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SUMMARY 

A theoretical' and experintental investigat10n has been 

·conducted on a simulation of a long 1nflated bu1lding. , 
Thin aerofo11 theory using sources and s1nks, comb1ned 

w1th the equi11brium conditton for t~e membrane, yie1ds an integral 

eqUltion. This has been solved by us1ng a Fourier Sine series and 

the shape, membrane tension and pressure distribution are predicted. 

Related ~xperiments were carried out for various comb1nations 
, 5 5 

of the independent parameters 1 Reynolds num~er (2.87 'x 10 - 9.77 x 10 ), 

~nflat1on pressure coefficient (-0.12 : 3.22). and ratio of excess 

1ength of membrane to chard length (0.56% - 5.2%), Rosults for 

tension in particul,r are in good accord with theory for values 

of height-to-chord up to 0.1. The tension coefficient 1s shawn, ta 

be a unique functio of a parameter which combines the inflation 

pressure coefficie,n and the exces,s length ratio. 
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RESUME 

DM Itude thlorique et .",lrt.Dtale • Itl conduite lUI' \ID 101ll blet_Dt 

,OIIf1l. 

La, thlorie cM. aU ... fln .. , util1lA1\t une clbtrlbudon 

et d •• ourcel, et l'anal, .. de tenatod,de __ l' .... ont Itl 1.,1011 •• . . 
cODjointe ... nt pour fOl'Mr une 6quation lnd,rale. Cette deml.ft • 'tl 

r .. olue • l'aide de. Nrie. Sinu. de F9ur1er. 

DU exp'riance. ont Id or'aDilfe. _wc UQa coab1Dai.on de. \)ara"tre. 

ind'pendants. cœ.e: nOlibre de Reynold. (2.87 " 10' - '1.77 x 1(5), 
J 

coeffIcient de pr .. l1on ·(-0.12 - l.22) de lonU_nt. et un r.pport 
\ 

ne.ce. ,de lonaueur de la ... bune .ur 11 corde" «l-t) le) \0 • .561 - S.~Z). 

Ce. rhultatl ont 'tl en .ccord .vec la th'orie, .plci.l .... nt"'Pour le 
, 

l ' ' 
coefficient de tenlion juaqu'l v.leur da hauteur/corde • 0.1. 'Le 

coefficient de tenaion 'tait fonction unique de la co.blnal.on de 1. 

pre •• ion de lonfleaent et du rapport .xcl. de lon'Ulur lUI' corde. 
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1. INTRODUCTION 

The use of air structures could be safd to date back to 

the t1me of the Roman civilfzation when inflated animal skfns were 

used as floats for crossfng rivers [Ref. 1]. However, ft was not 

until the eighteenth century that air structures were used in trans

portation. In 1783, the Montgolfier brothers introduced the hot -, 

air balloon made .of paper and 1 inen. and at the same time Meusnfer 
~ 

suggested'a design for an airship [Ref. 2]. These dey·ices marked 

the beginning of pneumatic air-transportation . 

Initial development of pneumatic bUil~;rigs benefftted 

considerably from techniques used 1n bal100n anp airship design. 

The first known architectural attempt to apply these techniques 

to an earthbound structure was by the English engineer, Lanchester 

[Ref. 3]. In his patent of 1917 for a field hospital, the basic 

princ1p1es for an air supported structur~ were developed. 

During the second wor1d war, Steven, an American engine,er, 

tried ta promote lanchester's idea; but the real break-through was 
1 

ach1eved only after the war, at the Cornell Aeronaut1cal Laboratory, 
" , by Bird who designed and built successful spherical radomes for 

• l' 

ear1y warning radar [Ref. 4J. His work_was supported by research, 

and in parÙcular was the wind tunnel testfng of models. Since 

then, similar work has been done elsewhere e~pecially in Germany, 
• 

Britain, Japan ànd Sweden (Ref. 5]. In Germany, Beger and Macher 

. . 

----' .. ' 

1 î , 



\~, undertook wind tunnel 1nves~igat1ons of model buildings of spherlcal 

and cyl1ndrical shape, (Ref. 6] and similar experiments had been 

made by Nfemann [Ref. 7). 

, The stress distribution in a flexible air structurel is 

a function of the pressure distribution over the surface. For 

two-d1mensional cases, under uniform inflation pressure, and without 

w1nd loading, equal stresses are developed at every point on the 

envelope. However, the varying pressure differential resulting 

from afrflow across the surface of the unit causes a non-uniform 

loading and consequently causes deformation of the unit. As the 

~rane distorts, the wfnd pressure distribution varies with the 

change in shape unt1l an equilfbr1um condition 1s reached or an 

1nstabflity may arise. The wind pressure d1stribution 1s therefore 

different from that over a sol1d bOdy w1th the same profile as the 

flexible body with wind off. 

, In general, ft was found that ftr thlckness to chord ratios 

greater than or equa1 to half, 1t 1s necessary to relaté the inflation 
1 

gauge pressure P1g to the free stream dynamic pressure q to avoid 
, 

vibration or even collapse. For instance, a 3/4 spnerical shape 

\, requires Pig/q > 1, à hemispherica1 shape requires Pig/q > 0.7, 

2 

and a cylindrical shape with 1/4 spherical ends requires Pig/q > 0.6 [Ref. 7] . 
. 

Recent1y, Hoxey and Wells [Ref. 8] did a full scale wind 

pressure measurement on a twin-span greenhouse inflated-roo~ the . 
roof was a thin lenticular aerofoil. 1 They~ointed out it was 

() 

fi 
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(. , \1l1Pract1cal to meafllre .the shape. ttownr, thty predtctld the shape 

1ndirectly fram the prèssure distribution. They .1so obs.rved that 

1 roof of 1ncreased slope was easl1y defonllld by w1nd pressure. 

The use of air structures hls grown rapfdly in recent,yelrs 

becluse they are light weight, portable. eas11y erected. and can prov1de 

column-free cover over a llrge area. However. 1t 1s a rel.t1vely 

,new building technology and many techn1ea' problems rtIIIItn to be sohed. 

Thè objective 1,s the 1deaHzat1on of flow ICroSS an infleted 

3 

Il 

< 1 

building in two-dimensional .flow witb the .ffeet of the b~ndary layer removed. \1 

1 

~._---- --~ 

In the presen~ work, a theoret1cal and exper1mental study 

was conducted on 1 thin 1nflated lent1euler.aerof011 in two-d1mens1onal 

flow at zero flow incidence. Thin aerofon theory [~ef. 9] and ...,ra.,. 

, stress analysis were employed together to predict the shape. surface 

pressure distribution and 1nduced membrane tension. < 

A prel1m1.nary smoke tunnel investigat1on..at Re • 5 x 103 

gave an 1ndt~at10n of the maximum value of tIc for wh1ch flow separation 

would be avo1ded. The exper1ments were carr1ed, out in a blower wind 

tunnel of closed working section of dimensions 0.762 m w1de by 0.432 m 

h1gh. Model s1zes were restrtcted by consideration of w1nd,tunnel 
\ 

bloekag~ and flow separation On model. Metbods of measur1n, pressure 

distribution and 1nduced membrane tenston were developed. Ex~r1ments 

.were carried'out for verious combinat1ons of the Independent perlmeters: 

Reynolds number, inflation pressure coeff1c1en' and th. excesl le~th 

i 
1 

-~-- ---- .. , 
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1 
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of ..... r .... OV" the chord 1.ngth. The Il Reynolds tlumber varied from 

2.87 x lOS'to 9.71 x 105• t~ inflation pressu~ coeffic'ents v~ried 
'I"0Il -0.12 to 3.22.' and the eXClSI length. to chord rat'i0 varied ,~ 

0.561 to 5.21 wh1ch Ipproximetely corresponded to w1nd-off he1ght

chord ratios of 4.6.1 to 141 respect1vely. 
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2. THEORY • 

2.1 Thin Symmetr1cal Aerofq1l at Zero Flow Inc1d~ce 1n Potentf.l Flow 

ln potentiel flow theory. flow plst a closed surfaci may~ 

be obta1ned by co~s1dering a number of sources and sinks 10cated 

.1n a un1fonn stream as for fnstance in the Rank1"&, oval and fts degenerate 

case the c1rcular cyl1nder. In these exemples. modell1ng 1$ done 

by 1ntroducing s1ngul,arittas of finite strength located at isolated 

points w1thin the body. 

Ta simulate the flow past a thtn aerofotl at zero 1ncfdence, 

a continuous distribution of sources and sinks of strength g(x) 

per unit len9th located along the chordline 15 consfdered [Ref. 9, la]. 

Referr1ng to (Fig. 12], orthogonal axes are used: the or1gfn 

fs at the leading edg. w1th x the dis~nce along the chordl1ne melsured 
" 

from the leadtng edge. and y the distlnce perpendfc~lr ta the chord-
1 

11na. The I.rofoil 15 symmetrical about the x-axis. Thus an'element 

of len9th 'dx' hls associated with ft 1 sOurce of strength g(x)dx 

on the x-axis. 

If the aerofoil 1s suff1c1ently th1n the slope of the surface 

f$ small and for the purposes of detena1n1ng the sOurce distribution , 

the flow Vé1oc1ty fnside the lerofoi1 may be taken as u •• 

Withfn the profile. the d1fférence between the quantity 

of flufd flowing .at Xl and Xl + dXl 15 equal ta that emanat1ng ftom 

the 'sources contafned wfth1n this interval. 

0' 

5 

.. ' 

! 
! 
1 

1 1 

1 
1 

1" ~ 1 
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Hence, 

g(x)dx, • 2 UCIII(y, 

, dYl 
g(x) Il 2 U. ax,-

, 1" 

Thus the r~qu1red source distribution is simply determined by the' 

shape of the aerefoil. The slope fo~ the first half of the body 
, 

15 positive, which implies a continuous sturce distribution~ The 

second half bOdy has negat1ve slope, which implies a continuous 

sink distribution. 

If the thickness 15 small, the ve19'city ,induced at à point 
1 • 

(~JY) on th~ surface of the profile by a fluid sourc~ or sink at 

6 

(2.hl) 

the point (xl' 0) 15 approx1mately eq~al to that which would be in~uced at 

the point (x. 0) by the same source or sink [Fig. 12]. Then' 

the pe~turbatfon veloeity at point (x, y) due to sowree at (x"O) 

15 given by: 

\. , g( xl )dx1 
du • 2Tf(x-x,> 

and the perturbation due to the combfned effect 9f source and sink 

along the chord length 1s, 

1 je 
u • 

e 

g(Xl)dx l 

2w(x-x,' 

Us1ng equation (2.1.1) gives 

(2.1.2) 

(2.1.3) 



( 

( 

\ -

and hence the total veloc1ty at (x 1 y) 15 

u • 4. + \J' 

c 

1. e. rr-. 1 + ~1 
• 0 

./' 

2.2 Formulation of Inflated Le'nUcular Aerofol1 
1 

In [Fig. 13] let tbe chordw1se tens~on per unit 

. spa" of the fnf1ated 'aerofol1 be T. -liu. to>td .. l 110... the skin 
" 

fr1ct1o~ 15 tero, and tangentta1 equ111br1um requ1res that tension 

T must be constant througho~t the membrane [Ref. 11,,12, 13]. 

Thus, 

T • constant 

The condition of normal equilfbrium is, 

2T sin (f/2) + Ap • 2R sin (f/2) • 0 

where Ap • P1 - P 

Hence 

Ap • - TIR 

where R is the radius of curvature and 15 g1ven by: 

d2 

l ;f 
li • [1+ raiD 372 

w1th the assumption y 15 smlll from th;n lero~ofl theo~y. ~ 15 
. d 2 

smal'. Therefore (ai) cln be neglected when, compar1ng to un1ty 

and consequently, 

7 

(2.1.4) 

(2.2.1) 

t , 

(2.2.2) ~ 

1 

1 

(2.2.3) 

" 

(2.2.4) 



19 J. dx . 

eOMbtn~ (2.2.3) and (2.2.5), 

2 
Ap • - /r U 

dl' 
~ ,-,JL. (Pf"P.) .. (p .. p.) 

, ~;?'~ IpI) 2 i~ 2 
-'t" • - ail 

1 .e:.~ 5=~. CPf • Cp 

where q 1s the free stream dynam1c pressure, 

.CP1< 1$ the inflation pressure coefficient. 

. , 

Cp 15 the.loè.l surface pressure coefficient. 

8y Bernoulli's equat1on, 
2 2 

Pail + i pU. • P + i pu 

'hance, 
u 2 

Cp • 1 - (u:) . 
substitutê (2.1.4) 1nto (2.2.a) and neglect1ng the second power of 

perturbation, gives, 

_2i
t 

:: dX1 
Cp· -

1f 0 (x~xl) 

Ind con)equently combine (2.2.7) and ,(2.2.9), 

/ 

8 

(2.2.5) 

(2.2.6) 

(2.2.7) 

(2.2.8) 

(2.2.9) 

(2.2.l0) 1 

. -1 
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• 

NDnnal1ze equation (2.2.6) 'liy. q,. and combine w1th (2.2.10), 

2 1 dx 1.
c dy 

~! n _ Cp + l ax, 1 
q d~ 1 w 0 (X-Xl) 

Equation (2.2.11) 15 the master equat10n for Ina1ys1s; 1t relates 
, .. 

the 1nduced membrane ten,ston, inflation ,pressure, and flow condition. 

In order to solve this integral equat1on, Fourier Series 

and numerieal matrix techniques are employed [Ref. 12]., l( and y 

l2.2.11) 

arè transformed into parametric equations involving 9 with y e~pressed 

as a Sine Series. 

henee, 
\ 

x - f. (1 - cos e) 2 

Y - f(x) • c; "'. sin (ne) 
• n-l 

where 0 ~ 9 , 'If 

• e - 0 at leading edge 

e • w at trail1ng edgè. 

AnIs are the non-dimensiona1 Fourier coefficients anef c i.s the chord 

length. The use of Sine Series' sat1sfies the boUndary conditions 

at t~e leading and trailin,g edges, which require y'equal to ~ero. 

Taking the different1al of (2, .. 2.12) and (2.2 .. 13), g1ves.,· 

dXl • ~ sin 91 dO, 

co 
dYl = e r n An cos (nel ) de l 

n-l 

(2.2.12) 

(2.2.13) 



'. 

" 

• 

\j ~t1tute theRI 1nto equat10n (2.1.3), ~ 

1
11' • 

u', 2. ' • n An cos (n91) 
-. - I, de 
U •. 11' 0 n*l lcos el-CDS 9} . 1 

It 15 shawn in the reference by Glauert (Ref. 14) 

111' cos (n~) d.~ _ 1f sin (n9) 

o (cos 61\,-c05 el Sin e 

W1th t e aboya 1ntegral resu1t, equation (2.2.14) reduces to: 

hence. 

, CIO si 
U-2tn~~ u: n-1 Slri'9 

u • 1 + 2 t n An, s.U' (ne) u: '. ".1 ' ne .fi , . 
\ " 

Consequent~, equation (2.2.9) an4 '(2.2.11) give, 

. - l. d
2fa c~ + 4 t n An Sir (ne) . 

