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» "SUMMARY . '

The purpose of this work was to investigate the behaviour

of long quasi—t&o—diﬁensiona] inflated buildings in a cross wind.
The study was both theoretical and experimental. o
+ A numerical solution based on ideal-flow theory was developed,

A streaming flow of uniform vorticity was superimposeg on a’surface,
.

distribution of sources and sinks, and the shape of the surface
was corrected in an iterative manner to satisfy pressure — tension
equilibrium of the membrane formirg the building. The theoretical

streaming flow was then matched to a wind velocity profile as represented

by a power law. i ©
5 . .

1 The experihent;l 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,

qnd for two’different wind profiles. v - .

Coﬁbarison was made between the theoretical and the experimental

‘results. The combarisoh gave goS& agreement for the ténsion, and

in the case of lgw buildings, good agreement for the pressure distribution.
It is concluded that the results are useful as an aid in designing

i@flated buildings subjected to a cross wind.
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RESUME

A
- . ~

Le but de ce travail é}git d'étudier le comportement de-

batiments 1ohgs,gonfléspresque bidimensionels soumis a des vent
' I '

‘transversaux. L'6tude a &té & Ta fois théorique et expérimentale.

On a établi une solution numérique: fondée sur la théorie
de 1'ééou1ement d'un fluide parfait. On a superposé un &coulement

3 vecteur tourbillon constant & une répartition superficielle des
o

- sources et des puits, la forme de la sUrface &tant évaluée par itérations

.

de fagon a satisfaire aux conditions d'équ%]ibre des forces de pression
- . 1 -
et de tension de la membrane composant le batiment. On a ensuit

déterminé 1'&coulement théorique dé fagon & obtenir un profil de

R

vitesse du vent représenté par une fonction puissance.

Les essais incluaient des mesures en soufflerie, a 1'échelle

"du modeJe! de la tension de la membrane, de la distribution-de la

L

pression extérieure, qgs points de séparation-et de réattachement

__de 1'&coulement ainsi que la'stabilité de modle, pour une gamme

£

&tendue de pressions de gonflage, pour divers rapports hauteur - corde,
g /

et pour deux différenté profile de vitesse du vent.

»

La comparaison des ré&sultats thébriques et expérimenfaux
est bonne pour la teﬁsion, ainsi que la disribution-.de 1; pression
déné le cas des édifices des faible hauteur. I1 s'ensuit que les | .
résultats peuvent &tre ut111sés pour aider 3 la conception de batiments

gonflés/assugettis a des vents transversaux.
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NOMENCLATURE
\

The invé;se of the slope of a uniform-shear onset-flow.
Matrix of coefficients of influence: outward-normal-
velocity. ] ;

Building chord 1§ngth: theQLuildiqg width.

Drag coefficient of a two-dimensional plate.

“Local skin friction coefficient = df/y pU% ds.

Total skin friction coefficient = f/%-puzz.

Inflation pressure coefficient = (P-pm)/%-puz.

Tension coefficient = T/%-puﬁc.

External pressure coefficient = (p-pw)/%-pUsz.

Tension coefficiehf = T/%-puszc.

Exterhal pressure coefficient = (p—pm)/%-pUTz.
Inflation pressure coefficient = (P-pﬁ)/%-purz.
- /

'%ension coefficient = T/%-QU;ZC. . v

" Spacing between spires.

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 pressure drop across a row of spires.

Membrane length from Teading to.trailing edge.

Span of the building.

" The inverse of the power of the wind profile (=1/a). : K

L

A unit - vector pointing outwards. . .

Number of discretization points.

Local external pressure acting on the building. - ' N

Pressure upstream of spires. . . )

Atmospheric pressure.

Inflation pressure.
A point on a closed surface. . . \ V.

Distance from a Source ora sink.

Local radius of curvature oflthelmembrane. ’

o \

Reynolds number = Ueé/v;

Reynolds number = UTC/\,' .

Ry» R,  Distance of flow reattachment points from the model edge (Fig. 4).

Coordinate along the membrape. a ,
Local ratio of solid area gf spire to the total area. o -
\\ = - .

Sl’ 52,> Distance of flow separation pbints f the model edge.(Fig, 4).
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Tension per unit span ‘in the membrane.
Velocity in the x direction.
Velcoity in the Xq direction.

Fluctuation in the x direction of a turbulent flow.
&b . o ' .

.Local velocity of a wind in the x direction.
e .

Wind tunnel velocity upstream of the spirés

/ -
Free stream velocity. . ,

e

A theoretical sli?ve]ocity' atwgrou'nd level ?o—r-.«‘the- u'njfbrm
vorticity flow. ‘ '

Approaching velocity at the top-of the building.
Skin friction velocity of the boﬁndary Tayer.

Wind velocity at a height of 10 m above the ‘ground.
vélocity in the y direction. . _ -
Fluctuation in the y direction of a turbu]ent’/flow.
Velocity in the ye_direction.
A disturbance velocity.

Onset flow in the y direction.
Velocity-field.’

Local veloci ty at the surface. ) )
Ve]oc1ty indticed by the i-th element at the j-th e“lement
Onset flow field.

Weight per unit area of the membrane material. »

k)

Local wﬁ‘dth E)f a spire. ' -

LY

Coordmate along the .chord of the building proﬂ/ Te.

Coordmate paranel to a.surface element. . R

\

o
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y A coordirate in the vertical direction. 0 R - .
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Yo - A coordinate normal to a surface element. A T

o
° o N ° w -

Greek Symbols . " o L L.

