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This paper sets cut the method now used by the author of 
applyinS the polygon method' to the calculation of the compressible 
subsonio flow round two-dimensional nerofoils. Tables have been 
construoted. which oan be used for all aerof'oil shapes, putting the 
pclySon mthcd on the same footing numerically as Goldsteti's 
"Approximation III It2 for inccii~pressible flew. However the pclySon 
mthcd has the advantage over Approximation III that it oan be applied in 
the followinS cases which are beyond the scope of Goldstein's methcd:- 
(a) the "high subsonic" without shock wave) compressible flow about 
ocnventional aerofoils, i b) the low-speed f'lc~ about very thiok nerofoils, 
e.S., in reference 3 it is applied to oircular oylinders, (0) the flow 
about symmetric acrofoils between either straight or ccnstant pressure 
wdd, (d) flow in asyamaetrio ohannels, and (e) more difficult problems 
of the flow about aercfoils in the presence of one or two oonstraininS 
walls (to be published). A method of calculating lift and moment 
coefficients, and their rates of char@ with inoidenoe (c) is C&O 
given in the paper. 

As an example the velocity distributicn snc7 the rates of 
chs.nSe of the lsft and noment ooefficients with IX are oalculated for 
the aercfoilR.A.E.lC4 at values of NX(k!aoh number at infinity) of 0, 
and 0.7, for vnricus values of the inoidencc, a. The voloaity 
distributions for sero incidence are found tc be in fair agreement with 
tho oorrespond5.n.S experimental results, The results at incidence are 
in satisfaotory agreement with the experimental results, not for the 
same incidenoo, but for the same lift coefficient. It is found, for 
example, tht at NM z 0.7 the theory for a = 0.8' agrees best 
with experiment for a = l.O', when the lift cceffioiehs are 
approximately tho same. 

Definition of Symbols 

C%Yl z, z x + iy, (i = d-q), the physioal plane 

C+,+) w = 6 + aJ* the plane of equipotentials ($J q constant) 
and streamlines (9 = oonstcnt) for zero oirculatlcn 

(0) velocity veotor in polarco-ctiinates for zerc oirculaticn 

a unglc of inoidenoe measured frorl the zero lift angle 

~f%I,AJ/ 
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Fefinition of Symbols (oontd..) 

velocity vector appropriate to angle of incidence a 

velocity at tiinzty 

= lo&r/q) 

d~tanse measured along the aerofoil surface 

leading and traG.ing edge angles respsctlvely 

syrxIetrica1 and antisymetrical parts of 0 on the aerofo;l 
surfaoe 

ae 

P 

= - -- 

wq=o 
, the curvnture of the aerofo~l surface 

Mach nwber 

5 (I -I!?) 
& 

(subsonic); E. (I? - 4)' (supersonic) 

as a suffix to denote values ot lnflnlty 

the looal Ed stapnat~on densltlcs respectively 

g(q- + na 1 Pcf+ = POD/P ; I:& = PoQ/R5, 

elliptlcco-ordinates &finGl by $ + i!n-+ 
=-2n cash (n + iy), the aerofo~l surf& 1s 7~ = 0, 
when # = - 2a ~0s y 

the length of the alit representme the aerof'al -a the 
(5+&j plane 

pressure coefficient for oa?presszble floxr 

pressure coefficient for lncaprcssible flow 

E t&J - I). 

I. &troduction 

This paper se 
T 
s out sane advances III the application of t?e 

author's polygon ITethod of cakulating the Wo-dimensional inviscid 
oonprcssible flc~ about aerofoils in unbounded strems. The polygon 
IAethcd for inconprcssible flow is based on an exact zntegral equation? 
which oan be readily solved by a rapidly convergent Iterative process. 
The corresponding integral equation for conpresslble flow 1s derived UI 
reference 1 with the nid of an a?proxinatzon due to van &k&n6. A 
full dlsousslon on this point appears =n section 4 below, where9 on the 
basis of experljzental evidence, the author suggests a ncdification of 
the IC4rGin-Taien lcw relating Cp and C 

PO * 

The polygon method oan be a plied 
dincnsional fluid notion problems. r 

to a variety of two- 
See references 3, 4 and IO; a 

report will be published soon extending the method to flow in doubly- 
connected regions.) The ~ntcgral equation on whioh it is based 

(equation/ 
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(equation (13) belcw) 2s XI fmt the con ugate 
b I{ 

eauation 
the "exact" nethcd of aerofoil desi@ * . !rk 
and 3 of this report, which were ori@.nalP~ constructed 

to that med 1rJ 
that Tables 2 
to facilitate 

the cclculat~on of the i-low about a given acrofml arc eqmlly useful in 
1 designing aerofoils to have a given velooity distribution+. 

The principal effect of incidence on the boundary conditions is 
to shift the front stagnation point along the aerofoil surface, and thus to 
reverse the flow direction over a stall region of the bwndary. From 
this consideration the author has developed a new nethod of caloulatm~ 
the contribution to the solution due to incidence. Thu wthod which is 
eiven in the next section, has the advantage over the l.iethod given in 
referenoe 1 of being applicable to nor e difficult problcas of the flow 
about aerofoils in the presence of one or two oowtraining walls. 

