by Newtonls method for nny specified value of p;
alternatively, m, B and p may all be tabulated against @0,

With .
A - i a
6, = 2 ein m;‘?, gin 6, = 2m<(1 — m)¥%,

a8 before, end with

the formulae ore as follows.

1 300 gA sin ©
1 4
AJK = — BAm® + - (8m® — 8m + 3) — (1—2m)
8 87 ‘ . 8=
3 ' A sin 6,
A/E = —— (nB+ A9, ) (1—2n) + ———— (4m® = 4m + 3)
2T 27
3 A sin 81
A/K = — (@B + A8,) — ——— (160° — 24m® + 2nm + 3)
8n 8
B 6, :
B/K = ~=— (7 — 12m) + An® — (8m® — 12m1+-5)
8 81
A sin 91
+ (8m® — 26m + 15)
87 -
3 A sin 8,
Oy /X = — (‘n:B+?\81)(5—8m) - (16m°—8r®—1411+15)
0 32 32
i 1 , . s 21 — a, )
— + -1 = A, o = A + % - A
no 27 LOP"G‘ 1’ Op't. ] o1 + ag 1? N

€y

K



-

8; 3A(x%-m)?2 m+x(1—2m)—% sin 6, sin @
- = - log
K n © |z ~ n
3 8in B
————— [2(11:B+}\B1)(1—2m)—?\ sin 81—(nB+}\81) cos &]
4T
1 1 1 1
g 2T a 2n
0 . ‘ 0
€q 2A(zm)3 m+x( +=2m =% sin 9, sin 0
— = — —— log
K n gin 8 © |z — m|

+ Am® _‘__7\81 (3m®~—
3m%—3m+1)

[3(nB+A6 ) (1—2m)—h sin 8]

il

’ 308,
— (5—12m)+Am® —
X 8 8n

(8m*—4m+1)

A sin 8,
— = (8n® + fom ~ 3)

87

!
g8 R

Alx—m)? [ (1-—2x)(x—-m)] m+x( 1—2m)—% sin 6, sin ®
0g,

X n N 2x( 1—x) |x — m]

A gin @

— L [ n® cot %o+ (1—m)? tan % 8]
2n

gin 8

[3(nB+re,) (1—2m)~2) sin 6,—2(nB+A6,) cos 6].
AT

Example 5, Cubic and Parabolic Centre: ILines.

We conclude with a particulerly simple example, in which
the Pourier series terminate and no. integrations are required,
If y, is a cublc in x, +then since it vanishes at x = 0 and at
X = 1 we may write®

Yo = hx(1 ~ x)(1 — Ax),
and for a parabolic centre line A = 0, In terms of &
1
y, = —h sin® 0(1 =%+ A +3&H A cos @),
4

Also/



— %G -

Also
\
iy, 1 3
—= = hlt—=2(A+1)x + 3Ax2] = —Ah + h{(1 — %)) cos & + —hh cos 26,
dx 8" 8
8o
1 3
Ay = —xb, A, = b(1B\), A, = —Mh,
8 8
h nh
B = =4 —3\), C = — (A —38).
8 0 32
1 1 ( ' 3 1 ¢ 1) an — & .
-— 4+ —| C = h(t1 — A o = —Ma+ 5 (1 — 2\ ——
a, 2m Lopt. )s opt. 8 on + a
3
g, = h(1 —~ %2) gin 6 + ~Ah sin 28,
8
3
g, * &, = h(1%M\) sin 8 + —Aasin 20
c 8 . '
1 1 . 1 1
+ 1% [— + — ) C;—3h(1—%¥\) jcotE 6~} |— —~—) Op tan %8
a 2n a 27
. 0 B 0
Also
1
$, = 2y, cosec € =4 h(1 —%A)sin 6 + —)Ah gin 20,
8
g0
1, -
e, = —%h(1 — %)) cos 8 ——hhcos 29,
8
1
e,' = #h8(1—%\) sin @ + —Aasin 26,
4
When CL = cLoptq

a o 2% 8—4¢A 27+8

1 1 _ 3A ) N 2%, 1
gs + g, = —_— F - CLopt. gin & + gin 286 —~ 5 tan 5 8|,
Graphs of g, + gy, for Op = OI:ofptF 0.2 eand 8, = 5.5 are shown

in Fig, 1 for AN = 0.9, 0.6, © and =1,0. For other wvalues of
Cropt. the shapes of the graphs would be unaltered, since when

Cr, = Croptys 8. + g+ 1is proportional to CLODt5 for other values of

1 1
859 (ge + &1) 5 ——-+-—i> CLopt, is altered only by a small

a 27
0
multiple of tan 39, 8o the shapes of the graphs would be sub-
stantially altered only near the trailing edge. Some numerical

values/



values for these centre lines are given in the table below, wherein
X, denotes the value of =x at the position of maximum camber.
?

h OMO and $ are proportional to the amount of camber for a given
' Table 3.
Valvues for 1 percent camber Percentage
- camber for
A X, h Co g(radians)| p° Clopt, = 0.2, 8o = 5.5
0.910.3503%3910,006417]|—0.0107 0.0104 0.60 1.93
0,6(0,40456}10.05481{~0.0204 00,0151 0.86 1. 7T
0 {0.5 0.04 —0.0314 0.02 1.14 1.70
—=1.,0}{0.577350.02598|—0,0383 0.0227 1.30 1.75

shape of centre line. The amount of camber for a given CLOPt.

is proportional to cLopt L. —L) + Tthe amount required does not

s 2T
vary much with A for the values here considered, especially for
the last three values. — Cp, increases fairly rapidly with x,.