~
' . q dx 1 n-l ' . - sne 

l'I . 
,It ,tn be shown -that 

t ' 
d2f .' _ ! [ .Ë n An cos (n,el ~o!!e) + r 
dx c n-1 sin3~ " n=l 

, " 
1 •. ' Substitute ("2.2.20) into (2.2.19) and reârrange • 

.. ) fI' 

- , 

10 

(2.2.14) 

• ! 

(2.2.15) 

(2.2.16) 

(2.2.18) 

(2.2.19) 

(2.2.20) 

(2.2.21) 
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It can be shawn that '~he,' shape 1$ s.YQIlE!trH:al ab()ut the 

centre line of the chord [Appen41x 1], and th1s tequires that for 

n even AnIs 1: 0.* 

Equation (2.2.21) is the governing-equation, it must satisfy 

the requ1rement of sharp edge~ (i.e. leading and trailfng edge) . 
• 

Thus at the edgés it 1S required that ' 
èo 

2 E n· p" cos(ne} 
~ = _n~1:...:.1 __ ~ __ 

s. in e 
be 'fini te. 

At the lead1ng,edge (9 =:0). 
fini te, requires 

CIl» 

t n~=o nisodd 
n=l 

.' 

,'. '. ~: -. 
~ .' 

n iS od.d 
, , . " 

'. 

For the tra i li ng edgè (e .; 11'),} t gives tbE! .same end condi ti ons 

as (2.2.23). 

-. ' 

The lèngth of'the surface in chordwfse direGtion 1s g1ven 
.. , \ , 1 ~ 

J _ 

by: ., 
'l t 

2' i 
t. 0 (1 + (~) J dx . 

rthis can be linearized, and y'ields the excess, 'length',to thord 
, J, ,_ 

ratio (l.-c)/c 

11 

) 

'lC 2 l.-c.. 1 (!r.) dit 
c ,..~ 0' ,dx ~ -.. 

, , . 
. 

* From now on, ft is understood tfiat.al1 su~ation signs ar~ for . ' ,> , 

. , 
QI (odd tenns o~ly); .. 

, 0 

, ' .. 
'. 

" 

, , 

. 
~ , 

1 • 
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10' find the relation of the edg~ angle as a functio~ 
" 

~f t~~ensio~tParameter CT,~equation (2.2:19) is used, 
, ~ " ~ 

. . , ;' .t- c ;~' = Cp' + ~,,~ "An sin (na} 
. . 1 -T dx ' i ' n=1 sio. a 
" >.... odd 

.. ' 
. ',' ",1ntegrating on~e' [Append'ix 11]. 

fi: ) .. 

. " 

, ' 

1 ,av Sr l [1'+'4 t An 
, C~j:' di '2'Cl ( . n-1 CPi 

, " ~oddo 

at 'the 1e~.di~9"edgett,x, = ~~)~his gives 

. . , 

~lnce'*I' '. · ... ;slope at lead~ng ~9~." 
, x-o " .' 

"lIItan(e) 

n 15 odd 

'. > -

. 0 

,1 , " ' .' wh~~e,'eo 15 the le~dJn.g edge ~ngie.·-, , . . l, 

, , ,,' 

, . Rearr~ng1Rg', (2'. 2. Za.) 'gives 
. , , 

. , Cp 1 [ 'ail '" An 1 ':' 1 • '. -' - -
_ ~ III 2 1 '+ 4, t Cp Cr, n 1s odG 

o . n=l 1 i, " 
, ' . 

To obtain the Te~ation of exèess 'length as a function of 
> • 

~he ten,sion coefficient CT' :substitute (2.2.27) into (2.2.25) and 
" ..', . 1 
~arry qut' the integral [Appe~di~ III]. It'gives 

12 

{2.2.26) 

(2.2.27) 

(2.2.ZB) 

(2.2.29) 

· ',. " ~ .'~ {1 ,~ k4:?· 1 .. + 48 . ~ ~ (:m)'. (An~{, . ,'J> 1"'i~2 .. m2 , J}i 
• ,' •. '~ ;'.:. ft~c .... ;' .... ' ~=1 (.2 ~4.) , .: .!",1 n=l. ~P; . \CP;J. [(1._")2 _.2][(1+n)2 _m

2
] 'i 

... , , , ~ (2.2.30) 
J, , ,,.1 1 f Ij r ~ \ J ~ J- '-4.' 

• ,.' l " ,~ 

. :,;') .:' " '>'/w~ere m,.n',ar.e ~dd .. 
, . ,. 

. , 
, .. 

" 'l 

t • * Due to SY~I~t'ry' ieadl~g and traili~g elige angles"are the same (Th~ory). 
• n ~ ~. J, 

l 
1 
1 
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\ 
El1m1nate Cr in (2.2.29) and (2.2.30). 

2.3 Humerica1 Solution and Discussion 

The dete~ination of'the Fourier's coeffiè1ents.1nvolves 

\ 

(2.2.31 1\ 

the transformation of the master equation (2.2.21). 'Equation (2.2.21) 
• 

1s valid at "any chordwise position. Thus a ~et of 1inear s1mu1taneous 

equations ca~ be obtained by specify1ng a nu~ber of chor~ise positions 

in the equation (2.2.21). _ 

1 Due to symmetry of the shape about the c~ordlfne centre. 

all positions can be chosen w1th1n e = 0 and e = Tf/2. T~e sharp 

edgè condition requires that a c ~ must be fncluded t and symmetry 

about the_chord1ine_centre requfres e =,v/2 be included. ,The r~st 

of the positions are chas en to-be equal1y spaced between·Q and Tf/2 [Ref. 14). 

The"magnitude of the interval 1s then equal t~! ~. where N. 
which 1s 81so the number of Fourier's-eoeff1cients chosen. i5 the 

, -
number_of chordwi-se positions. The use of equal intervals of e was 

found to produee a well behaved and no~-s1n9u1ar matr1x. Some trials 

, wi ~h_ non-equal intervals ,produced a nearly s1ngular mitr!~ and n~merical 

i'naccuracy. 

" ' 

, ' 

1 1 
; 

' .. 
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In matrix form, equation (2.2..21) 15 'rewr1:tten as: 

en,m Sn· Dm (2.3.1) 

where: Cn ,m • Cl [n cos(nsnJ cos(em) + n2 sin(nsm) sin(em)] 

• n S1n(n6m) sin2( am) 

Sn • An/CP1 ,sm·! tN:~ J 

Dm • 1 ~1n3 (0ln) 

and n • l, 3, 5, 7. ,- - - - (2N-1) 

m ·1,2,3,4. - - - - N 

In order to f1nd the suff1cient number of coefficients . 
wh1ch gives acceptable accuracy. the work by Nielsen [Ref. 12] was 

used as a guide. 
, . 

For a g1ven Cr.·the matrix was solved 'for different numbers 

of N' s ~ say Nl < U2 < N3 etc. Then the fo 11 owi ~9 comparisons were 

made: (1) the dffference between each corresponding coefficient; 

(2) the difference in maximum thickness which was evalua~ed from 

the correspond1ng set of coefficients; (3) the difference in excess 

length ta chord ratio.- For comparison (2) within a p'ractically acceptable 

tolerance, say 0.01% (N1elsen), the smallest value of N which gives 
. 

such tolerance wou1d be accepted as the optimum number of coefficiénts 

for analysis. 
6 

-The matrix had been solved by truncation w1th N equal to 

10, 15. 20 and 25 f~r various values of the- tension- parameter Cr 

.. "'"r· , 



( 

... 

Results had been compared and presented in .Ta~les 1-7. It was seen 

that the successive coefficients decrease rapidly in magnitude, and 

on1y the first two coeff1c1ent~ are dominant. 

Assullflrig for the moment that the 'true' values are given for' 

N • 25. comparison for N • 20 shows that the percentage difference 

for (h/c)/CP1 1s about 0.0~5% an~'for the excess length to chord 

ratio (I~C) /CP/ 15 about 0.05S for â11 values of Cr greater than 

0.5. It 15 concludèd that N • 20 gives.a nearly asymptot1c solution 

ind provides a sufficiently accurate solution. * 

15 

Once the Fourier coefficients are known, all the characterist1.cs 

of the inf1ated àerofoil can be obta1ned. 

It is interest1ng to note that the nu~rical sol~t1on gives 

values of An/Cp; and not An. [Fig., 14]~ shows CT .1,5" a unique functfon 

,of CPi(l~C) ~i as givé1n by equation (2.2.30). The value of CT equals 

to about 0.5 separ~tes positive and negative value of CPi' CP1( ~c) -I/CT 
achieve's the asymptotic value 12if. which corresponds to wind off 

1 

when Cr reaches very large value. 

In [Fig. 15], for. CT greater than 0.5, the no~lized shape 

(y/c)/CPi starts with cusps at the edges for low value of Cr' and 

tend$ to become-a circular arc profile as Cr 1ncrease5. 
. ( 

In [Fi.g. 16]. for values of Cf less than about 0'.5, the 
, 

n?nnalized ~hapes ,(y/c)/cPf are negat1ve,.,exce~t·-for CT • 0.2 and 

CT ~ 0.125 which cross over the-zero l1ne. In the range of CT between 

0.49847 and 0.28438, the' shapes are on1y dtfferent in amplitude 

* All theo-:,etical results are obtained 19r N ~ 20. " 

• 1 
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They are geometr1cal1y similar with only one peak at the centre. 

At Cr equa~ to 0.28438, the shape has zero slope at the lead1ng and 

tra111hg edges. For CT from 0.28438 to 0.2, the shape~ start ~o 

cross over the zero 11ne near the edges. The amplitude of the cross 

over as we11 as the width grow rapidly, and have their maximum case 

at Cr equals to 0.2. Further decrease of CT from 0.2 ta 0.17625, 

changes the shapes in such a way that they are inverse of the case 

for Cr equa 1s to 0.2 but wi th sma 11 er amplitudes. When Cr reaches 

0.125, 1 t cros,ses over the zero li ne aga in wi th more ri pp 1 es ancl 
1 

smaller amplitude. For cr 1ess than 0.125 unti1 0.05 the shape becomes 
, 1 

negative, and once aga1n more ripples and smal1er amplitude. * 

In [Fig. 17J, thfs provides a direct estimate of the tension 
, 

in the membrane for a given flow speed, inflation pressure and height· 
\ ' ' 

to-chQrd ratio. 1t shows that the sma1ler the height-t.o-chord ~ati 0, 

the h1gher the fnduced membr~e tension. However, the percentage 

of 1ncrease 1s larger for large height-to-chord ratio. 

In [Fig. la]; as a,practical example" the change of shape 

for a particu1ar t corr~sponding to wind off height-to-chord ratio 

0.14, (t~c. 0.05), has been detennined for vari~~s values of Cp;, 
, , 

Thefr corresponding fnduced tension 15 a1so given in the figure" 

A~nflat1Qn press~re'coéff1cient g~es from large,to smal1, the' 
corresponding shapes are once again seen to ch~nge fram almost a 

cfrcular arc to a cusp shape. 

* The wavy shapes 1,n Fig. 16 were not achieved exper1mentally. 
[, 
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3. EXPERIMENT , 

3'.1 Wind Tunnel Description and Calibration 

The general arrangement of the blower wind-tunnel 1s as 

shawn in [Fig. 1]. The Itunne' 15 of the blower type, and ~as,an 
, 

open jet. exit of 0.762 m wtde by 0.432 m h1gh (30" x 17"). The COn-
" Il 

tracting sectton which leads to the working se~tfon [Fig. 2, 3] 15 

a two-dimensional type having a contraction ratio of 6:1 URef.IS ]. 

The test model extended through the roof and floor, located 

at the centre of ,the working section. The model was aligned in flow 

direction by means of pressure taps at front of 1eading edge wedge. 
, 

A device which carried a 5tatic tube for the measurement of surface' • 

pressure distribution was attached to the ~lexiglas wi~dow. It could 

be moved parallel to flow direction. 

. , 

The tunnel calibration involved two pressure ,taps located . 

on each side of the vertical wal1s of the settling éhamber, one foot 

from the upstream end. These tubes 'were connected to gfve a'n Ivera98 

pressure pr for the determlnat10n of wind spee~ •. 

~p 

a 

\ 

Working Section 
\ 'l Ar 

Ar . 
Ur ..... ,Pt 

/ 1~ _____ Pr~ __ 

/' , 

, " 

i 
17 , 

\ 
l' 

, " 

\ ' 
1 

1 

• Il 1 ....... 



" 

, i 
,l : 

1 

~ r' 

1 
: " 

\ ' " 

.-
1 

- . 
--................. , ..... - -- ... ---

18 
• 

Pitot-static tube, which was located at the centre of the 
\ ' 

workfng section, was 'used ta measurè the values of (Pr-pa), (pt-pa)\ 

land (Ps-pa) S~lIIJltaneou$l.v. Incl1ned alcohol. (S.G. 0.8) manometèrs 

Wlre used for the!e measurements. Rasults were presented by plott1ng 
' .. 

(Pt-Ps)/{Pr-Pa) and ('Ps-pa)/(Pr-PB) versus [(Pr-Pa)/p}] i, where 
" 2 

v 1s the kinemat1c v1scos1ty (Fig. 10]. The value (Pr-Pa)/pv Ji 

when ~lt1pl1ëd by unit 1ength 1s a measurement of the Reynolds number. 
,-

The calibration cùrves had been fitted by linear regression 

method ta g1ve the fo11ow1hg expressions. 

,pt-Pa .. 1 1'129 
Pr"~1 .. 'v 

Pt:..Ps· (9583.052 + 0.575324 x 10-4 Re + 0.495353 x ~0-10 'Re2 
tsr:J5i • 

1.-

~~:~: ".' (150.296' - 0.184041 x 10-3 Re + 0.49051 + 10-10 Re2 

. ~.'. '~74852 x 10 .. ~7 Rel) x 10-4 

whèra R~ • [(Pr-'a)/p'}ll/metre 

and 2.5 x 10~ < Re < 18 x lOS/metre 

3:.2 . Model ~S19n and Accessorx Measur~ment ,Deviees 

, . The chord leng~h WBS chosen ta avo1d separa~11on ahead of 

th~ trailing èdge. "The method to dete~ine laminar and transftion, 
\ : 

wu by,the' fQll0~1t1S' equat10ns, [Ref. 16.1. 

.- / " 

• 



( 

1 

19 

2 
U~2 0.45 -V-ur foC u5 

ds (3.2.1) 

a dU, m· - ~ v as 
where U 15 the free ,tream yeloc1ty Just outs1de'boundary layer 

v 1s t~ k1nematic v1scosity 

~2 mome~tum thickness 

s. 15 th~ distance a10n9 the surface, 
'\ " 

and together w1th [Ff~. 11] of "boundary layer Reynolds number at 
"' ' 

(3.2.2) 

transition plotted-against the pressure plrameterN
, wh1ch was obta1ned 

from L.F. Crabtree [Ref. 17]. Laminar separation occurs when m • 0.09. 