2. The Basic Equations 

Cn the aaswption that 

lt has been shown, t&t for sero circulation (see reference Is &lZ)> 

. . . (2) 

?z-iI e(F) is the value of 0 on the aerofoil surfaoe, Smce 
O(y') = I3(2x + yx), m integration by parts results in 

It is a sw.ple xattor to deduct! the Lffect of' ~ncidcnce on 
this equation. The L*E. (front stagnatiw point for zero incidence) 
will bo ass~aed to be at y z US then, since on the aerofoil surface 
$4 z - 2a cos y8 the TOES (rear stagnation point for alI incidences) 
will be at y z x. The effect of ancidence on the Stagnation points 
is to leave the rear stasation point unchanged in position (Joukwski 
Condition) and to shift the front stagnation point around the aerofoil 
surface. Suvposo that placing the aerofoil at an ~ncidcnce a, whioh 
decreases 3(y*) by an asaount & in -K <FdE, ILYJ~S the front 
stagnation point froix y = 0 to y z -6. Then in the interval 
- 6 < yx < 0 the flow direction on the acrof'oil surface will be 
reversed, l.c+, 0 - CL will be lnoreased by ‘an amount x in this 
page a Thus the increment AO, to e(yx) due to incidenoe is given 
LY 



Smcc by defmztion 

h alternative proof of scgatlon (5) not based on equation (3) is glVen 
m reference 1. 

$ + im$ = - * elJ+iy il + o(P)] , 



infinity (c.f.§7,& m reference 12), and smce llrn (r + 1e) z l.ex9 
7l->X 

zt f'ollows from the above expansion of r + i6 that 

Equations (6), which are equivalent to the condition that the aerofoil is a 
oloscd contour, are required in the numerical application of' equation (3) 
to a given aerofoil. An alternative method of establishzng them 1s given 
in reference &. 

Finally, since by definition 

P 
cl@ z q ds , d$~ = -- q dn> 

PO 

then on the aerofoil surface 
. 

where n is distance measured normal to a streamline, and 
measured along astresmline. In equation (8) the origin of 
taken at the front stagnation point. Equations (1) to (8) 
equations of the polygon m&hod, 

3. Numerical Solution of the Basic Equations 

. . . (8) 

S 1s distance 
s has boon 

are the basic 

The aerofoil surface is *+ z O2 when from (L), n z 0, and 

$ = - 2a cos y . **. (91 

In the limit as 7~ -> 0, equations (3) and (5) yield 

1 77 
r = -- 

i 
1OE sm &(F - y) cw(~)# . ..(lO) 

7c ~z-x 
-%' 
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sul $-(y + 2‘3) 
ra = p - log -------~----- . 

Slrl -Fy 

When @ is contznuow 
de ds d$ 

dG z -- -- *- 
ds d$ dy 

dyx , 

i.e., frm equation (9), 

.o.(ll) 

.-.(I21 

FIG I. 
-- 

If 



equation (13) oan be wmtten 

SLUI 2!(7 - 
C log 81x1 +(T - y) &I-I $(y + y) t D log ------------- 

s3.n &( y3: + 
dy' 

Di zz i C* Yi+$l sin y=+;, 1 = 2,3..n-q, 

then/ 
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then the cquatlon for r cm be wrItten 

r(tyk) q - !i' DIA1k, k = 2, 3 . ..n-I. l **(14) 
14 id 

log ain Gt dt has been tabuI-ated58 and so there 1s no diffxulty in 

a givefi subalvi3mn of (0,x). Par 
m antisymetric function, and so 

A mall nodzf'ication needs to be rm3.e tothe above scheme. 
a rounded-nose awofcil, D(y) is antisym&ric XI the neIghbourhood 
y z OS and so instead of assuuing that Dz 1s a constant, it is 
bstter $0 wrote II2 in the forn A sm y II-I (0,X), where X 1s the 
value of y at the end of the first interval (A = X3), Then if 

% m-d %k ~t-e redefined by 

equation (IL+) reams unchanged in form, 

SuItable matrices A and B are given m Tables 2 and 3. 
Xn these tables (O$n) has been subdxvlded mto 
(O",60~~Z~~180~240,~Oo,400, . . . 160°,~70*t~800), and y5 has the values 
~",Yo~l~o~210~270,~50,450, . . . 165' and f75’. 
ale.0 used for aerofo3.1 de&g&, 

These ta les,TThmh arc 
shou3.d be quite suffxlent for all but 

the most unusual aerof'oil shapes. The interval IS reduced near the 
nose to allow for the greater rate of change m thus neIghbourhood, 



Uith the dofinltions of C and D given above? it readily 
follows from equations (6) that for an aerofoil v&th only the LCD, and T"E, 
clisoontinuitios in OS 

D sin y dy = 0, 

Now a given closed aerofoil does satisfy these equations exact.ly, but when 
the aerofoil is replaced by approximating one for which C and D arc 
constant in small intervals, there results 

II-1 
z ci rYli 

1=2 
= 7a + 7b 

n-l 
x Di [cos y& z. OJ 

lZ2 

.**(17) 

. ..(18) 

(Where [Xii 1s the hump in X in the ith interval), which are not 
neoessnrily sntisfied by the &values of ra, rb md Di . Those 
equations must bc satisfied however, .- otherwise the approximating aerofoil 
will not close. This is ensured by using the first two equations to 
define Ta and Tb$ completely ignoring the actual wlucs of these 
angles. The lzst equation can be satisfied by adjustxng the value of Do, 

start 
Nm since the values of Ci and Di in (14) are unknown at th6 

of the calculation, scxe itcratlon is neoessary to obtain a 
solution0 If a solution a/U = y%(y) is assuxxd, (usually o/U 
then equation (8) onnbles s(y), and hence from the given aorofoil 

