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, SUMMARY 

T~e purpose,of this work was to investigate the behaviour . 
of Jang quasi-two-dimensional inflated buildin'gs in a éross, w.ind. 

The study was both theoretical and experimental. - / 

1 A numerical solution based on ideal-flow theory was developed. 

A streaming flow of u~iform vorticity was superimposed on a/surface; 
..--- j 

distribution of sources and sinks, and the shape of the surface 

was correc~ed in an iterative manner to satisfy pressure -- tension 

equilibrium of the membrane forming the building. The theoretical 

streaming flow was th en matched to a wind velocity profile as repr~sented 

by a power 1 aw. 

l 
The experimental work included wind-tunnel measurements 

at model scale of--tension in the membrane, external pressure distribution, 

flow separation and reattachment, and model\ stability, for a wide 
~, 

range of inflation pressures, for various height-to-chord ratios', 
/ 

and for twojdiff~rent wind profile~. . ~ 

"".--

Comparison was made between the theoretical and the experiméntal 

'results. Th~ comparison gave goô~agreement for the tension, and 

in the /case of lQw buildings, good agreement for the pressure distribution. 
, < 

It is concluded that th~ results are useful as an aid in designing 

inf1rated buildings subjected ta a cross wind. 
~ / 
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RÉSUMÉ 

-. . 
Le but de ce travail était d'étudier le comportement de~ -

batimentslongs, gonflés presque bidime-nsiçmels sOI/mis A des vent , 
'transversaux. ,l'étude a été a la fois théorique et expérimen:ale. 

j On a établi une solution numérique,fondée sur la ,théorie 

L de l'é,coulement d'un fluide parfait. On a superposé un écoulement 
1-
~ a vecteur tourbillon constant a une répartition superficielle des 

.-----
.-----~ . sources et des puits, la forme de la sùrface étant évaluée par itérations 

o 
( 

de façon a satisfaire aux conditions d'équilibre des forces de pression 
\ ' 

et de tension de la membrane composant le bâtiment. On 'a ens~ii 
, 

déterminé l'écoulement théorique dé façon a-obtenir un profil de . \ 
vitesse du vent représenté par une fonction puissance. 

~--

Les essais incluaient des mesures en soufflerie, a l'échelle 

du modêle, de 1 a tension de 1 a membrane, _de 1 a di stri but; on- de la 
" -' 

pression extérieure, ~s points de séparation-et de réattachement 

. ..-'de l'écoulement air:lsi ,que la' stabilité de, modêle, pour une gamme 

étendue de pressions de gonflage, pour divers rapports hauteur - corde, 
-- j 

et pour deux différentJ profile de vitesse du vent. 
" , 

~a comparai~on~ges r~su1tats théoriques et expérimentaux 
-, 

e,st bon'ne pour la tension, ainsi que la disribution.de la pression 

d~n$ le cas des édifices des faible haut~ur. Il sJensuit que les .. 
résultats peuvent ~tre utilis~s pour aider a la conception de' batiments 

, / \ 

gonf1 ~s---as sujetti s Il" des vents transversaux. 
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NOMENCLATURE 
\ 

The inv~se of the slope of a uniform-shear onset-flow. 

Matrix of coefficients of influence: outward-nor~al­

vel ocity. 

Building chord l~~gth: the building width. 

~rag coeffic1~t of a two-dimensional plate. 

- local ski~ friction coefficie!lt = df/t pU2 ds. 

Total. skin friction coefficient = fIt pU
2t. 

Inflation pressûre coefficient = C-P-P.J/~ py2. 
Tension coefficient = TI} pU~c. 

1 2 External pres~ure coefficient = (P-Pm)/~ pUs . 

Ten~ion coefficie~t = T/t PUs
2c. 

Extern~l pressure coeffici~nt ~ (p-Pm)/î PUT
2. 

Inflation pressure coefficient = 
)Tension coefficient = T/~ pu~2c. 

Spacing between spires. 

(P_p )/
2
1 pU 2. 

m TI 

Skin friction force per unit span. 

, Horizontal force acting on'a pair, of flexures. 

Height of the building,. ) 
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Unit vector in the x direction. 

Unit vector in the y direction. 

Equivalent sand roughness . 
• 

Hot wire longitudinal correction coefficient. 

Local drag coefficient of a spire. 

Coefficient of press~re drop across a row of sp~res. 

Membrane len~tnrrom leading ta. trailirrg edge. 

Span of the building. 

The inverse of the power of the wind profile {=l/a}. 

A unit'vector painting outwards. 

Number of' discret Ï.Z,a ti on pai nts. 

local external pressure acting on the building. J 

Pressure upstream of spires. 

Atmosp~eric pressure. 

Inflation pressure. . 

/ 

~ A point' on a closé~ surface. 

Re 
t' 

~/P R2 

s 

S 

SI', S2" 

Dis~ance from a source or a sink. 

Local radlus of curvature of,the memprane. 

Reynolds number c Ueé/v~ 

Reynolds number = U c/v. 
T 

Distance of flow reattachment points from the model edge (Fig. 4): 
. 

Coordinate along the rnem e. 

Loca'l ra,tio of }ol id area f sp,ire ta the total area. 

edge "(Fig,. 4). 
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Tens ion per unit span ln the membrane. 

Velocity 1n the x direct'ion. . , ' 
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Fluctuation in the x direction of a turbulent flow. 
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·Local velocity of a wind in the x direction .. .--------
Wind tunnel ve10c ity upstream of the spires. 

----- -Free stream velocity. - / 
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A theoretical slip velocity at ground level for the' un~fonn 

vorticity flow. 

Approaching velocity 'at the top-of the building. 

Skin friction velocity of the boundary layer. 

Wind velocity at a height of .10 m above the'ground. 

Vélocity in the y direction .. 
/ 

Fluctuation in the y direction of a turbulent flow. 

Velocity in the Ye.direction. 

A disturbance velocity. 

Onset fl~ in the y direction. 

Vel oc; ty-fte 1 d .. 
o 

Local veloe; ty at the surface. 
, 

Velocity indûced by the i-th element at the' j-th e~ement. 
1 ~ .J ~ ~ 

Onset flow field. 

Weigh~ per unit area of the membrane material. 

Local width of a spi re. 
------ p' , , 

Coordinate along the'~t:hord of the building pr~fffe. . ~ . , . 
Coordinate paral'lel to a., surface element. 
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Boundary lay~r t~ickness. 
1 

oleading or trailing\edge angle. 

Kinematic viscosity. 

, Densi~y of.ùair. 
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1. INTRODUCTION 1 

1.1 PNEUMATIC S1RUCTURES 
) 

, A pneumati~ or air structure consists of a flexib1e membrane 
, ' 

which may form a complete surface, such aS ,a balloon, or, a partial 

surface attached to a rigid frame.~~~,~~e, such as an inflatabl e. bui 1 ding. 

The membrane assumes its shape and tension d~e to the açtion of the 

pressure of a fluidt, pressure which may be of a' static .or 9f a 'dynamic 
r 

nature or both. 

In nature ~tr'uctures occur in animals which mi~ht be de cribed 

as p,neuma tic ,s truc tu res.· E~ 1 es' a re the wi n g.s of ba ts and in se ts. 

and, more generally, lungs and .air sacks. ' , 
~ J"; 

1.2 'AI~ STRUCTURE OEVELOPMENT 

" Man-made structures suc~ as sails, ki,tes and floats made' 

'J" fro~ }nflated ~nimal skin~ are mentioned in very earl~ recorded his\tory , 

Whereas for most of man's history the technology of air-structures­

remained restricted to these examples, 'in the sixteenth century new 

ideas began"to emerge: a wind ~eel with flexible surfaces to catch 
, ' 

the wind, ,the parachute, ,and later on, the balloon. 

In 1783 the first hot air balloon, made by the Montgolfièr \ 

'brothers~ rose in the air over France. Hydrogen balloons and flexibl~ 

airships soon foll6wed. 8y the twenife~~ 'century the technology of 
. 

producing flexible impervjous membranes was well developed. 
j 

\ , 

\ 
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.' \, In-,1917 the British engineer, 

·a pat~t for ~is design of an inflatable 

F.W. Lanchester, obtained l 

building. a multi-purpose 

tent that was made of a flexible surface supported soleyoy compresse~ 
/ 

air (ref. 1). In his survey on tensile structures Otto (ref. 2) 

investigated the 'membrane theory and the construction of pAeumatic 

struétures. Actual production of inflatable build'ings on a large 
• 

scale~began after World War II, first by Walter Bird in the United States, 
1 

and later by m~ny finns, such as Bir.dair, SChjeldahl,' Irving, U.S. Rubber, 

Goodyear, Texa~r, Stromeyer, Krupp, Seattle Tent and Awning, and 

CID Ai r Structures (ref. 2). 

An international symposium on,pneumatic structures was 

held in Stuttgart, Germany in 1967, and a second one in Delft, Netherlands 
./ 

j 

in 1972. 

The wide variety of uses for inflatable buildings, their 

relatively low cost, their light weight and ease of erection made 

them popular among architects and construction engineers for the 
./ 

design of structures such as exhibition pavilions, temporary shelter 

for 9utdoor workers, and covers for athletic events. 

1.3 PREVIOUS WORK ON WIND LOADS 

When wind blows over an inflated building, it affects 

the external pressu're, which may result in changes in the membrane 
1 

tension and also possibly in the shape. 

Win.cl.. tunnel tests for.a spherical building were c~ndl(cted 

in 1956 (ref. 3), and the pressure distribution, drag and 11ft forces 

/ .. , 
l,,' '", '. 

1 
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) 

were measured. In 1967 E. Berger and E. Macher (ref. 4) presented 

their results of wind·tunnel measurements of pressure distribution 

for various values of internal/stagnation pressure ratios on spherical_ 

and cylindrica~mod'e'lS. The' cylindrical mQdel was thre.~-dimensional 

with an aspect ratto of l/c=3. It was a semi-cylinderwith quarter 

spheres attached to its ends. H.J. Niemann (ref. 5) reported fn 1972 

pressure distribution measuremerits for different bu; ldings for a full 

range of wind velocity at both cross a~d ang~lar flow. 

A theoretica1 solution for design use, and results of 
1 

tests on shallow cylindrical mode1 buildings in uniform flow were 

presented in 197~ by B.G. Newman and M.-C. Ts! (ref. 6). The tests 

, were done on an inflated lenticular aerofoil whic'h could represent 

such buildings. 

In all these investigations the earth's boundary layer 

was not correctly represented. 

l , 

1.4 TWO-DIMENSIONAL INFlATED BUILDINGS 

For long buildings it is attracttve ta consi"d' the ~OSSibi1itY 
of assuming that they may be treated as quasi two·dimensional when , 

in a cross wind. ;. 

/- --'------/ 1 
~ , Sucb a two-dimensional cylindrical inflated building, 

wi th no wind load, assumes the s~ape of a. ci reu' ar arc.', The di fference 

between the internal pressure and the external pressure, which are , 
/ 

both uniform; is balanced by the tension in the membrane. When wind 
, 

blows over the building, the internal press~re remalns uniform, 
1 

but the external pressure does not. This causes the shape of the 

) 

• 
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\ 
b~ilding, as we11 as the tension in 1t, to cWàng~. The new shape 

causes a new,external pressure distribution and so on, ti11 the 

building assumes a shape and tension that are 1~equilibrium with 

the pressure distribution. 

1.5 THE PRESENT WORK 

Experiments ~ere made on ~wo-dimensional modêns of inflat~d 
. \ 

buildings, immersed in a thick boundary layer. The flow was at 

a right angle to the building and simulated the earthls boundary 

layer. 

Two different win~ profiles were represented in th~ 

experiments. 1t was intended that flow over countryside and over 

spàrsely wooded country would be simulated, but it turned out that 

the first case more âccurately represented flow from open sea. The 
, " 

1 • • • ~'" 

wind profiles were generated in a wind tunnel using spires and 

appropriate roughness as artifîcial boundary ~ayer thickeners. 

The models tested ranged between 0.18 and 0.33 height-to­

chord ratio and were inflated with a wid~ range of pressures. 

The measurements includèd membrane tension, external 

pressure distribution, 'f10w separation and reattachment, and observations 
. J 

of mode 1 s tabil i ty for low i nfl a ti on pressures. ' , 

An idealized theoretical solution was ,devised to predict 
..--~ 

the- exp~mental data. The solution is based on potential flow 
~ , 

theory. A streaming flow of unifonm vorticity was superimposed 
f 

on the flowl field of a surface source ând sink d'1stribution, and 1 

the shape of the surface was corrected in an iterative m~nner 

r to satisfy. pressure -- tension, equilibrium. 

1 1 
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2. THEORY 

2.1 THE PROBLEM 
. ._~ 

t~ predi~t tbe -behaViour~ . The purpose of the theory is 

of a quasi-two-dimensional cylindrical inflatable building in a 

cross wind where, because ·of the boundary layer structure of ~he 

wi na,- the fl ow may sepa pa te. 

The tension in the membrane forming the building is of 

cons.iderable practical imp_ol'\tànce and clearly must not exceed the 

failing.strength of the material. It depends on the membrane length 

l, the building width in the wfnd direction c, the inflation gauge 
1 

pressure P-Pœ' and the wind velocity profile. The latter i5 sufficiently 

weIl represented by a po~er law profile (Fig. la, ref. 7). 

JL = (~)lIn 
Ue "~ 

(1) 

2.2 DIMENSIONAL ANALYSIS ) 

The tension T at a particular ~osition s, measured fram 

the leading edge along the membrane, depends on l, Ct P-p , a velacity 
00 

.' l ' 

characteristic of the wind~ the power l/n (eq. 1) which ;s determined 
-----bY the terrain, and the air density p and kinematic viscositY·\I,. 

The' characteristic vèlocity was chosen to be the skin friction 
o • 

velocity UT' which 15 defined as UT C ':w!p, 'where TW is the wall 

Il 
J 

) .. ' 

. 
. '. 

,-

, . 
.... ';..\ 

,J 
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shear stress. This is a characteristic velocity for the present 
~ -------

problem, since a typical inflated building, ha,ving à height' .of 
1 

about 1/30 of the average earth's bqundary l~yer thickness (ref. 1, 7): 

;5 well w;thin the law of the wall regian of,tre boundary layer 

where phenomena are characterized-by the skin friction velocity 

. rather than by the free stream velocity Ue or ,the boundary layer 

thic~ness o. 

The, pre,ceding foncept can be summar}zed as follows: 

T = f(l, c, P-p , n, U , p, v, s, w) ..,.,. . 

where w is the weight per unit area of the-material of the membrane. 
,1 , 

1 

The tension does not depend on'the ~of the material as such, 
/ 

because oscillations of the membrane are not being considered. 

There are 9 indep~ndent parameters 'and 3 basic units 

that determine T, there "are therefore 6 non-dimensional criteria 
, 

for the prablem. 

Non-dimensionalization of eq. (2) gives 
P-p ... T - f(~ 

1/2 U· 2c - c' p ,. 1/2pU 2' 
~-'t 

eu,. .. s· 
~) n, v' 1:' P_p 

CD 

The tension becomes a tension coefficient CT;' , 

.... 1; .. 

. C = T 
T1: 2 

'~ 1{2pU,. c 

} 

'~~The subscript '\: indicates that 0 has been used. Later on other' 
'\: 

velocities are chosen ta define the coefficients. The inflation 

preSSure becomes an inflation pressure coefficient 

'./ 

.1 ... ,. . .".. .• ______ ~.~_'~, 

d. -" p-p ... 
PT - 1/2 U 2 

PT, 

• 1 

(2) 

(3) 

(4) 

(5) " 

) 

, . 
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and v appears in a Reynolds number ReT which is ass~,ciated with 

the problkm. Eq. (3) may be rewritten as 

Also thè external pressure distribution p is reduced 
} , 

to a form of a non-dimensional coefficient based on'U 'T 

2.3 IOEALIZATION OF THE PROBLEM 
1 t Several assumptions ftre now made to idealize the problem 

s"o that a thEloretical solution can be obtained. '~> 

2.3.1 The Effect of the Membrane Weight on the Ten~ion 

Thè purpose of this 'Section is to investigate whether 
~ , . 