A -

o . The power of a power law. wmd-profﬂe (=1/n).. . . C
——A—wb—le—*m-the onset-ﬂow profﬂe-ma%ehe—ng—f—h%a—)—-——“—— |

s Boundary layer thickness. ” oo R

8 .Leading or ‘traﬂing\edgé angle. R \/‘ )

v Kinematic iriséo;ity. T ) \' q

p ~, Density of.air. ‘ l \ : .

. ‘ J-
Source-sink distribution intensity per unit length.

3
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T ’ Wall- shear stress, . E
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¢ Patential function.a ‘ o -
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1. INTRODUCTION /
1.1 PNEUMATIC STRUCTURES ‘
' /
. A pneumatic or air structure consists of a flexible membrane

which may form a céﬁp]ete surface, such as a balloon, or a partial

surface attached to a rigid frame GT hg;e, such as an 1nf1atab1e bu11d1ng.

/
The membrane assumes its shape and tension due to _the action of the

pressure of a f]uid@ pressure which may be of a static or gf a dynamic

1

nature or both. ,

-
-~

In nature structures occur in animals which might be described

as pneumatic structures.- Examples:are the wings of bats and insects,

and, more generally, lungs and air sacks. ,

1.2 -AIR STRUCTURE DEVELOPMENT

v

Man-made structures such as sa1]s kites and f]oats made

from.jnflated animal skins are mentioned in very early recorded h1s$ory.'q

Whereas for most of man's history the technology of air-structures-
remained restricted to these examples, in the sixteenth century new
jdeas began to emerge: a wind wheel with flexible surfaces to catch

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

. In 1783 the first hot air balloon, made by the Montgolfier \

~brothers, rose in the air over France. Hydrogen balloons and flexible

- airships soon folléwed. By the twenfie;bvcentu}y the technoiogy of

pr&ducjng flexible impervious membianes was well developed. . \




-

:l In-1917 the British engineer, F.W. Lanchester, obtained’

a pat t‘for his design of an inflatable building, a multi-purpose

tent that was made of a flexible surface supported soley by compressed
air (ref. 1). In his survey on tensile structures Otto (ref. 2)
investigated the membrane theory and the construction of pneumatié

structures. Actual production of inflatable b@i]dﬁngs on a large

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

and later by mény firms, such as Birdair, Schje1dah1,’Irving, U.S. Rubber,

Goodyear, Texaﬁr, Stromeyer, Krupp, Seattle Tent and Awning, and

CID Air Structures (ref. 2).

An international symposium on.pneumatic structures was

held in Stuttgart, Germany in 1967, and a second one in Delft, Nether]and§

J
in 1972.

The wide vériety of uses for inflatable buildings, their
relatively low cost, their light weight and ease of erection made
them popular among arch%teFts and construction engineers fgr the
design of 5truc§ures such as exhibition pavilions, temporary shelter
for outdoor workers, and covers for athletic eV;nts.

1.3  PREVIOUS WORK ON WIND LOADS

When wind blows over an inf]qted building, it affects
thg external pressure, which may result in.changes in the membrane
tension and also possibly in the shape.

Wind. tunnel tests for.a spherical building were cqnducfed

in 1956 (ref. 3), and the pressure distribution, drag and 1ift forces

t
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were measured. In 1967 E. Berger ;nd E. Macher (ref. 4) presented
their results of wind-tunné] measurements of pressure distribution
for various values of internal/stagnation pressure ratios on spherical -
and ;ylindrica\modé]S. The' cylindrical model was fhrqp—dimensional
with an aspect ratio of L/c=3. It was a semi-cylinder with quarter
spheres attached to its ends. H.q. Niemann (ref. 5) reported in 1972
pressure distribution measurements for different buildings for a full
range of wind velocity at both cross aﬁd angh]ar f]ow. /
A theoretical solution for de%ign use, and results of
tests on shallow cylindrica]l model buildings in uniform flow were
presented in 1973 by B.G. Newman and M.-C. ng (ref. 6). The tests
were done on an inflated 1enticu1ar‘aerofoil which could represent

/
such buildings.

| .
In al1 these investigations the earth's boundary layer )

/
was not correctly represented. .

1.4 TWO-DIMENSIONAL INFLATED BUILDINGS ’
For lqng buildings it is attractive to consid¥ the possibility

of §ssuming that they may be treated as quasi two-dimensional yhen
in 5 cross wind. ﬁ‘ /

- o~ | : .

» ~ Such a two-dimensional cylindrical inflated building,
with no wind load, assumes the shape of a cirtular arc.:. The difference
between the internal pressure and the external pressure, which are
both uniform, is balanced by the tension in the membféne. When wind

blows over the buifding, the internal pressyre remains uniform,

)

fﬁht the external pressure'does not. This causes the shape of the !

¥

{




e

o e et 7

oz

b 0 L ST N ———e . V. U 3

L

o .
building, as well as the tension in it, to change. The new shapeé
causes a new external pressure distribution and so on, till the
building assumes a shape and tension that are in equilibrium with '

the pressure distribution.

* 1.5 THE PRESENT WORK

Experiments were made on two-dimensional models of in%]ated
buildings, immersed in a{thick b&undary layer. The flow waé at
a right angle to the building and simulated the eartb's boundary
layer. /1 ‘

Two different wind profiles were represented in the
experiments. It was intended that flow over countryside and over
sparsely wooded country would be simulated, but it turned oet tﬁat.

the first case more accurate]y represented flow from open sea. The

wind proflles were generated in a wind tunnel using spires and :

appropriate voughness as artificial boundary ]ayer thickeners.

The models tested ranged between 0.18 and 0.33 height-to-

chord ratio and were inflated with a wide range of pressures.