From Fig. 1 we can see that if we wish the maximum values
of @/U on both surfaces of a wing 4o be fairly far back from the
leading edge, then with the centre lines for which A = 0,9 and
A= 0.6 the fairing would have to be such that gg hags a sharp
gradient and a far—back maximum. The middle of the range of
Cy, — values for which the maximum of /U is foirly far back from
tge leading edge on both surfaces will be higher thon CLopt for

any of these centre lines unless the gradient of gy 1is greater
than the gradient of g, + gr, in Fig, 1, and there will be a
tendency to flatness in the final curves of ¢/U on both surfaces,
due, to the negative gradient of g, + g1, on the lower surface and
the 1ncrease of 1lift on the upper surface, Moreover, if we com—
pare the centre lines for A =0 and A = -—1.0, we See that over
the middle of the wing chord the gradient of ge + g1, 18 greater
for A = —1.0 than for A = 0, S0 in the finanl curves of ¢/T
for the wing we¢ might easgily have flatter curves with A = <—1,0
than, with A = 0. Lastly we might note that if (g/U)max. for
the feiring alone at O, = 0 occurs about mid-chord, we should
expect to ochleve the lowest (Q/U)max. for a combered wing which
hos one of these centre lines by taking X = 0, but thot we might
easily- do as well or better with » positive N if (g/U)y.x. for
the fairing at O, = 0 occurs further back than mid—chord, ond
with o negative A 1if it occurs further forward.

11. Numerical Exnmple (EQH 1250/4050), and Compcrisonsg with
Numerically Accurdte Results, .

Computations have been carried out by all three
approximate methods for EQH.125Q/4050, and the results conpared with
each other and with numericelly accurate results obtained from the
exact theory. For this aerofoil the eguations to the fairing are

1 .
Yy = 0.12 (x—=x3)% for 0 < x < 0.5
= 0,06 — 0,12 (%x~0.5)% =~ 0.535 {x—0.5)%
+ 0.609 (x0,5)* for 0.5 € x € 0.9653726

{0.0006260362 (1~=%) + 0.044389956 (T*x)a}%

It

for 0.9653726 € x € 1,
and/
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and ‘the equation to the centre line is

Yo = 0.16%(1 = x).
Values of Cu, 8gs £gs Eg!' were given in Pert I and an addendum
thereto, together with the accurate and the three approximate
values of o/U for the symmetrical aerofoil, both for Cp = 0
eand for (Cp = 0.4, Cp/ein « = 4,8,

For the cambered aerofoil, on the approximate theory,

Ao = 0, A‘l = 0,16, Az = O,

B = 0,08 radiens = 4,589, OM, = —0.04n = —0.1257T,
and with a, = 4.8,

Cropt, = 0+4354y “opt. = 0,0107 radians = 0,619,
g, + &, = 0.16 sin 6 + (0,1837441 C —~ 0,08) cot &8
— 0.0245892 Oy tan % 0.

Also

¢c = 0,08 sin @, €, = —0.08 cos 9, ac' = 0,08 ein 6.

For Approxzimation I,
q/U=1+gs+ge+gL.

For Approximation IT,

1.005039 |sin 0|

T (1 +g,+ 8, * 8
(1[)2'*'35_1'138)3 8 C L)

/U

Il

1.005039 |sin 0] 1.005039

+
(.4)2. + 5in? e)é’ (1 * gs) -

il

L
($2 + sin® 9)°

4.8 21

-

r Cs
—— ¢c08 8 + — ~0,08(cos 8 + cog 20} .

For Approximation IIT,

L
e®0 (1+e1) [ Op®\ *
/U = 3 YW T sin (8 + e— B)
($2 + sin® 9) L aoa
c ¢
+ =L cos (6 +e —8) + L ,
C
) 2mg 0
)
with
eCo = 1.10560, &_ = 4.8, B = 0,08 radians,

Accurate/



Accuraté values of 4, ¢!, e, €' and of ¢g/U for
Cr, = 0.2, 0.6, 1,0 for this aerofoil are given in Table 4, and
approximate values in Table 5. The results are exhibited
graphically in PFiges, 2 — 7, and should be compared with the
results for the symmetrical aerofoil EQH 1250. Approximation III
is again the best, end is, on the whole, quite good; but whereas
for the symmetrical aerofoil the errors in Approximation III are
quite small, for the cambered aerofoil they are guite perceptible.
The mosgt significant errors are probably those over the middle of
the chord on the upper surface at (p = 0.2 and 0.6, Actually
4 percent 1is rather a high c~mber for 2n acroplone wing (though
not unduly hizh for & section of an sirscrew blade), and it appears
probable that the additional errors due to the camber increase, as
the camber increnses, at least as fast as the square of the camber,
so they would still be gquite small for an serofoil of more "normal®
canmber.

The errors in Approximation III over the middle of the
chord on the upper surface at Cp, = 0,2 and Cp = 0.6 are due
partly to errors in e!', for which %t is difficult to compensate
easily, and partly to an error in e¥?, due to an error in C,,
for which it\ is easy to compensate, (On the upper surface the
errors have the same sign) We see from Part I, equations (5) and
(6), that Cn is on npproximation to *

1
[¥] =.— J [$(t) ~ e()pr(t)]at;

2N —g

we neglected the second term in the integrand, which depends on
gquares of the thickness and camber, and substituted our opproximate
value for ¥, We obtain a better approximation to ¢, if, still
using our approximate values for ¢, ¢!, e, ¢!, we retain the second
term in the integrand, and so add

1 3 1 T
= (o] = —— [ e(dnr(t)at = — [ er(s)p(tlat = [enp]
2% W 2n —=% ; ‘
to our previous value of Cg. The result is that.all our values of

a/U on Approximotion III should be muiltiplied by
1= [ep'] =1+ [eryl.