(6) . 

V the effect of the weight of the membrane may be Aeglecte;d. Stationary 

condi~ions are assumed, ·i.e. no wind is blowing., Consider an element 

, of the membrane 

t, 

J 

J , 

R~solving forces in ~he normal diréction gives 
.1 

,~ \ (P-~.J R da = T ~ + '(T+dT) Pf + wRcose~a 

,'. 

, , 
-"---- -_ ... ~ -

t"f, 
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t r , 
! 1. 

1 

(-, 
.; 

. . 

t 
" 

1 

\ ï 

and the tangential component gives 
~ .' 

-wR sin ede = dT " 
Neglecting terms of the second order of smal1ness in the equation 

1 

for the normal direction and soJving for T gives 

w 1 --­
! P-p 

CIO 

\ 
where Tl and Tg are the tension per. unit span at the,leading edge 

and the top of the membrane respectively. 

For the Ipresent model scale building w = 0.245 N/m~ 

and P~p = 30 P~'so that w/(P-p ) = 0.008. For full scale buildings 
CIO CIO . .~_. , 2 

thicker materials are needed and w ranges from 2.0 to Il.e ,N/m -

but P-p is about 250 Pa sp that w/(P-p ) ranges from 0.008 to 0.047. 
• CIO 1 . . QI> 1 

For e = 60°, Tl/TO rang~s between 1.004 and 1.025 and 

therefore the change of T a10ng t~~. membrane d~e to the effect 

of the weight of the membrane usual1y may be neglected. ~ 1 

2.3.2 the Effect of the Wind Friction on the Tension 

In thi s ~section the po.ssibil ity that the wind fr,lction 
\ ----

/may be neglectëd is investigated. 
. . 

Again consider an element of the ~embrane. 

-.,. 

/ 

( 

\ 

" 

\ ' 

, 
J. 

, 

) 
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1 

1 

1 
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Resolving the forces in --tffe normal direction gives 

( p-p) R de =' T ~ + (T + ~T) T-
and the tangential component gives . 

',~f = .... cos(~} qT 
( 

Also· 
j 

J 

. . where~: is the local/ ski~ friction coefficien~. Neglecting, terms' 

~SeCQnd order of smal~ness and assu'!tiP9- that P-Poo i.s of 

the same order of magnitude as the dynamic pressure, th~ three 

equations r~sul~ in' 
1 

, \, dT 
) . -Cf d~T 

,.ln arder to integr;t\ the equati,on appro~imatelY, Cf is replac~d. ' 
by ~he ave~5ge skin fr\ètion coefficient CF' Ttius the total,change 

in T between leading and trailing edges is 
~ ~--

j 

,wher~ Tl is the tension at the leading edge, and T? 1~ the tension 

at the trailing edge. _ ~ 
,4" , '1 . 

Fo~an angle of 1 r~~}an,with CF = 0.005, T1/T2 = 1.005 t 

sd that the change in T is very s,~ll and may be neglected. 

The variation of T al~ng the membrane length with s 1 1 • 

( 

1s caused by the wejght of the 'membrane ~nd by'the skin friction. 
, .-------; 

Since \they are both neglecte~; sil.. 1s el iminated from eq. (6.). 

" 'j 

, 
~'. 

\ 

r 
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2r3.3 ~ssumption of Inviscid Flow 

At this point, an_assumption is made that the flow is 

inviscid. Together with the results of sections 2.3.1 and 2 .. 3.2~ 

the conclusion is that eq. (6) may be rewritten as 

To compensate to some extent for the elimination of 

the b~undary layer due to th; assumption of inviscid flow, an 
, ' 

inviscid streaming flow wit~ a non-uniform profile was used as 

follows. 

2.3.4 Idealizatjon of the Boundary Layer Profile 

Instead of the power law profile (eq. 1), a uniform 

vorticity profi~e (eq. 9) was matched to the actual proftle -
/ , 

(Fig. 1, and see section 2.4.2 and Appendix 1). -ihis is in order , , 

to allow the use of superposition, as will be described in 2.4.!:1. 

JL=l+l. 
Us a 

, ' , 

c 

where Us is a slip velocity at y.= 0 and Us/a is the vorticity. 

For the idealized onset flow profile, it is appropriate 

to base the non-dimensional coeffici~nts on Us r.ather than on\U
T

, 

therefore the following coefficients are-defined: 

Tension coefficient 
" \ 

c - T 
Ts - 1/2 U 2c 

P S 

Inflation pressure coefficient . ) 

- (P-Pe) 
C 1:1 

. Ps 1/2pU
s 
2 

{S} 

\ 

, 
(9) 

(10) 

. 
" ; 
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Exte'rnal pressure coefficient 
p-p 

Cps = 1/2 u
œ 

2 .02) 
P s 

In 'section 4.3 where a comparison between theofY and 

experim~nt ;s dône, th\ theoretical coefficients-'are multiplied . \ / 

by a factqr of (Us/U
T

)2, ~n order to compare them with experimental 

results. 

2~3.5 The Required Solution for th~dealized Problem 

!he t~nsion coefficient CTs ' the external pressure di'stribution 

and the shape pf the building are to be found for given inflation 

pressure coefficient Cps ' excess length (i-c}/c (fig. 1) and the 

power lIn of the actual profile. 

2.4 A TWO-OIMENSIONAL RIGID BODY IN A FLOW 

A suitable theory was developed by Hess and Smith for \ 
. , 

a general three-dimensional incumpressible flow (ref. 8). He~e 
j 

it 1s Tepeated for th~ two-dimensional 'cas~. 

, -" 
2~4.1 Ideal Flow Theory 

\ 

- \ Consider .the f~ow about a body bounded by a contour C. 

'y 

v ) -
j 

l ,'_ 

x 

J ) 

. . 
, 1 

" .. " 1 
r \ 

\ ' :' 
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\ 
The'velocity anywhere 1n the field js Y. 

y = V + V 
CIO 

where v is the disturbance veloèity due to the pr~sence of the~ 

body and V is the onset flow which is not necessarily unifonm 
CIO 

{ref. 8 and section 2.4.1.1}. 

The case that is presented here is for a disturbance 

velocity which can be expressed as a gradient of a pot~ntial ~. 

~( 13) 

v ~ - v+ (14) 

The unusual minus sign is according to the convention used by ~-
11 

~ess and Smith (ref~ 8). 

Continuity requires t~at 

v . V = 0 " 

But a1so 

v . V = 0 
CIO 

Hence from equations (13). (15) and (16) 

-v • v = 0 \ 

which gives together with (14) laplace's equat_1on, 

2- , 
v • = 0 

\ 

(1 

with a boundary cOndition which requires that the normal componen~ 
c 

of·the.velocity at the boundary will be zéro. 
1 

- ~" 

(15) 

(16) 

(17) 

(18) 

- v. • n + y .... il 1 = 0 f ~18a) 

le C 
- , 

and a boundar~ condition which requires that th~ disturbance velocity 
, j - .-
, Ir __ 

f~r from the body will tend ta zero. 

• l, 

) 

,~ - , 
, \ 

,1 
l'. 

.; \ . Cr' 
, 

, ! ' 

\ 

" ) 

,f 
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J 

r,+ ... 

, ----
.~ n is the unit vector~ locally normal to C and positive gutward 

from C. 

2.4.1.1 

'*' 
\ 

Superposition of a Source Distribution on a Flow with 
./ 

a Uniform Vorticity 

GeJîerally speaking a rotational -flbw ~1 cannQ~ be super­

imposed on an irrotational flow 1/12' The present method of solution 

---is a special case where such superposition is allowed. 

Consider a rotational upstream flow parallel to the , 

x axis 

y 

"+,=3 "",,=2 
t 

1ft = l 

v.=O 
x 

For a stead~ two-d1mensional flow the vorticity w'of 

a fluid element is constant following the fl~id. In a ~teady • 

flow the streamlines are a1so pathlines and therefore w 1s constant 
\ 

a10n9 a streamline and ~s a function of y'only_ w has one component 

only which is normal to the x a~d y plane. 
22' 

" av au ' a 1/11 a 1/11 
ta) = -. - - = - (--=--r + -::-:2) 

ax~ ,ay ax ay 

J. 

\ . 

.. , , 
j \ , . 

(18b) - -

j 

~ 

J 
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,or 

For a source and sink distribution the 110w field is 

irro,tational. 

y 

J 

--

'Supèrposition of both flow fields-, if! permissible' gives 

,2) ) v li! = - II.I(Y 

/ 
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2 
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f / 

\) The div1ding streaml ine represe~~ a body surface. The quest'iorl 15: 
..,\ 0# 

what kind of flow may wl be? \ 
\ 
\ 

At stiftion 2, near the body, a particular,' stre?mline -

- : does not have the same y coordinate as it has at station l,)far 
• ! ... .J 

from the body. w can be constant a10ng this streamline only if 
, . 

. it is independent of y, i.e. w = constant. 
/ 

By the definition of ~: 

, '( :~ - :; = constànt 

;~r from fè body the on;et ;I~W fs the only fl.w.· i ;e. 'v = O. 

,. and (19) becomes ) 

~ 2!! = constant ay. 

u i s of the form 

u=Ay.+B 

and the onset flow V ; s 
.œ 

ft: "" '" " .... -;./ \ V = Ui +. Vj .: (Ay + BH 
co . 

7 ' 

(19) 

which 15 a .. unifonn shear flow in the x dirèction: #1-' 

" 

, -Ir;' . , 

Th~ legitimacy of superimposing 1/11 onM~lso b: 

éstablished in another way. Consider the flOW/field I/J which 1s ' 

a 7res~1~ of. the :uperposition of "'1 the ups:~réa~ paral1el rotatiohal 

flow with vorticity ~(y)" and 1/12 an irrotati~nal flow'due to singulàriUes 
" 

represent i n9' -a body. 
J 

J 

'. 

. '. 
. , 

.. ' ,', 
! • 

l ,f. .. r -
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From th~se -three equations 

This is true for any' ~2 

16 

, -

l , 

lb cl il u 

, .. 

• 'k! .~ • 

henc~ f(~l + ~2) is. independent of ~2 and t5 therefore constant~ 

hence w = constant. 

For a ~2 which has a symmetry about the x axis, the 

,~ onset flow, wh; ch ; s para 11 el to the x axi s, may be refl ected • 
-

in this-axis to give 

y 1------.; 

J 

as the flows on either side of the x axis are separate. 

2.4.2 Match; ng ~1ethods' for" the ~nset Flow' 

Séveral,methods fOr choosing the slope lIa and the slip 

velocity Us were considered in order ta achïéve a good approximation 

of the actual flow~ - Since there are two unknowns lIa and 'Us' 

two conditions are needed. 
/ 

In all the methods the first ~ondition was that the 
~" . . 

approàching'wind velocity at. the height of the building Uh would 

be equal,/or both actual and idealized prOfile. 

~ Note that Ue and" 6·which are used in.this section may be 

. ' 

a referen<;e velocity and corresponding/ height on the power-l~w prof~,le, 

, 
-' ~, .. 

j 

'/ 

" 
,\ 
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1 • 

, ' l ' 1 

and not necessari ly the free stream 'vel ocity ànd the boundary 1 ayer 

thickness . 

., 

u 

The second condition varies from one method to anôther: . 

Method 1: The average dynamic pressure q was equated for both 

profiles. 

- 1 

y 
) 

shaded areas: equ~l 

u2 (1+l.f2 
u2 . s a 

h~ __ ~h ____ ~~ ____ ~ __ ~ 

, j 
L-__ ~-~ ______ ~-L ____ ~ ____ -L __ 

Method 2: The shear (or slope) for both profiles at y = h was 

eqùated (see Appendix 1). As will· be seen later, this method gave 

------the best compar1son with experiment (section 4.3.3),' 
1 

j 

l, 

\ 



: 

l ' 

:_ ,~, .. /11'""'~ ':'~ "_"~'-:_',~M" -."~", -:"',.J._''';'':,--:':~'~'' f.~\,.,,,;~~,~'" ... ~,.~~ .. ,,:~,' , ~~,I~ " 

... , ,,\... ~ l'!:, " \ :ll~lt' .. ,' .. _ ~:. l. < • " ~~:?~\ . . ____ ,_._'*_._._. __ ...... __ il 1 ••• 'UflUld_ 1.. ] t p' , t) 

) . ' 

Method 3: The slopes of both profiles at y~ corresponding'to the 

aver~ge velocity on the actual profile, were equated. 
. . 

y at-
, U Jh 1/n 

U' = ~ (l) dy 
av h 6, 1 

. 0 ) 

y 

h~--------~~--~---

u 

Method 4: The slope of both profiles at y, corresponding to'the 

root mean square velocity on the actual' profile, were ~qûated. 

yat U' u{t 1 (f/,ri dy f'2 
Method 5: A uni,'fonn flow wi thout vo'rtid ty. 

) 

y 
lrl l' 

.1 

, , 

, ", 

" 'J 
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j 

2.4.3 Reduction of the Prqblem to an Integral Equation 

A two-dimensional point,source at q causes a potential 

, at P (see sketch in 2.2.1). 
• 1 • \ 

j 

1 1 , = 2n ln r(P, q} 

~ satisfies eq. (18) and boundary condition (18b) if 

~ is on contour C and P -is outside C. 
. 

Since the problem iS linear, several sources and sinks, 

includin'g di~tributiort of them, may be superimposed. Jhe potentia~ 

.. 
(20) 

of! a conti nuous source di stri buti on on C which has the 1 oca 1 i ntensi:ty' 

a(q) per unit length is 

. + =.2~ ja(q).tn r{p! q) ds 
C 

, \ 

where s is a coordinate along C . 

. This potential is differentiated, and boundary condition 

(~8a) is applied by allowing point P to approach point p on[C. 

The result is the equation for a(q) (ref. 9, ID): 

(21) 

~ - fa(q) 33n [ in r(p~ qJ ] ds + n(pl • ~œ =,0 (22) 

C . 

Each term is arr outward normal velocity at point p: The term o(,p)/2 
1 

is the influence of the source,~t p on itself. The integral term 

is the influence of the rest of the sources on point p. The mlnus' 

sign arises from (14). a/an denote~ differentiation in the direction 

of the outward normappoint p:'- The last term on the left 

\ 
• 

./ 
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hand side is t~e velocity component of th~onset flow at point 

p in the d~rection of the'outward normal. 

2.4.4 Discretization of the Problem 
1 

It is assumed that the bodY,is r;gid and has a known 
. 

shape. The body is approximated by a polygon (Fig. 5): First, 

points are chosen on the contour of the closed body, then these 

points are connected by straight line segments or surface elements. 
1 

Each of these elements' has a uniform distribution of sources or 

sinks of strength cr per unit length. The value o~ q, 1S constant . , 

along the element and is -unknown. There are therefor:é\ finitel 

number of unknowns, the values of d for each element. ,The midpoints 

of th~ elements are chosen as control points for the application 
. ! 

.' l, 

of equation (22). Velocities and pressure coefficients are, cal'culated 

at these points. 
\' 

2.4.,5 Calçula,tion of Co'èfficients of Influence 
\ 

Ta begin with a unit strength 1S assigned to the line 

~ources, i.e. cr = .J. Ta calculate the velocity field induced by 

a single surface element of a unit strength per unit length, cansider 

an element of length às. ,..--- • Consid~r coordinates xe coinciding with the element • 
. } . 