P

The measurements included membrane tension, external

pressure distripugion, flow separation and reattachment, and observations

of model stability for low inflation pressures.
An idealized theorétical solution was devised to predict

the expe‘e‘menta'l data. The solution is based on potential flow

theory. A streaming flow of uniform vorticity was superimposed

on the flow' field of a surface source and sink distribution, and

the shape of the surface was corrected in an iterative manner .. |

.to satlsfy pressure -- tension equilibrium.

{ . |
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2.1 THE PROBLEM \\\, ~
The purpose of the theory is to predict the~behaviour1\
" of a quasi-two-dimensional cy]indhical inflatable building in ;
, crﬁss wind where, because -of the boundary layer structure of ;hé

/

' wind; the flow may sepanate.‘ - p
The tension in the membrane forming the building is of

considerable practical impontance and clearly must not exceed the L

failing strength of the material It depends on the membrane Tength /

£, the building width in the wind d1rect1on c, the inflation gauge
. / -
pressure P-p_, and the wind velocity profile. The latter is suffic1ent1y

well represented by a power law profile (F1g la, ref. 7).

¢ ! U _ i/ - \
| = @ . . (1)
e - 1 -
2.2 DIMENSIONAL ANALYSIS ' Ty
) The ténsion T at a particular position s, measured from ‘

the leading edge along the membrane, depends on £, c, P-p_, a velocity
characteristic of the w1nd the power 1/n (eq. 1) wh1ch is determined
hy the terra1n, and the air density p and kinematic viscosity v,

The'characteristlc velocity was chosen to be the skin friction

o *

\ velocity UT, which is defined as UT = //wzp, ‘where Ty is the wall

T gt A LY
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shear stress. This is a charigter1st1c ve]ocwty for the present
problem, since a typical inflated building, hav1ng a hEIth/Of
about 1/30 of the average earth's boundary 1qyer thickness (ref. 1, 7f;
is well within the 1awﬂof the wall region of .the boundary layer
where phenomena are characterized -by the skin friction velocity
rather than by the free stream velocity Ue or the boundary layer
thickness §. |

The preceding concept can be summaszed as follows:

\‘

T = ‘f(f., c, P‘pws n, U‘l” Py Vs S, W)' / : (2) A

wﬁere w is the weight per unit area of the material of the membfage.
The tension does not depend on'the mass of the material as such,
because osc{llations of the membrane are not béing considered,
There are 9 independent parameters and 3 basic ;ﬁits
that determine T, there are therefore 6 non-dimensional criteria
‘for fhe proBlem.

Non-dimensionalization of eq. (2) gives

P-p_ cu_
7 N, "‘l"%’ Pp) , . (3)

v

T = f(l=€
1/2pU;2C © 12U,

. R J
The tension becomes a tension coefficient CT{" ‘ }

B
~sa

. ,
Cro = ———p ©(4)
T 1200 % T

uﬁﬁrhe subscript « indicates that U has been used. Later on other:
velocities are chosen to define the coefficients. The inflation o

pressure becomes an inflation pressure coefficient

P-p, ,
= Sy - (5)
P 1/2 U ' ‘ ’ . o '

L3

-
Yo

e ————_ 5 o i e =




§b that a theoretical solution can be obtained.

" of the membrane

Y

and v appears in a Reynolds number Re which is associated with

\ i
the problem. Eq. (3) may be rewritten as

- s.owy :
CTT - f( c 0y CPT’ n, ReT, ;29 P"‘pm) (6) »

Also the external pressure distribution p is reduced

to a form of a non-dimensional coefficient based on‘UT

- P-P, 1 -
c_=—%" , ‘L
pr I/ZDUT T . —7)
B

2.3 IDEALIZATION OF THE PROBLEM

I
Several assumptions are now made to idealize the problem

o
%

2.3.1 The Effect of the Membrane Weight on the Tension
The purpose of this ‘section jﬁ/jo investigate whether
the effect of the weight of the membrane may be nég]ectep. Statjonaﬁy

conditions are assumed, -i.e. no wind is blowing. Consider an element

s THdT

P-pu

. / ' s ol
Resolving forces in @he normal direction gives L
o Code do ,~'” A
(P-g?) Rde =T >+ (T+dT) - + choseQe T
. - . ! ) ¢
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and the tangential component gives
¢ . 7
‘ -wR sin eds = dT

L - -

Neglecting terms of the second order of sma1lnés§ in the equation

I

for the normatl direction and solving for T gives

. W
TO 1 - p:az‘cose/,
% T = w .
~ 1 - — 3 .
. 7 1 npm —

where T1 and Tg are the tension per unit span at the.leading edge
and the top 9f the membrane respectively. ) '
For the present model scale building w = 0.245 N/m?
and P-p_ = 30 Pa-so that w/(P-p_) = 0 008 For full scale bui]dings
thicker materials are needed and w ranges from 2.0 to 11.8 N/m
but P-p_ is about 250 Pa sp that w/(P-p_) ranges from 0.008 to 0.047,
For 6 = 60°, T /To ranges between 1.004 and 1.025 and

therefore the change of T along the membrane due to the effect

- of the weight of the membrane usually may be neglected.

2.3.2 The Effect of the Wind Friction on the Tension |
. In this'section the possibility that the wind frictien y
Y . — .
may be neglectéd is investigated.