= I)$ 

cc-cti1nates, C,&(y), b be O~lOUl~hdn Di ~2nd Ci then follow from 
their defmiticns, and equations (16), (17) and (<8). 
and (3.2) (see p.13 bellow) then enable 

Equations (IL) 
q/U(y) to be calculated; thus 

oonpleting one iteration. A typical ewplc is shown in Table 5, where 
three iterations proved sufficient to complete the solution* 

4./ 
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.4* Diaouszion of the Equatzon for... r: Rules fop CaIcuIating Cp f’rc~~ Cl, 

!Phe fundamental upproximation leading to the solution given by 
equation (3) is that n CXI be rep3.aced by n. in tine diffcrentLa1 
equation for r in the (~~$8) plane’ 0 !l!h~.s% a better approximat 1cn 
than that used in linear perturbation theozy$ <LZ e2 p = [SXP for, from the 
usual capresslble Ki.ow equatlonsP it can be shown that 

where 5 = q/u - ? and u 1s the ratio of the spcoifqc boats, 
approximation (equation (I )) was first applxd by :X&dn” to the 
d~ff’erentia1 equation for $I m the (rR6) plane* It lead- 
Ktimh’s amlys~s> to the conoluslon that 

O# 1n 

v:here qT 1s the velocity of the oorrespondzng ~~omg~ress&Lo rIoif about 
the 3o.m ‘aerofoil , Equatzon (71) can be deduced dlrect1y from 
Lcptions (8) ana (13) B Fran (8) xt f’olbvs hht 

where v 1s the w5-p<+x.&m distance+ Thusa fame r/c is con&ant9 
the Rem value of sin y/( qc) is independent of i&S?. This is al50 
approx~.~~tcly true of the local values of sin ~/(qc)~ and threfoIx of 
the local vulucs of sin y/[ qR) 6 Consequent& the right hand alae of 

13) la approximately independent of IAM@ and once from (2) 
U/qi) when 11% = 0, equatLon (21) follOWss From cquat1on (1 I) 

~fi follows that approxdtlon (27) 1s also ap$I.cab~e to Xi aerofol~ at 
incidence. 

Xow for reasons he did not gave, K&&n used appronmatlm (3) 
m equation (2) to f>nd 



where .a 1s the veloolty of somd at a stagnation pomt 
terns oy&io)4 

By =gnormg 
km& then found 

s.ncl so fmxr (21', 

The well-known Karnan-Tslen result, VL ,6 

I 
cp q 

CP -- ------- 2 ------ ~ 

IL3 -i - EI.2 
, + ------ c 

%AJ 

PO 

ELLTO follows dmectly fron (21) and (22) Thx my be -horn as fol'cv 
1% 10 asi?yatabLshod that 

thus frm (22) and (26) 

Frm equation (21) 

(23) 

(27) 
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While perha 
7 

s 
deriving equation (22 

it my be "consistent" to use a proximation 
, it 1s unnecessary, as equation ? 2) can be 

integrated directly to yiela 

l?ron (28) ik then follows that 

Squations (24) and (25) lead to very su%lar results, as they 
are both derived fro12 equations (21) and (22); acm oonparison is nade 
between theD in reference 6. Apart fron the above mentioned "oonsistency", 
which appars to have no Dare than % fornt.11 SI if'icance8 there are no 
theoretical grounds for preferring equation (7.5 over equation (29). @if The 
agditional term 5n equation (29) roughly doubles the coefficient of 
Cpo at I&. = 0.7. For the empl.e shown in figure 12b of reference 6 
equation (29) would clearly give much closer agreemnt with experlnent 
than equation (25), but the author has found that in a number of cases the 
expur3r5entaY. values of Cp lie between the results calculated fra (25) 
and (29). Flguxes 2 and 3 illustrate this point. 

The curve shown in figure 3, due to Laitone, and introhoed only 
because it has been published recently wlthout disoussion of its mrlt> was 
calculatea frwJ 

It is olear f'ron the figure that this equation is of little value. 

The experimental. evidence sugssts replac5ng equatton (2) by 
the average of equations (2) and (E!), i.e., by 
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2nd this will be done in the remainder of this paper- Equation (29) then 

I 1 
C Po - $j3 I - PLr+ 

u thus "scml-empirIcal", 

numerical nethods to obtain the xclation 
be integratei cxaotly 

but no more so than equatxon (24). 
At LS qukcker in practlue to use 

which is set out in Table 1 for MN = C.!j8 0.7 and 0.79. A small 
supersonic Patoh wns experienced when oalculat~ng (32) at 1%~ = C.79* 
For this region p was reaefinea empirically to be (hi& - 1)'. 

5* Calculation of Lift and Xoment Coefficients and their Rates of Change 
15~1th Incidence 

The lift ooeff5olcnt is defined by the oontour inte~xe.1 

where o 1s the aerofoil chord. Thus, since 

n u co3 0 7, 
In this eqression dmmmeem can res.dKiy 

‘7 
Y when the zero incidence solution has been 
scotlon 3, while C , which IS a function of 
by using (II) and (52) to detcrmino hki.m 

l e(32) 

be deduced as a function of 

calculated by the methcd of 
y and a, can be calculated 

nna Gzn 
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SicLlarly the equation 

enables th0 jIOLE& coc~f~cient zbout the lezdi~.~~ edge to be calcu.lated. 