, and Ye perpendicular ta it at its midpoint (Fig. 5). 

J 

• 1 

i 

1 

." < ~";' .. , 
'~J< l 
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The veloèit.y at point (xe' Ye) due to an lnfinitesjmaHy small . , 
part of 5 of a length d~ at x l:: t is 

dv - ,1 d~ _ 1 d~, 
- 2; r - 21f «Xe-ç;)2 + Y

e 
2 J1/2 

-
/ 

dV' 

AS 
r 

where di' is pointing away from d~ along r, a "radius vector ff-om 

dç; to (Xe' Ye) form;ng àn angle S with ,the element. 

The components of .dv are , 
du = e 

Ve ". ~ l..tan[( ... tl/Yel~ 
1 âS 

- T_ 

- ------

.~ ... -- -""'.;--' ------,--_. 
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l' [ Yel:J.S j v = 2 a tan ---"2"---~2 ---""'2 

e ~ x + y _ (AS/2) 
e e 

\ 
At x = Q. y = Q e 'e J 

At each control point the velocity due to all elements 

of a unit strength is calculatëd using (23), and then transformed 
1 

to the main coordinates x/and y. Thesé velocities are denoted 
, 

V .. wher,e V .. is the 'velocity at the i-th point due to the j-th 
lJ ',lJ ' 

element that has a unit source distribution. i and j corr.espond 
~-

ta p and q respectively. The x and y components of the VÙ's ar/e 
l ,~ 

calculated ta give two matrices of coe~tcients of influence. 

Thes~ are used ta derive the warking matrix A;j which is the outWard 

component of V i~ • 

• n· 
1 

Equation (22) can th en be replaced'by a set of lirlear equa'tions 

(1'. N 
--J- + E ,Ai' 

c. j:l J 
V. 

"'1 

j~i 

1 

The terms in this equation correspond to the terms in (22).' Val; 
, 

1s the veloc1ty that would exist at the location of the i-th control 

\' 

1 } 

" 

(23) 

,...-. 1 

1 \ 
\ 

(24) 

. \ 
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point if there was not a body in the onset flow and N is-the total 

number of elements. \ 

2.4.6 Ca,lculation of Velocitie~ and ~ssure5 
\, ' 

, ,Th_\ set (~~) is solve~ to give ai' The veloci;ies Vi .. 

at the contro~ points are '1 

\ 
\ N 

Tf. = L V .. . a'. + V . 
1 j=l 1J J œl 

which he 5um of,thé velocities ind~ced by all the elements plus 

the ons et fl ow. The pressure 'coefficients are 
~ 

)1.. 2 
(Cp)i = 1 - (--1-) Vref 

Here the reference veloci~y Vref is chosen as the slip velocity' 

, Us of the onset flow of uniform vorticity. 
\' \ 

.2-i4.7 Symmetry 

In the present' problem th~ body is placed 50 that ~ts 
, ~ 

leading edge and trailing edge are on, the'x axls. The body is 

reflected in the y'=\O plane ta give the closed contour C . 
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The contour Chas another axi s of\ s,YI1lI1etry ~ and the y" 

axis is chosen so that it is this axis of syrmnetry. Now the 
, ' 

discretizatiop of only a quarter of C is sufficient,' and once the 

Vij values are calculated for one quadrant, the quarter body ;s 

reflected in the two planes of symmetry to give three images, and 

the effect 'of these reflections is added to the 'iij matrices .. . 
This reduces the number of control points ta a quarter of thei\r' 

original number, and computation time is saved. 
\ 

A FLEXIBLE BODY IN A FLOW 

A flexible'tody in a flow has unknown boundaries, since 

tts shape is affected,by the flow. The previous method for a rigid 

body therefore ~as ta be iterated. A computer program for the 

complete iteration has been developed and is· given in Appen~ix II. 

The procedure is as follows. 

, 

2.5.1 Calculation Procedure 
, \ 

a) For a given inflation pressure P, tension T" and wind profile 

n, an initial ~hape y(~)~is a~sumed. The initial shape,wfs 

chosen to be a circular arc which corresponds ta the wind~off 

.case Le. the radius of curvature i5 constant along x and 

equa'ls T/(P-p}. 
-, ' 

b) The pressure distribution alon~ the membrane is found by 
. , . (' 

the He'ss, and Smith method as described in 2.4. ' The onset 
\ 

flow is a flow with uniform vorticity (eq. 9). 

\ ' 

.\ 
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The height of the membrane changes slightly from one ite~ation 

~-to another. Since the vel'ocities are lreing matched at· the top , 

of 'the,building, the sl~pe lia of the ~elocity profile also. 

changes .to gi ve a speci fi c wi nd p.rofi 1 e exponent 1/n (see 

section 2.4.2 and Appendix- 1). 

As an alternative option the computér program can also solve 

for a fixed uniform vorticity which has no relation to a 

b,oundary layer power prof; 1 e. 

c) The local curvat~re of the membrane under a net pressure 

P-p is calculated from the relation 

1 - f=E. R\xf - --r 
/ 

d) A new shape y(x) is found from the radius of curvature R(x) 

and the boundary condition~ y(O) = ,0 and y'(cj2) ~ 0, where 
, 

c is the chord length. The former requires that the membrane 

'is attached~ to the floor at its leadingledge and the latter 
~ ----

requires that the membrane is paralle) to the floor at the 

top àf the building. 

The solution of the equation 

. y(O) = 0 

y'(cj2) = 0 
. \ ' . 

. ' i,s' complicàted ~ven"when dO(l~ numerically and 1~ requires ' 

~ long computation time. It is mOre convenient to Use the 

J ' 
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natura1 coordinates sand e. S is a coordinate a.10ng the· 

cUrve and e i~ t~e local -arigTe betweE!n the curve and the x axis./ -

1 deI 
RTXT = ds 

dx 
ds = cose 

We have now the equat'~on 

dx R\xT = de c,ose 
. 
and the boundary conditions 

e(c/2) = 0 
! 

y(O) = Û --

The solution of this equation gives9(x), and y(x) is calculat~d 

from 

~::;: tane(x) 
AX \ 

- . 
e} The1new shape is compared witb the former shape at y(c/2) within - . 

. 5 ' 
a--aesired accuracy (IJ.Y/c < 10- in .the ;present work). If ttie .: 1 

shapes are nQt equal, the program ret~rns to b) and repeats 

the éalcu1ation unti-l ponvergence t at which point a solution 

. for y ~nd p has been adi eved. 

Only the point y(c/2) was ch~cked for convergence. It has 

.been observed that the rest of1tne shape changes less than 

the midpoint y(c/2) from one iteration to another and jt . 

was verified by printing'out in each iteration the whole shape 

(see co~puter output in Appendix II). 

\ . 
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Note that the role of' (l-c)/c and CTs~~s independent 

and dépendent variables 
\ 

i.~. 

, / 

", .. , 

Crs is an 

',,' 

, , 

input and 
1 

, " 

, .. ,r 
n "r -:.- ~ \ " 

~', ~ t _1 

'" )->,' 

is switched in 

(l-c)/c is an 

( 

, , 

',.:' . \ 

, " 

the numer; ca l sol ution, 

°4tput of the progr.am. 
ï 

l' 

1 J _ 

------_. 

" J 

" ',-

, " /,-
," 

'-, ' 
" .. ~ , 

t. ',' 
1 ; 

'l'''' ,-

) 

J 

.' 
, -'-~ 

." 

'. 

) 

~. 
\ l' ~, 4, , 

" " 

~<': 
~- ,r ~." ~--

-. î'. 

" l,' 

) 



[) -, f --_ ... _. _. -' _. -_._-._ ... _ .. -~----=-28----· ~ ... -~.:c-=-_......:.;.r~; ..:.' ...;,.....-~ 

l -~ 

l 
t 
\ 

! 
1 

1 

1 
r 

1 ~ 
, ~ , 

.Î· l ,. _ 
\ :-

3. EXPERIMENTS 

3.1 GENERAL DESIGN OF THE EXPERIMENTS 

The purpose of the experiments was to simuiate the bebaviour 

of a typical cylindrical inflated building in a cross wind. 

r The variation of wind speed with height fi: usually ap~roximated 
by a power law p~ofile as in equation (1). Values of l/n = 0.16 

and l/n = 0.24 were a;med for. T~ese values correspond to flat 

open country and to sparsely wooded country respectively (ref. 7, Il). 

An average thickness for the atmospheric boundary layer . -

is ô = 360 m (ref., 7), and a typical height of éxisting inflatable 

buildings in a shape of a 'Semi-cy1inder; is 12 m (re;. 1). With 

the experimenta1 facilities available it was antici~ated that the 
\ 

boundary layer woula be about 1.m thick. To keep the same scale 

as in the actual situation, the height of the model would be 33 mm, 

whiCh is tôo sma11 for meaningful measuyements. Nevertheless, 
'\ . 

, 0 

a larger mod~l with a height of up to 85 mm was used, since the 
, 

building is wel1 within the law of the wall region and i~ affected 
, 

only' by. t:he lower region of the boundary layer. ~ simil.~r,approach 
" 

wàs us~ed Oy N.J. Cook (ref. 12). 
j 

~-

, 1 

The recommended inflation pressure needed in a cylindricaJ 

·building is 0.6 times th~ dynamic pressure of an aRProaching wind 
. \-

" , 

tha,t blows over it (ref: 4)., This ~as useâ as 'a 9~i~e1ine in) 

() 
j 

" " 
~. 
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identifying 20 Pa gauge as'the typical inflation er~ssure for a 
- 1 nominal Wifid tunnel velocity of 7.7 rn/s. 

, , 

" 

Only one tunnel speep,was used, a speed wfiich was near 
-

the JTIaxi!TIum possible ,for the wind tunnel. Any apprec;"ably lower 
, ; 

speed;would incur inflation pressures, ten~ions and external pressures 
• ! 

• '·which' were 'so 'lo\'I that they could not be ~easured with sufficient 

accuracy. Thus any possible change in th~ tunne~ speed would not, 
, .. 

change,~he order ?f magnitude of the Reynolds number and no addition~l 

~information would be obtained. 

The Reyn61ds number ba~ed on a velocity of t.'7 mis outsidé 

the boun.dary~l?yer.and. the chord length of the-model 'was , 
Re = 

U . c 
e = 1, " 105 
. 'V 

3.2 EXPERINENTAL APPARATUS ' o - / 
/ . 

Wind Tunnel 

The 2 m .by 1.5 m blower, bo~ndary layer wind tunnel in'the 

Aerodyn~ic Laborato~y of the De~artment. ~! Me~hanica) Engineering at 

MçSÙ 1 Uni versity was us~Q. "the test sect.io~ of th~ tunnel ,i~ 10 m 

long, and th~ flow is supplied by'a centrifugal fan rated at 30 kw. 
'", 

The pressure at the exi t from the te'st secti,on is·'atmospherîc. 
;, ~ J 

The roof o·f thd ~wi nd tunne.l i s made of segments tha t can be lowkred 
, ' 1 

or ra i sed', There i s a pressure tap in the center of each. roof 1 
() , ' J ' • ' 1 

segm~nt. The roof was adju~ted ,so that th~re w~s no pre~sure ~, 

gra9ient 

the final 

, 1 

along the tunnel. nie static pressure tap just fl>eforel 

con-tract io." and' downs trea~ of the screens-was usèd asl 
" ~ !PI 

. " 
., I

l 
, 
1 

1 
l , 
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1 

,a, wind tunnel reference pressure to establish the tunnel dynamic 

pressure (Fig. 2). 

3.2.2 Spires 

An array of 4 spires with spl,itter plates was placed 

across the entrance to the working section (Fig. 2 and, Plate 1). 

The spires-were 1 m high and spated at 0.4 m. They were d,esigned 

to give a boundar~ layer with a 6 = 1 m thickness at a distance 
• 

of at least six- spire heights downstream of the spires (ref. 13, 14 

and see Appendix III). However, the actùal boundary layer generated 

by these spires was 1.4 m thick (see section 4.2.1.1). 

3.2.3 Roughness 

cln order to maintain the specif!c power lIn for the 

'boundary layer achieved by the spires (eq. 1), r,pughness was needed 

on the wind tun~loor. Two theoretical rectangular roughness 
(/' ~-=-- {ft 

~" 

arrays were calcu1atec;1 according to Fig. 2 of ref. 15, It was 
, _, 1 

1 - 1 r 
determined that an array of'square three-dimensional bars 3 mm 

high and 30 nm apart would give 1/n = 0.16, and fan array of rectangu~ar 

two-d,imens,ional bars 12 nm high a~d 250 ll11l apart would give 1/n = 0.24. 

The roughness arrays which were actually used were: 1) A commercial 

plastic mat with-cône-shaped protrusions. The cones were 3 mm high, 
-~. / ( 

l, 4 11lIl'base diameter spaced every 28 rrm in an hexagonal array (see 
J. ~ 
! Plates 2, 3 and 4). This roughness was the best available substitute 

for the calculated roughness. 2) A canvas carpet with 12 x 12 mm 

strips of woo~ attached across i t an~ arranged 250 l111l apart to, 

fonn a two-dimensional roughness as calculated. 

The spires gave l/n = 0.13 with roughness 1, instead 
, l, 

of the designed 1/n = 0'~16 (see 4.2.1.2).' The same spires were 
1 - • -

therefore used for bath prof; 1 es. 

, ' 
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3.2.4 Pitot Tube Comb for Boundary layer Survey on the Floor' 
, 1 

The comb consist~d of a metal bar which could be installed 

ve~tical1y in the wind tunnel in the absence of the model an~ 

whi ch herl d 18 Pi ~ot tu'bes between the roof and the f100r of -the 

tunnel. The lower 9 tubes weré 50 Jmm apart, and--the upper 9 tubes' ...,. 

3.2.5 The Môdel 

A schematic diagram of the model is shawn in Fig. 3. 

·p'ictures.of it are shawn in Plates 2,3,4 and 5. In this section 

numbers in' brackets refer to the part number in Figure 3. 

The model was placed in the wind tunnel- 1 m from the exit. 
1 

The inflatable building model consisted of a membrane 
, '- "Cl~~ 

with a 650 mm span (11 and a leng,th .e which couTd--be varied between 

2QOmm and 320 mm. The material of the membrane was a flexible 
1 

impervious light cloth (5tablecote II rip-stop nllon, 25 gr/m2) 

which is used for spinnaker sails. The model was iryf1ated with 

an adju~table suppl y of air from the blowing side of a 650 W domestic 

vacuum'cleaner. The air was introdUced to the inside of the model 

through a perforated pipe (8) which was calculated to give an even 
"") 

distrib~tion of air. 
, 

Both ends of -thé model abutted on plexiglas plates (2) • 
....-... ~ .. 

Four pipes passed through th~se end~tes;"jb~air supply pipe 
1 

and th~ee pipes which were open ended pressure tubes (5) for the 
1 

"" f " 
. l)'Ieasurement of the average fnflation pressure.- The pre.ssure tubes 

measured the pressu~e at three equally spaced lateral positions 

1 
! 

'. 
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q" 
~~ 

,1 
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inside the model and their openings pointed in different directions, 

50 that any significant air flow within the model would have,been 

detected (see Pl a te 5). 