Again consider an element of the membrane.
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Resolving the forces in-the normal direction gives

(P-p) Rdo = TS24+ (14 d) &2

«

and the tangential coﬁponent gives ' ‘ L

qf = - COS( ) dT

Also’
N - / -
df « €. 1/2 oU%Rde y
%.ew/ \ " where is the 1oca1/skin friction coefficient. Neglecting terms
~ : f the’secand order of smallness and assuming that P-p_ is of : ’

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

equations résult in’

\

. \. dT N
/ -
- bp de=r , o

-

In order to integrate the equation approximately, Cf is replacgd °

by the avefgge skin fgiétion coefficient CF. Thus the total change

. L
in T between leading and trailing edge§/is
T2 k |
T~ expfC o) 4
1 ; . - r
where T1 is the tension at the leading edge, and Tg is the tension
at the tra111ng edge. . - ‘
] Foran angle of 1 radian with Cp = 0. 005, T 1/Tp = 1.005, - !
sg@ that the change in T is very svall and may be neglected. ‘ [
/
The variation of T alnng the membrane length with s o I
" is caused by the we1ght of the’ membrane and by the skin fr1ction /
; /
S1nce they are both neg1ected s/L is e11m1nated from eq. (6) /
. . \ )
3 y ‘
b .
J e ‘\ (
\ ' @, . //\/'
/ ¥ & ' |
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2.3.3 Assumption 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.g.B.z;

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

L4 ¢

. =cl (&S ¢

Tt TtV ¢ ° Pt? n)

To compensate to some extent for the elimination of
the boundary layer due to the assumption of inviscid flow, an

inviscid streaming flow witH a non-uniform pro?11e was used as

follows,

2.3.4 Idealization of the Boundary Layer Profi]e‘
Instead of the power law profile (eq. 1), a uniform
vorticity profile (eq. 9) was matched to the actual profile .

/ '
(Fig. 1, and see section 2.4.2 and Appendix I). “This is in order

‘to allow the use of superposition, as will be described in 2.4.1:1.

¢

U ..y
- =1+
U 2

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 coefficients on US rather than on\UT,~

therefore the following coefficients are defined:

Tension coefficient . -
b 'y \ \ ‘_L
\ C = T
Ts 1/2pU52C
y
Inflation pressure coefficient
.
(P-p,)
cPs —
. I/ZpUs

(8)

\

9
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External pressure coefficient

- L - (12)
PS 17200 | : NS

f
AN

R —————_ L
plyas

«

4
3
-
-
¥

In section 4.3 where a comparison between theory and
experiment is done, tno theoreticgl coefficients.are multiplied
by a factor of (US/UT)Z‘in order to compare them with experimental

J results,

2.3.5 The Required Solution for the_ ldealized Problem

T i

The tension coefficient CT , the external pressure distribution
and the shape pf the building are to be found for given inflation

pressure coefficient Cp,, excess length (Lﬁc)/c (Fig. 1) and the

power 1/n of the actual profile.

\

2.4 A TWO-DIMENSIONAL RIGID éODY IN A FLOW g

A suitable theory was developed by Hess and Smith for \
a general three-dimensional incompress$ible flow (ref 8). Here
it iS‘repeated for the two-dimensional case. | B
2,4.1 Ideal Flow Theory - o ' S
\ - Consider the flow about a body bounded by a contour C.
v} / B
v . )
- — -
/N‘ B
/
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(:¢ - The velocity anywhere in the field jis V. i
o : V=V +v 3 °(13)
) " where V is the disturbance velocity due to the presence of the -
body and V_ is the onset flow which is not necessarily uniform
N | (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 potential ¢.
Ve -7 (14)
The unusual minus sign is Bccording to the convention used by —
Hess and Smith (ref. 8).
Continuity requires that \ .
- v . V: 0 0 (15)
But also . -
v.7 =0 - - (16)
Hence from equations (13), (15) and (16)
v . V: O \ (17)
which gives together with (14) Laplace's equation,
g : 2 \ {
Veé-= 0 — (18)
. . Ty i I
with a boundary condition which requires that the normal component
. of the.velocity at the boundary will be zéro.
\ ) '-'v¢-'n“ +V .n| =0 ‘ '/élaa)_
.1?‘ | \ +€ e , \ Y .
and a boundary 9ondit10n which requires that the disturbance velocity
far from the body will tend to zero. :
- , - ] 6 3 * - .
~ :‘ ’ ) j
4 : A
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n is the unit vector, locally normal to C and positive outward

from C,

\ ,
2.4.1.1 Superposition of a Source Distribution on a Flow with

J .

a Uniform Yorticity ) B P
Generally speaking a rotationa1'f16Q Y cannot be sﬁber—

imposed on an irrotational flow ¥y The present method of solution

\
Py
is a special case where such superposition is allowed.

/

Consider a rotational upstream flow parallel to the

X axis ‘ / -

=3
% — V=2
w1l o, o
- v :
=

For a steady two-dimensional flow the vorticity w of

a fluid element is constant following the f]did. In a steady

flow the streamlines are also pathlines and therefore w is constant i

along a streamline and is a function of yonly. w has one compoﬁent

only which is normal to the x and y plane. : .

2 2 -
R VARG TRl G/
X - 3y axt 3y

» B ~ . R /. _
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.or .
2 _ . ] i X :
v Wl - - m(y) .
For a source and sink distribution the flow field is .
irrotational. ’ , - : ,
. Y ; .
\ -
. _ o ) )
x )
: ] ¥2.= const.
. -
S Moag- X ' ‘ —
' qu,z =0 , .
‘Superposition of both flow fields, if'permissible gives ,

. ) \p = wl + ¢’2 ° . ' ) ;':.
S 2 , . .
 “and- vt = - wly) , . ‘ R

' N e '\
P - 3 St \‘ . N .
- y ‘ ) . : )
/ - 2 .
1 . o . -
\ : ¥ =const. - ’
( wf\ ‘ L ’ /
. / )
- - “‘ x' i X
- oo . 1 o .
I3 ¢ ‘ - - . A ‘ {\"’ K - -~
- . "L. - =" . s y - ;"’ - "»’
Ly L O . B :
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¢ The dividing streamline represeﬁ%s a body surface. The question i:
»ou \\

what kind of flow may ¥y be? ‘\

At station 2, near the body, a particular streamline

- i does not have the same y coordinate as it has at station 1, far
from the body. « can be constant along this streamline only if
. it is independent of y, i.e. w = constant.