From equatlom (II) aid (30) it follows that 

ancl since frm (34) it can be deduced that 

then 

acP --- = - -- cot(-$y + a) , 
a 

Thus diff'erentmtion of (33) and (35) with respect to CL yields 

The function 

is given in Table I for MC2 z 0.5, 0.7 and 0.79. 

For/ 
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For s. synnetrica~ aerofoil at zero imxdence equations (36) and 
(37) reduce to 

For thin aerofoils (38) yields approtimtcly 

a% 27c 42. 
--- = -- -- , aa 0 pm UC 

whxh is the result .gven by linear perturbation theory. 

6. An Exmple: Aerofod R.A.E.104 

Them-ordimtcs' mxl various derived funcfaons for thm 
spmtrmal aerofoil are set out in Table 4. Co1u1.m 4 is the diff~rcnce 
between the perimter dx,tmce and the x co-ordinate, both measured fron 
the leudmg edge. 

!l'he calculatmn of the mcaapressible flow at %ero inoidcncc is 
set, outm full in Table 5, the colums of whxh will now be dmcussed. 
The .msumption 

q = u, *..(l+O) 

xc equivalent to assming that Yne aerofoil is .3 flat plate9 i.e., 
S = x* Equation (8) then yields . 

and so 

xu dJ 
-- = 1 - cos y , -- = I - cos .K = 2,. 
20 22 

. ..(41) 

frm which oolm I LS obtained. Thm colwm ~1.11, of course, be the 
same for all aerofod sha es. 
eque.tlons (15), (40) and 

Since the mrofoil is symctr~cal, 0-01.1 
41), Di = 0, ZL& CL = $(~/R)m.n y. 

“C/R”/ 



llofitl is obtamed fma Table 4D 
and last entrie5 in colurm 2 me 
by usang the reminder of colon 
Table 5 5.5 of aasistmce m $his 

- 16 - 

or frail a graph) c/I? v. q/c. !t%e first 
which z-mat be calculated 

Colum 20, 

t0 Y = 270, 3na 0.1745 r3a. (lo*) for Y 7 27OL Colum 3 follow8 fron 
colmn 2 and Table 3 - see equations (2) and (IL), whzle the derivation o? 
cohnns 4 and 5 is obvioua~ 
(see equation (8)), 

Colum 6 is obtained by integrating colunn 5 
Fran the last entries in colum & Table 4 3nd 

~olunn 69 Table 5# it follows that 

2a I a0117 
“” = “““““” = O-5382, e...(42) 

UC I .B79B 

and hence if colum 6 is mltiplied by this nmber> colmn 7 results. 
Coluun 6, which is derived fron colum & Tab.le 4 and colum 7$ Table 5, 
ompletes one iteration* Fran equations (15) and (4.2) 

which can be calculated frm colurm 5, Table 5 and Table l+. The 
calculation ncm proceeds through the next iteration in an obvious way* 
The final solution is given by colons 75 and 18~ Column 19 gives the 
values of q&J given in reference 8 md calculated by Goldstein's 
Approximation III, 

The only dU!ferenoe in the compresazble flow calculations is 
UlEl~ ~W~V¶d is replaced by r and therefore logarithm tables are 
replaced by tables like Table 1. A good a roxination to start the 
iteration is r z log(U/qi) (equation (21 77 , and so colunn 17 of Table 5 
beomes the first colum (labelled r) of the compressible flow calculation. 
If this is done one iteration is usually sufficient. A further point 
is that9 in view of the inaoouraoy of equation (I) near stagmtmn pointsp 
it is sufficient to take the entrees fox y z 3’ fron the last itemtim 
of the incorzpressible flow calculation. The solution at 11 = O-7 
is given in Table 6. 

Also shorn in Table 6 is the shene of calculation ~8 aCI/% 
and aCl@a, at NN = 0.7, a = 0. In this table column 4 is derived 
fj?OM COhXXl 1, column 5 frm c~lurm 3 and Table 4$ cohm 6 fron column 3 
and Table I3 while CO~LUXI 8 is obtained fraz calm 2 and Table &. 'Ex 
in$egral3 of colws 7 and 9 are shorn in the table. Then fron 
equations (38) and (39) lt follows that 

x 1.7367 = -t- x 1.1200 x 1.7367 = 10-895t 
0.7441 

x 0.4565 E 2.86k. 

Thus/ 
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!i!i!US 

Tho results for I& = Oj 0.7 and 0.79 are set. outin Table 7e Tihe 
e.xperimontal results @ven in this table are taken from Figures 8, 9 ad, 
10 of reference 9. All that can be concluded from these results is that 

for aeroi'oil R.AJ3.404 
F% 

J 1 
w-e-- hes between the value given by 

aua%J exp . 
linear perturoaticm theory and that given by equation (36). It appears 
from l?i.gures 8, 9 and g0 of reference 9 that boundary layer effect8 are 
very complex for this aerofoil. 

Figures & and 5 sho# the theorotioal and experimental velocity 
distributions at N E 0 and 007. A comparison has been mwk between 
the theoretical and experimental values at approxmtely the some values 

gr F-3 
The satisfactory cgreoment indicates that it is the circulation 

om ion of the front stagnation point) rather than the incAdence, 
that determines the velocity dzstxibution over the front half of M 

mrofoil. 