The model and end-plates were held by a rectangular 
1 l "-

frame (9) that fitted into'an opening of the same shape in the 

wind tunnel floor. The frame held the model horizontally 50 
, , 

that its axis was perpendicular to the wind tunnel flow, . 
A second membrane (6) bel ow the l ~ve 1 of the . ..--Wi nd tunnel 

floor (4) was clamped between the leading anm the trailing edges ' 

of the model, the purpose of which was to s~ai the inflated mod~l 
, 

and prevent ~jr from escaping at the edge gaps. Sorne air escap~ 

inevitably between ·the model and the end plates, but thiJ was , 

minimized by allowing an extra 5 l11TI at each end of the cloth where 

it touched the end plates. This extra cloth was tucked inward 

to further improve the seal. The,model and the seal were connecte~ 
l ' 

by two long clamps (7), one on the leading edge of the model and 

one on the trailing edge. A system of flexures and s~rain gauges 

was used to measure the fore and aft force t and ul timately the 

tension in the membrane. Each clamp~was mounted on two flexures (10), 

one on each end of the clamp. Attached to the four flexures were 

strain-gauges which measured the strain d~e to the horizontal 
1 :' 

force that was appl ~ed by the tension in the. cloth of both the 
1 

model and the seal. The dimensions of the! flexures were dictated 

by the 20 Pa gauge inflation pressure, the requirement of 500 

micro-strain reacting at the maximum pressure and limitation o'f the 

1· 

1 • 
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flexure deflection to no morë than 1 mm. The dimensions found 

were 51 x 9.5 mm (2 x 3/8 inch) with a thickness of 0.5 mm. 

Thè seal was designed to have the shape of a semi-circle 

when the model was inflated, 50 that it would not apply a horizontal 

force on the flexures. However this was not exactly achieved and 

the horizontal force due to deviatio:n from this semi-circular shape 

was taken in account. The fl exures were mounte~ ,on the fr~e (9). 

The distànce between t~clamps fixed the chard length c at 250 mm. 

The height of the model could be varied by changing the length . 
of the membrane of the model clamped between the clamps. The membrane 

/ 

of the seal was not varied. 

. 3.2.6 Rigid Dummies 

The length of the model occupied the middle third of the 

w~i dth of the tunne l . 
f 

In order to complete the model sa that it 
• 1 

would span the tunnel and aCh;eve-~ quasi two~dimensional condition" 
1 

two rigid dummies i~fl shape of a circular arc with the same chord 

leng~h as the model were added one on each side between the end 

plates and the tunnel wall. There were two pairs of,rigid dummies, 

one for each range of model height. 

3.2.7 Traversing Static Tube 
1 

A static tube was design\!d to -measure .. the external pressure 

distrib~tion along the surface of the model .. The static.tube was 
j. 

designed using a three-dimesional source in potential flqw to represent 

~ the tube, and a two-dim~nsional doublet to represent the stem. The 

surface of the model was not accounted for. The hales of the 

I~~-~.~--~~~---.-----------..---------
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static tube were drilled at the location where these t~o bodies 
J 

cancel each ,other's effect. The static tube ras tested 1n the 

wind tunoel (3.3.1). 

3D r-- 80 -
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The stat]c tube was mounted on a ttavers;ng gear 50 that 

it might be aligned with the surface of the membrane. Th~ static 

tube lay in a verticaL plane which ;s parallel to thè flow and 

passed through the Jatèral 'midpoint of the mode1. It had three 

degrees of freedom in the above mentioned plane: two linear and 

one rotational. 
1 

Another method of external pressure measurement was tried 

using pressure taps in the membrane itself as is often done for 
1 

rigid bodies. The metbod was abandoned, since it involved attaching 

rigi~ washers aroùnd the taps and they caused lo~al stiffening 

, of the membrane. 

3,2.8 Inst.ruments 
~ 

1. Manometers: Three Lambrecht type 655 alcohol reservoir manometers 

inc1ined at 1:25 were used to measure: 

a) ,Inflation pressure. 
! 

./ 
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1 ~ 

b) External pressure distribution. 

c) Tunnel -reference pressure. 

2. Bruel and Kjaer strain indicator type 1526 which ultimately 

measured the forces on the fl exures. 

3. Heathkit IR-IBM chapt recorder which recorded the strain 

indicator reading while it fluctuated, for the wind-on case. 

4. PrecisionlTool and Instrument Company cathetometer 2202 (tele­

scepe) ;'" ta measure the âng 1 e between the mode 1 -and the wi nd 

tunnel floor at the leading and trailing-edges. (s~e secti~n 3.~.2) . --. - , 
_5:' DISA hot wire anemometry system: 

- -
'~) Hot wi re anemometer 55001. 

j 

b} Linearizer 55010. 

c} RMS voltmeter 55035. 

d) Slanting hot wire probe 55P12. 
J ~ - 1 

to measure Reynolds stresses (-p~ in the floor boundary layer. 

3.3 CHECKS AND CALIBRATIONS OF THE APPARATUS 

3.3.1 Static Tube Test • 

The static tube, (3.2.7) was tested as follows: A 115 mm rigid 

rotatable cylin~er with a pressure tap on its surface was placed in the 

tunnel, axis perpendicular ta the -flow, but in the absence of the model. 
j - , 

The pressure from the tap was read for various azimuth~l positions and then ... 

compared with that of the static tube when held 0.5 mm from the surface, 

and they compared within 1 per cent of the local dynamic pressure. 

3.3.2 Flexùre Calibration 

The flexures with the strain gauges for tension measurement, 

were calibrated by loading them with a horizontal forceJusing a 

.. 
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pulley and dead weights and reading the strain from the B & K strain 

indicator. 1he flexures were graduall; loaded, unloaded and finally 

reloaded. The calibration showed, maximum ~rror of 0.8 per cent 

due tolack of repeatability and linearity. 

3.3.3 Hot Wire Check 
.., 

The hot wire system (section 3.2.8 No. 5) was tested 

by measuring the skin friction in fully de!eloped turbulent 

flow infa smooth pipe, and comparing it with the skin friction 
- 1 • 

found from the pressure drop along the pipe. The.76.2 mm (3 inch) 
\ 

diameter pipe had pressure taps along it ta measure the pressure 

drop. 

The single slanting hot wire probe was traversed from 

near the wall of the pipe to its center. Then the Iprobe was ratated 

1800 and traversed again from pipe wall ta center, (r~f. 16). 

The signal fram the anemometer was linearized and the mean square 

of the A~ component was recorded. At each point there were two 

readings: one readin~ befQre rotating the probe and one reading 

after rotating it. The OC component of the signal from the linearizer 

was checked ta verify that the axis of the probe was parallel to 
\ 

. the flow. 

To find Reynolds stresses, one reading was subtracted 

from the other and then the result was multiplied by a factor.which 

included the angle and the calibration cons~ant of the slanting wire. 

Finally, a correction was applied, to account for the longitudinal 

\ -

" 
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cooling of the wire, using a constant. of k~ = O.04,-according to 
.1 , 

the aspect ratio of the hot wire used (ref. 16). This procèdure 

, gave the time average of the product of the 'f1uctuating components 

of the longitudinal and lateral velociti~s üTVï as a function of 

th~ distance fram the pipe wall, non-dimensianalized by the radius 
" 

of the pipe. The Reynolds·stresses -p'ü'v'ïwere pl,otted,and compa,red 

witD those calculated from the pressure drop (Fig. 6). The results 

agree within a maximum error of 6\ per cent. The skin friction 
/ 

velocity UT equals ~-UIVI at the wall and the maximum error in it is 

therefore 3 per cent. Over most of the range, however, the error is 
} 

much less than this. 

3.3.4 Wind-Off Measurements 
1 

The model was placed in the wind tunnel with the wind 

off. It was inflated at four different pressures and the readings 

of the four strain gauge bridges were taken for each inflation 

pressure. The purpose Qf the wind-off measurements was two-fold: 

to check the self consistency of the instrumentation and to ,s'ubstantiate 

the validity of the theoretical correction due ta the seal not being 

truly semi-circular. 

The wind-aff tests showed also that no detectable extension 

of the membrane due to the tension in it or deflection of the flexures 
, \ 

was present. For a given membrane length the height h and the chard 

l ength c rema'; ned cons tant withi n the accuracy of measurement for 

different ~nflation pressures. 

The results of the wind-off experiments are given in 

Fig. 7. The tension in the membrané was calculatea in two ways: 

'.-"; '--;'-, ~-, "ë""-.,-.,""',, -'-', -è~-<' ,',' 
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from the internal p'ressure and fro'm the strain measured in the 

flexures. ldeally alT the results should fall on a straight line , 

at 45°. The present rèsults deviate from this 'line by a maximum 

\ 

of 3 per cent and usually the deviation is much less. This establishes 

the reliability of the tension measurements for the "subsequent 

wind-on experiments. 

, \ 
3.3.5 The Effect of the Rigid Dummies 

The fact that the rigid dummies were not exactly the 

same shape as the model ~id not introduce a detectable errar. 

This' was proved by removing the dummies entirely while the wind 

~as on, and seei\ng that the tension and external pressure reading 

did not change. The deviation due ta the removal of the· dummies 
. \ 

was found to be less than 0.5 per cent. 

3.4 EXPERIMENTAL PROCEQURE 

3.4.1 Boundary Layer Measurements 
. . 

With the spires mounted and the model )removed ,the followin9\ 

measurements were made for each roughness. 

3.4.1.1 Velocity Profile Measurement 
~ , 

The wind tunnel was set at a nominal value of 7.7 mIs 
l , 

f 

and the comb of'Pitot tubes was mounted in place of the model in 

the tunnel. The 18 readings of the total pressure were takën for 

the measurement of the boundary layer velocity profile. This was 

repeated at three spanwise positions:' at the center line of the l 

, i,' 
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. \ 

tunnel, and on bothsides of the center line behind ~he middl~ 

spires. 

3.4.1.2 Hot Wire Mèasurem~nts for Skin Frictior Velocity 

A single slanting hot wire probe ~as traversed from th~ . 

wind-tunnel floor ~p at intervals of 25 11I1l,_ 'ThJ procedure described 

'in sectio~ 3.3.3'was u~ed for the calculation of the Reynolds stresses 

-pu·v· in the boundary layer. 

3.4.2 Model Measurements 

The geometry'of the model was measured with the wind 

off. The height of the model h, its c~ord length c, and its span L 

between the end plates were measured us;ng a ruler and sighting 
!'- w , \ . 

through the end plates. The length of the model membrane was,read 

direc~ly from ~he,membr~ne, as it was grad~ated with bentimeter 

lines. The height and diameter of the near semi-circle of the 
. 

seal membrane were also ~easured using a ruler. 
\ ~ -

The leading edg~ and trailing edge angles between the 
• ,f 

model membrane and the wind tunnel floor were measured using the ' 
"""::'_ ~ ..J 

telescope. An oblique sighting ~f the angle was requ~r.èd since 

ft could not he measur.ed near the e"!.d plates·where the vertex of 
, . -

the angle was hidden behind the end plate edge (see Plate 4) and 

the rigid dummy (Plate 2). \The angles were measured therefore 

at the middle of the span (white line in Plates 2 to ~). 
, 

With the wind on and the model inflated, the graticule 

.1ine of the telescope was aligned with the white 1ine near the 
/ 

.' 
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vertex of the angle. The.model was then deflated and a protractor 
. -

was ,placed on\ the tunnel floor, on the ,white line. The ~ngle indicated 

by the graticule line was then read off on the protractor. 

The height of the model h was varied between 40-85 mm. 

The inflation pressure P was varied in a range of 0 to 44 Pa gauge. 

For each combination of h and P the readings of the strain gage 
, , 

~ 

bridges were recorded on a chart recorder, since the reading fluctuated 

too much to be read directly o,n the digital voltmeter included 

in the B & K strain i.ndicator. 

Since the models had a height-to-chord ratio of up to 

0.,4, sepa,ration bubbl~s were expected ta form at the leading and 
! 

trailing edges similar to those found near a rigid bluff bOdy in 
! e 

a boundary layer," The two separatioA and two reattachm~nt points 
\ 

Ill\ 
(Fig. 4)-were located using a wand with a tuft attached to its 

end-, 
/ 

.The stability of the model for low inflation pressures 

was investigated. As the inflation pressure was reduced to low 
~ \ . _ l' 

values, the model star"t~d to osci1lat~ a~d subsequently collaps~d, 

The values of. these critical inflation pressures were reco·rded. 
/ 

The pressure distribution outside the model along the 

center 1in~ of the tUl'lnel was measure'd using the traversin9'static 
1 

tube. "The static tube was placed '9.5 ~ from t~e surface localJy 

parallel ta it. The ~eading was usually not sensitive to the exact 

distan~ of the static tube from the surfacè. The distance could be 

inc~eased ta abou~ 2 mm from the su~face even near t~e ~op~of the· 

mode'-. Pressure distribution was measured for each height of model 
~ . . 
for one inflation pressure •. 

-

! 

, ' 
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The vertical dimension of the cross section of the wind 

tunnel and the height of the models\ tested had a minimum-ratio of 

about 18:1, therefore -the blockage effect was expected ta be small . 
. 

A very rough estimate of the blockage effect correction 

for the coeffi c i ents Cp Cp and Cp was made for an equi va 1 ent two­

dimensional wing in the center of a wind tunnel of twice the height 

with a uniform flow (ref. 17). This is an estimate only, because 

the flow was not uniforme Nevertheless the corrections,were assumed 

to apply proportionally to the skin friction velocity. 

The solid blockage corrections for'the coefficients 2bU~/UT 

ranged between 0.3 and 0.6 per cent for the various height-to-chord 
. , 

ratios. The wake blockage effect wa~ estimated from Glauert's method 

mentioned in ref. 17, which does not use a dràg coefficient but is 

stated in terms of the thickness-to-chord ratio of, t~ ~oQel. The 
. , 

wake Mockage corrections for the coefficients were 1.·2 to 1.9 per cent • 
./ ) , ' 

The tota', correcti~ns ranged between 1. 5 and 2.5 per cent, accQrdins 

to tbe geometry of t~e model, and they were applied,to-all-the re~ults 

(although they shouJd not have been applied to Cp)' 

, 3.5.2 Tension 

Th~ tension per unit length)T in the model was calculated 
> ' 

from.the horizontal force F applied ta the flexures by the model. 

F -
T '" [cose 

\ - 1 

'.' , i 
, ' 

1 .. " "~ 

, , ' 

'~, \ 
, 1 J ~ 
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• " . -1 , ~ 

, \ 

a 
'where L is the span of the model and ~a iS

r 
the leading or trailing 

/ 
1 

1 r 

edge angle. 1 

l ' 

o 

A correction for the force F was màde due ta th~ f~ct °

1
. ~ 

that the seal was not an exact semicircle. Thus an additional horizontal . 
. ..' . ! ~ \ 

force FI was appl\ed te the flexures as, show~ in the fOllowing .ske*h. 
! ' J , l 

" 

where the su~sçript 1 dènotes values fer the seal. 

j Also " 

., 

and • (26) , , 

.... 
From the last th~ee equations 

h" 2 
1 cl 

Fi = l~(P-Pœ> (:r + miï), cos el 

,. \ 

(27), 

The fO~é 'appHed by t~e mO~elln eq. (25) is . 
~~ ,-

l, 

, " 'll ~ 

\~ 1 
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" , 

The measutêm~nt error in T is 
ô 

dT = dF + tans de _ dl 
T F l (28) 

. ::: To investigate the contribution of the error in the additional 
/ 

force fI' to the error in T, consider the relative error i.n FI calculated 

from eq. ( 27). ! 

dF1 dl} dP 1 ~ 1, Cl 2 é1 ~ FI = LI + T + Rï (2 - 8" (hl) ) dh l + 4h
l 

dC I . . 
,-taneldel 

wh,ere RI' is given in eq. (26).' 
-

The-e5timated error jn measurements.ofOgeometry for the 

model and seal wer~ dc = 0.5 ~, dh-= 0.5 mm,. dl = 5 mm and de'= 1°. 