For a cambered nerofoil, on our approximate theory,

ond when e,$! (or e',4) hove been found, ¢ numerical value for
[ev!] (or[ety]) is eassily found by numerical integration by the
tropezium rule, since only one or two significant figures will be
required. For EQH 1250

[esqmsf] = =—0,0014;
also from the wvalues of ec,¢c' above,

:

‘ 1 =
[e 4 .'] = ——= [ 0.0064 cos® $ at = =— 0,0032,
cte a0
so for EQH.1250/4050
[evt] = — e.0046.

1L/



If we multiply our previous results on Approximation III
by 1.0046 we considerably reduce the errore over the middle of the
chord on the upper surface at Cr, = 0.2 and 0.6 &t the cost of
rather increasing them elsewhere on the upper surface, and also over
the middle of the chord on the lower surface — 1.e. wc make the
errors rather more nearly equal on the two surfaces, On the whole
we meke the results rather worse at Cp = 1,0. It is suggested
that this factor 1 — [e(!] might be included for safety if we are
finding the meximum suction, but it ie emphasised that, Since
squares and products of the thickness and camber are peglected
elsewhere, it is purely for safety that this factor might be
included; it 1s not logical to include it and the results sc
nhtained are not necessarily more accurate.

The veloclty distribution on vhe lower surface &t
OL = Opgpt,) ™ 04954 is shown in Pig, 8; it exhibits a somewhat

sherp ma%iﬁum neer the nose {et -x-= 0,038), This mexiwmum near
“the nose on the lower surfece is, in fact, still present at

o, = 0.6 (at =x = 0,165) and disappears only between (g, = 0.62
end Op = 0,633 ot Cp = 0,66 &a meaximum near the nose on the
upper surface makes 1ts mppenrance, Thus if we define the
nfavourable® renge of Op= vealues as the ronge for which there

is no moximum of o/U necor the nose on either surfnce, then for
this aerofoil the ronge would be only 0,63 to 0,66, (From the
practical point of view the definition of the "favourable® range
ig, of course, arbitrary; with a perfectly accurat: surfaoce the
maximim of @/T near the nose onrthe lower surface would probebly
not lead to transition at Cp = 0.6 , but, on the other hand, the
effect of any woviness of the surfnce neny the pnsition of tﬁat
paximun would be especiclly unfavourable, )

The middle of the "favourable" ronge is theretfore ot
Cy, = 0.645; on the other hond the lowest volue of (o/Ulpnx
f%r both gurfaceﬂ,nnmely 1,277, 1is obtained when Cy = 0.33.

12, Sunnmnry.

The formulae of Part I ore extended to cambered nerofoils,
three formulae, of incrensing accurocy ond complexity, being given
for the velocity ot the surfzce of o cnmbered aerofoil.

The connection vwith the "vortex-shect" theory of infinitely
thin aerofoils is set out. In particular, the usunl formulae for
the no—1ift ocngle nnd the moment ot zero 1ift are correct if account
is token of the thickness, so long as the thickness is not too large.
These formulae are, however; given and use¢d in somewhnt different
forms from the usunl ones. Simple formulae are also given for the
Poptinmun® 1ift coefficient and incidence, defined os the 1lift
coefficient and incidence at which, on & theory neglecting
squares of the camber, there is no infinity at the leading edge in
the velocity distribution for an infinitely thin cerofoil of the
shope of the given centre line.

In calculotions of the velocity ot the surface the
contributions fron the thickness nnd the camber can, to o large
extent, be calculated seporately. In the calculations of the
contribution from the camber we mny, just as in enlculating the
contribution from the thickness by the methods of Part I, use
Fourier series, nuncrical integration, or certain anclytiecal
results, The Fourier series terminate, and should be used, when
the ordincte ¥y of the centre'line is = single polynonicl in the
dietance x alodng the chord from the lecding edge over the vhole
chord; otherwise 1t is reconmended that the onalytical results. be
uzed whenever possgible, It is shown how cnalytical results nay be
obtained when, with the chord divided into ony number of segnents,

Ay /
~



Ye 1&g a polynonial in z of any degree in each of the segments)

the results are set out explicitly when there are two segments in
each of which y, is 2 quartic in x; it appears that, apert

fron centre lihes designed to give =pecified load distributions

along the chord ot the "optimunm®™ 1lift coefficient, €ll the centre
lines for which formulre have so far been proposed are included as
speclal cases. As exnmples, formulae arc set out for the centre
line of a Clark Y aerofoil aoccording to Ponkhurstls formulae, for
three series of N.A.0.A centre lires, and for cubic and parabolic
centre lines, The properties of cubic centre lines are briefly
discussed, The results on each of the approxinate theories are
conpared with ench other and with accurate results for EQH 1250/4050;
the agreement, while not nearly as good as that for the synmetrical
aerofoil, is not unsoctisfactory considering the fairly large amount
of canber. A snall refinement is suggested which, while not logical
and not necessarily leading to more accurate results, nay be inserted
for safety if the maxirmum suction be sought,

Appendix.

Tenmn 1.