When no lam1nar separation occurs; the procedure of calculat1ng 

the transition point is aS fo11ows: m and Rea2 at points a10ng the 

surface are ca1culated and plotted on Crabtree's dtagram. 50 long 
, f 

as this curye lies to the 1eft of Crabtre~ls cr1tical curve, thej 

boundary layer 1s 1~m1nar; 'trans~tion occ~rs where the curyes cross. 
1 .. 

After determining the transition point. the turbulent separation 

15 found approximately by Spence's method, 
: s· 

2 2 : l ~ 2 1.829 U ts • U t - 0.00135,' ~ ds 
~ St 

where ®. 15 (Ut 62t) 2t( v • 
and Ut' Uts ar~ the ve10city outs1de, the boundary layer at transition 

(3.2.3) 

and the turbulence- separation points. ,St' S~ are their corresponding 

locations a~ong the surface. 

" 

~ 
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Based on the above consideration, and avoiding the merge 
~, , ~ 

of"1(~the boundary layer growth et the roof and floor along the surface t 

the chord was chosen about 0.38 m (hIc was assumed 0.05). It was 

found ,that this dimension of chard was satisfactory for experiments. 
l 

Only solid and wake blockage were cons1dered for determining 

the mode 1 s 1 zes • The blockages can be est1mated by [Ref . 18 and 19], 

Total b10ckage B • 'B + B t, s w 

Wake blockage B • ~Ey c w w 0 

So11d blockage w
2 (t)2 

Bs • Tf w Sf 

Shape factor, S • ±lC 

U y d, 
,f W o TC ~ 

Correc ted ve l oc i ty Uc 2: Ut (1 + St>, -

where w w1dth of tunnel 

t max1rrun thickness of abject -

e chord length 

, 

1 

,1 

y ordinate of the surface measured from the chofd11ne 

(3.2.4) 

(3.2.5) 

(3.2.6) 

(3.2.7) 

(3.2.8) 

U local velocity of the surface at a d1~tance s from the leading 
1 

edge 

Co measured drag coefficient. (It was assumed,O.Ol from NACA0010-35) 

Ut measu~ed tunnel wind velocity 

Uc co~rect~d tunnel wind velo~itY 
,To~al blockage ~as estima~ for a few chard to th1~kn.ess 

o , , 

ratios. for instance, 

when' c/t . 10 ~ Bt 0.01 

c/i 5.5, Bt 1),02 

~ c/t 4 • Bt - 0.027 
, 

\ 
, 
\ 
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They provided a guide for determining the c/t ratio. These were applied 

for the correction of measured inflation pressure coefficient (CPi)' 

tension parameter (Cy), and Reynolds number (Re). 

\ 
The design of the test model eonsisted of an envelope made 

of Stablekote III Nylon (25 gm/m2) [Fig. 4, 5J wrapped around two 

steel wedges in order to achieve aerofoil shape when inflated. 

Wedge angle was restrieted to about 10°, because large wedge angle 

would affect the edge angle of the envelope during the experiments. 

Th,e wedges together with the end edges of the eMelope extended 

through the tunnel roof and f100r via the bicircular arc holes . 

The holes' sizes were made to cl05ely resemble th~ inflated aero

foil so as to minimize the amount of leakage of tunnel flow. 

The ends of the wedges were each held by flexures whieh were 

specially designed [Fig. 6] to allow very small and parallel movement 

in the direction of the main stream flow when forces aet on the wedges. 

To each flexure, a full bridge connection of strain gauges was attaçhed 

for force measurement [Fig. 7,. 8.] The flexures were attaehed ta the roof 

and f100r [Fig. 8] of the working section. 

The test model was two-dimensional, and required that there 
'II-

should be no indueed membrane tension in the spanw1se direction of 

the envelope. Thus two plex,iglas plates were used which attaehed 

the ends of thè envelope and served as end plates to reduee the escape 

of air from the inside of the aerofoil [Fig. 4]. 

, 
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The inflation pressure wàS supplied from both ends of a 

0.0127 m (O.S") diameter pipe whieh extended through the eovers. 

The pipe was designed to glve unfform infla~10n pressure. Holes 

were dri11ed 1n ft wfth varying spacing 50 as to give a uniform 

distribution of pressure 1nside [Ref. 20]. 
1 

3.3 Measurement 

The measurement of parameters included CPi' local Cp, and 

the excess 1ength-to-chord ratio. 

Measurements of inflation pressure, surface pressure distribu

tion and tunnel speed give CPi and Cp. The measurements of wedge forces 

together w1th bo~b lead1ng and trailing edge angles give the value , 

of Cr. 

The Anf1atfon pressure was measured using 3 small tubes 

(0.318 cm). Two open ended and one static tubes were inserted inside 

the envelope from bath top and bottom covers. There was negligible 

difference with readings from these tubes. They were however, connected 

together and measured by an inc1ined mananeter., 

A deviee was designed.[Fig. 9J whieh al10wed a mounted static 

tube (0.16 cm d1ameter) to be rotated or moved in and out 50 as to 

a1ign the static tube parallel ta the inflatednsurface at any chosen 

chordw1se position. The dev1ce itse1f was mounted on the plexiglas 
, ' 

window~ and could -be adjusted in the chordwise direction of the aerofoil. 

- 1 Aga in, the pressures were measured on an i ne li ned manometer. 

22 
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The forces on the leading edge and trailing edge were measured 

by the strain gauges attached to the supporting flexures, and the 

complete systems were individua11Y calibrated with dead weights (Fig. 41). 

The outputs of the strain g~uges were picked up by a Band K type 1562 

strain indicator. The leading and traiting edge angles were determined 

from orientation of the static tube at these locations. 
i} 

Since the shape of the membrane outside the tunnel was 
, 

different from that affected by the wind, it was impossible to photog{aph 

the shape directly i.e. longitudina11y. Sorne idea of the change 

of shape with speed was obtained from oblique photograph~ . 

3.4 Experiment Procedure 

To start the experiment, 1t was necessary tq,calibrate 

the membrane length. induced tension versu~ inflation pressure with 

wind off, because the fabric stretched slightly under tension. This 

was done with wind off by measuring the thickness of the circula~ 

arc aerofoil using calipers. This information combined with the 

measured internal pressure enabled the radius of curvature' and membrane 

length (l) to be determined. The information was also used to correct 

the wind-on readings for the effect of the ends which were outside 

the tunnel. Sample calibration curves are shown in [Fig. 19A t 19B]. 

Ambient temperature and pressure were recorded and used 
~ 

to calculate the corresponding density and kinematic viscosity of 

air. 

~ , 
\ 
.~ . 
. . 
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For each envelope and combination of tunnel speed an~ inflation 

pressure, oblique photographs of the membrane shape were taken, and 

the corresponding surface pressure distribution and membrane tension 

were recorded. 

Different excess length to chord ratios were obtained mai 

X by chang1ng the size of the envelope, although slight adjustments 

were po~sible by.changing"the chord length. 

Cases with negat1ve Cp; could be run by starting 1nit1al1y 

with a positive internal pressure and then, w;th wind on, reducing 

this to a value less than that in the working section. 

The correction for the end effects on the measurement of 

tension was necessary. Since, wfth wind off the envelope had a circular . 
arc profile over the whole length, with wind on. the portion of the 

envelope within the tuhnel changed;Sbape and the portion outside the 

tunnel a1so dfd, but presumably tJ\. less extent. To make the correctio~ 
for the end effects, it was assumed that the outside portion of the' 

) 

envelope remained a circular arc profile when wind was on. Thus the 

measured force would be due to two p~rts, nlDely the tunnel portion 

affected by the air flow, and the outside portion which was surrounded 

by effect1vely still air. For a given 

inflation pressure, th~ value of l~C can be found from the calibration 

curve [Fig. 19A]. With the value of t~c and [Fig. 19B], the tension 

, per unit lertgth may be determined. The total correction force is 

given by 

. ' 

• 

24 

. , 



" 

c 
• r, 

.... , 

'. 11 

• 

Fe· (2 Tc cos ec)d. 

Where d"1s the total distance of the wedge extended outside the floor 

and ce111ng. 

e 15 the circular arc edge angle c 
Tc 15 the induced tension per unit length by the circular 

arc profi 1 e • 

let Fl and FT be the total measured forces on the lead1ng wedge 

and trailing wedge due to combfned effect of wind and inflatlon pressure. 

The central portion of the aerofoil affected by the tunnel air 15: 

TL • (Ft - Fc~/(2H COS8L) 
* 

where el' 8T, are the measured leading and tralling edge angles, 

H b the height of the tunnel,. 
• 

It has been assumed in the theory that.the tens10n should be 

'" uni fonn throughout the me'!'brane. Thus the av'erage of TL and TT was 

1 

/ " 

·taken as the induced tension (T) per unit length. In fact their 

difference was usual1y less than 11. 

~,Mhere TL' TT are the induced tension perunit length in spanwise 

direction at the 'lead1ng and trail1ng edge of the inflated envelope 
~ 

respective1y. • 

- -----~. . . . 
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4. EXPERIMENTAL RESULTS AND DISCUSSION 

4.1 Comparison of Experimental Results with Theory 

Comparison of equation (2.2.30) and experimenta1 resu1ts 

are shown in [Fig. 20], where the tension eoeff1cient CT 1S plotted 

against CPi( l~C)-i. The agreement is very good. Experimental resu1ts 

nearly a11 collapse eonvincing1y on the theoretical eurve within 

26 

about 3~. The results are for a range of Reynolds n~mber from 2.87 x 105 

ta 8.02 x 105, and indicate that they are insensi~ive to the change 

of Reynolds number. In ~11 cases with positive inflation pressure 

[Fig. 201 the membrane appeared to be stable. 

Sorne resu1ts for suetion cases (negative CPi) ~ere obtained 

a1so [Fig. 21]. These results, however, are less accu rate because 

the portion of the membrane outside the tunnel was usually partia11y 

collapsed, and thus the end correction for the measured tensions 

were uncerta1n. Neverthe1ess, the results are still in fa"irly good 

agreement with the theoret1cal curve. Partial or total collapse 

oceurred at the value of CT less than about 0.4. The less the value 

of (l-c)/c, the more readily it is subjecteâ to collapse. To avoid 

col1apse, it should keep CT greater than about 0.4, which corresponds 

'to 'Cp; t t~c ) -i ~bout' -0.45. 

• 

The actual phenomenon of the mèmbrane behaviour for negative 

CPi was a gradual proeess. When the inflation pressure was reduced 

.. ' 

l' 

eH 
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to the cr:H1,cal value which corresponds to a given flow speed and 

excess length to chord ratio, the envelope oscillated with very small 

amplitude but high frequency. There were no prominent wavy rfpples 

< observed. With further decrease of pressure, the memb~ane oscfl1ated 

with larger amplitude but lower frequency. Finally, when the applied 

suct10n pressure was large enough for the given conditions, the envelope 

collapsed in such a way that the maximum thickne$s propagated r~ar

wards to the trailing edge as one simple pulse wave (Fig. 40]. After 

collapse, the two surfaces of the envelope contacted each other tightly. 

However, when the suction pressure was removed, the envelope was 

inflated again. Also. the envelope could recover its stable state 

from oscil1atio~ wh en the flow speed increased, which 1s real1y an 

increase of Cp;. High flow speed is ,fa~ourable for stability, even for 

a small amount of suction. It was true for different Ct-c)/c 

even up ta 0.038. 

Edge slopes given by equation (2.2.31) as a function of 

the Cp; (t~c) -1 1s compared in [Fig. 221. In theory, the curve 

will achieve a slope of (6'-! for high value Of ~P1 (t~cj-i. There 

is good agreement for low value of ~Pi (t~7-i below 4. a~d is S,~ill 
fairly gond even up to 10. However, discrepancy between theory and 

exper1ment increas~as CPi .(t~~)-i beyond la. 5uch d1sagre~ment . 
'is most probably due to measurement of angles when they are smal1. 

Similar features happened in [Fig. 23] where the~ slopes plotted 

ag~;nst the tension coefficient Cr. The theoret1cal curve achieved 

a sl~pe of 2 for hi~h Cr' In both figures, disagreement between 

theory and experiment begins whe" CPi/tan(eo) 15 above 4.5. 

27 
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Cons1der the p~essure distributions which are shown in , 
[Fig. 24-35]. They show tha't for low height to chord ratio, exper1ment 

and the ory in general are in good accord (Fig. 24, 25]. However, 

as height to chord ratio is increàsed, the agreement 1s worse in 

sorne local regions [Fig. 28, 29]. Around the region of sil e~uals 

0.075 ta 0.3. the theory gives lower pressures and larger values 

1n the region 0.35 to 0.8. It may be noted that although there is 
II?' 

considerable disagreement at sil = 0.8, the agreement surprisingly 

improves towards the trailJng edge. This could be due to flow séparation 

and reattachment near sIl • 0.8. For even thicker cases (Fig. 34, 35], 
1 

separation bubble has moved forward and becomes larger as would be 

28 

expected. The flow pattern around the region were investigated quantitatively 

us1ng a,tuft attache~ a hand held wand, and light tufts atta,ched • 
i \ 

to the surface of the_membrane itself. The pressure distribution 

discrepancy for the forward part of the aerofoil can only be partially 

explained as an error in the potential flow analysis. In [Fig. 36], 

for potentfal flow, the present linearized theory for a lenticular 

aerofoil with circular arc givesi more negative pressures for sIl 

in the region O.OS to 0.3 and vite versa in the region 0.4 ta 0.5, 
, . " 

as compared with Karman-Trefftz's method. The latter method 1s a 

conforma l transfOrmation of a circlè and in the potential flow theary 
J . 

1s exact: The comparison shôwn in [Fig. 36] indicates that the linearized 

the ory gives satisfa~tory results for height to.chord ,ratios of perhaps 

up to 0.1. This gives maximum reasonable ~/c. 

Il 
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A second reuon for the discrepancy ove .. the' rear half of 
1 

1 the aerofoil could be the affect of the bou~dary layer bu11d up 

f 

over the surface. lt would effect1vely th1cken the shape of the 

aerofoil espec1ally over the downstream half where there are unfavourable ~ 

pressure gradients. Thus the pressure 1s reduced 1n these regions 

because of the wake. An additional effect of. the lower pressure 
1 

on the back of the aerofo11 1s to maye the maximum thickness of 

the membrane rearward5 and thus further reduce the pressure on tbe 

rear half surface. It a150 has the effect of 1ncreasing the pressure 

on the front half surface as 1s observed [Fig. 35]. 

Th" leading edge angle fs always slightly less than the 

tra111ng edge angle. 