The value of dP/P was found from the slight difference between 

the readings taken from the ~~ree infiati~n-J.ressure tubes and _ 

it' was 0.5 per cent. '-,- 0 , ' • 

. The errer in FI could be as large as 20 per cent for 

the partlcular geometries in the experiment. However FI wa~ only 
, , '.t ' 

two perrcent of the force F of the model, 50 that dFl/F=0.0~4, 
! • 

'and is/therefore negligible. The error in f was therefore calcutated 

from eq. (28) without taking into accoùnt dF1/FI. 

The estimated èrror·in reading strain from"the chart­

recorder 'output ~as 2 per cent, i.e. df/F = 0.02' and a typical 
, . 

\re~ding of a~as 520 which gives a possible maximum error of 4 per cent 
1 

ln the tension calculation. 

. ' 
"~l 

, . 
, J 

i 
) 
1 
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Ext~rnal Pressure Distribution and Boundary Layer Profi~e 
/ 

The manameter readings fluctùated more' in these measutements 
-" 'J 

than in the inflation pressure measurement~ The estimated error 
, 

~as 1 per cent. The hot wire readings had a maximum error of'3 per ~nt 

as found in the measurements 0' the pipe flow. 
1 

3.5.4 Separation and Reattachment 

The errar i ~ determi ni ng tHe di stances 51' RI' S2 i and R2 (Fi g. 4) 

is' estimat'ed as 10 nm. This is due ta uncertainties associated with 

interpreting the beWaviaur of the tuft. At the leading edge the 

,~separatian bubble was typically 20 mm long and the er:or there 

. "',,-

\ 

was very roughly 50 per cent and therefore large. At the trailing 

edge the separation bubble was about 200 nm long ~nd the percentage 

errOF was therefore mùch l~s. 
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4. RESULTS,AND DISCUSSION 

4.1 THEORETI'CAL RESUl TS' 

4.1.1 program Testing for Rigid Boqies 

the compu~er program was tested by running it for rigid 

bodies (one iteration) which have a known exact solution. 
1 

The chosen bodies all have two axes of symmetry and therefore 

--only one quarter of them needed ta be discreti zed .. 

a. A cylinder in a unifonn flow: The exact solution 1S found . 
- "" 1 

by solving the flow for a doublet in uniform flow. The pressure 
1 • 

.. 

\ 

distribution is given in Fig. 8 for various number of discretizaFion 
r 

\ r 1 

points. The solution for 17 points or more effecti~ely coïncides 

with the exact solution. 

b. ~ànkine oval: The exact solution is found by sOlvJng the 

flow for~lsource and a sink with an intensity of 2n with a 

distance of 2 units between them in a uniform flow. This 

configuration gives aocontour defined by 

tari Y' = 2y l+y2_1 
Results are given in Fig. 9 for 17 di'scretization pointS', 

and again_the agreement with the exact solution is very good. 

c. l ' Lentitular aerofoil: This is an ~erofoil which is composed 

of 'two. identical circular arcs connected at their ends (ref. 18). 

,f 

f 
, 

, 1 

r' 

/ 
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The results given in Fig. 10 give aga~n very good agreement 

with the exact solution. 

A choi~e of 17 points for dfscretization per quarter 

body gave very good agreement with the exact solutions in a11 

cases and this number was therefore chosen in subsequent use of 

the method\. 

4.1.2 Results for the Present Problem 

Theoretical results for the tension coefficient CTs 
and their comparison with experimental results are discussed in , . 
section 4.3.1. 

Several results for external pressure distribution coefficient 

Cps and the shape of the building y(x) are given in Fig. Il to 16. 
, 

The higher the building and the lower the Cp the more 

iterations were needed for the same ~egree of convergence. For 

low buildings with high inflation pressure 4 or 5 iterations were 

needed, and for hig~ buildings as many as 20 wel"e __ needécî:~ " -----
It appears that for l~-builêÎ{ng~ it is possible to present 

- .------------
'the results in the compaêt way using epl/(l-c)/c as a collapsed 

parameter. For the cas~ of buildings with h/e<10 per cent, the 

values of epl/{ireVc were plotted against CT (Fig. 17). For a 

constant slope I:./a of the ideal"ized onset profil~; the results 
I, ~ ______ /. 

'fall on a single straight '1ine with a slope of about 5. E,ach \ ! 

value of c/a gives a different straight line with the same slope. 

It is possible to compare the present theory with the 
. J 

~ 

previous approximate theory of Newman "and Tse (ref. 6). The case 

r 

• 
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of c/a -0 or ~/c _u> corresponds to a uniform 'onset f10w with no vorti-city, 

and for this case the results in fig. 17 coincide with the ~redictions 

of Newman and Tse. 

4.2 EXPERIMENTAL ,RESULTS 

4.2.1 Boundary Layer Results 

4.2.1.1 Free Stream Ve10ci ty l 

The free stream velocity was ca1cu1ated from the stagnation 
\ 

pressure at the top of the boundary layer. Since- the measurements 

were taken near the exit from' a blower tunnel, the static pressure 

was as~umed ta be atmospheric'. The values averaged 7.9 mIs and 7.5 mIs 

for the roughness (1) and (2) respectively. These values varied 

by 1.5 per'cent as the air density varied between 1.2 kg/m3 and 

J r 

3 1.18 kg/m. the boundary layerthickness was 1.4 m, which is 
/ 

well above the design value ô = 1 m, possibly because of addition~l,~~ // 
Y', 

boundary layer growth a10n9 the tunnel, as the measurements were -

ta~en at a distance of 9.times the spire height instead of 6 times 
1 

the spire height and a1so added roughness was present. Since the 

phenomena are governed by the flow near the wall only, the boundary 

layer thickness is not important once it is about four times the 

height of the model or more. 

4.2.1.2 Power Law Exponent 

The boundary layer profiles were plotted on a log-log 
j 

scale: log (Ptotal- Pœ) against log y (Figs. 18, l~)~ The power 
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le l/n for the power .1aw profile ,(eq~l, 1) was'calculated from the slope 

of the straight line (Table 1). The res~l~~for roughness 1 was l/n = 0.13 

compared to tn~ design value of 0.16, probably because a substitute' , . -
, . 

roughness was use~_ (see 3.2.3). Roughness 2 gave 1/n=0.24 as~ 

designed. 

4.2.1.3 Skin Friction 

• 

a .. 

• The skin friction veloci~y UT was found in three ways: 
. ~ 

The vèlocity profile~ were plotted on coordinates (Ptotal) 

against log y (Fig. 20, 21) to give U from the'llaw of the 
T 

wall: 

yU k U 
U - 5.5' log (_T) + f(2-2.) U - 10 ~ \1 
l' .-

The skin friction velocity was calculated from the slope of~ , 

the grap~ in the region of 0<y<0.25ô: 

b. A rèsul t of the veloc; ty-defect 1 aw i s tha t '" 

c. 

U -U 
e 1 av = Constant 

U' 
l' 

where Uav i s the average/velocity of the wi nd profil e, and 

the constant i5 3.~ (ref. 19) ~r 4.0 (ref. 20). The value 

of U was calculated from this relation, using the velocity 
T 

profil~s fOijnd in 4.2.1.2, and the results are given in Table 1. 

The bot wire measurements were reduced to give the Reynolds 
1 

shear stress (ref. 16) as described in section 3.3.3. 

,-
.' 

-- -_/ 
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~U'V' was plotted against y (Fig. 22, 23) and was extra-
/r 

'" .~- , 
po1ated ~o y = 0 to give the wall shear stress T

W 
anç! thus . 

1 

UT' The results are also given in Table L 

The resul t for U found by hgt wire for roughness 1 
.T 

is much higher than the results abtained from the ather 

two methods, possibly because the, roughness was not large 

enough to eliminate the eXcess turbulence which is produced 

by the spires (ref. 13)., 

Since the mean velocity level is the dominant parameter 
• 1 

wh; ch determinjes the shape of the prof; l e and the tens i on 
1 

in the membrane~ it was decided ta use the values obtained 

from the mean velocity profiles rather than the hot wire 

-" 

readings and the values of U which were used for the'coefficients 
T • 

were 0.24 and'O.36 for roughness 1 and 2 respectively. 

4.2.1.3' Two-Dimensionality of 'the Wind Velocity Profile 

There was a variation of the wind velocity profiles in the 
1 

lateral direction across the tunnel, i.e. they were not perfectly two-

dimensional. For roughness 1 the power l/n was 0.13 at the centér line, 

and 0.13 and 0.11 near the ends of the model. For roughness 2 the 

values were 0.24 at the center line, and 0.23 and 0.20 at the 

other points. The values 'at the center line \1ere the ones that 

were assumed when comparing theory and experiment. 

1 , 
! 

1 .. ! 

,1 

" 
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4.2.2 Mode 1 Resu 1 ts 

4.2.2.1 Tension and Inflation Pressure 
1 \ 

The tension per unit'length T in the cloth was calculated 

from the forces on the four flexures, the s§al geometry, the 
1 

,inflation pressure and the leading edge and trailing edge angles 

{see section 3.5.2}. The difference between the tensions calculated 

at the leading edge and at the trailing edge was ± 3 per cent, 

which is within the range of the measurement err~r (section 3.5.2). 

The difference was nct attributed ta wind friction, because it 

was not of one sign. 

The tension and the inflation pressure were reduced 

to non-dimensianal coefficients as defined in eqns. 4 and,5 using 
1 

~he appropriate UT for each roughness. CT is plotted against CPT 

io Figs. 24,25. Each curve is for a givel1' membrane length or 

rnodel'height and all ~re approximately straight lines which do 

not pass through the origin. f The curves are in the consistent 
, . 

order on the graph i.e. the tension is higher for the lower mode 1 s 
\ 

for a given inflation pressure and each roughness. 
J , 

\ -
Fig. 24, 25 have a lower limit for CPT and CT. marked 

- \ 

by a bold curved line across the CTT VS-CPT lines. The bold 

l ine marks the critical inflation pressure coefficient for which 

the model collapsed. For a pressuré slightly above the critical, 

the models oscillated irregularl!' and partially coVlapsed at the' 

leading edge. The' cr.iticaf"inflation press~r,e for the lower 

" 

1--------------·-------- -
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models was somewhat uncertain, since complete colTapse was 'not 
\ 

observed even for zero inflation pressure, and the instability 

line is therefore !shown dashed in this region. Thfs observation 

agrees with the results obtained by Newman and Tse (ref. 6) for 

thin lenticular aerofoils; they also did nct collapse when the 

inflation pressure was reduced to zero after the wind was turned 

on. 

The results in Figs .. 24, 25 are based on the skin friction 
\ . 
veloclty U. Ta make them useful for practical purpoSes, the data 

't 

should be related to a wind velocity at'a height of say 10 m above the 

ground U
lO

, where it is usually measured. Table 2, which 1S based on J 

the work of Davenport Cref. 7), is therefore included. It, provides data 

on winds blowing over various terrains of different roughness, 

including those represented by the present experiments. 

4.~.2.2 An Attempt to Collapse Parameters 

It was concluded in section 2.3.3 that the tension 

coefficient CT. is a functiûn of the parameters (l-c)/c, CPT 

and n. An investigation is made here, based on the experimental 
\ 

results, Whether n is necessarily a parameter of the\ problem. 

For the purpose of the investigation, the experimental data were 

plotted on a graph of Cri/Cpi against l/Cp, in two sets of curves 

(Fig. 26, 27), one for each n. 

C TT _ T 
C
Pi 

- ......,( p~--p ... ...,.)-c 

and this quotient does not de pend on a velocity, a fact which 
( 

facilitates this investigation. An atte~pt was made to collapse 
( 

• 
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, 
the two sets of curves (Fig. 26, 27) onto a si n91 e set of curves 

50 that <> 

without inc1 uding n, where CT and Cp are coefficients based on 

. sorne velocity chara'cteristic of the problem, ,,!hi,ch is neither 

'U nor Us' 
't:. • 

The c9.11 a pse of pa rameter.s cou 1 d be done by choos i n9 

an appropriate reference velocity to base Cp and CT on. 'Such . 

reference vélocity was expected to be the velocity of the undisturbed 

onset flowl"at a height of a constant fraction of the model for 
\ " 

a11 rnodels and roughnesses which were tested. However, no such 

constant fraction was found ,Alhich proves that the system is 

characteri zed by at 1 east, three parameters, and i s dependent 

a1so upon the roughness pararneter or wind profile parameter, i.e. 

4.2.2.3 Exter'nal Pr'essure Distribution 

The pressure d.istribution meàsurements were reduced 
, 

ta an external pressure coefficient 'Cp (eq. 7), and were plotted 

against sI! (Figs. 2B to 37), where s is measured a10n9 the surface 

of the mop.el\ from the 1,ading edge. 

4.2.2.4 Separation and Reatt~chment 

The distances of the séparation and re'attachment points 

from the 1 ead i n9 and tra il i ng edges (Fi 9 • 4) were pl otted aga i ns t 
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CP' These distanc~s were normalized in terms of the membrane 
T \ 

length t, to give 5 1!t. ~1/1. 52/t and R2/t.' Each model gave 

a separate curve (Figs. 38 to 45). 

The locations of the observed trai1i.ng edge separation 

point $2 were marked on the pressure distribution curves (Fig. 28 
l " 

_to 37). The points are close to the position where the trailing 

edge pressure becomes constant, as would be expected at separation. 

The curves in,Figs. 38 and 40 are apparently not self-consistent. 

This rnay be attributed ta the fact that the relative error in the leadin~ 

edge separatioA point was large (see'3.5.4 ) and Figs. 38 to 41 give 

only a general idea' of the bubble size. The trailing edge separation 
J -

bubble measurements were much more exact and it ,is evident from 

Fig. '42 to 45 that the separation bubble for roughness 1 (open sea) 

i'$ larger than for' roughness 2 (sparsely wooded country). The 

size of the separation bubble corresponded to the height'~f the 

models, and a higher inflation pressure reduced ,the size of the 

bubble, prooably because it kept the model firmer and closer 

'to a circular arc, whereas a low inflation pressure allowed the 
" , 

shape of t~e building to become more curved at the trailing edge 

and cause earlier separation. 

4.3 GOMPARISON BETWEEN THEORY AND EXPERIMENT 

4.3.1 Choice of a Method for Matching Wind Profiles 
{ 

The choice of the ~atching method for the_wtnd profile 

(section 2.4.2') was based on th~ comparison between the theoretical 
, 

and the experimehtal results for the pressure distribution for 

\ 

j 

1 
~ 
i 
! , 

• 1 
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the lowest model. The lowest model had a minimal flow separation. 

and this ensured that the chOiC~, of 'method would' not be particularl,y 

effectèd by this source of error. A fe~ results for various 

matching me~hods are given in Table 4. The theoretical results 

are compared with the experimental results for the lowest model 

and roughness 2 for the e~tremes of the pressure i.e. at the 

leading edge 'and at the- top of the model. For the purpose of 

the comparison, the theoretical coefficients were mutllplied 

by (Us/U )2 so that they were based on the same velocity U as 
T T 

the experimental C. The comparisQn is given in Table 4. Method 2. p . 

which matches velocity and slope at the top of the building, 

gives the ~est results, followed by method 1. 

4.3.2 Tension 

All the theoretical results were plotted on a graph 

Of_Cp~ against CTT and the value o~ (l-c)/c was noted for each 

point plotted. Then by interpolation, lines of constant (l-c)/e 

were plotted. The.se are compared with the/experimental results 

in figs. 46. 47. The discrepahcy between experiment and theory 

ranges from ± 2 ta ± 15 per cent. 