1 — co8 2nt .
2{sin t + sin 3t +.,. + sin(en — 1}t},

i

gin t
and ’ i

cos t ~ cos(2 n + 1)t

= 2{ein 2%t + sin 4t +,.. + sin 2nt}.
sin % ‘

L]

ernma 2, Let

x = (1 —cos 9) and y(x) = F(0) sin 6,
where N '
[+3)
P(8) = r ZDn gin n® (o0 € 6 < =),
n=1
Also let
dy oo
M) = — = § A cosme (0<86< ).
dx n=o0
Then 5
2
Dn = ‘; J p(t) sin nt dt,
2. d
F(9) = — (¥¢9in 8) =4'(8) + ¥ cot o,
sin @ 48
10 2 m
| Ao = -; J ¥(t)at, An = -; J 'F(t) cogs nt dt.

Hence/



Hence if
% *
$(6) = P(r) =0, i,e. if y/x°* >0 a8 x> 0 and y/(1 —x)*> o
as x =1,
¢
then
' 1t =
Ay = = [ b(t) cot b at
n
2 = coa? %
A,‘ = -g' Yr{t) COS“G'*"{J('t)'——.—- at
T . sin 1t |
2 cos® 't' 2 T
= —g Y(t)4ein t + at = -J Y(t) cosec t dt,
i gin t j R
and for n » 2
2 =
A, = HJ fpr(t) + %(t) cot t} cos nt at
T
2 =
= —é’ P{t) {n sin nt + cos nt cot t} 4t
s
2 ,’ cos (n — 1)%
=—bf P(t) Jfn - 1) sin nt + dt
T gin t
2 = cos (n ~— 1)t
= (o — 1)Dn + —~6f Y (t) dt.
T gin ¢
It follows from Yemma 1 that for n 2 1
Ayy —2h, = (2n ~— 1D, = 2D, =~ 2Dppg — ver — 2D, — 2D,
and
Aypyq Ay =200, —2D, —2D, .~ .. —2D —2D.
Lemma 3. If
x = %{(1 ~ cos 8)
then
1
¢ = — (3 — 4 cos 6 + cos 20)
1
x> = — (10 ~ 15 cos § + 6 cog€ 20 — cos 38)
32
1
x* = —— (35 — 56 cog 8 + 28 cos 20 — 8 cos 38 + cos 48)
128

and/



and
o (—1)2 _ an( 2n—1)
= ZEE:T cos n8 — 2n ¢o68 (n~-1)0 + ——~;T——- cos (n—2)8+ ...
en(an=-1) ... (2n—s+1)
) + (—1)® cos (n—8)6 + ,.,
s!
2n{2n—1) ... (n+2) an{2n-1) ... (n+1)
- cos § + %
(n—1)! n!

Lemma 4. Let - J
(6.) 81 cos nt

I = P dt

nt J cosS & — co8 4 ’

where P dengtes that the principal value of the Integral is to be
taken, Then

gin 4|6 —-91[
10(81) gin 8 = loge .
Sin %-(9 + 81)‘
and
6.3 84 cos 6 1' (0.1
I.(® = =P 1 - - dt =—8, + I (8 cos &
LA g cos 8 — cos % 1 o' 1 ’
80 !
gin ¥|6 —81[
I1(81) gin & = cos 9 log, — 8, sin 6.
' ~gsin (0 +~e1)
Also
0.) (6.) 9120081:003111:
I 8 + ] 2] = P at
n+1t LA g coa 8 —cos §
* 9, cos B
“"PJ 2 cos nt 11 — da%
cos 9 — cog t
2
= ---I—l- gin né, + 2 In(e1) cos 8,
80
2
1n+1(e1) gin 6 = —-; ein no, sin & + 2In(61) sin 8 cos @
—In__1(81) gin @,
. Hence/

*0f. Ref. 2, p.p. 92, 95. ' \



—~ 44 -
Hence

sin %|6-0, |
sin #(0+3,) -

12(81) sin 8 = cos 20 log, 8, ein 20-2 s&in g, gin 8

sin 4|60, |
cos 36 log -~ g, gin 30
© € gin 3(e+6,)

13(01) gin 0

4]

— a&in 201 gin Q0 — 2 8in 61 sin 29

sin 4|0-0,|

IH

g,  &in 498

14(81) gin 8 ;

cos 40 log,e
sin #(6+6,)
sin 39, Bin 23
~ 24 ——— gin 3 +
3 2

1 sin 28+ ein 61 sin 38

and forn » 2

sin a;g—le-e1|

I.(9,) =in & = coe nd log 5, sin nd
=2 sin (0—e—1)9,
-2 k - — ain (&+1)0.
8=0 n—e—1
Ve may also note that
si11-25~|8-81| .1 —cos B, coB & ~ sin 9, vin O
= - ’
sin $(3+9,) |cos 8 — cos @1|
and that
pin nd : '
~—— = 2 co8 (n—1)6 + 2 cog (n=3)3 + 2 cos ()8 + ..., ,
sin 9

the last term being 1 or 2 coe 8 according ag n iz odd or even,

Lomna 5.
tan® 9 cos O

N

sin 5 — ten® 9,

|

— tand B coe 29 = 2 8in & — sin 26 — tank O,
toul 9 cos 39 = 2 Bin 8 —2 sin 20 + sin 30 — tond 0,
rad for 2ny pogitive integral n,
("1)11—1 tent9 cos n8 = 2 sin 0 — 2 8in 20 + 2 8in 3)>...
+ (-—1)nz sin (n—1)Q + (-1 )n--1 ain ne o
~ tond 0,