/

By the defin}tion of w:

) A - constant (19)

, X oy

- L ) o N
; . Far from body the onset flow is the only flow, i.e. v = 0,
- . ™ and (19) becomes /
ou ]

- 5§i= constant

u is of the form

Lt
Ar

‘ . . u=AptB
. and the onset flow V_ is

® & a ~

’ Lo~ W= Ui V] = (Ay + B

]

-]

which is a.uniform shear flow in the x direction: ' »

) The legitimacy of superimposing ¥ on[;;\EEﬁ/;lso be

established in another way. Consider the f1ow’?ie1d ¢ which is’ -

/

a result of the superposition of 21 the ups@ﬁéah parallel rotational

flow with vorticity w(y), and v, an 1rfotatiqna1 flow-due to singuldrities ¢

representing .2 body. . ‘

. Py = fly) = -e oY
N ~ ) - = ;1

\P'-"WI +¢’2 / ‘ - .

o 2

where . -V ﬂ'a,"" 0 ‘

FiTEs

. . .
St .
st : -
5 0
¥ Is - 1
- L4
f ) '
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) s
From these ‘three equatjons . , -

vzwl = flyg ¥ v,)

This is true for aﬁy'wz ,.l

~-

- hence f(\v1 + wz) is. independent of ¥, and is therefore constant,

hence w = constant. ) P
. ‘ — '

For a y, which has a symmetry about the x axis, th

"~ onset flow, which is parallel to the x axis, may be reflected

in this-axis to give

y

~/
/

=N
=

N

\

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

2.4,2  Matching Methods for.the Onset Flow’
" Several methods for choosing the slobe 1/a and the slip

‘ ve]ocity,Us were considered in order to achieve a good approximation
of the actual flow, - Since there are two unknowns 1/a and U,
two conditions are needed.
Ip ;11 the methods the IirstAcondition was that the
approéchigg‘wind ve]ociiy at‘thé height of the building U, would
be equal for both actual and idealized profile. '
> Note that U, and 6-which are used in_this section m@y be

a reference velocity and correspondinq height on the power-law profile,

' s
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< - ' ., } .
and not necessari]y‘the free stream velocity and the boundary layer

thickness.
: y
/ * -
? )
!
l 3
B J
1 o h .
( The second condition varies from one method to another: . _
E ) Method 1: The éverage dynamic pressure q was equated for both
rd / R 1
’ profiles. . . 4
h ¢ - \
- 1 2
- CI/ Y j"l/ZpU d:y
% 0
/r »
h J
i ; y Ug(%)zln ) shaded areas: equal
‘ B
1 ;
/ ) f
ht (

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

equated {see Appendix I). As will be seen later, this method gave
— B

the best Eomparison with experjment (section 4.3.3):
- j - . N i
R - PO




/

, ; -
Method 3: The slopes of both profiles at y, corresponding to the

averége velocity on the actual profile, were eguated.

B N A L

yat Uy, =

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

root mean square velocity on the actual profile, were gq&ated.'

[
2/n 1/2 .

o yatusufr [ B

0

Method 5: A uniform flow without vorticity.

- \\:
i
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2.4.3 Reduction of the Problem to an Integral Equatﬁon

A two-dimensional point source at q causes a potential

-
¢ at P (see/sketch in 2.2.1). I
. ! { © o
_ 1 1 ’ 2
TR o ‘ (20)

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

.

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

v

Since the problem i$ linear, several sources and sinks,
including distribution of them, may be superiﬁposed. The potential

of, a continuous source distribution on C which has the local intensity

o(q) per unit length is
6 =’—2-1-; fo(q) & ay P} aT 9s (21)
( ’ .
7 - ‘ 1
where s is a coordinate along C. .

- This potential is differentiated, and boundary condition
(18a) is applied by allowing point P to approach point p on,C.
The result is the equation for o(q) (ref. 9, 10):

L]

-

gizp-)— - }’U(Q) -5% [!Ln F(—p‘]"jq-] ds + ﬁ'(p) . Vw =§0 (22)
c - - '
Each term is an outward normal velocity at point p: The term o{p)/2

is the iqfluence of'the sourcergﬁ p on itself. [The integral term

is the influence of the rest of the séurces on point p. The minus’
sign arises from (14). 3/én denotes differentiation in the‘direction
of the outward normay/;“;ExﬁﬁTﬁf”ﬁi' The last term an the left

\ |

+
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hand side is the velocity component of thesonset flow at point

p in the direction of the outward normal.

2.4.4 Discretization of the Problem

It is assumed that the body is rigid 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 Vo

poeints are connected Qy straight Tine segments or surface elements.
Each of these elements' has a uniform distribution of sources or
sinks of stfength o per unit length. The value of g is constant
along the element and iégﬁqknown.J There are therefonéﬁa finite:
number of unknowns, the values Of‘d for each element. .The midpoints
of fhg elements are cﬁosen as control points for the applicatio?

. . i )
of equation (22). Velocities and pressure coefficients are calculated

at }hese points.