The experimental results were expected to be close 

/ 

to the theoretical results found py Newman and Tse (ref. 6) for 

the case of small height-to-chord ratio, although in the pres'eflt 

work the onset flow,was not unif~rm. _The coefficients CT T and CPt 
/ ' 

in the present experiment, were changed 50 that they were based 

o,n the onset velocity at the top of the model Uh at y = h for t~e 

purpose of comparisop. 

: 

" ' 

L '/ -
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Th!! results are given in Table 3." Comparfson between the present 

experimental results and Newman and Tse's theoretical prediction of 

CTh. shows a 6 to 15 per cent di fference for -the lowest mode 1 a!}d. up te 

32 per cent for the second lowest model. ' 

The experimental eTh is higher thpn the one predicted 

by Newman and Tse, possibly because' the onse~ velocity above 

the top of the mode i was great~r tha/n Uh and caused the tens i on. 

to be rhigher. The velocity below y = h was of course smaller 

than ~h' but must' have had less influence of the tension. 

4.3.3 Pressu,re Distribution 

The comput~t: program can only find (t~c)/c from Crs and 

Cps and not the'otherway around (2.5.1). In arder to find CTs 
for a specifie combination of çps' (l-c)Jc and l/n1 a few runs 

, 

.were needed varyi~g Crs 51 ightly in eac~ run, until the correct 

"{.l.-c)/c re5ulted. 

C .l.:"c h For the comb; na ti ons of.. Cps • T5 and c w i ch were 
-... 

found, the pressure distributions are'compared in ,Figs. 48 to-51. 

/ " 

( ,1\ 

- / 

1 
ï 
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1 
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J 
The difference' is as ,low as 5 'per cent for the 5J[lall height-to-chord . 
ratio cases, "far enough from the separation zones, for roughness 2. 

In pther cases, the theoretical C results are a much poorer 
" PT 

" \ <e 

prediction of the ~xperimental'CpT' 

4.3.4 Reasons for the Discr~anCies 

In the cases where th~re ar~ discr~pancies between 

the experimental and the theoretical· results, they may be attributed 
'. 

to two factors: a. The forming of separation biJbbl és at the 

leading and trailing edges. b. The onset flow approximation 

of the power law profile by a straight line profile. 

4.3.4.1 Pressure Distribution; 

The largest discrepancy for the pressure distribution 

is near the trail ing edge at the location of the,larger s.eparation 

bubble. It is evident from Fig. 28 to 37 that the pressure distribution 

·is greatly affected by the trail ing edge separation. Both the 

smaller separation bubble at the leading edge and the large separation 
. \ 

bubble effect the pressure distribution over th~ whole model. 

Th4t caUse a displacement 'of the'flow, so that t~e apparent chord 
\ . 

_ 1s longer, which 'gives effectively a smal1er height-to-chord 
. t ' . 

ratio, thus causing the pressure- distribution c~flatten. 

Ind~ed, in Figs. 48 to 51 the absoT~te value of CPt is generally 

s.maller for the e~perimental results than for th~ theoretical 

results. 

. " 
. l, 

l' 
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~T3-4-2 T~nsion Coefficient 

The theoretical CT was expected to be higher than the 
1 :r , ' 

experimental for given Cp and (.e.-é)jc, 'since the matched unifonll 
T 1 

.vorticity profile had velocities wh.ich were" greate~ than 'the actual 
'-, 

- ", onset velocities everywhere, as shown in the sketch. 

Ihjs proved to be ~rue for roughness "1, but not for rqughness 2~ 
. , 

.No explanation was found for the fact that for raughne~s 2 t~e 
- \, ' 

thebretical tension coefficient was lower tha~ th~ experlmental 
Q 

tension coefficient, but it 1s ~ossible that the separation bubbles 

which were present in the experiments caused somehow a higher 

. tension_ 
x .. ~ 

f 
\'4 

1 

1 
J 1 
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.. 
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5. CONCLUSIONS 

5,.1 EVALUATI~N OF THE,RESULTS 

Since buildings are typically in the wall-law region 

of the boundary layer, thè tension in the membrane, the inflatiO,n 

gauge pressure and thè external pressur-e dis~ribution, which 

'were meas!Jred in the experiments, were rëduced to non-dimensional .. ,a 

coefficients using the skin friction velocity. rhe results presented' 
l' • 

• in this way for various h~ight of bu~lding are convincing a'nd show 

a consistent change of tension'with ,height. 
1 

The'.completion of the span of the model uSing rigid 

,rdunmies did not introduce a détectable error, and the assumption . , 

.~ :hat the tension doe} not vary sign!ficantly a~ong the membrane 

due to Wi-n9. fr..fction was confi rmed by the experimenta 1 results. 

The separation bubble at the leading ed,ge was smail 

and became smaller 'as the inflation pressure was reduced for a. 1., 
• 'f 

.~ J given' memb~ane·length. The separation bubble ~t the trat1ing 
, . 

edge was large, and it became larger ?s the inflation pre\sure 

was reduced • 

• -
Of the various methods which were tried to match a 

streaming flow with ànifôrm vorticity to a wind profile with a 
" . 

power 1aw, the method which required the slopes of both profiles 

at the height of the buildiri9 .. to be the same, gave the best comparison 
1 • 

" between experiment and thectry. The second bes't was the method 
1 

... ~, 

wh1.ch required 'the average dynamic pressure over the heigh~ of 

. t~e building to' be equal for both profiles. 
1 . 

" / 
l , , .. 
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The present theoretical results g;ve a predicti-o~ of 

,the tension wi thin, 2 to 15 per cent; ,The pr~d;rtion of the pressure 

di~tribution for small height-to-c'hord ratio !1 f~ir for th~ 

region between the flow-separation zones. In other cases the 

pre'diction of surface pressure is less satisfactory. 
Q 

1 The ·present theoretical results are in' very good agreement, ,-

with Ure previou~ work by Newmqn and Tse (ref. 6) for a smal,l 
\ 

height-to-chord ratio, and the experimental results alsq give { 

good ~9reement with this previous work. 

, 
5.2 < PRACTICAL USE OF THE PRESENT ~~ORK . 

. The experimental results are useful for design of long . 
cyl indrical infl atable buildings in actual steady crosS wind 

• conditions, near open sea or in>sparsely wooded country. 

Data for other types of terrain can be found by interpolation 

and extrapolation. The present theoretical method is useful 
, " 

for ~alculat~on of t~nsibn for any wind profil~. 
J 

An intriguing aspe~t of the present work is that the 

internal pressure for low two-dimensional buildings·may be decreased 

• 'w;th 1ncreasing wind speed without encountering instability or 

collapse.' If this benaviour is applied for a real building of 

finite length, then the membrane tension would be greatly reduced 

resulting in thinner membranes and reinforcing cables. To obtain 

these savings, the inflation pressure would be redùcèd as the wind 
p • 

speed increased, contrary ta practice on other bUilding shapes . 

• 

" 

• 
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5".3 SUGGESTIONS FOR FURTHER WORK 

The theoretical solution could be improved by taking 

into account the separation bubbles. This might be done by adding 

singularities at or near the leading and trailing edges which 

would give the separation and reattachment·conditions found in 

the experiments. 

- .... ~T 

Further experimental work could include measurement 

,of't~e's~ape of the model and comparison with the theoretical 
1 

shape. Smoke tunnel tests would give more information on the 

separati10n bubbles, and the results could be used in -the theoretical 

representation of the bubbles. 

A theoretical solution of a different character could 
. 

be devised to solve the whole flow fiield'outsyde the building 
1 

in the actual ons et flow with turbulence and viscosity. this 

would be a complete solution of the Navier-Stokes,equations with 

a modelling of the turbulence, using a numerical method w~th 
1 

iterations for the unknown portion of,the boundary, i.e., the 

surface of the building. The sOlùÙon would predict 'the flow 

separation and the asymmetry of the shape. 
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APPENDIX 1 

Approximation of a Power Law Profile by a Streaming Flow 

of a Uniform Vorticity 

The approxim~tion was needed fof the present method of 

theoretical solution which can nandle a streaming flow with uniform 

vorticity and not an aàual boundary layer of a power law profile. 

Two unknowns are to be found: a and U (Fig. 1). Two ,s , 

assumptions were made for the matching (method 2): 

1. The approaching velocity at the top of the bUilding (y = h) 

i s,the same for both ~c tua 1 and i dea 1 i zed profi 1 es. 

2. The vOrticity (or the slope) of the approaching onset velocity 

prc;>file at the top of the building (y = h) is the same for 

both profi 1 és. 

. , 

The two conditions are expressed by 

dVa 1 dUb 1 
dy y=h = dy y=h 

which results in the following equations: 

aU h a-l 
~ (-) 

~. ô 

! 
1 

i>l 

, ,) 

, ,~ , . 

, 
1 
i' , 
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where a=.!. n 
and 
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h 
~ = -a 

Simultaneous solution gives: 
a B =­l-Cl 

Results for the present experiments are given in the fol1owing table: 

lin h/a 
, 

0.13 0.14943 

0.24 0.31579 

Note tttat Ue-and ô wh'tch. are used in {his secti~n may 

be a reference velocity and corresponding height on the power-law 

profile, and not necessarily the free stream velocity and the 

boundary layer thickness. 
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APPENDIX II 

The Computer Program 

I-1. program notation 

A( l, J) 

AA 

AL 

BB 

CPI 

CP( 1) 

CPIL 

D( 1)' 

DDY( I) 

N 

R 

SL(I) 
. 

S5(1) 

T " 

~ VV(I) 

- VVX{I)., VVY(I) 

Matrix of coefficients of influence. 

A constant' in the onset profiTe VXF( I). 
. 

Total length of the curve. 

Matching parameter. 

Inflation pressure coefficient. 
1 

External pressure coefficient. 

CPl/t/(t-e) le. 

Right hand side ofAx=D. 

Local curvature. 

Number of points on a quarter body. 

Radius of curvature of the wind-off case.' -

A coordinate along the curve. . . 
Strength of a squrce or sink element. 

Note: The strength of a source differs in 

this program fram the conventional notation 

by a factor of 4n. 

Coefficient of te~sion ~T' 

Magnitude 'of the ve}ocity at control pOlnt i. 

Components of velocity at control point i~ 
• 

VX(I, J) VY(I, J) Components of .the velocity induced by the i-th 
1 

element at the j-th control point. 
, . 

" 

- " 

/ . .,; .. 

, "' , -
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VXE, VVE 

VXFrI) 

'. 

The same as VX{I, J), VY,{I, J) but in element 

coordinates. 

The ,onset fl aw ve-laci ty prafi le. 

X(I), Y(I) 

XI(l), YIO) 

Caordinates of the contrO"l points (Fig. 5)., \ 
, -

o XE, YE 

XN(I), YN(I} 

Coardinates of'the surface points (Fig. 5). 

Coordinates in a system,attached to an element. 
r , , . 

Camponents of a unit'vector normal to the i-th 

element. 

YC{ 1) The ~ine of the angle between an element and 

the chard (sin el. 

1-2. Notes 

1. Lines 21 to 30 

Cho;ce of points. Starting at the leading egge, the points 

are concentrated. ContJnuing to the next points, the length of 
. . 
the elements increase~ by a factor of 1.5. End;ng at the centerline 

of the building, the points are sparse and the elements are of, 

equal length. 

2. Lines 42 to 54 
- -

Control points, length of elements. total length of curve. 
. , 

unit vectors normal to the elements and onset uniform shear flow 

are calculated. 

l. Lines 60 to 64 

The body h~s two axes ot symmetry, therefore only a quarter 

of the bQdy is considered and then reflected in the planes of symnetry 

to gi've three images. 
\ - ... 

'1 

, \ 

" ~' 
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4. Lines 84 to 86 '- . ~ ~ '" 
Values are assigned 'ta the matrix of coefficients of infl~ce' 

A .. and the system of algebra;c equations i5 solved, using a library 
lJ ' 

subroutine, to find the strengths per unit length of the sources 
• 

and sinks. 

5. . Lines 101, and 136 to 158 

The local curvature is found by integration. First sine 1s 

found and later y is found fram e. $ubroutine ANTGL finds the 

area under a curve by approximating each three adj~cent points 

by a parabola and by smoothing. The subrout1ne 1s good also for 

unequal increments of x. 

, 6. Li nes 102 and 105 
o 

The boundary conditions are incorporated into the result , 

of the 1ntegration to give a new shape. 

,-
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() 

"r 

sw~1'FIV .TIME=60.PAGES=60 
C TIiE PPEe",," SOL VES THE PROBLEII OF "... 1 N"LATASLE EUILOINJ_ 
C OPT ION 1: IN " f' IItEO UN IFCRM SH~"R FLOW 
C OPTJON 2: IN A FLOATHG UNfFOR .. SHfAR FLOW WH}"C" MATCHES A GIVEN POWEIt PROFILE 
C 
C J NPUT: 
C .1'::11/51 ON CO!FFICJENT ; 
C l'~FLAT ION PRCSSUR (O~FF le lENT 
~ EITHER THE SLCPE Of THE UNIFORM 5HEAR FROFOLE 
C OR TH~ MACHING PAQAMETEf: FOR .... POWEA LAW FI1CFILE 
C 1 
C -OUTPUT: 
C THE LOCAL Vf:.LOCI TY AT THE SURFACE OF THE BUILDING 
C THE LOCAL P~ESsuRe COEFFICIENT 
C THE LOCAL CURVATURe 
C THE LOCAL ~NGLE ~ET_E:N TH~~ButLOI~G AND THE CHC~D 
C THF LOCAL CtfOf.'c.,Jse C"HD'NATE 
c TH~ LOCAL L~N6TH~lS~ COO~OI"'''TE 
C THf: SHJ.PE OF THF. autLOING 
C THE LENG1'H OF THE BUILDING MEMeR""'! 
eTH!: 'c:U"Rt::.NT PRUF1LE SL'lPE TO >t.ATCH BUILDING HEIGHT -(OPTION 2' 
C 

T 
(Pl 
ÀA 
U 

VC 
(P 

SINIfH) 

" Sil. 
'ri, xl 
L.~ 
UA 

CALI... t TE RA TI ONS AI:E PRI.,1'ED. TtlE LAST CNE IS THE SOLUTION. URES! ND ·CONver.GE­
e ".CE HAS ~EE"I .ACHJEI/EO A"TER l'IL. 1 T:RATJOfolS. 
C; 

OdUBL.E PRECISION A.e,WICoI'Re:.A.O 
D1M€~SICN 9(~O,1) 
01 "'EM: ION WKAREA'SO) 

/ 01 totF. NSI ON XI (r.O) • y 1 (!oC, .)C (~O) .Y« ~o 1 • A\.,F If 0 ) • os ISO' • cP 1 50'. "clIr.o) ~ 
1 J:~II 5(' ) • yt'( sn) • fI( âlJ J • Il X ( 50, 50) • VY':';O .5 CI. 55« 50 t .A' !)o .50J .001' 150 J 
2.'I/I/X(5:.J) .I/I/Y&!:iOI.l/vt50 •• VKF(501 • 
DIUF"'SI~N SL(~O' • 
Plz3.1"ISÇZéJS36 
BB=.3158 
NL=ZO 
OC 1234 IP=,.. , 
REAO /IZ35.T.CPI.AA 

1235 FOP_A~llFl0.5) 
A",T.fCPI 
AM,,- SORTI A*q-. 25' . , 

C7 OATA FOR SUBRo.n IME I...EOT2F r SOL.VfS S!:T OF LtNEAP EOUATlCNSU ......... . 
N·'7 ' 
Mal 
1""'50 
IOCiT.S 
YMzO. 
N~,.N+l 
",,11:101/2+1 

c 
C CHOleE OF PorNTS, X COlADINATE 
C, . 

NMS=N-S . 
Al-.25'.1.5 ..... M5-1., 
DO 1 10 1 t .... NMS . 
It 1( 1'="1*(1.5 •• ' 1-1 }-l." 