It will be notxecl frm Figure 5 that the theory overestimates 
the values of ofU, partloularly near the nose, It appears from the 
figure that if this error could be elirninate~ from the !&r-o incidence 
result the error in the results at incidence wouU be hrgely elmlnated. 
In other words9 provided that the oompaxisons are made at the same values 
of CL8 equation (II) (L yiving the incidence contribution) is more accurate 
at high Mach numbers than equatzon (10) (givmg the thiokness contribution). 
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7;:; 

1545 
1126 
731 

i55 

0 
-171 

:gl 
-658 
-8?3 
-963 

-1110 
-1253 
-1392 
-1528 
-166.1 
-1791 
-jY77 
-2040 
-2161 

o-5 
""""""" 

X 
.--""""- 

0.992 
cl ,997 
0.933 
0.994 
0.995 
0.997 
0*998 
1 .ooo 

I *am 
1 dml 
I ‘002 
1.003 
I.005 
I.006 
I ,008 
I .ooy 
I l ml 
I*~13 
I.035 
?.017 
I a020 
1.022 
I.023 
1.02a 

""""""" 

-r 

“” 

-.“““““““- 

r x IO@ 
"""""-""a 

2573 O-959 2314 
2.I2.5 0.762 1901 
$707 0.965 1519 
.I317 0.970 1165 

953 0*975 838 
613 0.982 535 
296 0.990 2% 
0 I aooo 0 

0 
-140 
-276 
-406 
-532 
-G3 
-770 
-882 
-989 

-1092 
-1190 
-12al+ 
-?373 
-1457 

1; 2;; 

1 Jmo 0 
I SOOG -I 20 
I.013 -235 
1.021 -343 
I co29 -44.7 
j*O3E -543 
1.049 -437 
I .061 -724 
I.076 -604 
l.OY2 -877 
1 *IlO -946 
l-133 -1001 
7.159 -1054 
9.?92 -1112 
1.232 -1175 
I.284 -124? 

““-“““““” """"""""", 

0.919 
0.?25 
0.931 
0.939 
0.949 
0.962 
0378 
1 .ooo 

I .mo 
1.m 3 
I .029 
I*047 
la069 
gco95 
1.128 
1.169 
1.222 
I.296 
I.412 
1.669 
I.505 
I.316 
1 .I98 
I*110 



-PO- 

TLBL3 2: A x104 

---------------- ---- 
35 ---- 

IC 
22 
36 
51 
67 

T46 
192 
aJ+ 
301 
366 
4.45 

2:; 
aa3 
2j2 
!I03 
135 
669 
368 
118 

.--- 

--. 
1 

---- 
45 

---- 

57 
12a 
220 
322 
4J+3 

1135 
2103 
1232 
a6a 
03 
543 

2: 
301 
a.4 
193 
146 
102 
61 
20 

---- 
145 
---- 

a 
17 

;y 

ill 
146 
I& 
227 
275 
331 
399 
4a7 
605 
786 

1135 
lYa6 
995 
499 
7% 

----, 

---- 

55 
---- 

45 
102 
I73 
249 

;2 
1232 
21 a5 
1301 
924 
719 
5x 
471 
3a4 
309 
244 
I84 
129 
76 
25 

---- 

155 
---- 

6 
12 
2c 
27 
36 
7a 

102 
129 
m 
191 
229 
275 
331 

g 

995 
1816 
783 
225 

---- 

65 
---- 

ii; 
140 
200 
265 
605 
a68 

1301 
2241 
1346 
959 
745 
595 
479 

g 
227 
156 

g 

---- 
165 
m-.-e 

4 
7 

2 

g 

76 
94 

113 
135 
161 
193 
34. 
2aa 
36a 

;i; 
1542 
402 

.----- 
75 

------ 

2; 
116 
164 
216 
4a7 
673 
924 

I346 
2276 
I372 
976 
753 
595 
471 
366 
275 
191 
II3 

37 

------ 
175 
------ 

0 

: 
5 
7 

15 
20 
25 

?/ 
45 

2; 
76 
94 

1fa 
156 
225 
402 
915 

Y 

105; 
115 i 

3 
.-- ---- 

j- 

361 
242 
136 

;; ,  

;: 
56 

I 

;i 

z; 
22 
19 
15 
12 
9 

l 
1 

---- 
a5 

---- 

105 1 
II5 

I 

925, i 
'35 145 i 

155 $ 1 
165 1 
1751 

26 

;; 
I37 
I79 
399 
543 
7IY 
959 

1372 
2293 
1361 
976 
745 
578 

I5 24 27 9 -I 
2a4 
92a 

;;; 
22a 
206 
215 
I70 

160: 12a 
4741 305 

1097 1 
607' 

607 

41& 
1205 
6% 

499 
,i 

761 

2: 
539 
415 
334 
274 
22a 
191 

- . 
1 

L. 
‘I 

90 
22a 

:;i 
12a4 
1152 

% 
442 
361 
299 
249 

138 
115 

96 
a0 

234 
193 
161 
135 ! 

I13 

g 

b6 

159, 207 
* 132, 171 

67 
56 
46 

si 

I 125 
---- 

13 

2 

2 
Ia4 

;2 
94 

!% 
719 
924 

f301 
2185 
1232 
786 
508 
2aa 

1 
2 
I 

l- 

1301 
a6a 



- 21 - 

TABLE 3: B ~10% 

- '23191 ii6203 12963 
2633 25461 4755 1376 
1770 1755, 2166 1523 
f362 73% 1523, 1999 
1137 

I 
II&! 12071 'i390 

971. 976; 10121 1099 
7339' 1343 

'2% lU2 
I 

a62 
691 693 
553 554 
436 437 

;;:I g 
190; 190 
134j 134 

a9 
g ;; 

101 10 
11 2 

I 

1379l 145a 
1094 fI39 

a77 907 

;: -El 579 

3 
1951 2631 

;;; 
203 273 

138j 146 

;; s 100 64 
31 37 
131 20 

5; 11 
2 191 55 

i I I ----.-----------~----- 
85 ! 95 1 f05 1 115 

0838 
1144 
4207 
1390 
1890 
1299 
1603 
121~ 

955 

kg 
479 

;i: 
216 
158 
11-l 

74 
47 
29 
20 

107 

9262 
976 

1012 
1099 
1299 
1811 
1890 
d33Ll 
1026 

2! 