, '. . , 
4.2 Estfmation of the Error in the Measured Coefficients 

From [Fi g. 20] ~ 1 t appears that CPi (l~C) -l, and Cr have 

been measured to an iccuracy of somewhere between 2i to 3%. CP1 

fnvolved the measurement of 1nternal pres\sure and tunnel 'dynam1 c 

pressure u51ng manometers whfch could have been measured to an accuraey 

of 11. The remains 1naccuraey in (l-c)/e 1s therefore between 2% and 41. 
r 

This.corresponds to an error in the w1nd off tIc of about 1% and 2%. 
------ 1 

It 1s somewhat surpr1sfng that sueh accurley was aehfeved 

in the measurement of t using cal1pers.The me~surement of Cr 15 1naceurate 

due ta 1nàccuracy '1n T and q. The' force on the wedg'es was measured 

to an accuracy of about 1% and the edge angles were relat1vely un1mportant 

___ -_;_-,..}. __ --..:-___ .. _. __ 'I _,. 
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1 
, for determinf"g T s1nce the cos 1 ,ne was taken. Thus wjth a sma 11 

, 

----.. 
additiona1 error from tunnel dynam1c pressure, Cr ~y well 

\ 

been measured ta an accuracy better than Z%. 
l ' , 

Il 

have 
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5. CONCLUSION 

Idea11zatfon of flow over a long low 1nflated building 

with the éffect of the earth's boundary layer removed has been studied 

successfully bath in theory and exper1ment. 
1 \ 

The tension coefficient CT 1s a unique function of the 

collapsed parameter CPi ( t~cyi obtained theoretically and con'ffrmed 

experimental1y. The relation 1s insens1tlve to the Reynolds number, 

and applies for (l-c)/c less than approximately 0.05. (about hIc = '0.14, 
) 

with wlnd off). ~ 

"The membrane WBS found to be stable for a11 poSitive values 

31 

/ 

of CPi • CPi (t~ctt ShOU:d be greater than about ,,:0.45 which correspond,s J 

to Cr about a •• ta avo1d partial or tptal cOl1apse, 

The non-dimensional shape [(y/c/CP1D of the membrane 15 

determined uniquely by CP1 (:t~C)-t, and the actual dimension 15 

sca1ed accordlngly to CPt. 

The lnduced absolute tension 15 h1gher for low he1ghts. 

h~Yert the proportional increase w1th wind speed 1s less. 

The measured pressure distribution broadly a9rees with 

the the ory although there appears to be sorne effect of the boundary 

layer bul1t up on the aerofo11 which results in a movement rearwards 

of the point of maximum thtckness. 

The theory 15 good for hIc up to O. 1 for des i 9n purpose s. 

\11'/1" 

, 
...,....! 

• f 
." -~ .. , 



\) 

... 

. , 

) 

• 

-- \ ! ,. 

" .. 

REFERENCES 
/ 

1 • H. BOUGl~S, 'Milftary Bridges'. London, 1853. 

2. B. CLARK, 'The History of Airships'. Jenkins, London, 1961. 

3. CEDRIX PRICE and FRANK NËWLY, 'Air Structure'. 

4. CORNELL AERONAUTICAL LABORATORY, 'Design Manual for Spherical 

. A1r-Supported Radornes'. Report No. U8-909-0-2, March, 1956. 

5. Proceedings of International Symposium on Pneumatic Structure. 

\ Delft - 1972. 

6. G. BEGER and E.T. HACHER, 'Results of Wind-Tunnel 1ests 

on Sorne Pneumat1c Struetares'. Proce~dings of ,st International 
f 

Co1loqu1um on Pneumatic Structures, Stuttgart. 1967. 
\ 

7. H.J. NIEMANN, 'Wind-Tunnel Experiments on Aeroelastic Models 

on Air Supported Structures: Results and Conclusions'. 

Proceed1ngs of .nterriational Symposium on Pneumatie Struct~re, 

Delft - 1972', 

8. R.P. HOXEY and D.A. WELLS, ,Ful1_Seale Wind Pressure Measurement 

on a Twin-Span 12.2 m x 12.2 m Inflated Roof Greenhouse'. 

Journal of Industrial Aerodynamics 2 (1977) pp. 211-221. 

9. p. THWAITES.' 'Incompres~ible Aerodynamics', Oxford University 

Press 1 1960. 
\ 

10, H. JULIAN ALLEN, 'General Theory of A1rfofl Section Having 

32 

. 
Arb1trary Shape or Pressure Distribution', NACA Tech. Report 833, 1945. 

Il 

., , 



.II' 

( 

1 • 

11. B. THWAITES,' 'The Aerodynam1c Theory of Sa11s 1 Two-D1mens10na1 

Sa115'. Proceed1ngs of the Royal Society of London Series A. 

Vol. 261,1961. P.402-422 

33 

12. J.N. NIElSEN, 'Theoryof Flexible Aerodynam~c Surface'. P. 431-442 

ASME Transaction Journal Applied Mechanies: Sept. 1963. 

13. J.O. MYALl and S.A. BERGER, 'Recen~ Progress in the Ana1yt1cal 

Study of Sal1s'. AlAA 2nd Symposium Hydronaut1cs of 5a111ng. P. 9-19 , 

14. M.B. GlAUERT. 'The Elements of Aerefoi1 and A1rscrew Theory'. 

Cambridge University Press, 1947. 

15. 1. WYGNANSKI. and 1.5. GARTSHO,E, 'General Description ,and 

Calibration of McGil1 17 in x ~O in 8lower Cascade Wind 

Tunnel'. McGill University Mech. Eng. Res. Labs. Tech. 

Note 63-7, 1963. 

~~6. J.C. COOKE and G.G. BREBNER, 'The Nature of Separation and 

its Prevention of Geometrie Design in a Whol1y Subsonic 
1 

Flow'. Boundary layer and Flow Control (G.V. Lac~n) Vol. 1. 

17. L.F.)CRABTREE, 'Prediction of Transition in the Boundary layer 

on an Aerofoi1', Journal of the Royal Aeron~ut1cal Society 

Vol. 62, July 1958 •. P. 525-528 

18. , A. POPE, 'Wind Tunnel lesting', John Wiley, Second edition t 1954. 

19. R.C. PANKHURST and D.W. HOlDER, 'Wind Tunnel Technique'. 

Pitman. London 1952. 

20. J.O. KELLER, 'Manifold Problems'. Journal of Applied Mechanics. 
/ 

Harch 1949. P. 77-85 

,. 

• 

, 1 
>_ """ _______ .~ .. __ ~~~_ ........ _ .. ___ ~J • ___ ,..-'" 



(j 
" ,..J 

1 • 

---_/ ------- ._--

APPENOIX 1 

:0 Thin 1nflated lenticular aerofoil in potentiel f10w at 

zero incidence 1s symmetrical in shape. 
/ 

The governing equation for t~e ana1ysis 1s given by 

equation (2.2.21)~ 

. A 
~ [Cr[ncosne case + n2

sinne Sine]) (ëp~) 
n-1 -nstnne s1n2e 
Replace 8 by {n-e}: 

sin 15 unchlnged 

sinn8+sinne n fs .odd 

-sinne n 1$ even 

cose +. -cose 

cosne + -cosne n i5 odd 

cosne n 1 $ even 

hence (2.2.21) becomes: . 
, 

; (Cr(n(iCOSne)(-cos&) + n2(:!:.$inne)Sin~l] (~:11' Uln
3e 

n-1 -n(+s1nne)sin2e 

If n 1s'odd: 
, . 

-equltian (1.1) 15 identiea1 to (2.2.21) and tMs 1mpl1es equAtton 

(2.2.21) is symmetrfcal. 

If n 15 even: 

get: ~ [ CT(-nr.OSn&~ose-n2sinne,s1nO)] (c~)= G . 

n-2 + n sin no s1n28 

, J'--~ ";:-- 1- ...... 

~ • < i' ,1 

34 

(2.2.21) 

(I.1 ) 

( 1.2a) 
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( Rearrange (1.2&) 

.' ~ n(c~1[-Cy[(n+l) cos(n-l)9 -{n-1} COS(n+1)6]ll .0 

n 2 1 + s1n(ne) -I[s1n(n-2)8 tsfn(n+2)e) J 1 

(I.2b) 

take JCW(lo2b) • CQsm6d8: (I.3) 

the typical terms will he: 

~o·COS(n±1)e.cosmed8 • 0 

f. 'Ir YJ... +..L At a odet, n even 
o s1nn8cosm8de • n+nlo n-Ift , 

l' m a even, n even 

, Hence (1.3) 15 reduced ta 

l t· n,JL ..L + ..L - *(~ ... n-~2'" n+m
1,.2 + n-m

1_2) a 0 
CIl A ( ,0 1 ~ 

"aZ "'Pi n+nl n-m 4. \n+m+c:: _IT (I.4) 

for 111 odd m '" Hence An • 0 for al1 n ,even., 

ConsequentlYt equation (2.2.Z1) becomes: 

., [ c,.[nco~e)cose + nZ51r(hftSine]l(~n ~ 3 

~.1 -hs1rine)s1n2e J ~J • isin 9 
naodd , 

(1.5) 

. ; 

( 
, , 

1.../ 
-, 

' .... : 
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APPENDIX II 

Derivation of relatfon between fnflation pressure coefficient, 

tension coefficient and edge angle. 

To obtain the relation 

Cp 
,L. f(CT) 
y (0) 

From equation (2.2.19) and wfth Cr = T/qc, 
CCI • 

' __ r_ cy" • Cp + 4 t nA
n 

s1n(ne) n odd 
. 1 1 n-l s 1 ne , 

Sif (rie) * 
s ne 

Integrate once from x • 0 to x = x 
/, 

/ 

.~: y' + KI • x + 4 (1 x tn ~~ s5y~~8~~ 
where z 1s a d~ variable, Kr 15 1ntegrat1on constant. 

at x - 0, 

Integrite (11.2) from x • a to x • c 

JI 

(11.1) 

(II.2) 

(11.3) 

Î' 

c 2 1 c x 4 
+ ç + 'fTc' Je J.X A 

• dx t n si rlne) dz + 0 iC_ (II. 4) 
0: éPi sr;;e-- '-Z 

o ,0 o 

( ) * An E fr'Ollr"n-l to n.cd for odd n . 

f 



( At x • 0, y • 0, + ~ .• 0 

At x • c, y • 0, 

~=~+~./.c dx (f.XEn~ 
< "T" J ~ï Cre 0 0 Pi 

Let 1 .. J x En ~n s1n(na) 
l Cp' sine' 

o i 

where e - cos·1 Cl . ~Z) 
c~se -(1 ,. ~z) 

dz • j sln&d8 

c ~ J eos-1 (l-.?f-<) 
50: 1 • t-

1 2' CPi 0 n sin(ne) de 

c An f 1 2 ') · ! t tPil 1 - cos (n cos - Of)) 

SUbstitute Il baCk into 11.5: 

/' 

) 
", 

.l 
1 

sin (n8) .. ) 
slne • 7 
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(Il.S) 

(II .6a) 

, . (tI.6b) 

(Il.Sa) 
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, 1 

·1so let: 

at ~ --- 0 u z 0 

~ 

r..~ C E A,. (1 + cosnn) 
~ 2 (1_n2 ) 

but " fs ..od1 + COS",.. = -1 

So It· 0 
. 

Substitute 12 • 0 bac~ into II.7, 

K,: 1 +1.. L
An 

Cf- '2ë.f CT CPi 

---~., 

" ~ '::;; 'l~ • 

-~,-

l '. 

1. 

, 
" 
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APPEND IX II 1 

o 

Derivation of relation.petween excess length to chord 

ratio, inflation pressure coefficient and tension coefficient. 
, 

Ta obtain the relation 

Cp 
_1 • f(Cr) 

/=!- ' 
, 

From (11.2) and (lI.9)~ get . ,\ 

1 1( A) x 4 - ërii y' • - Gr l + 2 t ~ + Cre + Crc 

frol1t appendix II, 1t has been shawn that:· 

J
'X CID 

• t 
o 'n=l 

, . 
1 .' J x ~ n' AnS1n(ne) d~' ... .E.. t Ari (1 - cos(ncos -'(1 - 2x ))} 

1 0 n~l ,ëPi STrie' 2 CP1 e 

Subst1tute Il 1ntoQII.l) . 

1 '. 1 + x 2,. An ( -1 ( 1 _ 2cX)) - ëJi1 Y~, - 2C
T 

y - Cr ~ ëii1 cos' n cos 

, (~;y. (~ -Scy. ~2 [t ~ cos (n cofl ( 1 -2;nf 
+ 2{ ~ - ~é ) ~ t C~~ cos ( n' cos -, (1 - 2c

x
)) 

• ~ + :h -:-T + ~ [ t :: cos (n ens-
1 

(1 - ~)l 4~ Cr C CT C Cr 1 , ' 'J , 

( 111.2) 

, 2x»' 4 x An ( -1 2 - - -~ - r .- cos n cos (1 - _!)) 
cC&. C CP1 '" c 

T 
(111.3) 
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The equation of a length 1s given b.Y 

< J C 2 
.t.. olt (~) , d. (UI.4) 

, 
\ 

S1nce ~ 1s ~mal_1 t then by b1nom1alexplns1on and rearrangement 

(kf.) 1 • .1- J CCl "~)2 dx c?p le Cp1 dx 
1 0 

\ 

(lII~5) 

6ubs~1tute ~II.3) 1nt~ hI.5). 

(!cl.).J..,..- 1 ' 'J C{ 1 + _.~~- 4- + ~ [_ E Anp ,cos(n cos.-1 (,l- LcX))112 
c cpt -rc '. o. 4Cr2 cF'- 't<c. c,.< ~. ] 

'A ' 
. • + -h E cp" cos (n cos ... 1 ( 1 - 2cX }) 

Cr 1 

4 x "" ( -1 ( 2X)'} -:-2' ë E ëP1 cos n cos 1 ~ C IJ dx 
Cr, \ . ______ 1 

~ + ± -J C[E eAplY cos (n cos·1 (1 . ~»1~ dx 
24Cy Cr C ,0 \ 1 C J " 

'1 

+ :?r · Jet ~ cos Cn cos-Yl.- ~))dX 
Cr c 0 1 

\ . ' 
~2c . 10\ c~ ~ c"'Cn cos-Ill - 2:» dx (lII.6) 

, \ ' .... 
b • « .it. 
_.-.... ___________ ... '--_' ;_-~_. _:_-;_~';"v-~-..:...._' _i' ~~-:7'~ ~:~." _-' .. \~:~~~I .:_:~~:; ·i('ft:~~~~~~~,.f ~W!,;, i 
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From (II. 8a ) 

12 • 'loC 

Je .. A 
let: 13 -',. E·~!.. o ,,"'Pi C 

cos (n cos -1 ( 1 - 2cX)) dx 

let u·. n cos .. 1 (1 \- ~) . c 

Atx-O u·O 

x·c u-mr. 

" 

, 'Idx-f* 51n(*). du 
. ' 

Menee 

. U) c" u .. cos - .eosu" -) . sin - du n \2n n 

J 
ml' 

e ~ n1 
.'0 ( • l' t qif sin * cosu - sin * cos ~ cosu ) du 

A 
• i t n 1 .,- ëP1' n 

. ~ 

J n'stn * cosu du • 10 
o ' 

(w1th n's are odd) 

.' , 

l' 

"1 , 
1. ~ .. 