1I01 CONT 1.4Ut 
~.(.!':-JU Ut~UJ '6~ _ 
00 Il 02 ,= ,..\15......... - • 

IIOZ xtU+J) -=-Xl( M<SJ+f1-NMS+UtJCD 
' ____ DO~ 1100 l:leNPl ---

, 

-. .,' 

, 1 
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0' 
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30 
31 

32 
33 
H 
35 ' 
~6 
]17 

3a 
39' 
40 
4\ 

42 
43 
4. 
4S 
46 
47 
4a 
• 9 
50 
5\ 
52 
53. 
54 
55 
56 

~7 5. 
59 
.60 
61 
6~ 
63 
6-6' 
U 6. 
.9 
70 

o 

)) 70 

. \ L 

XI (1) =XI ( 1 )-.5-
yy.;:R-R -xH Il**2 

c 
C CALCU~ATION OF tNITI~L'SHAPE. y COC~DINAT~ 
C 

1100 
yt(l)=SOqTCYY)+R" 
CONTINI.E;: 
00 l "''4=I.NL, 
AL=O. 

1001 
pl:ët ... n!)OI' . 
FC'~/<I .. T C • 1" • T 15, • X •• T35. • Y' • T55. • vC • • T75. 'cp • ,T'il!!.' y, CNE'" , • 

1 TIl5,'XI'/.I' • 
»0 40 1=1.1'4 
00 40 J:I,III 
vxe 1 • ,n ::0. 
VY, 1,,J ''''0. 40 

C C CALCUL~TION OF SURFACE ELe~ENTS'ANO aNSer FLO_ P~OFJLE 
C 

00 12 1:::1 .... 
)((l'=IXI(I)+X/(I+l);''S 
y CI'" (l" lC 1) +V li J +·11 J'. 5 
OXF'Xlll+l )-)(1(U . 
ov=ylll+I)-Y1(/J ' 
~StIJ=5QRTCC~.Ox+DY.OY' 
AL=AL+?·OSU' 
!;LCI J=AL/?-OS( 1 '/2 • 
4LF( 1 )"'4T A~oI'2 (DY, OX) 
XNCl':-SI~(ALF(I») 
VH'I'=COS(~LF(l') 
VXF ( 1'=1. +Af!S CV (1 J ).~A 
l\ ( 1 1=- "N 1 t ) • V lIF « 1 , 
8 ( 1 • 1 ,: 0 ( 1 ) 

12 COIIITr"llO!!" c ~ 
C CAL(U~ATIQN OF THE COEFF1CIEK!S OF INFLUENC~ 

- C. -

.. 

00 lCO J -"N 
OC 10~ ,j .. hN 
00 '50 1("'1 .2 
INO)ê=-ZU:+3 
00 50 L-l.2 
1 NOYc-?.L+3 
s ... rNOX'SJ"CALFCJ)' • J 

C=INOV .cns' ALF( J.) J 
IF( lNOY.EO.-1 J GO TD 3 
IF( JNUX .eo .-1 1 GO Ta 3 
lFll.NIt.J' Ge tO 3 
VXE-O. " 
VYE~z.·pr 
GO TD • 

.. ~ TAANSFORMAT JON TC ELEMENT COQRDllIIATÈS 
,; Tt 

, ~ X,(=.JCC J I-X(J).INOY 
VVa:Y' U -y CJ J .INO. 
XE=AlIJJt+yy*s ' 

''(JO", .. )(1(. 54 ,,, .... c =---------~--;:-----­
AN=(Xe+.S.DS(,J') •• 2+ve.VE 
A 01=' , xt:-. S*Q st ,J) Jt. 2+ YS-"fE 

/ 

, 1 

", 

, \} "'. ' 

, 

, .' 

• 

1 

'. 1 

~'( ~.. • ,..~" 1 • 

\ .:"'t ~l"" 

" , 

t, • 

" " 
1 



r 
:t À:r, . . • 

.~ 

, ! 

1 
C, j 

'" 
1 

77 
78 
79 
80 

81 
52 
83 
8-
85 
8e. 

• ." 88 
89 9" 91' 
92 
93 ~ 

94' 
95 . ~6 
97 
9" 

99 
100 

1 • 101 

~" 10Z 
f~ 1 ~ 
J05 
106 
107 
108 
109 
110 
Hl 
112 
H3 
lU, 
ilS 
116 

, 1 

117 
lUt 
119 
UO 
121 

.122 
123 
12. 
125 
126 

" .. 

. , 

'" 

1 

71 
~ 

... 

l' 

t: 
C TRANSFORMAT ION SACK Ta aODY COORCi'IN4TfS 

i' VlCC •.•• JJ=(YXE-C-VYEtS)-JNCY +vxu.J) 
_ VYCI.JJ=(V.~-S+VYË'C'.JNDY +v~(I.JJ 

50 

100 
300 
C 

CONTINUe 
AC 1..1 J 
CONT lNUE 
CAlL L!::OT1FCA .M.N.I A.e.rOf,iT.IlfIC_I:lE· ... le'U 

C C,U.CUlAT ICNoOF VEL[~pTlES "ND CP • 
C ." ! •• ~ , 

Dt) 30 .-!tH 
3D SS (1) ':"BU.U 

OU 2P i - •• H 

2,0 
\lVX (1 '.-0. 
VVYU) -o. 
on 2il l"I,N 
00 2'1 .1"1.'" 
vvx" , -VV)C fi ) +vY.( t, JJ "S5(.I' 

21 "VYU ).:\lV r(l , +VYCI, J, -S!I JI 
22 i --WC l , .. 6Q~" (MVJ(<< 1 J.vJ(F( fJ) •• 2+V\lY( J > ... a, 

Dll 10~ 1'*1... , " 1 
C~( l ':1 .-V,V( 1' •• 2 

C ' j' 
C CA Lé'\IV TI ON OF THE SHAPE F l:eM CI' 
c 
103 

OOY (1 'r~ (CP( 1 )-CP I)/T 
CONTI ""u!: 

./ 

o 

C.,.l ~""TGL( N. X. DDY, ye) 
c ..... ' ••••••• 41 ......................................... ··.·'(Cf J."SIN ('nU 

ou 102 1 = 1... . 
J02 

yer na yen J -YCIN' 
YI 0+1 J =YII 1',+ OU (1+1 '-X If JJ )'SCAT{I.-Y'C( Il''ZJt'tC( Il 
CONTINUE ., 
IFtAVoLT.I.OOOOOOI) Go TO 83 
cPt&. tCPII'SURTn~L-I. J " 

" aD 
• 00 00 .-l.N 

PAINT , ooo.X( r) .YI1' .VV 1 u.cP( 1 ).'YIC J J. XI( 1 J 
FOAMA Tl6C 10X tF 10. SI J . 
PAIIIIT 81,YI (NPI '.ICHNPI J 
F OAMAT C 80Jé.2 Cl OX, FI 0.51 J 

·pf/ .... r 1002 ,lE'" .JOGT -
1002 FORM"r'/'3x.·1EP .. • .. S'3X.·IDGT.·.tSJ . 

1000 • 

81 

".""I,,,T J 003,., .cP. ,Al '. o.' 

1C>03 ~~V:~T:~~l~À~.~T~ir!SM5 .10110 ·CP •• - .F. O.~.l ox t' Le DLO' .' ,FIO.S' 1 

~oo. ~2~:~~~~05c'A .... FJO.5.5 ..... CPI'SQRTCE,.',FIO.5 •• 0X.'J1A/NO.*"121 

1005 FORMAT C "Tl S.' $.I&.' .T35.' CP • • Tfl2. • CU"VArÙR~' i r 15. 'S j'NCTHJ ..... , 
00 82 1-1 tH 
sa.*SLf 1 "IL 
P.RINT IOOO.SOL.CPCtIoDl>YtO.YCUJ 
EP'S"'AD;' YI'.-Y 1( NP 1 U 
IJt'fPS.~.oooo.' GO Ta 999 
Y,","'YH Nfi>jT) . , , 

1 
1 

'~,~ ~ "-,, \. , 

L" ,l", .:' t ~ CI 

~J / ~ 

. " 

~. ' 
-, 

. " 
, ~. J '..,:_ 

". 1 :., 

'!: 

.. 1~ 
~ _., , .-
"., ~" -1 r 

t " 

, . 

, 

1 • 

" 



( 

l, 

72 

, , 

C' f. , 

C AOJUST~ENT OF THE SLOPE OF THE UNIFÇA~ SHeÀ~ PROFILE (OPTION 2' 
C FOR OPTI CN 1 A EM!)Ve THE FOLLOWI NG STA1Ef04ENT· 

127 J 
128 
129 
130 
131, 
1.52 
1.53 

13. 

C ' 

1 
999 
12~4 

A'~BBI'Y'" 
1 F'( y,," .(;1. t.» co 'to 999 

" CONTHlue 
CALL PLOTI C XI .YI ,NPI ,90) 
CON:rINUE 
STOP 
fND 

. , 
SUSAOUTINE ANTGLCN,X.ViSFJ 

. ' 

C 
C 
C 

135 

THE SUBAOUTI~E J~TEGAATES USING 'A OUACRATIC SPLJ~E WITH SMOCT~I~G 

ollolENSION XCSOJ .V(SO) .SF(SOJ .-.A;'C50' .ee~(so ';CC(50' 
136 
Il)' 
138, 
139 
140 

••• .. 2 

143 

144 

155 
fSII't 
un' 
158 

10 

71 

""MI:N-l 
OC 70 I=?,NMI 
FF=XC 1 '-xCl+l J 
OO=X( 1 ', •• 2-X( 1+11-.2 
PP=X(I+l).~ClJ •• 2-X(J»-X(I+l' •• 2 
DET=FF. xc J:;I , •• 2-00. x (1 -1) +pp 
A.u ( 1 )" ( v ( 1- 1 U".F-l\ ( 1 - 1 ) .( yC 1 , - yi 1 + l) ) 

I+YCIJ.~(I.l'-Y(I+l)·XCI'J'DET 
9aR(I)=rcvrlJ-yr~+1".X{J-l) •• 2-Y(1-1)*OQ 

1 +v ( 1 + 1 ) .. ~ ( 1 ) li- .;>-y, r ). JI!: ( 1 + 1 J. *2' .lOf. T 
CCC« 1 »:; r (X ( 1 1 *y (1+1 J- X C J +1 J*Y« J , ).X fi - Il •• 2 
I-X(I-1J·(Y(I+l'.X'I~ •• 2-YIIJ.X(I+11-.2) 
2+V( 1-1 '.PI",.,OCT 

CONTINUE 
A ... , 1 1=4AM 2) 
BSfI(!J=eeeC2' 
CCCC lJ -ccC( 2' 
A_A'N,="A~'N-IJ 
8AtH NJ =8Bf;C 11:-1 ) 
CCCCtU ~CCC( N-I 1 
SFCI '''0. 
00 71 1 -I,NM. 
OFaCA.A' J ''''AAAo( r+ 1 J '.C xc t+ l) •• !-x(I ) •• ~n,.ô. 
1-(eee(')+~~~CI+1I'.(X(I'.'2-X(I'I' •• 2'/ •• 
1-(CCCC1,+(CC,J+l'J*,XCIJ-XCl+IJJ/Z. 
SP( 1+1 )"SfCl '+OF 
CONTINUE 
RfTUR"" 
END ... 

~DATA _ 
-EXTENSIO. PS~UOO VAR1~BLe o J ME NSI ON' Hl; ASSUlIIED FOQ ~RRAY "KA"EA 
,.~XTEHS-IOMo PSEUDO VJII:n .. BLÉ DIMENSION ING ASSUMED FOR AAqAt 8 
·El(,1~"'5"10N- PSEOOO V,f.RIABlE o f ~E"SI GNJ "":; ASsu,.,I;C FOt: "ÀMAY Il 
-eXTENSION- PSÈUOO VARUOLE 01 MCNSJ ONI NG ASSUMED FOR "'-" A Y [(fUU. 
,-~XTÈNS'ON. pseuoo VA RI ABLE 01 foIi;;IItS 1 !:lN) t.G AS$u,.,ec FOR AJlIUV IPVT 
*ElCTENS ION. P$EUDo VARIABLE 01 l'F.NSI.ONI HG ASSUMEe FOP ,1ARAY LU 
.e;x TE rIS 1 0 ... rSEUOO V .. ,:JI~8LE D.ME~SION1"G ASSUMEO FOR .. f(~A Y A-*' X Tt: "'1 0 .... PSEUDO VARIAaLE OI"ENSI CN.t.G ASSUMEe POf; AItAAV.lI( , 
·CXTENSION- PSEUOO VARIABLE DJ"'!:NSIONl~ AS5Uf,/EO "'DA "PRAY IP"T 
.exlE NSI ON" psEUDO VARIABLt: OIMENSJONJt.lG ASSUMEe FOR .AkAAY 8 

: 

.. ' , . 
" 

- ,'" 

'l' ~"-l { 
F " 

l, 

_ . ... . ~ 

-, '. 1~ ~ 
j • ~ _ la> 

] c - - ~ , 

.. ~ ~ T 1 

" ,'" ':.~;.. 
_" r> ~ -1 ' : f~, 

4 0 

, \ 

l. 

~ , , 

, .:.: .. ·~:,:t;>~~~-i!::;;:;'è)".' ';: 
( , ~,~ 
, ; 1 ~ - t 

, .~ "1.~-

'-~ 1 
, 1 t ~- ~ 

c" 

) 

~ ,,-' , 
.', 

• 

\: 



, " 

- (:, 

,­". 
1'.,L ,L 

"'- .. ;' 

- .~ .. _~-, ~ 

'1~7 ~,I 

" 
'~~ "f 

4' ",' .,': .-:,o,,,,.:tip.n '1,', 

" ' ~".~.9ê3.a 
, '''0.''96' 

.~O,.:~9315~ 
~Oi.4~5 -0. __ '351 
":0. 4:7~.29 
''''-.",,''60~'1 
·-o.i~973 " 
·~.~OB43' 

r c'" ... ·.'Ut,'97 ' 
," .. ',. -.~.jo-6t'S ' ~ 

': ' , '.,O:.·2S~9-- ' 
',< ; ,~:'H.4g2 ' 
, ~ '" ", ...... 1..3~\6-· 

';.' · ...... 350· -,i:, '~.'i"'a3 
1"::;' ~ Il M. ~ , -

" 

.> ,:>~~ :.:". 
, " 

',' 

... 
~ 

"'. 
: Y 

0 .• OOoa2 
' o.~OO~t 

0.00\6 
o.a02~ 
0.o·o.r.6e 
0.007.-0 
0.011AO 
0.0172'3, 
0.025513 
0.03724 
0,,05266 
O.069Q6 
0 .. 08235 , 
o ,,092d'7 
0.10070 
0.10590 
0.10848 

''-'-,! ~: 1"'1'"..'::.- - ' . ~ t 

" 

,~t.1JO', 
t,('~: --;, O. ~OO' ,'.' 

-. -.CP 1. 2.00000 
·~ÜSORT(EJ. n.29013 

",,"'.5,,(., ' 
,~ : 

;': 0';00052 . ' ,-et-o-o llU .. 
,,':,-:il;,,;-Olt:J7t; , 
,;~,. ,V'.,'0Jj6~6 
;;' ~é!"".'CU'l,.t ~ 

, .'!' 'j •• 4i"t:53 
, ":, ,lIIl' 'la ',,_'. 