507 
398 
308 
234 
174 
425 

87 

:; 
33 

178 

13901 981 ! 600 
229a 13811 754; 981 762 
1381 22981 139Oi 

9af 13Y0' 2315; 1% 
?62, 
6171 

9981 1416 I 2351 
788: 1034 1461 

514' 652; 834: 1090 
441 560) 709' 902 
390 497; 628, 791 

87 
94 

IQ4 
202 
248 
310 
386 
L88 
6?7 

i 788 
fO34 
1464 
2407 
1529 
I?72 
1000 

504 
53 

2: 
66 
75 

151 
jY3 

;z 
405 
514 
652 
-934 

1090 
1529 
24a9 
-I627 
1288 

m--a- .----~-----~----------------------~ J ' 

35 1 45 1 55 1 65 : 75 

7650 
a05 
826 
a72 
956 

I<?7 
2605 
j627 
1172 

902 
709 
560 
4&l 
344 
265 
202 
159 
III 

82 
G4 

3% 

302 
32 

;: 
44 
52 

III 
151 
202 
265 

129 I 100 901 &3 
168i 146 4351 134 

1627, 12881 1139 1077 1 
2605' 1767' 1458 1351 
1767: 27751 1978 1732 
1458, 1978' 3049 2359 
135-l k 1732: 2359 3676 1 
7650: 9743;~2963~19941 1 

1070 

;;z: 
2284 
3a21 

727; 575 455: 362 
797; 614 484' 3% 

16271 
248Yi 

?372 902' 
10901 

709 

15291 
j529 634 
2437 1461 : 1034 

4/ TAECE 



- ------- 
1 

--- ----- 
IO3 x/c 

-------- 
0 
I 

: 
4 

2 

ii 
9 

IO 
12 
14 
16 
18 
20 
25 
30 

z 

2: 
70 
80 
70 

.-,.. 

.--. 
; : 
.--. 

I 
I 
I 
I 
I 
I 
1 
1 
I 
1 
2 
2 
2 
2 

;’ 

--. 

------- 
2 

------- 

IO3 y/c 
.------ 

0 

3.441 
4-863 

z *:g 
::676 d .404 
7.072 
?.692 
C-274 
0.824 
I-842 
2.776 
3.642 
4.452 
5.215 6.960 
8.522 

?*;;z 
31617 
5.709 
7m592 
9.307 
0.881 

------- 

. - -  

. - -  

. - -  

de- 

IL.8 
27*1 5s 

6.2 
q-54 6.4 

6e6 
'-" 6.9 
42J8 7.j 
4.aa 7.3 

2-50 ;'; 
I.78 81, 

8-3 

lo14 ;;z 

.----- 

5 

cos e 
.----- 

0.381 
0.633 
0.706 
0.755 
0.792 
o&y 
0.842 
0.857 
0.870 

0.702 
0.711 
0.926 
0.930 

C.Y49 

0.964 

0.976 

C-Y85 

0.789 

------ 

------------------ 
6 

------------------ 
K/C (I + y/x tan 63 
------------------ 

0 
CeOO74 
0"0077 
~dxB9 
0.0100 
0.03 09 
Q.olly 
0.0128 
0.0138 
Q.0142 

0.0176 
0.0198 
CaC215 
oeo236 

0.0306 

0~0405 

0.0553 

Q.Q749 

0.0947 

---w-..e 

I 
------- 

IO3 x/c 
------- 

320 

;: 

380 
400 
420 
4.40 

ig: 

5CfJ 
520 
540 
!%c 
580 
600 
620 
&cl 
660 
6230 
700 
720 
740 
76Q 
780 
800 

I .-- 
.-- 

.-. 

.-------. 
2 

.-------. 

IO3 y/c 
.---.w---. 

~8 356 
b-Y.082 
49.488 
47.775 
49.946 
5C.CcO 
49.737 
47.756 
49.4% 
49.027 
k8.468 
47.769 
46.917 
45.892 
k4.650 
L3a113 
Lsq.370 
39 -473 
37.452 
350331 
33.128 
30.864 
28.545 
26.j93 
23.817 

-------- 

--- - - 1 - - 

, , , , , , f 
ii -. 

.---------- 

3 4 
.---------- 
c/R s-x 
.---- ------ 

,t 

0.29 ;; 
0.29 ,, 

0.31 ;; 

0.35 ;; 

0643 1; 

----------- 

.--..-” 

5 
,----- 
cos c 
.----- 

I ~OOC 

1 ocGc 

1~000 

I .ooo 

1 *ooc 

I .ooo 

0.799 

3.998 

0.796 

3.775 

I.994 

1.993 

lb993 

-----. 