(111.7) 
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(" 
lence 

'A 
1 • _ C Ë 2.. l ( 4n ) 

'- 3 _ 8" ~ CPi n 4_nZ 

c 00 An '( 1 ) 1· t 
3 '2' n ëii1 n2 -4 

,/ 

Let: 14 = (I1I.8) 

\ 

At x • 0 U· 0 

x·c "-'II' 
cos U -(1 _ 2:.) 

dx - f sin~ d~' 
Hence 

GO GO.A A 'f 11' C '"m n 14 • r t l Cp; Cp; . COSIII.I cosnu stnu du 
m n i 1 i 0 

by ap~lying: 2 sinA cosS - s1n(A - B) + s1n(A+ B), 

14 • ~ ~ ~ ~ ·c~ · J (.tnO<ft)" cos .. + .in{H;nlu C"D1) du 

o· , ',. 

, ' 



• 

by: J sfnpx cosqx d,l. ~ i[C(lS!~::IX • COS!~lx] 
and al1 m, n's are odd. 

'le ~ ~ Am An ( 2(1-n) + 2(1+n) J 
4 • 4' ID n ëii1 CPi O-n/:-m2 (1+~)(m2 

1 c ~ ~ ~ An [ l_n
2

_m
2 

] 
4· m n 'fP1 CPi t{1-n)2-m~)[(1+m)2-m2J 

Substitute 12, 13, 14 back into (111.6), 

• 2~2 • Cr)C { C ~ r ~~f (((1-m/:;~~~~ .. )2-m21]} 

(II I. 9a) 

or: 

(I Il .9b) 

frOll (II .10): 

,\ 

l) 
\ 

. , 

,.-
1 
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Elill1nate Cr between (11.10) and (1II.9b) 

CP1 l [1-24 t An 1 + 48 t t.!!. ~ 
yrror ~,Ig ë'P1 (n2_4) m 'n CP1 ëP1" . 

(~ ; 

. (H4t~) -1. CPi 

ft- (UL10) 

• 

·1 

! 

/ 

( 
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APPENDIX IV 

Compyter Program 

This program solves for the coefficients (An/CPi) from the 

master equation (2.2.21), and hence the rest of the characteristics 

- ~f the inflated lenticular aerofoil can be found by using equations 

(2.2.13), (2.2.17), (2.2.l8), (2.2.19), (2.2.30) and (2.2.31). 

List of symbols used in the computer program and sample 

program are shown on the fol1ow1ng pages'. 

, , 
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List of 5 015 used in the c 

A(I t J) 

BS 

BW 

BT 

C 

Cl 

C2 

Co 

CF2 

CF1 

CT 

CPI 

1 CC(M t N) 

CL(M, N) 

COA(M, N) 

OXOYO 

EST 

ESA 

IlE 

NOS 

o replace COA(M, H) 
.e. COA(M, 2N-l) ~ A(H, H) 

so11d, blockage 

wake b 1 odage 

BS + BW total blockage 

chord 1ength (cm) 

-24 t(An/CPi) (n2 _ 4)-1 
1 n2 m2 

48 tt(An/CPi) (An/CPi) ( 2 2) [- 2 2] 
(l-n) -m (l+n)-m 

drag coefficient (0.01)< 

Cl +C2 

4 E(An/CPt) 

tension coefficient 

inflation pressure coefficient 

nsinnem s1n2em 

n cos(nem) COSBm + n2 sin(ne",) s1nBm 
• CT * Cl(M, N) - CL(M, N) 

CPilt (0) 

CPi (t~crl theoretical value 

CPt (t~c)-l - m CT' asymptotic value' 

",,,l' 

- 1: if both theoretical and experimental results desired 
i.e. Uo, C, Vis,inputs must have some value 

• 0: if only theoretical results desired 
i.e. U6, C, VIS,inputs are zero 

number of data sèts inputed 
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48 
:) .... 

l 
~ 

0 " ,1 
'number of coeffi cients (An/CPi) desired 1; j NR 

l" 

NT 2 ... HR 

RCP CP/CPf , 
~ 

RV (U/Uo·l)/CPi 

Rye (y/c)/CP1 '\\0 

RE Reynolds number base on chord length 

ReT cft 

Rew c/w 

~TW· t/w 
" , 

i- sin2(em) S(M) , . 

,~) 
SF shape factor 

Sl , .t -,.membra{\e length (cm) 

SOl(N) solution of (An/CPi) 
, 

T t fnflated aerofoil th1ckness 

TCP Cp 
0 TRV u/Uo 

t TRYC yfc ,. 
UO free stream velocity 

VIS v kfnematic Vf~CoSitY (m2,s) 1 

W tunne 1 w1 dth 

SlEQN this subroutine solves a system of linear equatfons 
by pfvoting method 

CHANGE thfs subroutine interchanges the values of the variables 

ESLOPE this subroutine solves equation (2.2.29) 

SLENGT thfs subroutine solves equat10n (2.2.30) 

. 
0 

0, 

, . 
, "-

,": ~) , ~ ~ 



/'1 

" " .' 

\ 
v ~ 

~ 

~ 
1< 
~ , 
t • 
~ 
1 

t 
t , 
t 

" ~ 
i 
{ , , 
l , 

1 
f 
} 
; 
~ 

f, 

" 

1 

"! .. 
1 • • 1 

'" .~ 

to: d 

• 
Cf 

{l 

,-

t': 

8lOCKG 

RXYUCP 

/ l , -------------_-.:..",.:.' ~/., ·~~I------------~ 

., 

this subroutine to find the blockages 

th1s subrout1ne to solve equat10ns (2.2:13) t (2.2.17), 
(2.2.18) 

49 
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.'J 

o 

-) 

( 

o 

o 

.. 

0-_ 

li') 
...... 

1() 00 
0 00 • 

• • c:-
00 1 

• 

Sample Input 

o 
('r\ 
Il 

V'l 
ul 
1!.1 

_a- ...... tft .- - -:. .e- ......... ... ..", .-- .............. -
.:: - ......... -.r. 
alf- ........ W't .. 

• 1%- ... "'" .. 

v 
r--
1 

Id 
(" .... 

.ar 
_III 

• = 
_III 
_II! . -• c 
• I!! -= . -=. -a _-a . -• c 
.01 S -= -II -. -a 
-11 
• st 
-:: ---st 
~'" 
_ 2 

_:II _'" • st . -. -• :a .. -_a 
.,fII ... 
-= ....'" .-.--.-.D---... .1It
.~ 

.'" -= ..111 -. ... 
JI 1:1 
:: .. 
• III 
1: .. ."-::: -- --= -• :0_ .c_ 
-= -= . -

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

N 

t ......... ......... 

... .. ... ..... ..... ..... 
".. .. ..... ..... .. 
on 

... ...... ... 

-. 

-
-

........ Y"t.. _ 

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

........ 11ft.. _ 

... .. -
... 

... .. 
... ... 

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

~ ....... ... .. .......... .......... ...... ... ... 
.... ...... ......... ... ... ... ... ... -........ ......... .. ... ..... ........ ... ... ... 

... 

... ... ... 

on ... 
on ... 

.,. ... ... 
on ... 

-.. .. 
.. .. .. .. .. 
.. .. .. .. 
~ .. .. 
.. .. .. .. .. 

... 

... -

--
----

_. - ..... ...... -... ... ... la _ . --.... ... ...... .- - .... .... .. .. - .... la _ ... -- ... ... w. _ .... _ .. ... .. .... ..... .. ,... .. ........ lift .. -. .. , 

contro l ca.rel 
l' 

50 

... . 

.,'" .. . 

.. -

..:: 

.... : 

-= 
en" 

'" , .... 
el , 

.,-. 

... , 

... ~ 

... " .., ; 

C!r'I " .. 

fn" 

m' .... 
... .. " ..... 
",,

-= .. " 
... ". 

.." .. r. 

..,=, .. " 
-" 
-~ -., .. :''' 

-~ .. -
_s 

M-



~ , __ ~_~___ • .0 _ ..... , WI ~- ~I~'''''''''''' ~. 

, 
"t'~ ,- • ..t",~~~,.~~.r~~~ , 

~ 

c, 

~ , 
, > 

", 

, -" 

::;. .. '!~' i , . ,:: __ :",1 
... "-!\ 

~'~"'i 
1 

-'. , 1 
, " 
~,.JI t . -~~ 
* ... .!, ~ 

<i? ~ 
i 

~'~~ ~ 
... ~ .. .{ .. " 

;1 

il 

t ~+!~ .. ~~ 
~. 

l, ; 

.. 
kt, 
~;~~ 
s~~ ;:>., 
h'R. 
"..: "',. 
:~ '1 

1 

~ .. 

"" 

" f 
1 

r-., 

, 
a 
s • • 6 
l' • •• 10 

',J 

/. 
tt 
U 
13 
1. 
lS 
U 
17 ,e 
l' 10 
Il 
Il 
I~ 
U 

•• le '7 Il 
19 
30 J, 
n 
3J ,. 
s. 
36 
~., 

U 

• 
t"t 1" .. 

1 , 
",r 

.;-. , . 
• 

~ .,. 

.e4Td~ .'T~tY N!62000 NeCoTSE.,.ïl92' (.0.90t . ................................................................................ 
•• ATfI"t y 
c 

X.TtME·.0.PAG~S·90 

C 
C 
C 
C 

C 
C 
C 
C 
C 

C 
C 
C 
C 
C 

c' 
C 

'ç 

OATA INPUT 

IMPLtCJT P!AL.' CA-H.O-l' 
DOUeL~ PR~ClstDN CCtZ5.50,.CLC2s.sat.COACZS.50,.ACZS.Z6' • 

+scas .. SOI. CIO. 
•• 76."0 
A!AOC5,101. NOS 

lOt ~ORMATCU) 

.. 
DO 5S5 NTJMe.l.N~S 
R~AO ('1.11) 0' NR. CT .CI'I. uo. C. 'IlS', tTI[ 

100 ~OQ~AT(12.1X.022~16.tX.01' ••• IX.06.'.lX.06.'.IX.O ••• s.IX.I.'_ 
.RIT~(6.2QOl CT.N_ 

100 ~ORMATCIH.'//'/"'llx.'CT·. ',022.16,/,llx, 
.'NO. ~ CC!~~. • '.Ia", 

TO GI[NERATE TH! CO!~~. o~ A(N)'CPI N-OOO 

PI-OATANtS.OO).-.OO 
0-0"1.04 T C NIII - 1 , 
O-CIII 1.12.00"0 
.-O.fOO 
NTaNA.NR 
00 , N-'.NA 
SCMt.O.2S00*OSIN(xt •• 3 
00 Z N.l.NT.2 ' 
CC(M,"t.N.O$INCN*X,.OSINiX' •• 2 
CLeM.Nt·NtDCOS(Ntx,.)COSeX)+H*N*OS'NfN-x,tQSfNfx, 
COA(M.N1-CLlN.N'.CT-CCCN.Nl 

l, CONTINU! 
ltalC+O 

1 COIofTINUI 

tO AE-••• ~GE rH! COE~~. AS STAATING NAT.JIt ELENE"~S 

50 ,. 
1 

00 3 '-l,MIt ".t DO .. N.I.NT,~ 
l'fN.EG •• , en 13 50 
Je.,..,} 
Afr • ..I'-CoAft.N' 
GO TO " 
AIl.1 ,.c;.o"( I.U 
COfiitTIN~ 
CONTINUI 
NeaNA+1 
DO s t.I ..... 
AChNC,aSCI, . 

!5 COItTfNUI 

TO SOI.YE THI NATAIX ~OA ACN"CPI N-oDO 
-.. - -- -~-- -~- .-. -

... 

,-

'-

Ut -1 

l 
J:'<:'~Jj./' ,.: ~,~ '. ;,- . , . '. c,' .. I;\tdtt'tt 4 .. w:,titt, , (") Ir ~~$ 61& .- cf n:z..- b i' '\:+~ d'ft· __ ~~~_~ -

,"!.~~ .... Jt .. + ... G:'C;:-__ -~ .. J. 

!d .'_""'_ 

.. 

.. 

.. 

" ---, :'-," ~ ~ . .::. ~~ 

'( 

:.~',: -
JII.,~~ 

, . ,... 

" 1. 

~ 

. . 
. ' 



."'.\, 

;, j.,f ~ 

r 
, 0, 

1 

"-

: ' 

2 <!~. , 

" l, 
l '~~": ~, 

, " {p 

i' , 

-, 

~J 
~ ~:,/ 

J 

.; 

.. 
; 

~ 

t 

0 

. . 

\ 

3. 

4' 4' 4. 4' •• 4. 
66 ".,. -.. 
4,9 ., 
50 
SI 

•• 53 .4 .. , 
S' 51' .a 
59 

60 
11-
62 

63 
6. 
65 
66' 

67 

68 

1-:''' .' " - --:I, .. "~~ ~~ 
... p 

; T~," 

.' 
• 

0 ,;; -c 
\ ~ 

--------~ '-~-.. --
c 
c c 
C 
C 
C 

c 
~ 
C 
C 

CALL SLEONCNR.NC.A,CTJ 

TO AE-4ARANG! TMI,SOLUTIONo 

q 1-' 
00- lO K-t ,NT.l 
,t~tK.EQ.l) GO TO '1 
I~-r 
SOLCK)-A( I,NC' 
GO-TO 20 

St SOt.. (U-AU,Ne) 
20 CONTINUE 

WA!TEU".ZOI ) 

" 

101 ~aR-.T(lHOtl0X"4C N'/:Pl NaOOO',/' 
WlittTE(6.202, ('I.SDLe r). r-l.NT.Z'. 

a02 fl'DAMATO 1 X. 'AC' ,,12.· ',fCPI - • L!)12 .$' 

lU 

TO FINO MAXIMUM (Y'CJ'CPI 

AHG-Pt".DO 
RYC-O.DO ::: 
DO lt, N-1.NT,1 
RYC-_YC+SOLCN).~SIN(N.ANGJ 
CONTINU! ' 
.ArTE(6.210' Rye \ 

ISO 
C' 

T-attVC*C.cPt
"'ORMAT(lHO"llX.'MAXI~M (Y/C"CPI 

C 
C TO FrNO CPI/OVOX AT ."-0 
C 
C 

CALL ~SLOP!(NT.SDL,eT.)XOVO,C"'l' 
WRrT!(6.2t~) CFI.OXOYO 

113 FORNATfSHO.IOX.""' • • *SUMUN'CPI' • +l'llx.'cpr,nvox (x~eaO' • ',D12.5, 
C 
C 
C TO "'INO CPI/SO~T,rL-C"C' 
C 
c 

CALL SL~NGT(NT,SOL.CT.CF2.~ST. 
ESA-DSQIlfT( 2& .'O,.C T 
WRrT~(6.~I.' CF2.~ST.tSA 

214 FORMAT(IHO.IOX.'C:F2 CCI +C2) .. 
1"llX"C~I'$OPT«(~-C"C' T • '.012.S, 

"11X.'CPI'SORT«(L-C,/C' A • ',012.'5' 
C 
C 
C Ta FIND X/C s" .. «Y,C )'CPI (U'UO-1 ,.1 CP 1 
c 

'C 
IF(ITE.NE.S) GD fo 999 

C 
RE.V~.CC/l~DO"VlS 

·~O 

• '.DI2. $) 

", .012.5 • 

• ,012.'5, 

CP'CPI 

li 'Ii_ 

.-() V "'" 

~ 

'" 

" 

1 t" 

) 

( 

, 

t 
• \ 

1 

Y,,:. VIVO c~ .~ 1 
1 
l 
1 

Ut 
N 

.. 
~ __ f - j 



j 

< ' ~, • Il llIi . .~_I !lluibSritU • 
.. , ...... _..\~~ .... "''" ... ~~~ .... #.,..-~.--.~~ _~ql& ~ saI ;_t~.;~.:atJ;:Ja:t e •• ,> ..... ~~ , 

. ., 
... ft. ,. .3 1'" 
~~"A"'Ii III~ SA t............... "'''"'''''~ __ '''''''''''--_ ~v ...... "1 __ .. ~--. 