Temnn 6,/



emnma &,

cosg ne1-— cos nd

= 1 for n=1,
cos 81 ~ ¢c08 8

= 2.c08 6+2 cos 61 for n=2,
= 2 CO0S 2B8+4 cos B cos e1+2 cos 281+1 for n=3
= 2 co8 30 + 4 cog 20 cos 8, +4 cos B(cos 20, +)

+ 2 cosg 39i+2 cog 91 for n=3

H
n

cos (n—1)8+4 cos (n—~2)0 cos 8,

+ 4 cos (n—3)6 [cos 20 +i]

+ 4 cos-(n~4)e'[cos 30, + cos e,]
+...+4cos(n~r)a[cos(r—1)8{+cos(r—3)81+...]+...
4 2 cos (,11-—1)91 + 2 ‘cos (n--»’;')e1 + ..

for any positive integral n, the last term-in the coefficient of
4 cos (mrr)® being % or cos 6, according as r 1is odd or even,
and the last term independent of © being 1 or 2 cos &,° -
according as n 1is odd or even,

L3

Hence also

[}
a

cos he1-— cos nd
gin E)1 = gin 91 for n=1
cos 81 — c08 B

= 2 cos8 8 oin 81 + sinﬁae1 for n=2 .
= 2 co® 28 sin 91 + 2 cos 8 sin 281 + sin 361 for n=3 ‘
= 2 cos 38 sin &, + 2 cos 26 sin 261 + 2 cos 8 sin 38, * sin491
| for m=q .
= 2 ¢cos8 {(n—)9 sin 8, + 2 cos (n—2)6 sin 20, +2 cos(n—3)08in30 +,..

+ 2 coe (n—r)g sin ro +...+2 cos. 0 ein (n—=1) 8, + sin nd,

for eny positive integral n.

Lemma 7.
cosec & = #(cot% 6 + taniv),
cot 8 = %(cotie — tanie),
cos 28
= 4(cot3:6 + tan}O) — 2 sin @,
sin 9
cos 36
= %(cotd% % — tante) — 2 sin 28, -
gin ¢
cos 4Q

: = #(cotic + tani6) — 2 sin 30 — 2 gin 0,
sin & and/



—..46'

and for any positive integral m

cos md - .
——— = 400t} s+(~1)" tand ol sin (m-1)6—2 sin (w3)6—.,.,
gin 8

the last term being —2 s8in 20 or —2 8in 6 according as n is
0dd or even.

Lemma 8, It follows from Lemmes 6 and 7 that
sin 91 coS ne1 — ¢c08 ne
sin 8 co8 61 — ¢o8 ©

= % gin 6'1(00‘{:%:6 + tand 6) for n=1

= oot36(4 gin 20, + sin 6,) + tan’ (% ein 20, — sin 6,) for n=2

th

co’c%@(—irsin381+sin281+sma1) + tanko(Hein3d ,—8in28 +8ind 1)

— 4 8in 8 sin 81 for n=3

il

cot® (%4 sin 46, + sin 30, + sin 20, + sin 81)
+ ten 6(% sin 48, ~ sin 30, + sin 20, — sin 9,)

— 4 8in 0O sj_n281-~4 gin 26 s:i.ne1 for n=4

it

cots 6% sin ng, + sin (p—1)8, + sin (n—2)6 +...+sin2e, + sin 57

+ tando[4ein nd 1-Sin(n--1 )e1+sin(n-2)e1—. e ot {—1 )ns:l.n:ze1

n+1

+ -(—-1) sin e1]

— 4 sin o[sin (n~2)0, + sin (n—4)8 +...]

— 4 ein 268{s8in (n—3)8, + sin (n—5)91+...]

—
L ]

— 4 sin r8[ein (n-r-—-1)é1 + gin (n—f~3)81+...}

= s

— 4 sin (n~3)8 sin 20, — 4 sin (n2)0 sin 8,
for any integral n > 2, +the last term in the coefficient of

= 4 8in r® being sin 20, or sin §4 according as n-r is odd
or even, '

emng 3. It follows from Lemma 7 that

cos (m+1)8 + cos (m—1)d
cos me cot 0 =

2 gin @
= 3 cotdo+(—1)" tanis J-sin mg—~2sin(m~2)6~2sin(m4)0~,..,
s0
1+ (--1)m+1oos md]cot 0 = &1 + (~1)" 1 cot L o
+ (=) %[ein m0 + 2 sin (m—2)8 + 2 sin (m—4)6+...],

the/



the last term being 2 8in 8 or 2 sin 26 according a8 m is odd
or even, Thus we have

cot 8 = -};(cotée — tand 9)
(1 + cos 8) cot B8 = coti 8 — sin 8,
{1 — cos 28) cot & = sgin 20,
(1 + cos 38) cot 8 = cot%t8 — sin 39 — 2 sin 9,
(1 — cos 40) cot & = 8in 48 + 2 sin 26,

and 8v on.
Lemna 10, I
x = %(1 —cos8) = ein® % 9,

then

cosé =l'1 - 2X,

c08 20 = 1 — 8x + 8x%,

cos 30 = 1 — 18x% + 48x3 — 3213,
end for any integral =n

n

co8 N6 = ) amxm, . *
m=0 '
where
. . n?(n?—1%)
a, = 1, 8 = —o2n? a, = 2° '
2! 1.3
(<2)® n?(n?~12)(n%*—=2?)(n*37). .. [n%(2~1)?] :
a = —2 c o ‘
m 111! 1-3.507! LA 4 (21n—-1)
Also
2 &
gin 8 = 2x*(1 — x)=,
+ §
8in 29 .
—— = 2 - 4-X, .
gin 9
gin 38

3 =~ 16X + 16%%,
gin @

ang/



and for any

where

No.