2.4.? Calculation of Cotfficients of Influence [
To begin with a unit strengfh is assigned to the line

sources, f.e, o = 1. To calculate the velocity %ield inducéd by

a single surface element of a unit strength per unit ]ength, consider

an element . of length as. _
Consider coordinates X, coinciding with the element:

. and ye perpendicular to it at its m1dpo1nt (Fig. 5). S

{
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\
§ |
/ The velocity at point (X, ¥,) due to an infinitesimally small
part of s of axlength dg at x = g is '
i ‘ ,
. " B
1 de 1 S
| dv = f—— =
Tr e 2 2 11/2
[(xg-8)" + ¥o" ]
- [\ ‘
) Ye dv
b ’ye?
i "~‘
r/
3 .
» 1 lp .
AS dg = Xe ,
where dV is pointing away from d& along r, a radius vector fiom \
de vto (xe, ye) forming an angle B with ‘the element.
The components of dv are - -
v .
d‘ l_d"! d‘ e 1 (xg-g) de )
u_ = v | cosg # v L. - L
e 2n (x )2 . ye2 )
dv. = | dv | sin-8 ld]y L Yo : k
v = v | sin-g = | dv : .
e ‘ R LR o
Integration over the whole e]emer;t gives
Tk
1 2 214
- ¢ o As
- !
Vo = ¢ 30 atan[(x -E)/ye]ézs-«
3 T s
. - 7.
|
\ \
_— - "\\\ J
Tl A
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" The terms in this equation correspond to the terms in (22). V.

. 1 (xe+As/2)2 + yeg
henge u, = z;—ﬂn 2 > —
N (xg-8s/2)" + y,
| \
' ¥ o0 C
Ve = éL-atan > g 5 ) - (23)
J m X +ty = - (AS/Z) )
e e
Y
\
Atxe=0;ye=0\ / \ .
Vo = 1/2 | E

At each control point the velocity due to all elements

?f a unit strength is calculated using (23), and then transformed

to the main coordinates x-/and y. “These velocities are denoted
ng where V}j is the velocity at the i-th point due to the j-th
element tha% has a unit source distribution. i and j correspond

-

to p and q respectively. The x and y components of the V}j's are

calculated to give two matricés of coefficients of influence.

!

/ -

These are used to derive the working matrix A which is the outward

~ component of V}ﬁ.

Az = V50 | o -

i

Equation (22) can then be replaced/by a set of linear equations '
. oy N o -
_— .?-~+Z:>A .o =-n, V. (24)

o}

is the velocity that would exist at the location of the i-th control

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

number of elements. \ L
]
/

2.4.6 Ca]cu]ation of Velocities and E;gssures

\ : . —_
-The- set (%9) is solved to give o The velocities V%
- L4 ,

at the contro\ points are / : , \
/

which is the sum of the velocities induced by all the elements plus

_the onset flow. The pressure coefficients are

an—

) L (S 5
pi Vref

Here the reference velocity Vref is chosen as the slip velocity:

Ug of the onset flow of uniform vorticity.

24.7 Symmetry B

In the present problem thé Eody is placed so that its
N !

’ . e
leading edge and trailing edge are on.the x axis. The body is

reflected in the y =|0 plane to give the closed contour C. . \
J LT

_ /. ! =~ -
\ N~ . {
\ « . N

. ////fldﬂa R
: \ B l\ - -~ %\ -
A / X ;
\\\\ ",/ | }1
B !




The contour C has another akis of\symmetry, and the y*
axis is chosen so that it is this axis of symmetry. Now the

discretization of only a quarter of C is sufficient, and once the

V}j values are calculated for one quadrant, the quarter body is

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

the ef%éct‘of these reflections is added to the Vij matrices.. \ )

This reduces the number of contr53 points to a quarter of/their'

original number, and computation time is saved.

, \ | — \

2.5 A FLEXIBLE BODY IN A FLOW \
A flexible body in a fiow has unknown boundaries, since

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

body therefore has to be iterated. A computer program for the

L complete iteration has been deve]opea and is- given in Appendix II.

The procedure is as follows. '

\ P
2.5.1 Calculation Procedure \
a) For a inen inflation pressure P, tension T, and wind profile
n, an initial shape y(x) is éssumed. The initial shape.wes

chosen to be a circular arc which cofresponds to the wind-off

case i.e. the radius of curvature is constant along x and
equals T/(P-p). o .

b) The pressure distribution alang the membrane is found by
the Hess_and Smith method as described in 2.4. The onset -

\
flow is a flow with uniform vorticity (eq: 9). S




.

The height of the membrane changes slightly from one iteration

~to another. Since the velocities are being matched at- the top
of the building, the s]épe 1/a of the ;elocity profile also, -
changes fo give a spezific wind profile exponent 1/n (see

section 2.4.2 and Appendix. I).

As an alternative option the computer program can also solve \

for a fixed uniform vorticity which has no relation to a

boundary layer power profile.

c) The local curvature of the membrane under a net pressure

7

P-p is calculated from the relation

1 _ p-
R(x) ~ "Til
d) A new shape y(x) is found from the radius of curvature R(x)
and the boundary conditions y(0) = 0 and y'(c/2) = 0, where

¢ is the chord length. The former requires that the membrahe

‘is attached to the floor at its 1eading\édge and the latter
o N // -

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

top of the building.