~ . 
1 
l 
t 
; 

L r 

, 

.~ 

t;'. o 
~ 

1-

6. 
.,0 
Tl 

• 
'b 

.. 
,.,.' 

\ 

" .. 
~ , . 

SL·C.Cl.D'.(CPt/~ST' •• 1' 
.IUT!:(6.206l _CT.CIitI.IIt!.UO.C.S1. __ . 

~ 

206 ~QRMAT(1~1"""'15X,'CT • '.023.16,'14X.'CPI - '.015.a./12~~ 
+'R~(C) • ·,OI5.8."OX.'UOCN/S) - ·.OI5.8,/12X.'CCCNI - '.01$ ••• 
+/I2x.·~(CM' - -.015 •• ) " . 

'12 '3 
7~ 
7$ 
16' 
7T '7. ". 80 
8.1 ez 
83 
a •. 
es 
86 
87' 
aa 
89 
90 
91 
92 
93 
94 
95 
96 

9" 
9a 

., 99 
100 
IDS ..,.- C· 

C 
C 
C 
C 

WRtT~(6.20?) _ 
107 ~OR~AT(IHO,"5X.tX/C'.9X.'Sl1.t.7X •• tY'C"CP1'.lX • 

• 'CU'UO-l)'CP!'.5X.-CO/CPlt.9X. t V'C',9X.'UIUO',lOX.,:pt.,, 
IT-l . A 

11!.4. 
SILaO.DO 
~SL.-o.OO • 
DO 23 t-tT,tl! 
RV-O.OO 
.-VC:-O.DO 
RC~O.OO -
AXC-O.02S00.1-0.0IS00 
CALL RXYUCOCNT.SOL.AXC,AVC.AV.RCP' 
'rRYC-QYC*CPt 
TRV-t.DO+RV*CPl 
TCP_RCO*CJ>1 
JC:X-RXC*C 
YYaTRYC*C 
1~(r.EQ.(J GO TO '29 
DYOX-CYY-YYI"CxX-xxt, 
XXI-XX 

J'" 

YYI-YY. ' 
SSL-SSL.O.025DO.C*OSORT(1.DO+DYÔX •• 2. 
ASL,.SSLI'SL 
WRITEf6.Z04) RX~,ASL.RYC,RV,ReP.~.Ve,"V.TCP 

20e FO~"AT'2X.09.3.JX.09.',2X,~2.5.1X.013.5.1X.OI3.5t 
+IX,D12.S.1X.DI2.5,IX.~t2.S' . 

GO TO 23 
929 XXI-xx 

YV!-YY. fi • 
WQtTI!(6,20.' RXe.RSL.RYC.RV.RCP,TRYC.TRV,TCP 

23 CmtTINIJe . . 
"--,-

lD FINO SH"P~ ~AC:TOR,SOLtO.WAK! & TOTAL. Bl.OÇKAGIL 

, 
CALL BLDCKG(NT.SDL,CPI.C.T ••• S~.aS,B •• aT, . 
WRI~I!(6.211) CT.elitr,S~.a5.8 •• ~T . 

-

\ 

102 
103 
104 . 211 ~DRMAT(lHl,"""III"'III~aX.·eT • t,OZ3.16,II!7X,'CPI • ',015.8, 

t,ltlX.'SHAPI! FACTOR (!Pl • ·.01~.5"'21K.tSOL10 BLOCKAG! cas, • f, 
~+012.5"'22X.·W~KE 8LOCKAGI! (B •• - ',OI2.5."ZIX.'TDTAL ALOCKAG~', 

•• CaT) • '.012,5./") . 
105 

C 
e 
c 
c 
c 

GO TO SSS 

la FIND 

'.,. 
X'C (Y/C,/ÇPI - (UIUD-t "U Clit'CPI -

106 999 CONT l"fUE ~ 
,lOT WQlTE(6.300t CT 

1 108 300 FnRM~T(lHS""II""lOX.·CT • ·.022.1'~""14X.·K/c·.ax. 
1 +'(Y'C)/CPI·.4X.·(U~O-I"C~I·~6X.·cPI~r·." 

SlO IF-41 

~-

II' 

~ ~ t ,.. lT=, • 

.,-, ' -il. 

I~.",-;~:~~"'~·_:'"> .. .; .... --.. c,:.,c~'(_·,,, ". ;. _ ._, ;'.. , .. -; '*'. 
L'fUira'trag- !;P?1 "dl'Witt'e'csHt'tt'$ ·"k>'I9o'rlli'!i\'·Ë'. 'k- tu,," ,., " ... ,'.c~ ... ",,_,,-, 

.~ 

• 

~ -. --

U'I 
W 

1 -

J 

,,' 

-------------------------------, 

-; 

:.. 

-

>t 

" ~ 

" 

- - Of' 

! 
fI 
, 

L 

" 



r 

l 
'\ 

! 
'! 
,j~ 
1 

·l 

11 
l-

i 

" ,) 
~ 
+ 

"':\. 

~ 

... ..,.. 

'~ 

.. 

~ 

,. 

""01-. :.~~"' ~,.: ~:~}?:~ ~ < ~ .. ~~ ;.:~ :-}~, -"th. 

::' ~ 

. >:~-.. 1.-
.. ~ t ~~ 

00 

~ 

.. 

.C) 

Hi 
lU 
U4 
US 
U6 
U1' ua 
119 

no 

. 121 na 

.123 
124. 

US 
126 
12" lts 
It9 ,ur 
132 
133 
134 
135 
ll~ 
131' 
13e 
139 

1
t4G 
141 
142 
14' 
14. 
145 
146 
147 
14a 
149 
ISO 
151 

~~ 
l~. 
155 
156 
157 
158 
159 
160 

.161 
162 
16'3 
164 

.____165 

:-I~ 

.. 
o , " 

_.j 

DO 19 lalTt JE 
AV •• 06 f 

.. "c-o.oo· 
ACP-O.DO 
AXC-O.025Do-f-O.025DO 

"Ç . 

Cl 

~---

CAL~ ~XYUCP(HT.SO~.RXC:.~C.AYiRcPJ 
.AIT~(6.301) RXC.AYC.AY.RCP 

30t ~ORNAT(tlX.D9.3.3(3X.Dt2.5') 
19 eONTtHU~ 

c . 
1555 CONTINU! C _ 

C . A. 

WRITIH6.Z12' 
FORNATllku 
STOP r- , 
~NO 

" 

III 

.~ 

" 
SueROUTINE jL~QNfHR.NC.A.CT1 
IMPLJCIT ReAL.a CA-~.O-Z) 
OOU8L~ PRe=tslo~ 4(25.26' 
INT~G~R tR(2S).JCC25' 
~PSofo.10-l0 
N-HA 
8eO.OOO • 
DO 6 K-'."", 
1!iUK)-1C 
.JCOO-K 

6 CONTINUE 
00 l' Kal.NA 

o .PIV-O.OOO 
, OO'S 1-"'1(. Nq 

00 8 .I-t<..NR 
'G"'OABS( AC loJ)) 
PIY-OMAXJ (Plv.ca 
tF«(PtV-G'.GT.~PS) GO TO e 
1 l'' L 
.IJ.,J 

8 CONTINUe: 
DO 9 J. 1 .<Ne 

9 CALL C_HANGE(A(IC.J)~.(I1.Jj.N."') 
DO 10 t"'.NR 

10 CALL CHANGE·CAtI.KhA( t • .J.lloN.N) 
CALL CHANGO:: (B.e. tR (~t. IR( t t) • 
CALL CHANGEce.e.JCCI(,.JCC-J.I" \ 
PIVaA(I(.KI ï 
IF(OAeS(PIV,.LT.EPS) GO TO 500 
00 l' ! ~t .N~ 
DO 11 J"'I.Ne 
IFCt.EO.K) GO TO 11 
1'" ( J • NE:. K-f Id J • J J .. AC 1 • J , -0\ ( 1 • K , • A ( 1( ,_,,u ",p 1 v 

Il CONT tNUE-
DO 12 J:al.,NC 
A(K.J) .. A(K.J'",~IY 

12 CONTINUE 
0013I:l,NR 
I~(r.NE.K) Aft.K):a-A(I,K)/PIV 
tF(t.~Q.K' ACK.K)sl.OOO/Plv 

13 CONTINUE 

" 

.' . -. 

,.. .. ... 

"'~~ .. ,::<:~, 

-,-

"\. . 

'\ .~ "': l 

,-

~ .. 

( 

- - ------_._--------

#' 

~ 4.-',", .,. '" ~~ 

o ~ 

" 

'. 
. ... 

. ,.' . 

u. 
~ 

.~ 

, 
1 
1 
i 

!

, -.\ ~ 

2-

l 

, 

" 

_1 



J 
1 

~ '0, 
" -
l 
" 

~ ... ".!: - • 
, '~, l 
~-:: .. '" 
f'i.:~ 1 

'( 
~," 

./~ 
:-~~ .. 

, _~"t " ,-\ 
'~) 

t .. _é ; 

;~11 
~t ~; 
. ,';.:~.: 

" ~"'4 

~tr,'1 :';;;, '1 
.' l 

, ~~': 
1<,. __ dl 

'~ 
t~ 
!;,ij 

, ~"'~ 
2"'''ij 

l.'>~i 

.~~ ,;;;,;,,~ 
~~'lh1:..t 

"'~·l 

" 

-'i' ,,,"-'!:J~ 

~,;I--,..,..,..~.-~~.J;~"::!.""'""""'::;-·":;;'.fJJr'No< ... """""p_~_ ..... ___ '" ~~~ .. ~, ~"n ---.~~ __ <, ...... _ ._ ....... --- ~ .. r .. >;:i C;r-":;-~ ' .. 
,..- ....... ~ .... ~ _~~ ..... ~"""':1~~~_-',. _4 - .. , ...... ~, _~ ..... ~ .... ~ ... ~..., .. "' ..... "-

r,: ~ ~_~~_~, ... ~~ 

• 
r. o t:> 

--, 
7 CONTINue 

DO 14 K-t.NA 
IF(tRCK'.~Q.K' GO Ta la 
00 15 l-t.NR 

15 IFctRCI,.EQ.K, L-t 
CALL CHANG~eB.e.1R(K).IR(L)J 
DO 16 t-t.NR 

t'!It 

1& CALL CHANG~(Arr.K,.ACI.L,.H.N' 
t _ CONT.1NUE 

DO 17 K-t ,NR 
IF(JCCK).EQ.K) GO TO 17 
00 18 tsl ,~R 

18 tFeJCC1,.EQ.K) Lat 
CALL CHANGË(B.B.JCCK,.JCfL'J 
DO 19 J-t .NC 

19 CALL CHANGEfACK.J),A(L,J,.N.N) 
11' CONTINUe 

GO TO 222 
50~ WAtT~(&.204, CT 

fit 
..,... 
"" 

• 
20- POR~AT(lHt.//I/I/llX.·CT • '.D22.16"~~tlX.'0!T!N_tNANT 

.'I/l1X.'NO INV!RS! MATRtX'.~~/J 
tU RI!TURN 

1!Nt) 

SUSROUTtNE CHANGECX,y.r.J) 
OOU8L~ PR~CISJaM x.v.Z 
z-x 
Xe., 

',y",z 
-Kat 
f r-.1 
J*1t 
.~TURN 
END 

SU8ROUTfNE ESLOPEfNT.SOL.CT,DXDYO.C~IJ 
tMPLICIT REAL.8 (A-H.O-I) 
DOUBLE ~RECISfON SOLeNT' 
•• NCPt-G.oo 
DO 25 N-l • ..,T.2 
RA"'C~I.RANCPt+$OL~N' / 

Z5 CONTI NU! ' 
CF\t4.00*RANC1=l1 

- OXDVO'CT.2.DO/' 1.00+4 .DO_ANC:P r , 
RETURN -
I!:ND 

$UBROUTtNE SLENGTCNT.S~L.èT.e~2.ESTÎ 
JMD~ICIT REAL.e CA-H.O-Z) 
OIMENSION SOLeNT' 
CI-OI.no 
C2aO.OO 
00 %6 Nal.NT.2 
P=t)FLOAT( ~J 
Cl:CI+SOL(M,/CP*P-4.00J 
SSAMAN-O.DO 
00 27 N-l,NT.2 
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223 
22. 
225 
226 
22? 
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231 
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2"'0 

'. 2.1 
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245 
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aS? 
2sa 
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261 
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267 
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QlIOfI'LOAT(N, , -
C*-U .OO-o.O .. p*p,,« (l,.DO-O ••• Z-P.P'" U .DO*OI •• a-MP, 
SSA~AN.SSANAN+SOL(M).~OL(N'.CMN 

2'1 CONT tNUE 
CZ-C2+SSAMAN 

26 CONTINUe 
·Cl--Z •• OO.Cl 
C2-"8.00*C2 

24 

53 

2~ 

1:,,"2 .. Cl+C2 . 
EST.CT.OSORT(2 •• DO)'DSORT(I.00.C~2. 
RETUAN 
ENO 

SUSROUTINE RXYUCP(NT.SOL.RXC.AYC.RV.ACP) 
tMP~ICIT REAL*S (A-H.~Zl 
DOUBLE PRECISION SOL(NT) 
pr-OATANC1.00) ••• DO 
A-OARCOS(1.00-2.DO*RXC' 
tF(RxC.EQ.O.!OO, AsPt'2.~ 
I~(RXC.LT.l.D-10) GO TO S3 

, tFCU.OO-RXCJ.LT.l.0-10) GO TO 53 
0024 Nsl.NT.2 
DD-S~(N).OStN(N.A' 
RYC-qyC+DO 
RVsRV+N*DD 
CONTINUE • 
RV.~.OO.RV'OStN(A) 
R(P"-Z.OO$-RV 
GO TC 54 
00 25 N-t .NT,2 
RYC-RYC+SOL(N'*~StN(N.A' 
RV.RV+2.00*N*SOL(NJ.N 
CONTINUE 
RCP"-2.00*QY . 