T

integral n
gin nB n—1 o
—_————— = ) bmx
g#in @ m=0
n3--q 2 (n®=13)(n"-2%)
= N, b1 = = 20 ey bz = 2% ce—e—- e —
ﬁ.3 . 2} 5.5
mj 3.5.Te +ue (2m+1)
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Aerofo1l SOH 4250/L050 -

Table &

" Accurate Results

JUpper Surface

Lower Surface

i X v yrt £ et ‘x 178 W e : f:'
. ' ;
0 0 0.1185 | 0.07981{ -0,0812{ 0.0086 .0 0.1185] 0.0798; -~0.0812 ~0.0086
1 | 0.0054 | 0.1310 | 0,0797 | -0.0789 | 0.0208 0.0069 | 0.1059 | 0.0730} -0.0816 | =0.C037
2 | 0.0230 | 0,443 § 0.0773 | -0.0746 | 0.0337 0.0258 [0,0938 | 0.0757 . -0.0801 ! =0,0157
3 { 0,052 | 0.1552 | 0.0729} -0.068L | 0.0162 0.0563 {0.0823 | 0.0706 | -0.0767 i ~0.0267
L 10,0931 |0.1662 | 0,0666 | -C.0601 | 0.0582 ' 0,0976 | 0.0717 | 0.0638 | -0.0748 "-0.0365
5 | 0.1439 10.1760 | 0.,0585 ] «0.0501 | 0.0693 © 0.1488 10,0623 | 0.0556 | -0.0653 | -0.0L49
6 | 0.2039 |0.1845 |, 0.04,87 {-~0.038, | 0.0795 0.2085 0.0543 | 0.0460 i -0.0577 {.-0.0517
7 10.274%4 [ 0.1913 | 0.0376 | -0.0252| 0,0885 0.2753 | 0.0479 | 0,035k | ~0.04,92 | -0.9563
8 | 0.3448 {0,4962 |- 0.0253 | =0.0107 | 0.0961 0.3L76 |0.0L32 | 0.0239 | —=0,04,02 | <0,0585
9 | 0.4222 |0.4991 | 0.0121 |- 0.0051 | 0.1037 0.4237 |0.01,04 | 0.0117 § -0.0310 | ~0.0576
10 | 0.5017 |0,2000 | =0.0015 | 0.0220] 0.1129 0.5017 {0.0395 | ~0.0007 | -0.022), | -8.0508
11 }0.5811 |0.1982 | -0.0242 | 0.04,09| 0,1263 0.5797 [ 0.0401 | =0.0043 | ~0.0155 | -0,0367
12 1 0.6585 [0.1918 | =0.0579] 0.08121 0.1305 -0.6558 [ 0.0403 | 0.0036 | —0,0106 | -0.0267
13 | 0.7315 |0,1799 | ~0,0937 | 0.0811| 0.4203 0.7280 [0.0388 | 0.0160 | -0,0067 | ~0.0257
14 | 0,798y 10,4626 | -0,1251 | 0.0983| 0,0975 0.7947 10.0353 | 0.0272 ! -0.0021 | =0.0%35
15 | 0.8574 104410 | -0.1483 | 0.1112] 0.0656 0.85,1 {0,0305 | 0,03377] 0.0843| -0.04,78
16 | 0.9074 | 0.1165 { =0,1622| 0.1187| 0.0283 0.9048 | G.0251 | 0.0339 | 0.0132| -0,0661
17 | Ou9nh7h [0.0906 | ~0.1665( 0.1199| =0.0131 0.9456 (0.,0202 [ 0,0273| 0.0252| -0,0870
18 | 0.9765 { 0.0648 | ~0.1587 | - 0.1143 | ~0.0585 0:9755 {0.0170 | 0.0111 | 0,04,06 | ~0.1099
19 | 0.9941 [0.0416 { =0.1337| 0.1015] -0,1366 0.9938 { 0.0173 | -0.0191 |* 0,0598 | -0,1337
20 | 1.0000 0,02,7 | =0,0781 1 0.0818} =0.1405 1.0000 | 0.0247 -0.0?81" 0.0818 | -0.1405
¢ AU g

Contd,/
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Aerofoil EgH 1250/1,050

Table 4 (Continued).