‘The solution of the equation

-

1+y'")

/

() =0 s ' ' _

y(c/2y =0 . ¢ .
- is complicated éven“when done numerically and it reqdires '

a Tong computation time. It is more convenient to use the

N

£

}

\“ \ / | ".\
Wl?<T=‘( 2,3/2 ] ’ -
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natural coordinates s and 8. s is a coordinate along the -

curve and o is the local angTe betweén the curve and the x axis, -

o

1 de ‘ \ .
( ) " ds : .
e ds = dx

€o0s6 . B \

We have now the equation

)
—-(T = do cos i}
énd the boundary conditions
G(C/Z) =0 \
J / .
y(0) =0 - _ ' ' 3
The solution of this eduation givesg(x), and y(x) is calculated

' from

Ay o

™ tanQéx) \

b e) The'new shape is coﬁpared with the former shape at y(c/2) within 3
" a-desired accuracy (ay/c < 10'5 in thé,present work). If the A

~ shapes are not equal, the program returns to b) and repeats

the calculation until convergence, at which point a solution
‘for y and p has been achieved. -
Only the point y(c/Z) was checked for convergence It has -
:been observed that the rest of ‘the shape changes less than T vy
the midpoint y(c/2) from one iteratfon to another and it .
was v;rified by printing'put in each iteration the whole shape . <
(see éomputer output %n’Appenq1x i!). ‘ o

o
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& Note that the role of (£-c)/c and éi‘s ‘as independent - -

and dependent v\ariabl es is switched in the numerical solution, o

N
Phd
.

i.e. C is an input and (£-c)/c is an output of the program. =~ "
o y
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- 3. EXPERIMENTS ’
3.1 - GENERAL DESIGN OF THE EXPERIMENTS

The purpose of the experiments was to simuiate the behaviour

of a typical cylindrical inflated building in a cross wind.

The variation of wind speed with height is usually approximated

by a power law profile as in equation (1). Values of 1/n = 0.16

and 1/n = 0.24 were aimed for. These values correspond to flat

open country and to sparsely wooded country respectively (ref. 7, 11).
An average thickness for the atmospheric bodndary layer
is 6 = 360 m (ref. 7), and a typical height of éxisting inflatable
' buildings in a shape of a‘semi-cylinderf is 12 m (ref. 1). With
the experimental facilities available it\was anticipated that the
boundary layer would be about 1.m thick. To keep the same sca]e“ \
as in thg actual situation, the height of the model would be 33 mm, ’
which is téo small for Qeaningfu] measurementst Nevertheless,
a larger model with ; height of up to 85 mm was used, since the
" building is Qeli within the law of tﬁe wafl region and‘ig affected -
only by.tpe lower region of the boundary iayer. A simi?gr.approach
was used By N.J. Cook (ref./12). -
- ~ The recommended inflation pressure neéded in a cylindrical

-building is 0.6 times the dynamic pressure of an approaching wind

that blows over it (ref. 4). This was used as a guideline in, o

A
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identifyiné 20 Pa gauge as‘the typical inflation pressure for a

L

nom1na] wand tunnel ve1oc1ty of 7.7 m/s.

Only dne tunnel speep was used, a speed wh1ch vas near

the.maximum poss1b]e,for the wind tunnel. Any apprec1ab1y Tower
; o h
speed would incur inflation pressures, tensions and external pressures

) ~which' were 'so Tow that they could not be heasured with sufficient
accuracy. Thus any poésjb1e change in the tunnel. speed would not

change the order'pf magnitude of the Reypold§ number and no additional

—

“information would be obtained. . * ,

. The Reynolds number based on a velocity of 7.7 m/s outside

the boundary.layer.and the chord length of the model ‘was

. . u .' o %

c
Re = =—— =2, -.10°
3.2 EXPERIMENTAL APPARATUS -~ ;. ° !
3.2.1 Wind Tunnel S 1 .

The 2 m by 1.5 m blower, boundary layer wind tunne] in-the

»

Aerodyn%m1c Laboratory of the Department of Mechan1ca] Eng1neer1ng at
MQG111 Un1vers1ty was uséd the test sectlon of the tunnel is 10 m
1ong, and the flow is supp11ed by a centr1fuga1 fan rated at 30 kw.
The pressure at the ex1t from the test sect1on 1s atmospher1é |

The roof of the wind tunnel 1s made of segments that can be 1owéred
or raised. There is a pressure tap in the center of each roof’

/

segment The roof was adjusted .so that there was no pressure @

gradient along the tunnel. The statlc pressure tap_ just befor

+
el
the final contraction andﬂdownstyeam of the screens was used a%

| |
i
i
!
‘l
|

[

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

pressure (Fig. 2).

3.2.2 Spires ‘ )
» An array of 4 spires with splitter plates was placed\

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

The spines,were 1m high and spaced at 0.4 m. They were designed

to give a boundagy layer with a & = 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 actual boundary layer generated

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

-

3.2.3 Roughness

| In order to maintain the specific power 1/n for the

‘boundary layer achieved by the spires (eq. 1), rpughness was needed

on the~w1‘nd tunnﬁ?ﬁl‘?loor Two theoretical rectangular Iroughness

arrays were calculated accor'dmg to Fig. 2 of ref. 15, It was
/determined that an array of square three-dimensional bars 3 nm’

high and 30 mm apart would give 1/n = 0.16, and @n array of rectangular

two-dimensional bars 12 mm high and 250 mm apart would give 1/n = 0.24.

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

pla‘s}jc mat with cone-shaped protrusions. The cones were 3 mm {high_,
{Tmn base diameter»Spaced every 28 mm in én hexagonal array (see
%l Plates 2, 3 and 4). This rnughness was the besf‘? available substitute

for the calculated rouéhness 2) A canvas carpet with 12 x 12 mm /

strips of wood attached across 1t and arranged 250 mm apart to.

form a two~d1mens1onal roughness as calculated.

The spires gave 1/n = 0.13 with roughness 1, instead
of the nesigned 1/n = 0.16 (see 4.2.1.2). " The same spires were

tHerefore used for both prol-'iles. \.