'-.& CONTINUE 
Rf TURN 
END 

, .. ~, 
SUAROUTINf BLOCKGCNT.SOL.CPI.C.T.W.S~.Rs.8w.eT' 
tMPLICIT P=A~.8 (A-H.O-Z) 
ooue~E PRECISION SOL(MT) 
COTsO.OIDO 
•• "6.200 
PI.OATAN(t.DO' ••• DO 
RCT:orC/T 
RCw:C'" 
RTW-T/w 
DIV"lOO.OO 
H"1.00'OTY 
s-o.oo 
SVy·p.oo 
DO 1: "'-1.99 

:: 

S-S.+H 
A'D~~COS~.oo~.oo.S) 
I~(S.EQ.O.5DO) Aspz/z.60 
RYC"'O.OO 
YaO.DO 
DO 2 N"'I.NT.2 
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RYC-CPURYC 
v-t.OO+Z.DO*CPI.V'DSINCA, 
VY-V*PVC 
IFCM.EO.M'2*2) GO TO III 
SVY .. SYY+4.00*YY 
GO fo ~ 
SYY.SVV+2.DO.VY 
CONTINUE 
SVV_SVY*H/3.00 
SF'sSVY ••• t'O*RCT •• Z/Pl 
8S=SF.~TW •• 2*PI.*2/12.00 
AW-RCW.*Z*COT/&.OO 
8T-8S+"'. 
R~URN-" 
END 
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Al tb,CPt .. -0.202620 02 
AC 3'.fCPI • o .6236'Q:> 00 / Al 5"CPt .--0.205070-01 
AC 7"CPt ;:1 0.922!560-Q2 
Al 0l/CPI ;:1 0.3Q91 9~-02 
AU 1 J~CPt • o .22J070'-02 
AU 3,/CPt - 0.140220- 02 
AI15 ,/co 1 = 0.924 5q!)- 03 
AC 17. 'CPI e 0.641090-03. 
A ( ,1 9 ) /CP 1 lit 0.46260::>-03 "f2lJ ,cp 1 • o .344860- O~ 
A 13).fCPt 111 0.264310-0'3 
A(25)'CPI :: 0.20789::>-03 

'A(27)/CPI 1: 0.12316D-02 
A(29) 'CPI .. 0.9A702~-0'3 

MAXIMUM (Y/C)/CPI • -0.267'720 01 
-~ 

CFt .*SUM(AN/CPl) OR -0.560420 01 

C:PI/OYOX (X'C;'O, • -0.195470 00 

CF2 (Cl+C2) .' 0.799020 02 

CPI'SQRT«(L~CJ'C' 'T • 0.245100 00 
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NO. OF COEFF. = 20 

AC N)/CPI N==ODO 

A( t )/AP 1 
AC 3)/~I 
AC 5 )/CPI 
A( ., )/CP 1 
AC 9)/CPI 
A(11)/CP! 
A (13 )-/CP 1 
A(15)/CPI 
A (1 7)/CP 1 
A Cl Q )/CP 1 
A(21)/CPI 
A(23)/CPI 
A(25)/CP! 
A(27I/(Pl 

!~~~f~2~I 
A( 33) l'CP t 
A(35)/CPI 
A(37,/CPI 
A(39)/CPI 

= O. 20625!') 00 = -0.483900-01 
z -0.37R390-02 
• -0.1~9990-02 = -0.700130-03 
:: -0.38247::>-03 
:: -0.231480-03 = -0.150650-03 
:: -0.103A9,:)-03 = -0."41430-04 = -0.549270-04 
:: -0.418210-04 
:: -0.325770"O~ 
== ~ 0 .25811 0 - 04 = -0.208900-04 
== -O.17l'13[j-O~ 
= - 0 • 1 4-2 020- 04 
..: -0.11932~-04 
=: -0.100620-03 
• -0.857740-04 

MAXINUM (Y/C'/Cpl 

CFI 4.SUM(A~/CPI) 

CPI/OYOX (X/CaO' 

CF2 (Cl+C2) 

CPI/SQRT( (l .. -Cr,C) T 

CPI/SQRT«(L-C)/C) A 
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CT = 0.10000000000000000 01 
CPt = 0.500000000-01 

RE'(C) = 0.49904 7 87D 06 q 
UOCM/S) = 0.200000000 02 

CCCM) = 0.38000000:> 02 
L(CM) 

4 
0.~80151050 02 

X/':. S/L (Y/Cl/CPI ( U /U 0 -1 ) /C P t CP/CPt Y/C U/UQ CP 

0.000:> 00 0.0000 00 0.00000::> 00 --::'0. 209580 01 0.419160 01 0.000000 00 0.895210 00 0.20958D 00 
0.250'-01 0.2500-01 0.203760-01 -0.469950 00 a .939900 00 0.10188)- 02 0.9'7'6'500 00 0.469950-01 
0.500)-01 0.500:>-01 O. A07A 7:>- 01 -0.242450 00 o .46A90o 00 o • 203740 - 02 0.987860 00 0.2&2&50-01 
0.750)-01 0.75'0-01 0.604.geO-Ol -0.1~8720 00 0.277440 00 0.30249')- 02 0.9910"1) 00 0.138720-01 
0.100) 00 0.100:) 00 0.802770-01 0.74.2710-02 -0.148540-01 0.4.01390-02 0.100040 01 -0.7&2711'-03 
0.125'J 00 0.1250 00 0.990200-01 O. RI 7100- 01 -0.163420 00 0.49510::>-02 0.1004tO 01 -0.RI710C-02 
0.150) 00 0.1500 00 0.117440 00 0.190'500 00 -0.381000 00 0.58720::>-02 0.100950 01 -o. t «;0500-01 
0.175) 00 0.1750 00 O. 134'570 00 0.21.1940 00 -0.48388D 00 0.!>726~n-02 0.101210 01 -(J.241940-01 
0.200) 00 0.2000 00 0.151150 00 0.325760 00 -0 .651530 00 0.75575~-02 0.101f-30 01 -O.32576C-Ol 
0.225) 00 0.225D 00 0.166500 00 0.381440 00 -0.762880 00 a .,83251 [.\- 02 0.101910 01 -0.381440-01 
0.250) 00 0.2.50:) 00 0.lA0590 00 0.4262 BD 00 -0.852560 00 O.9034'5!)-O2 0.102130 01 -O.4262AO-Ol 
0.275' 00 0.2750 00 0,.193960 00 0.486680 00 -0.973360 00 a • 9~ 98 10- 02 0.1021.30 01 -0.48E:f>80-0t -} 

0.3001 00 0.300:> 00 O.205AOO 00 0.5??970 00 -0.10A590 01 0.102QOO-Ol 0.102t<10 01 -0.522970-01 
0.325) 00 0.3250 00 0.21635D 00 0.55510D 00 -0.111 060 01 0.10131 eO-Ol 0.102780 01 -0."555'30D-Ol 
0.350) 00 O. ~50" 00 0.22575D 00 0.594760' 00 -0.111\950 01 o .lI2aRD-Ol 0.102970 01 -0.'594760-01 
0.375:> 00 0."3750 00 0.233660 00 0.6191.30 00 -0.123830 01 0.116B~O-01 0.103100 01 -0.6191 '1C .. Ol 
0.400) 00 0.4000 00 0.24014(') 00 0.637110 00 -0.1~7.3D 01 o • 1 2007' - 0 1 0.103190 01 -0.637130 .. 01 
0.425) 00 0.425:> 00 0.245300 00 0.657510 00 -0.131500 01 o .12'26!=r>-01 0.10~290 01 - O. 65 7'5 1 0- 01 
0.450' 00 0.4500 00 0.248g80 DA 0.66 0 87D 00 -0.1~3970 01 O. 1 2449':) - Dt 0.1033'30 Ot -0.f."'9"'7C-01 
0.475) 00 0.475::> 00 0.251150 00 0.'575~40 00 -0.135090 01 o • 1 2 <;5 sC) - 01 0.J033~D 01 -0.675440-01 
0.500) 00 0.500D 00 0.2518Qn 00 0.678000 00 -o. 1 ~56 00 01 0.125950-01 0.103390 01 -0.678000-01 
0.525) 00 0.5250 00 0.251150 00 0.6754.4.0 00 -0.135090 01 o • 1 2 55 p.:> - al 0.103~8D 01 -0.675440-01 
0.550) 00 O."5S 0:> 00 0.24898') 00 0.66997D 00 -0.133970 01 0.1244QD-Ol 0.103350 01 -0."E91l70-01 
0.5t5 ) 00 0.5750 00 0.2453 00 00 0.657510 00 -0.131500 01 0.12265::>-01 0.103290 01 -o. ~'5 751 0-01 
0.600) 00 0.6000 00 0.240140 00 0.637130 00 -0.127430 al o. 1 200 7D - 01 0.103190 01 - O. 6 37130-01 
0.625) 00 0.6250 00 0.233660 00 0.<519130 00 -0.123830 01 0.116830-01 O.10~100 01 -0.6191 ~0-01 
0.650) 00 0.6500 00 0.225750 00 0.SQ4760 00 -0.11 A 950 01 o. Il 2 ~ B) - 01 0.102970 -01 -0.594760-01 
0.675:> 00 0.675:> 00 0.216:.:t6D 00 0.'55S~00 00 -0.111060 01 0.10S1ll0-01 0.1027RO 01 -0.555300-01 
0.70::»,00 0.7000 00 0.20S800 00 0."522<:170 00 -0.104590 01 0.102900-01 0.102t1D 01 -0.522970-01 
0.725) 00 0.725') 00 0.193950 00 0.486680 00 -0.Q73360 00 a .969BI0-02 0.102430 01 -O •• 8f~eO-Ol . 
0.750) 00 0.750D 00 0.18069r> 00 0.426281) 00 -0.852561) 00 0.~03450-02 0.102130 01 -0.426280-01 
0.775) 00 0.7750 00 0.166500 00 0.3914.4D 00 -0.7~28AO 00 o • B 3 25 1 0 - 02 0.101910 01 -0.361441)-01 
0.800) 00 0.800) 00 0.151150 00 0.325760 00 -0.6515'30 00 o. 755't~t:'-02 0.101630 01 -o. 32576f"-OI 
0.1"25' 00 0.8250 00 0.13457D 00 0.24.1Q40 00 -0.483880 00 o. 67283~- 02 0.10t210 01 -0.2&1940-01 
o. ~5 0) 00 0 •• 850::> 00 0.1170.40 00 0.1 90S 00 00 -0."'381000 00 o • 5 8~ 2 00 - 02 0.1009.,') 01 -0.190500-01 
0.87 5) 00 0"8750 00 0 .. 990?00- 01 0.817100- 01 -o. 16~42D 00 O.~9c:;rO!)-02 0.\004\0 Ot -0.817,o0-02 
O. (00) 00 O.BOOO 00 O.~02770-01 o .742711)- 02 -0.14p''540-01 0.40t39')-02 0.100 040 01 -0.742710-0'! 
0.925) 00 0.9251') 00 0.600.981')-01 -0.13872D 00 0.2'11440 00 O.~0240D-02 o.~ 9".?060 00 0.1:."8720-01 
0.9">0::> 00 0.9'50D 00 0.407A7D-01 -0.242450 00 (1.48490D 00 0.203740-02 O.987PAO 00 0.242t.SC-Ol 
0.975) 00 0.9750 00 0.20"7!)Q-Ol -0.4599~0 00 0.939900 00 O.1018AO-02 0.976~00 00 0.4éCfQ5D-Ol 
0.100' 01 0.1000 01 -0.17580D-18 -0.209590 01 0.41(161) 01 - 0.87900)-20 0.J>9~210 00 0.209580 00 en 
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CT • 0.10000000,000000000 01./ 
CPl .. 0.500000000-01 

SHAP~~ACTOR (SF, • 0.665780 02 

SOLID eLOCKAG! (SS, • 0.216010-02 

" WAK~ aLOCKAGE few) .. 0.621720-03 
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AC 1!I)I'C~t N-OOO 

A( t,'CPt. 0.525350-01 
AC ~)'cPt • -0.111480-01 
At St/CP1 • -0.13271D-OI 
~( ')/CPt • -0.455010-03 
A( Q"CP! • -0.208690-03 
A{ll,'CPt - -0.112920-03 
AC 13 t-I'CP t = -0 .679540- 04 
A(lS')CPI • -0.440590-0. 
-AU7,/CPI .' -0.301890-01-
AU9'/CO ! ':: -0.215860-0. 
A(21"cPt • -0.159690-0. 
A(23)/CPI • -0.1~t43!)-04 
A(25)'C?t == -0.944960-05 

- A(27'/CPI :: -0.749760-05 
A(29,/<Pt = -0.60486!)-OS 
A(31 'l'CPt == -0.495030-05 
A(3~)'Cpr • -0.410270-0~ 
A(35)'CP! • -0.343820-05 
A(37'/CPI • -0.290990-05 
A(39)'CPl • -0.~847D-05 
A(41)/CPt == -0.2138S0-0~ 
AC43"CPt • -0.185410-05 
Acas,/cpt == -0.161860-05 
A(47"CPt • -0.117310-04 
AC4Q,/CPt == -0.156400-0. 

MAXIMU~ (Y/C"CPI 

, CFt 4*SUM(AN/CP1) 
0 

1CP1/DYDX (X/C-O) 

CF2 (Cl+C2) . 

Cpr'SQRY(CL-C\'C' T 

CPI/SQAT«~~C)'C) A 

• 
• 
• -
• 
• 

0.626750-01 

0.1560!50 00 

0.432510 01 

0.534120 00 
0 

0.988820 01 

0.122470 02 

-
--------------~-------------------------
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CT • 0.25000000000000000 01 
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1 
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• 1 
" 1 
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~~ 
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1 l 
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xIe 

0.0000 00 
0.2S00-01 
0.5000-01 
0.7500-01 
0.1000 00 
0,.1250 00 
0.1500 00 
0.1750'00 
0.2000 00--
0.2250 00 
0.2500 00 
0.2750 00 
0.3000,00 
0.3250 00 
0.3500 00 
0.3750 00 
0.4000 00 
0.4250 00 
0.4500 00 
0.4750 00 
0.5000 00 
0.5250 00 
0'115500 00 
0.5750 00 
0.6001} 00 
0.6250 00 
0.6500 '00 
0.6750 00 
0.7000 00 -

• 0.7250 00 
0.7~OO 00 
0.7750 00 
0.8000 00 
0.8250 00 
0.8~00 00 
0."750 00 
0 .. 9000 00 
0.9250 00-
0'.9500 -'00 
0.975D 00 
0.1000 01 

", 

.... 
~ 

/ 

(Y/c./c~r ~ ( U IUO- 1 ) ICP 1 

o. ooooo~ 00 -0.619800 00 
0,570000--02 -0.12_870 00 
0.1123_0-01 ,-0.601250 .. 01 
o • 1652tm- 01 -0.228760-01 
0.21638D"':J!1 

':'0.264390-01 
0.1_1040-01 
0.363320-01 

0.309731)-01 0.549540-01 
0.352600-01 0.749120-01 
0.392220-01 0.874810-01 
0.429210-01 0.102200 00 
0.463040-01 _ 0.113200 00 
0.49:!750-0f' 0.t22-~D 00 
0.521610-01 0.132920 00-
0.545900-01 0.138170 00 
0.567.20-01 0.S_,6S00 00 
0.585410-01 f,SS0710 00 
0.600.250-0-1 .155060 00 
0.1\11890-01 .158980 00 
0.'520080-01 0.160610 00 
0.625080-01 0.162360 00 
0..626750-.01 0.1628'!0' 00 
a .62~OAO-Ol '- 0.162360 00 
0.620080-01 0.t60610 00 
0.611890-01 0.158980 00 
0.600250-01 0.155060 00 
o .5a5-10- 01 0.t50710 00 
0.56-7_20-01 0.146500 00 
0.5.590')-01 0.138170 00 

'0.521610-01 0.132920 00 
0.493750-01 0.122430 00 
0.4630-0-01 0.113200 00 
0.429210-01 0.102200 00 
0.392220~01 0.874810-01 
0 .. 352600-01 0.7.9120-01 
0.'09730-01 0.549540-01 
0.264390-01 0.363320-01 
0.2163a~-01 0.1-" 040"01 .g .165280-01 -0 .228760-01 

.112340-01 - 0.601250-01 
0.570000-02 -0.124870 00 

-0.721960-1& -0.619800 00 

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

,- .... .... ',.' ~"(:;( 
tl'"f"'I'oo~~~ ....... t 

~ 
,..... f' -

,,-* 

.... . 