Accurate Results,

Values of ¢/ for Cp/8in (a + B) = k.8

2003 Upper Surface Lower Surface
T Cr, = 0.2 Cr, = 0.6 Cr = 1.0 C;, =0,2 |Cg, = 0.6 Cr, = 1.0
0 [{~)o.8532 0.4,712 1,8061, 0.8532 | (~)0.4712 5—31;3054
1 0.3773 1.1562 1.9353 (IASAN 0.6349 -)0,1878&
2 0.7657 | 1,2342 1.,6930 ° 1.3263 0.8717 Q.4061
3 0.9286 |- 1.2529 1.5717 1,2309 0.9293 0.6188
L 1.0237 1.2690 -1.5079 1.1652 0.9462 0.7181
5 1,0395 1.2837 1.4.708 1.1176 00,9495 0.7729
6 1,1389 1.2961 1.14.58 1,0819 0.9L86 0.8072 -
7 11771 -1,3058 1.4.266 1,0552 . 0.9474 0.8318.
5 142063 1.3115 1.4085 1.0360 | ° 0.9.80 0.8523
9 1.2281. 1.3131 1.3897 1.,0235 | 0.9515 0.8719
10 1.2453 1,3125 1.3711 4.,0200 0.9644 0.8953 .
11 -1.2600. 1.3108 1.3527 1.0256 0.9788 0.92,6
12 1,255% 1,2896. 1.3152 1.0267 0.9917 0,992
13 1.221,8 4.21,32 1.2529 1.017% 0.99,2 0.9637
14 1.173L. 1.1760 1,470, 0. 9981 0.9870 0, 9639
15 1.1076. 1.09,8 1.0740 0.9722 0. 9741 0.9691
1.0333 1.0046 0,9680 0.94,33 0.9599 0,9638
17 0. 9547 0.9056 0.8,96 0.9149 0.9504 0.9796
18 0,8663 0.7865 0,7002 -} .0.391k 0.9578 1,0182
19 | 0.7217 0.5695 0 4117 0,.8891 1.0362 11770 -
20 |(~)0.5498 | (~}1.5413 |(-~)2.532 05498 1.5413 * 2,532

Theoretical value of Cr/Sin (a + B) = 6.9%467; B =

0,080, radians.,

Table 5/
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Aerofoil EQH 1250/4,050

Table 5

Results according to Avproximate Theory.

209 Upper Surface Lower Surface
Tl: X -qf -lp—i e € t .qf .\lf t € £ t
0 Q0 G9.8800 | OJOBEO | =0.0800 | .0,0105 |0 042000 ] 0.0800 |-0,0800 | 9.0405
1 10,0062 }0.1325 0.0790 | =0,0774 0.023%1 0,1075 0.0790 |-0,0827 | -0.,0019
2 | 0.0245 | O0.1447 0.0761 | -0,0728 0.0355 0.0953 0,0761 | ~0,079% | -0,0139
3 | 0.05,5 §0,1563 0.0713 | -0,0662 0,04,.76 0.0837 0.0713 | -0.0763 | -0.0251
L | 0,095 10,1670 0,0657 - | =0.0578 0.0589 0,0730 0.0647 |[-0.0716 | -0.0351
5 | Oui6h | 0.1766 0,0566 | ~0.,0478 0,069 0,063 0.0566 |-C,0654 | =0,0.37
6 | 0.2061 | 0,13,7 0.,0470 | -0.0361 . | 0.,0788 0.0553 | 0.0470 |-0.0579 | -0,0506
7 10.2730 |0.1913 | 0.0363 |-0,0230 | 0.0872 0,0,87 | 0.0863 |[-0,0496 [ -0.0553
8 | 0.3455 | 0.1961 0.0247 | <0,0087 0.09L6 0.,0439 0.,02.7 |-0.01,07 |~-0.0575
9 10,4298 | 0.1990 0.0125 0.,00567 0,1016 0.0L10 0.0125 |{-0.0317 | -0.056L
10 | 0,5000 | 0,2000 0 0.0232 0.1101 0. 0,00 0 -0,0232 | -0,0,99
11 ] 0.5782 | 0.1986 |-0.0210 0,0416 0.1232 0,005 | =0.0040 -0.0166 | ~0,03,8
12 [ 0.6545 | 0,1928 |-0.0532 0,0615 0.1279 0,0406 0.0038 |-0.0121 | 0,023
13 | 0.7270 | 0.1817 | -0.0888 0.0811 0.,1195 0.0391 0.0%61 [ -0.0085 | -0,0231
1 | 0.7939 | 0.1651 [-0.1214 0,098, 0.0985 0,0355 0.0274 | -0.0043 | -0,0309
15 ] 0.8536 | 0.,1439 | -0.1471 0.,1115 0,0675 0,0307 0.0339 |.Q600t6 | -0,0456
6 | 0.9045 | 0,119 |-0.1636 0.1192 0.0295 0,0253 0,034.2 0,0102 | -0.0645
17 .1 049455 | 0,0930 |~0,1701 0.1205 | -0,0139 0,020 0.0275 0,0220 | -0,0855
18 | 0.975% | 0.0666 |~0,1633 OC.1ih6 | =0,0617 0.0172 0.0111 0.0376 | -0.1111
19 [ 09938 | 0,026 [ ~0.1383 |[-0,1010 | -0.1123 0,0176 | =0,C198 0.0571 | —=0,1373
20 1 0,0250 |=0,0800 0.C800 | 0,138 0,0250 | =0,0800 0.0800 | =0.448,

Con'td ) /
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Aerofoil TQH 1250/4050

_!_i‘_a_'p.le 5 Continved.

Regults according to Aoproximete Theory.

Valuesof ¢/ff for the Lower Surface for Crp/sin{a + B) = 4.8.