6 
-------------------- 

x/c (I + y/x tan e) 
-------------------- 

003215 

0.36cg 

0~4000 

O&O0 

0 J&Q9 

032?5 

0.5622 

co6031 

C-6438 

CA839 

0.7237 

0.7633 

Co8028 

.------------------- 

m3r.z 4 (conta.)/ --- 



100 32.336 
120 34-945 
140 37.222 
160 3Ye224 
180 

g-g: 2OO * 
220 43.936 
a3 
260 E% 
za0 4?:124 
3a 47e.905 

3 ----- 
CD 

0 .a1 
0‘.68 

0.51 
0.46 
0.42 
Oe38 
0.36 
0.34 
0.32 

----- 

a-7 
8.9 

;I: 
9.2 
9*3 
9.3 

,t 

OS993 0*1242 

0.9% 0.1637 

0.997 0.2031 

0.99a 0.2426 

0.999 0.2820 

820 
840 
a60 
880 
900 
920 

;: 
9ao 

1000 

2j e437 
IV*055 
d6*673 
14.292 
ll~ylo 
9.528 
7.446 
40764 
2+382 

0 

----- 

4 
----- 

j-x 
----- 

1006 
$0"7 
IO*9 
II .o 
II -2 
II "3 
11.4 
II c6 
11.7 

-----, 

-- .-----. 

5 
. - - - - -. 

,333 a 
------. 

oBt23 

om8aj7 

0.9211 

0.9606 

1 .oooo 

TAELEl 5f 



----. 

----- 

yi+j 
----- 

C 

: 
‘ 2 

IC 
2; 
27 

it; 

2; 
75 
05 
95 

105 
115 
125 
135 
145 
155 
165 
175 
180 

----- 

.-. 

r .-. 
) 
3 
I 
, 

, 

-- 

------, 

I 
~-----, 

x/c 
.-----, 

0 

c .coo: 

0 .ca: 
0.017! 
0.033: 
0 .oy+: 
0 .ogo: 
0.147 
0.213 
0.268 
0.370 
0.457 
0.543 
0.628 
0.711 
cl -787 
0.854 
0.910 

0.953 
0.983 
0.998 
1.000 
------ 

------- 
2 

------- 

ci 
------- 

-I*0461 
3.270 
2.lLlO 
I.330 
0.772 
0.518 
0.316 
0.209 
0.176 
0.151 
0.142 
0.149 
0.196 
0.215 
0.080 
o.oq7 

0 
0 
0 
0 
0 

.0.1100 

.--- ---, 

3 
.------. 

1OE u/C 
.------- 

O.;YE 
0.129: 

-0.017c 
-0.0637 
-0s83e 
-0.093e 
-0.1011 
-0.1065 
-0.1096 
-0.1111 
-0.1111 
-0.1101 
-0.0970 
-0.0624 
-0.0289 
-0.ooo5 

0.024e 

0.05% 
0.0925 
0.7712 

z%3 

------ 
4 

------ 
GJ ------ 

0 

0.482 
0.879 
1.017 
1.066 
1.080 
1.098 
I.407 
1.113 
1.116 
I .I18 
1.118 
1.117 
1.1o2 
I .064 
I .029 
1 .OOl 

0.976 
0.948 
0.922 
0.843 

0 
.-----. 

5 
---- ----- 
ti/q sin y 
---- -- --- 

0.?08 
a.178 
0.255 
0.336 
0.418 
0.523 
c.639 
0.735 
0.813 
C.865 
0.892 
0.892 
0.877 
0.852 
0.796 
0.706 
0.586 
0.447 
0.277 
0.103 

0 
--------- 

----------- 
6 

----------- 
&/(2afJc) 
----------- 

0 
0.0047 
0.0197 
0.0423 
0.0732 
0.1127 
0.1789 
0.2802 
0.3582 
0.5357 
0.6839 
0.6350 
0.9907 
1.1487 
1.2986 
IAL23 
1.5733 
I.&374 
1.7777 
I.8415 
l&746 
I.8798 

.-- 
,- 

, 
1~ -- 

.------ .------ 

7 8 

s/c 

0 
0.0025 
0.0106 
0.0227 
0.0393 
0.061 
0.096 
0.151 
0.193 
0.2m 
0.367 
0 A49 
0.533 
0.618 
0.699 
0.776 
0.847 
0.908 
0.957 
3.991 
1.009 
1.012 

.------ 

x/c 
,------ 

0 
O.OCG3 
O.OP59 
0.0165 
0.0321 
0.053 
0.087 
0.142 
O.lal+ 
0.279 
0.3% 
0.440 
0.524 
0.609 
0.689 
0.766 
o.a36 
0.897 
O.Y46 
3.979 
3.997 
1 .cm 
------. 

9 
------- 

'i 
------- 

-1.5411 
7.020 

xz 
oh7 
0.528 
0.325 
0.229 
0.197 
0.149 
0.138 
0.141 
0.170 
0.776 
0.103 
0.033 

0 
0 
0 
0 
0 

-0.1210 
------- 

.------- 
IO 

IoE u/q 
.- ------ 

0.7705 
0.0899 

I:-;;:$ 
-0:0918 
-0.1008 
-0.1090 
-0.1143 
-0.1139 
-0.1142 
-0.1136 
-0.1136 
-O.lOYj 
-0.0722 
-0.0353 
-0.0025 

0.0260 
0.0582 
0.1008 
0.1878 

h-T 

- - - - - - -, 

- - - - - - - 

II 
,--- ---- 

&J 
.------- 

0 
0.463 
0.914 
1.040 
1.079 
1.096 
I .I06 
1.115 
1.121 
1.121 
1.121 
1.120 
1.120 
1.116 
1.075 
1.036 
1.003 
O"974 
0.944 
0.904 
0.829 

0 
- - - - - - - 

TU 5 (Cord&?/ -- 



----. 