CP/CPt 
,Y 

0.123960 01 
0.249740 00 
,0.120250 00 
0.457530-01 

-0.282090-01 
-0.726640-01 

. -0.109910 00 
-0.149820 00 
-0.17_960 00 

1- 0.204400 00 
-0.226400 00 
-0.24_860 00 
-0.261840 00 
-0.27 ".0 00 
-0.293000 00 
';"0.301430 00 • -0.110110 00 
-0.317960 00 
-0.321'210 00 
-0.:'24720 00 
-0.32566'0 00 
-0.32_720 00 o • 

-0.:!21210 00 
-0 .317960 00 
-0..310110 00 r---0.301_3D 00 ~ 

-0.293000 00 
-0.~76340 00 
-0.265'.0 00 
-0.244860 00 
-0*2214 00 00 
-'0.20 400 00 
-0.17 960 00 
---0.149820 00 
-0.1~9910 00 
-0.7 66_0-01 
- o. ~82 ~O- 01 

0.457530-01 
0.120250 00 : ' 
0.2491.D'00 
0.123960 01 
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cr • 0.100001) 00 

10. OP COIFP. - M - 24 11 • ... 20 

ftAr. (t/~)/CPI - -0.448850 00 -0.~488S0 00 
1. 

. 9 

CPI/SQI"r« (l.-C) IC) :la 0.63070D 00 0.63070D 00 

A ( Il) ICPI ft-ODD, 
." 

J 

.A 1 ICPI -
A 3 '/CPI : 
A 5 Icpr • 
A 7 IcPt .. 
A 9 IcPt -
A 11 ICPt -= 
A 1'3 /CPI =
A 15 /CPI =
A 17 ICPI • 
A 19 ICPI -
A 21 ICPt .. 
A 23 ICPI a 
A 2S ICPI . a 
A 27 ICPI '"" 
A 29 ICPI = 
A 31 ICPI .. 
A 33 ICPI • 
At 35 lePI • 
A 37 ICPt :1: 

A 39 ICPI = 
At 41 ICPI .: 
A '13 lePI .: 
A 45 ICPI = 

. A 47 ICPI ". 
/"-

-0.30634D 00 -0.306340 00 
O.7448tO-02 0.74483D-02 
0.6818~D-Ol 0.681860-01 
0.65025D-01 0.650250-01 

-0~902220-01 -0.902220-01 
0.31430D-01 0.37430n-Ol-

-0.90B470-02 -0.q08~7D-02 
0.12636D-02 0.12636D-02 

-0.23315D-03 -0.23311D-03 
-0.m339D-04 -0.403020-04 
-O. . 520-014 -0.3921 8n-04 
-0:', 8 J&00-04 ~ -0.283310-0" 
-0.21637D-04 ..... -0.21612D-04 
-0.168630-04 -0.168470-0" 
-0.134060-04 -0.13401~-04 
-0.10a39P-0~ -0.108540-04 
-O. 88927D-05 -0.894850-05 
-0.739080-05 -0.753QSO-05 
-0.621460-05 -0.604670-04 
-0.52836D-05 -0.505250-04 
-0.454480-05 
-0.3Q737D-05 
-0.398280-04 1 

-0.3"Q6QO-04 
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O.74493D-02 
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0.65027D- 1 
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-0.908470-02 
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-0.448970' 00 
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.-0.306340 00 
0.145630-02 
0.682030-01 
0.650410-01 
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0.1268~1)-02 

-0.521050-03 
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r:'. RAt. (1iC)/CP~ • -0.271610 03 -b~ 27118D' 03 _ -o. 27251D '030 

r ~~ -

l::.rl t 
ol< ' ... .of >1 
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CPI/SORT ( (L-C) /C)-t.,p..- a 

~.' . ~' 
'-

0.2"0210;'02 
.., 

'" 0.2400110-02 
, . 

;; 

A t ft, IcPt ft:llCl)DJ) 

A 1 lCPI': j ~-o. 209390 03 '-O. 20952D f1'1 
A 3 ~I:II 0.60899D 02 0.609370 02 
A 5 ~ 1 ,. -0.598aOO 00 \. -()...599120 00 
A 7 I:II 0.103"80 01 0.103550 01 
A 9 1 I 2 0.412270 00 0.47259D,00 
A 11 ICPt • 0'.2653.80 00 0.2655-70 00 
~ 13 /CPI - 0.163030 00 ,0.163150 00 
A 15 ICP~ '!= 0.107100 00' 0.101190 00 
A 17 ICPt _. 0.7"OSQO-01 0.7"1200-01 
A 19 ICPI:II 0.532990-01 0.~335'0-01 
A 21 IcPt.:II O. 396200-01 ,~ •. 396650-01 
A 23 ICPI ,. 0.3021550-01 ·~~.3028'50-01 
A 2S ICPI:II 0.236070-oif 0.236450-01 
A 27./CPI = 0.187770':'0f 0.188140-01 
A 2q ICPI = 0.151800-01 0.152190-01 
A 31 ICPI = 0.12"460-01 0.12"900-01 
A 33 ICPt- = 0.103320-01 0.103860-01 
A 3 IC~I = 0.86.200-02 0.87541D-02 
A 37 ICPI - 0.735090-02 0.736430-01 
A 39 ICPI 1,.- 0.628.-740-02 O. 62666D-0 1" 

• ~ 15 1 ICPI:a 0.5"2390-02 
A 43 ICPI = O. "722-10-02 
A "5 ICPI :1 0.49t450-01 
~ /CPI = 0.430320-01 .. 

--" 
-~ - Table 2 - . . 

0.239370-0~ 

b 

-0.210060 03 
0.610970 02 

-0.600500 ,00 
O. 1038"0 01 
o. !L73950 00 
0.266380 00 
O. 163680 00 
0.10158D 00 
O. 744~90-01 
O. 53b1 8i)-0 1 
O. 39918lJ-0 1 
0.305570 .. 01 o. 240000.;01 
O. 142150 00 
0.114000 00 
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.. 
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BAX. (Y/CJ/CPI • 
. ~ 

CPI/SQBT((t-C)/C) -

't\ 

0.1198500 00 

.. • 24 
'" 

(0.508110 04 

0.~12840D-03 
1 
j 

A( Il)/CPX 11-000 

f-
~-------~'~J ~ _ 

~ 1 ICPt· .:II ~ 0.39177D 04. 
~ 3 ICPI ~ -0.113890 04 
~ S/CPI - 0.109610 02 
A 7 /CPI ... : -0.193780 02 
A 9 ICPI • -0.88~630 01 
~ 1.1 ICPI/= -0.497060 01 • ';1 

<, .. ) ... -1 

':',n . " 1 
' .. ) .. ~:(, 
',"'~ , 1 ~~"} 1f\~ 

f'~1 
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A 13 ICPI '= -0.305330,01 
~ 15 ICPI = -0.200590 01 
A li /CPI = -~.138b90 01 
~ 19 ICPI = -0.998180 00 
~ 21 ICPI = -0~74200D 00 
A 23 lePI = -Q.S66420 00 
• 25 ICPI = -0.442110 00 
A 27 ICPI = -0.351650 ~o 
~ 29 /CPI = .-0.28428D 00 
A 31 ICPI = -0.233090 00 
A 33 ICPI'-: -0.193490 00 
A 35 -/CPI = -0.162400 00 
A 37 ICPI = .0.137660 00 
A 39 ICP! a -0.'1775D 00 
A'~1 ICPI = -0.101580 00 
A 43 ICPI = -0.884310-01 
A 45 ICPI = -0.92035D 00 
A 4 ICPI = -0.60587n 00 
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" 
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.•• 20 
~ l 

0.502211> O~ 

O~ 129880-03 
() 

• 
O.38727D 04 

-0.1125800ra 
0.1083EaD 1>2 
~O.191S6D 02 
-O. 8745~D 01 
-0.49140D 01 
-0.30187D 01 
-0.198330 01 
-O. 1371-110 01 
-0.98709D 00 
-0.733680 00 
-0.56031D 00 
-0.43745D 00 
-0.34809D 00 
-0.2B156D 00 
-0.231070 00 
-0.1921&0 0'0 
-0.16196D 00 
-0.136250 01 
-0.'115940 01 

Tab]e 3 
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'\ c 

• • 15 -:1 • 10 

0.1179260 04 0.373510 0 .. 
. 

0.23610D-03 0.17450D-03 

0.369500'011 0.288050 0' 
-0.10741D 04. -0.837420 03 

0.103340 02 0.803880 01 
-0.182790 02 -o. 14265D 02 
-0.834610 01 -(Y.65207D 01 . 
-0.Q69040 01 -0.36716D 01 ( 
-0.288210 Ol. -0.226470 01 -o. 18942D 01 -o. 15024n 01' 
-0.1)1040 01 -0.517940,01 
-0.944030 00 -0.365580 .. 01 -o. 702810 DO ., 
-0.537980 00 
-O. 42~530 00 
-O.25027D 01 
-0.200710 '01 
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CT a 0.50DOOO 00 .. 

NO. 01 COEF?:I H = 25 

lUI'. (tIC) ICPI:I 0.844990 02 

" CPI/SQST ( (t-C) IC) 1: 'O. 77198D-02 

A ( ") ICPI "=000 

A 1 ICPI =-
A 3 ICPI = 
A 5 ICPI = 
A 7 ICPI = 
A 9 ICPI = 

'A 11 ICPI = 
A 13 ICPI = 
A 1.5 ICPI = 
A /CPI:: 
A ICPI..: 
A ICPI:r 
A ICPI:: 
A ICPI" 
A ICPI = 
A ICPI = 
l ICPI = 
A ICPI" 
A ICPI ~ 
A ICPI = 
A 39 ICPI ':II 

A 41 Icpr -= 
A 43 ICPI 'St 

A 45 ICPI = 
A 41 ICP! • 

, A 119 ICPI .: l -
~ 

\ 
"' .. ',: 

0.651810 02 
-0.189190 02 

0.17035D 00-
-0.323180 00 
-O. 1476QO 00 
-0.829580-01 
-0.509530-01 
-0.334710-01 
-o. 231"1D-01 
- 0.-166540-0 1 
-O. 12379D-01 
-0.94496D-02 
-O. 731511D-02 
-0 .. 586610-02 
-0.474200-02 
-0.388770-02 
-0.322700-02 
-0.210810-02 
-0.229510-02 

'-0 .. 196230-02 
-0.1&9150-02 -o. 146..940-02 -o. 12873D-02 
-0.140400-01 
-0.12363D-01 
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M .. 20 

0 .. 844779 02 

0.772070-02' . ~ 

0.651670 02 
-0.189250 02 

0.170290 00 
-0.323120 00 
-0.14766D 00 
-0.829480-01 
-0.509490-01 
-0.334710-01 
-0.231430-01 
-0.166570-01 -o. 12383n.,.01 
-0.94548D-02 
-0.738150-02 
-0.587340-02 
-0.47509D-02 
-0.389890--02 
-0.32Q230-02 
-0.273260-02 
-0.1"29880-01 
-0,195620-01 
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R s 15 

0.844160 02 

0.772560-02 

0.651140 oi 
-O. 18900D 02 

0.170100 00 
-'0.322910 00 
-0.141580 00 
~O. 8291&0-01 
-0.509420-01 
-0.334780-01 
-0.231&00-01 
-0.166830-01 
-0.124200-01 
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-o. 950&8D-0 2 -
-O. 74664D-02 
-0.'442250-01 
-O. 35468D-0 1 
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0.839720 02 

0.77604D-02 

0.647900 02 .. 
-0.188070 02. 

O.lb&81D 00 
-0.321640 00 
-0.147140 00 
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wo. OF CO!?F. 2 • J = 2S 

" "AI. (Y/C)/CPI = 0.25190D 00, 

CPt/SQRT«(L-C)/C) = ~0.25072D 01 

'i 

~.( !I) ICPI l'I=ODD 

~ , ICPI ç = O.20625~ 00 
A 3 /CPI = -o. 483QOo-0 1 
~ S ICPI - -0.318190-02 
A 7/CPI = -o. 14Q99D-02 
A 9/CPI = -0.700110-03 
A 11 lept""':: -0.382460-03 
A 13 ICPI = -0.2]147D-03 
~ 15 ICPI = -0.150630-03 
A 11 ICPI ::. -O. 103480-03 
A 19 ICPI = -0.7Hlli320-0U 
~ 21 ICPI :: -O.S 60-04 
A 23 ICPI ~ -0.418 0-04 

~~ 25 ICPI = -0.12564 -04 
A 27 ICPI = -0.258560-04 
~ 29 ICPI = -0.208720-04 
A 3' ICPI = -O. 1709tD-04 
A ~ 7CPI :: -0.141720-0# 
A 35 ICPI -= -0.11882n-0~ 
A 37 ICPI = -0.100&OD-0~ 
A 39 ICPI = -0.B59390-05 
A ~1 ICPI = -0.74005n-05 
A 43 ICPI = -0.642060-05 
A 45 ICPI = -0.561230-05 
A 47 ICPI = -0.&13730-04 
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Figure 38a Inflated'envelope at wind off (front view). 
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( Figure3& Inflated envelope at wind off (sidè view). 
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" Figure 40a ~ 

Re = 7.34 x 105 

Cp; '" 0.015 

CT '" 0.5698 

tIc = 0.2 (wind-Off) 

Figure 40b 

Re 1: 3.77 x 105 

CPi '" -0.09817 

CT = 0.41375 

tIc = 0.2 (wind-off) 

Figure 40c 
. , 

Re = 3.16 x 105 

ePi = -0.10865 

CT 1: 0.25086 

tIc'" 0.2 (wind-olf) 
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