2006 Apmroximation I Approximation II Approximetion ITI
b C1=0.2 C1=0, 6 Cr=1.0 CL=O. 2 Cy=0, 6 CL=1 o0 CL=O. 2 CL=0. 6 CL=1 .0
0 o (=) o0 - o0 | 0.7245  {(~)0.5066 31.7578 78,8311 ) {=;0.4816 1.80.3
1 1.6463 0.7132 -)0.2199 { 1.3637 0.5908 0.1822 | 1.4176 0.6098 0.2110
2 143059 0.333h 0.1.210 { 1,2926 0.848L 05003 | 1.3140 0.3591 0. 39351
3 1.2303 0.9265 0.6228 | 1.2160 0.9157 0.6156 | 1.2239 0.9223 0.6410
L 1.4625 0.9395 0,7165 | 1.1595 0.9370 0.7146 | 1.1602 0.91.09 0.7125
5 1.1153 0.9.19 0.7686 | 1.116L 0.94.29 0.769% { 1.1135 0.9455 0.7685
6 4.0808 0. 9,12 0,8020 | 4.083L 0.9037 0.802 | 1.0782 0.9,1.9 0.8031,
7 1.05k14 0,902 0.3263 | 1.0578 0.91.35 C.8292 | 1.0518 0. 940 0.8233
8 1.0350 0,910 0,8,70| 1.0391 0. 9847 0.850, | 1.0328 0. 9417 0.8,90
9 1.0229 0.9453 0.8676 | 1.0272 0.9,.92 0.87i2 { 1.0209 0. 9437 0.8691
10 1.0187 0.9550 0.8913 | 1.0230 0.9590 0,8951 | 1.0174 0.9586 0.8925
11 1.0247 0.973) 0.9222| 1,0290 0.9775 0.9261 | 1.0243 0.977h 0.9230
12 1.0262 0.9863 Co9h65 | 1.030L 0.990%, 0.950 { 1.0261 0.5909 0.94.82
13 1.0177 | 0.9888 0.9598| 1.0218 0.9928 0.9637 | 1.0173 0. 9940 0.9633
12 0.9992 0.9810 0.9629| 11,0033 0.9350 0.9668 | 0,9981 0.9370 0.9687
15 0. 9731 0,966, 0.9597 | 0.9771 0.970, 0.9536 | 0.9718 0.9736 0.9686
16 10,9531 | 0.9495 0.95581 0.9470 0.953L, 0.9597 | 0.9423 0.9587 0.9686
17 Ce 9118 0.6352 0.9535| 0.9155 0.9390 0.9621. | 0.6126 0.9,80 0.977C
18 0.3839 0.93L.3 0.984,8{ 0.8870 0.9376 0.9882 | 0.8375 0.9536 1.0135
19 0.8779 0.9971 1.11631 0.8712 0.9895 1,1078 | 0.8798 1,0245 1,1535
20 co o o 0.395% 1.1853 1.9754 | 0. 30 1.1.518 2.,197
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Aerofo1l EQH 1250/4.050

Table 5 Continued,

Results according to Approximate Theory.

Values of /¥ for the Uppor Surfoce for Cr/sin (o + B) = 4.3,
200 Approximation I aApproximation II Approxunation IIT
T( CLZO,Z CL=O‘6 CL=1¢O CL=002 CL\‘-‘Oss CLﬂﬁuO CL.-:O.E CL£.6 CL= 100
0 |{(-)oo ) O (=)o.7245 0.5066 1.7378  |(~)0.8311 0.,816 1.8048
1 0.5965 { 1.5296 | 2.4627 04574 1.9730 1.3886 0.3371 1.1647 1.95.24
P 0.8971 | 1.359 | 1.8220 0.8165 1.2375 1.6583 0.773h 1.2389 1.7005
3 ] 1.0129 | 1.3167 | 3.6200 0.9625 1.2512 1.5398 [ C.933 1.2583 |  1.5769
L 1,0811 | 1.3041 | 1.5271 1.0452 1,2608 1.4763 1.0773 1,2723 1.5108
5 | 4.1287 1 1.3021 | 1.5754 1,1006 1.2697 14,387 £.0310 1.28,5 1.4710
6 1.1645 | 1.3038 | 1.4430 1.1410 1.2775 1.4139 1.1333 1.29L.9 1.42,.39
7 1.,1921 | 1.3060 | 11,4199 11714 1.2833 1.3953 1,1743 1,3023 1.4223
8 1.2132 | 1.3072 | 1.5012 1.1942 1.2867 1.3793 1.218 1.3063 15027
9 1.2293 | 1.3069 | 1,38,6 1.2142 1.2876 1.3642 1.,2222 1.3066 1.3827
10 | 1e2423 | 1,3060 | 1.3697 142243 1,2874 1.3499 1.2381 1,307 1.3623
11 1.2553 | 1.3066 | 1.3578 1.2369 1.2874 1.3379 1.252) 1.3027 1o 3043
12 1.2542 | 4.2941 | 1.3339 1.235, 12747 1.3139 1.2495 1.2838 1.3093
13 1.2339 | 1,2623 | 1.2918 1.2151 1.24,36 1,272 " 1.2245 1.24,28 1.2525
1, | t.1946 | 1.2128 | 1.2309 1,1764 1.19,.3 1.2121 1.4783 1,1810)  1.,1753
15 1.1398 | 1.1465 | 1.1532 1,1225 1.1291 1.1357 1.1161 1.1034 1.0822
16 1,0727 | 1.0663 | 1.0600 1,0565 1,0502 1.0440 1 0425 1.0130] 0.9760
17 0.995, § 0.9720 | 0,9487 0.9801 0.9570 0.934.1 €.9601 0.9107{ 0.8542
18 | 0,9070 | 0.8565 | 0,8060 0.8911 0.8,145 0.7919 C.8677 0.7876 0.7011
19 0.7951 | 0.6769 | 0.5577 0.7720 0.656L 0.54,08 0, 7450 0.58821 0.4256
20 [(m)eo (o =) oo [(=)0.3951 | (-)1.4853 | (=)1.9754 [(-)C.4850 |(-)1.4518 [(-)2.4197
Theoretical value of Cp/sin(a + B) = 27e® = 6.9467; B = 0,08 radians.
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