----. 

0 
T 

; 

15 
21 
27 

z; 
55 
65 
75 
FJ 
95 

105 
115 
125 
135 
145 
955 
165 
175 
180 

12 

0.113 
O*?71 
O"249 
0"333 
0.414 
0.518 
@.634 
O"731 
0.810 
0.862 
O*EBV 
0.669 
0.865 
c "644 
c .792 
G.7O5 
C.589 
~"44.8 
0.286 
0.105 

0 

--- 

--- 

S 

--- 

--. 

.---- - ----- 

0 -9661 0.533 
1 .I391 0.6?6 

jo.524 
0.607 

1.29OO (J.697 0.687 
1.4327 0.775 
l-.5633 0x45 
1.6762 0.906 
1.7683 0.956 
1.8323 0 -991 
1.8664 1.009 
1.8716 1.012 

---------- l------- 

-- 

16 
------- 

'i ------- 
-1.5215 
7.020 
2.950 
I.455 
0.822 
0.528 
0.323 
0.231 
0.176 
0.149 
0.138 
0.141 
0.170 
0.281 
0.105 
0.034 

0 
0 
0 
0 
0 

-0.1210 

-------- .-- 

--. 
I 

--------------. 

17 18 
-------- -----. 

bkc u/q q/u 
- ------- -----. r-- 

Gel 0 
o.7w i o a47o 
-: ::;g 1: 1:;; 
-0.0754 ,7.078 
-0.0911 1.095 
-0.0997 1.105 
-CL<074 I.113 
-0.1306 I .447 
-0.1120 I.119 
-0.1132 1.120 
-0.113f 1.120 
-0.1137 1.120 
-0.1101 1.117 
-0.0729 I.075 
-0.035a <.037 
-0.0028 1.003 

0.0257 0.975 
o.op30 0.944 
Q.1006 0.904 
O.la76 0.829 

cs 
j--O- 

.-------------- 

------------------------------- 

19 20 21 

dJ [sill Yll 
----- -------------- 

0 
0.1045 

0.914 0.1034 
1.035 0.1011 
1.074 0.0977 
I.093 0.0633 
1.105 0.1426 
1.112 0.1~32 
1.115 0.1060 
1.117 0.0737 
1.118 0.0451 
I.116 0.0752 
1.118 -0.0152 
I.114 -o-o451 
I.074 -0.0737 
I.035 -0.1000 
1 "001 -0.1232 
0.974 -0.1428 
0.950 -0.1!580 

-0.1684 
-0.?735 

0 

.-, 

:-cos y& 

0.0055 
0.0164 
0.0271 
0.0376 
cl -0475 
0 "I 000 
0.1232 
0 .I b.2a 
0.1580 
0.1684 
0.?736 
O.j736 
0.1684 
0.1560 
0.1428 
0.1232 
0 .I 000 
0.0737 
0.0451 
0.0152 



----- 
1 

----- 

Y 

----- 
0 
3 
9 

15 
21 
27 

:; 

2; 

ii; 
95 

IO5 
115 
125 
135 
145 
155 
165 
175 
180 

------ 

.-- 

.--, 

.-- 

----------------. 
2 3 ---- ------------. 

Solution at 
I4 z 0*70 .?LJ-- 

y x/c d+ ----------------- 
@ 0 

O.OGO8 0.470 
0.0067 0.883 
O.w77 1.05< 
0.0337 I .I10 
oeo5J.+ 1.139 
O-087 d.156 
o-140 1.176 
OoZU+ .I*178 
C.275 I.180 
0.352 1,181 
0.433 l.j79 
0.516 j.178 
0.597 I.467 
0.676 1 .llC 
G.755 I.053 
0.827 1.005 
0.889 0.967 
0.941 0.927 
0.977 0.878 
0.y97 O-790 
I .GOG 0 

za/tk ti 0.56G0 

---. 

,--. 

--.-. 

--- 

- ---- ----. 

4 
---------. 

A 
z 

co2 y/2 
...-v-sw ---. 

I .oa3 
1 .ooo 
0.994 
O-981 
0.964 
OeYut 
0.909 
0.852 
0.785 
0.710 
0.629 
fi.543 
0.458 
0.371 
0.288 
0.214 
0.147 
0.091 
0x47 
0.017 
o-c02 

0 

- - - - - - - - - 

,--- -------. 
5 ----------. 

B 
L 

q/u co.3 e 
-~-~~-~~~~~ 

0 
0.141 
0.737 
0.977 
l.G7O 
1.114 
1.142 
1.165 
1.174 
I.179 
1.181 
I.179 
1.178 
1.165 
l.lO4 
1.G46 
0.958 
0.960 
0.921 
Oe872 
0.784 

0 

.------ ---- 

------. 

6 
------- 

C 

0.949 
0.975 
l.Ol7 
I"044 
1.061 
1 a073 
lS~84 
I .OYO 
1.cy2 
1.oy3 
1.091 
I .oyo 
l.C82 
I .044 
1.G18 
I.002 
0.992 
0.983 
0.975 
0.965 

~------. 

--- 

.-- 

.-- 

--- 

AxBxC 
--v-m ----- ---- 

0 
O.134 
0.714 
0.y75 
I.077 
1.116 
1.114 
IL76 
1.005 
0.914 
0.812 
C.698 
0.588 
0.468 
0.332 
0.229 
0.147 
0.087 
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