"..,.,... ~ t ... ...,.r~*v ~ .. C" . '. ",,~,:.~4t':*,,_t' 
"'''''JI'''' - ;"",;41;. • V, 

~ : '·O~ 10' '.'f".:t; ,:O'~9:-
:-'~Si"9, 

" -;·-::'~~'ll.o2"3 
, ":::CI~~'.4"S ',' ',''''.1 e9? 1':':,,-•• 7ZO"I 

! ,.'r.,. 
,', t:1 

-

:i- ~~ ,.: ,~-

CP 

o. e216~ 
0.74186 
0.66379 

-'j,<, 
0.61962 
0.55140 
0.47534-
o.,Jee75 
0.2'8835 
0.11077 

'0..03277 
-0,1-264,3 
... 0.2199'1 
-0.39895 : 
-Ça 4904'3 
-0 •. 55130 
-0.60,121 
"'O.'S229~ 

• 

,>r 

t 

VC 

0',142227 
1>.50214 

\ 1).56232 
0.61658 
0.669-78 
0.12434 

. 0.76162 . 
o. !43SCjj 
0.91062_ 
o .90.J4 8 
1.061j" 
1.1.31.36 
1.18a.,.7 
1.22083 
1.24792 
1.26539 
•• 21396 

,0 
'-

LHILOl= 1.03\38 , --.... 

CURVATURE 

-0.49096, 
-0.S211:! 
-0.54842' , 
-0.57507 
-0.6'03se 
-0.6J52$ 
-0.67135 
-0.71319 
-0.76218 
- O. U'10'e 
-0 .8a.60 1 
-0.;4999 
-0.99956 
-1.037,6$ 
-1. 06S5~ 
-1.0838. 
-1.09291 

'.' ""', "", "~ ,? "'.' , 

'J 

; 

" 

, , 

CP 

0.e21~ç 
0.7676(\ 
o. /;8379 
O.f190Z 
0.55140 
0.41534 
O.JeU7!: 
0.28635 
0.lT071 
0.03277 

-0.12643 
-0.27997 
-0 .39h95 
- Q. 49043 

- -0 .55'730 
-0.60121 
-0.62298 

SI/loCTH) 

0.44"27 
0.44382 
0.44Jl~ 
0.44212 
o. ua 14 
O.4Jt63 
0.43074 
0.42122 
O •• ~5~-4 
O.3t1l31 
o .. 34U6 
0.29014-
O.é3582 
0.1790'7 
0.12049 
0.06063 
0.1)0000 

"< 
~ \,. ... \ ~ ~r t'. 

• 

'. 

<li' 'M .\.,"1IJ)i!3),!iiU 4\4!i!*Je.$J"b ht!"'1 ~i!lSI 11$~41".ü. 

o 
\ 

.:" 

"\' 
'rI (l-EW) Xl 

1 

~ o. cooo'o '-O.!!OOOO 
o.ooolle -O. 4~90: 
0.00120 -0.4c;,757 
O.OC228 -0.49!39 
0.00;'90 -0.4Iiill 
O.OOt/:U -0.4e720 o.oeçue; -0.47902 
O.01~16 -o .... ee7E 
o. 02~87 -O.6~218 
o. 0~~9 2 -O. "ë7ZC; 
(J.0~9J2 -o.~e9?7 
0.OE96E -O.:!3.l7e 
o .'OB653 -o •• 16:12 
-0.10004 -0 ... 2265 ....... 0 .. 1 J: 0 17 -0.t~e99 
0.11693 -O.UIl:! w 
o. 12031 -0.05566 ' 
0.12031 O.cccoo 

, 

l TR NO.: ,1 

'--: 
" 

''', 

~\ 
1;> 

i 
J - '1 



fil 
.; 

j, 
l 

-u. 
\ ~ 

X Y " 
, 

, -s. 4,9951 C. 00041 
-0.498-3-0 0.001-.2 
~O.496-'& 0.00294 
-O. "9375 0'0. 00522 
-0.4896,5 0.OO8~3 
-O. 4n?~1 0.01371 

, , -0.47429 0.02125 
" -0.46047 0.03237 

-0.43973 0.04857 
-, ' -4.40863 0.07171 

-0 • .3.6197 ". 0.10356 
-0.30'615 0.13735 
-0.25049 0.lb546 
"!O.19482 0.18759 
-0 él3916 O.2(134S 
-0.08350 0 .. 21299 
,:,0.02'1'83 0.21'614 

.. 
rp. . 0 'K'- '.S· 

JI: 2.40000 'CPI= 2.00000 
' ,1.-46108 C:PJ'SQRT(E) = 5.84387 

$/L CP 

0.963S1 ct.00057 

" 
0.00198 0.93713 
0.00411 0.90637 
0-.00739 o. Bb'J28 

,. 
o. 0t206 . . 0" e222'9 
0;01920 . O.760~6 
,o-.·0~9~6 0.67"99 
,0.04574 0.55<;3, o .. 069~9 0.lD64t ... , 
0.. 10400 . 0 .. Q910 
o. rS4$& -0.31l!OCi 
0.'21303- _-tl,.aaso 1 

,\ 0.26890 - -- -1.50587 
0.32258 -2.10835 
0-.37447 '-2 .. ~0225 
0.4251Q -2.81319 
O·.~7S01 -2.7598. 

VC 

0.19102 
0.2507!! 
0.30599 
0.36156 
0.4215 !: 
0.48933 
0.56834 
0.0"379 
0.78-332. 
0.93115'2 
1.14678 
1.37405 
1.!8299 
1.76305 
1. e9796' 
1.96804 
1. 'g3ge4 

L (OLO)= . 1.11713 

CURV "TU~E 
ri 

,-0.43187 
-0.44266 
-G.455('8 
- o. ~ 111'3 
-0.49071 
- O. 5164 3 
;"0.55125 
-0.601)26 
-0.f72:J3 
-0.78368 
-0.';6462 
- 1.20.,33 
-1.46078 
-1.71181 
-1.91760 
-2.03050 '. 
-1.9,832e 

CF 

0.9(:351 
'0 .. 93713 
0.li0631 

--O.8692U 
O. E2229 
O.7~056 
O.67h99 
0.~!:93e 
0.38ê41 
0.11918 

-0.31509 
-O.eUaOl 

Q - 1. !0~6 7 
'-2.10835 
-2.150225 
-2. e7319 
-2.75986 

SfN(TH" 

0.64098 
0.E409J 
0 .. b4009 
O. fllOSO 
0.e:3Q07 
o. e3(.35 
O.f.!I('2 
0.b2371 
O.EtOSJ 
0.51.3791' 
0.5472 O. 
0.lIe671O 
0.41267 
0.3242S 
O. ê2292 
o .1124S 
O.COOOO 

-' " ?, 
? mu . , 

# 

~-_ .. _----- -

,..-. 
Yl(NEW) 

." 

o.ceooo 
0.00081 
Q.OOëOJ 
0.00365 
0.00656 

,0.0ICC:7 
O.01b75 
0.02576 

. a.casoo 
0.05U16 
O. oe~J 1 
0.12191 
0.15293 
0.17615 
0.19723 
O.2C995 
0.21625 
0.é!1625 

\ 
'\ 

{TR NO.=iO 

;, 

,"" t ' 

~l 

-o. !CCOC 
-0 • 49 .. 0:'! 
-o. "'i751 
-C.44i!:,.H 
-0-'49211 
- 0"if'4E72 0 
-O.479tJé 
-0.468"P6 
-0.4!ne 
-0.~ê72C; 
-0.::1:"97 
- c • ::.'! :!9 e. ' 
-0.;78:3é! 
-O.ëécfE 
-o. ltf99 " 
-0.'11133' .r:o. 
-O. C~!!6C:· 

o.coooc 

.,.. 

. , 
1 

1 
i 
1 

-! 

1 
l, 
1 

t 

1 

r 
j 
i 

/' 
l' 

.-

l 
1 

'! ; 
1 , ! 



.' " , 
'" 

.. , 

.''r.'-

< '. 

Jt 

t 

-0 •• 99S1 
-0.4.9834 c 

t, .t ·0'. "lift". 
"'0 •• 93'15 

" -0.48965 -O'. 4835J 
~ r >.J~ • -0 .... .,.29 

: ' .. 0 .. 46047 
-0< .. 439'73 -. -0.'40863 ,- ~0.3&191 

<1. -0 .. '30b15 
-0.25049 
-0-.. 194&2 
-0.139\6 
-O .. 083&ô 
-0.027.3 

,~·I". -0 
", -". ,..,. ,5 

" 

", êTli· ".2.4000.0 1.,... _ t ... O.3~ 

-: ~ 

~~ " ;' 

"--....'-

SA._, 

O.~o.05-" 
O.'dOl-'98 

. -(l..OO~uo 
"If",. Qft7à9 

, 0'.01206 
, Ô.Ottt9 

, O.,02~es 
Ct .-04574 
'0.06930 
o. t040 1 
O. I!~459 
0;'2,&30$ 

',0-.26891 
0 .. 32259 
O.3-l'~8 
0.4H11 
o.~47509 

~--

~ 
, ' 

0'. 

y, 

. 0.00041 
, 0.00·1" 2 
O.O~9" 
0 .. 00522 
0.00963 
0.01311 
O.O21~5-
0.0.3231) 
0.04&59-

( 0.07174 
0.1036l 
0.13742 
0.16554 
OolU76Ç 
0.20359 
0.21310 
0.-21625 

• 

CP1: 2'.00000 
CPI.ISORTC"E):a 5.84121 

CP 

0.96354 
0. 9372 0 
0.90651 
0.86941 
o.aZZ4J \ 
(I.76084 
0.67731 . 
0.55969 
0.30673 
O. H 9-50 

-0.31462 
-o. StH89 
-1.50607 
-2.10899 
-2. eO.l3C; 
-2.87466 
-2.76126 

• ~ 1 ~ ~ 1 

:c 

," 

~ 

ve 

0.19095 
0.25059 
0.30577 
0.36137 
0.42139 
0."8904 
O.!680e 
0.66J56 
0.7a31? 
0.Ç3B35 
1.14666 Q 

1.3740l 
1.50306 
1.{'6323 
1.89826 
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APPENDIX III 

Design of the Spires 

Th~ spires are obstacles which are placed in a wind 

,tunnel upstream of the model in one row across the tunnel to cause 

the boundary layer to be artificially thickened and assume a 

prescribed profile. 

y 

e 

p 
co -1/ t-.---+- ----- ------,-g-=(t) n & spi res 

e 

and n. 

____ ~ ____ ~ ______________ J_ ____ ~ _____ Pa 

A power law boundary layer is needed with prescrioed ô 
\!) 

1 

The ~eight of the spires is eqùal to the boundary layer 

thickness ô. The spires are placed at a distance of at least 

,0 

1 • 

65 from the model, since it takes this distance for the boundary' 

layer to become fully developed (ref. 14). The spadng between 

the spires' should -be no mo~e than d ,= lô (ref. 13). , 

The calculation of the sp~res is based on the calculation 

of grids made of wires. The overal1-pressure-drop coefficient 

KI across grids i s no." ô,pp 1i.ed to spi res: 

Pa-p ... 
KI = 1 2 

"2" pUa 

'Q 

" ' 

1 

1 
~ t 

1 

. " ,J ~' , 
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where Pa and Ua are the static pressure ~nd the velbcity upstream 

of the spi res . \ 

Applying the momentum equation ta a layer of fluid at 

height y and using a local drag coefficient K which is a function 

of y 

K :(l+K)(UU)2_I 
1 a 

K can be written in te~ms of the local solidity of the spires 

and a drag coefficient Cd of a two-dimensional flat plate with 
-

a width equal to the local width of the spire. The coefficient 

Cd equals 1.98 and is based of the average velocity of the flow 

between the spires, since this is the velocity which affects. the 

wake behind the spires and therefore the drag. 

K:: 1. 985 
(1_S)2 

-
where S = W(y}/d is the local ratio of the sol idl area to the 

total area. Weyl is the local width of the spire. For y>ô the 

flow ;s unifonn: U = Ue and K = 0, which reduces equation (III~I) 

to 
U 

1 + K == (V)~ 
\'"' 

d 

y 
1 , 

.' , 

.. , . 

(III-I) 

i j 

1 • 
! 
1 

1 
(III-2) ! 1 

1 

U ! 

\ 

\ 

(III-3) 

o 
<, 
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, .., 

Using the velocity profile' 

JL. =, (l) 1/n 
U.e ô 

1 • 

and equations (III~2) and (III-3), S was calculated as a function 

of y, and by choosing d, W(y) was f~und. 

It was found empirically (ref. 14) that in order to achieve 

a prescribed value l/n, the design should be done with (1/n-.04). 

As the upper part of the spires that are calculated 

is tao narrow for practical application, the calculation is do ne 

for slightly higher sp,;res of length ô' and then the extra len~th 

i s chopped off':' 

( 

l 

The following data were taken as design values: 

ô = 1.0 m 

d = 0.4 m 

1/n = 0.16 

ô' = 1.10 m 

number of spires ;s\4. 
1 . 

.' , 

',1 

-1 
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Cl 
u U 1 

U 1" 1" 

T [mis 1 (mis] Ue Roughness Power (mis) law of velocity 
No. lin hot wire the wall defect law [mIs] . 
1 0.13 0.33 0.24 0.23 7.9 

2 0.24 1 0.37 0.34 0.36 7.5 

Table 1: Experimental Wind Profile 

'. 

L 
1 

near ~ flat sparsely 
open open wooded wooded urban' 

-Terrain sea country country country center 
~ 

l/n 0.13 0.16 0.24 0.2~ 0.40 

ô{ml 250 275 360 400 525 
1 

- (1 

" ~lOZUT 15.9 12.1 6.15 4.65 1.98 
. fi -

Table 2: Natural Wirid Data 
, .' 

(Based on ref.. 7) 
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h lin -c 

0.186 0.13 

, 

" 

0.186 0.24 

0.246 0.24 

" ' , , 

.. ' 

" . 

Cph experimental theoretical CTh-(exp) 

I{l-c}/c eTh eTh ëTh {di} 

6.99 i 2.075 1.95 1.06 ,",' 

, 

4.01 1.367 . 1.3 1.05 

6.23 1~871 1.75 1.06 
-

4.98 '1.576 1.5 1.05 

2.Jl7. 0.925 0.92 1.005 . 
18.8 4.86 4.3 1.13 

-
16.0 4.21 3.7 1.14 

, 

, 1 

14.4 . 3.91 3.4 1.15 -

15.1 4.45 3.55 1.25 
c , 

1O~8 3.63 2.75, 1.32 

/ . 
\ 

Table 3: Comparison between tension coefficient 

from thin aerofoil theory (ref. 6) and 

tension coefficient from present experiments 
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CPt' max C pt' min cT-r 

. ,bd 
'<225 Experi menta l 35 -109 

:r -, 

Theoretical, using • , --
. 

matching method' 
f 

1 48.2 -lIS' 220 
q , ~ . 

2 1 \ 44.S -110 201 

. 3 50 -116 21S' 
~ 

4 58 0 -121 223 
! - , a " 

5 169 -138 182 

, 
Comparison of five methods for matching a flow with a 

uniform vortjcity to a wind velocity profile. 

(t-c)!tc = 0.090; 
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P1ate 1: Spires and roughness 2 
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PJ a te 2: The mode 1 in the wi nd tunnel .• 
with the rigid dummies and roughness l 
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Plate 3: Model: sp~ v;ew 

Plate 4; Model: side view 

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

1 

:, -1 

! 
l 



.. -, .. -,~". 

) 

r ,. _~~.'".u"'_.,,_ ~---------- .....-.-_ .. ..------ ---
i 

\ 
{ 

1 

f 

l..t---~~~---·· ' 
._. ____ • ..,~ __ ................ v ~ .. __ ~ __ _ - . 

ù 
J 

1 

Plate 5: Model: interior. 
Air-supply pipe 2 three pressure 

~ . 
tubes, clamps and seal. 
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