-
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3.2.4 Pitot Tdbe Comb for Bounqahy Layer Survey on the Floor-

S The comb consisted of a metal bar which could be installed
vertically in the wind tunnel in the absence of the model end '
which held 18 P1tot tJbes between the roof and the f]oor of the

tunnel. The lower 9 tubes were 50 ‘mm apart, and-the upper 9 tubes

were 100 mm apart.

3.2.5 _ The Model

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

‘Pictures.of it are shown 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.
I
The inflatable building model consisted of a membrane

with a 650 mm span (1) and a length £ which could-be varied between

260 -mm and 320 mm. The material of the membrane was a f]ex{ble

impervious light cloth (Stab]eéote II rip-stop nylon, 25 gr/mz)
which is used for spinnaker salls The model was inf]ated wi th
an adjustable supply of air from the blowing sxde of a 650 W domestic

vacuum ‘cleaner. The air was introduced to the inside of the model
through a berforated pipe (8) which was calculated to give en even i
distribytion of air. | N

Both ends of the model abutted on plexiglas plates (2).

i

Four pipes passed through these end:blah_§;~;heéair supply pipe

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

~measurement of the average inf]at1on pressure . The pressure tubes

measured the pressure at three equal]y spaced lateral positions
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, L
inside the model and their openings pointed in different directfons,
so that any significant E;r flow within‘the mo&eT would have been
detected (see Plate 5). -

The model and end-plates were held by a rectangular
frame (9) that fitted into an opening of the same shape in the
winq tunnel floor. The frame held the model horizontal}y S0
that its axis was perpendicular to the wind tunnel flow.

A second membrane (6) below tﬁe level of the wind tunnel

floor (4) was clamped between the leading and the trailing edges
of the model, the purpose of which was to seal the inflated model
and prevent qif from escaping at the edge gaps. Some air escapkg\‘ .
inevitably between -the model and the end plates, but this was
minimized by a11owin§ an extra 5 mm 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 geal were connectqﬂ
by two long clamps (7), one on the leading ;dge of the model and

one on the trailing edge. A system of flexures and sirain gauges
was used to measure the fore and aft force, and ultimately the
tension in the membrane. Each clamp _was mounted on two flexures (10),
one on each end of the clamp. Attaéhed to the four flexures were

-

strain-gauges which measured the strain due to the horizontal :

i
'

force that was applied by the tension in the.élotb 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 reading at the maximum pressure and limitation of the

i

{.
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flexure deflection to no more than 1 mm. The dimensions found

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

The seal was designed to have‘the shape of a semi-circle
when the model was inflated, so that it would not apply a horizontal
force on the flexures. However this was not exactly achieved and
the horizontal force due to deviation from this semi-circular shape
was taken in account. The flexures were mounted on the frame (9).
The distance between tﬁé/c1amps fixed the chord lenéth c at 250‘mm.
The height of the model could bé varied by changing the length «

of the membrane of the model clamped bs}ween 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
width of the tunnel. In order to complete the model so thaF it/
would span the tunnel and ?chieve‘h quasi two-dimensional condition,
two rigid dummies in a shape of a circular arc with the same chord
length 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.

o

3.2.7 Traversing Static Tube
A static tube was designkd to measure.the external pressure

distribution along the surface of the model. The static.tube was
designed using a three-dimesional source in potential flgw to represent
- the tube, and a two-dimensional doublet to represent the stem. The

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

1

1
\




qﬁ}‘ static tube were drilled at the Tocation where these two bodies
‘1 cancel each other's effect. The static tube pas tested in the

wind tunnel (3.3.1). - - \
3D . - 80

The static tube was mounted on a tgaversing gear so that

it might be aligned with the surface of the membrane. The static

Y

tube lay in a vertical plane which is parallel to the flow and
passed through the lateral midpoint of the model. It had three
degrees 6f freedom in the above mentioned plane: two linear and
one rotational. .- | J

\ Another method of externaﬁ pressure measurement was tried

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

!
| rigid bodies. The method was abandoned, since it involved attaching
rigid washers arvound the taps and they caused 10qa1 stiffening

.of the membrane. i

: |

3.2.8 Instruments

Yo ) 1. Manometers: Three Lambrecht type 655 alcohol reservoir manometers
inclined at 1:25 were used to measure: ‘

a) Inflation pressure.

©

e -y
ey
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b) External pressure distribytion.

c) Tunnel reference pressure.

2. Bruel and Kjaer strain indicator type 1526 which ultimately
measured the forces on the flexures.

3. Heathkit IR-18M chart recorder which recorded the strain

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

q, é;eCisioniTool and Instrument Company cathetometer 2202 (tele-
scope),” to measure the éﬁble between the model and the wind
tunnel floor at the leading and trailing-edges. (sge section 3.%.2)

_5;' DISA hot wire anemometry system: | o

‘a)

Hot w%re anemometer 55D01.

/
b) Linearizer 55D10. /
c) RMS voltmeter 55035.
~d) Slanting hot wire probe 55P12.

to ‘measure Reynolds stréﬁses (-pu'v") in the floor boundary layer.

3.3 CHEéKS 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 cylinger with a préssure tap on its surface was placed in the

tunnel, axis perpendicular to the flow, but in the absence of the model.
J

The pressure from the tap was read for various azimuthal positions and theri
cdmpared 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  Flexure Calibration |

The flexures with the strain gauges for tension measuremenf,

were calibrated by loéding them with a horizontal force/using a
; ] .

i ! L

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

indicator. fhe flexures were gradually loaded, unloaded and finally

reloaded. The calibration showed maximum error of 0.8 per cent

due to lack of repeatability and linearity. !

3.3.3 Hot Wire Check

The hot wire system (section 3.2.8 No. 5) was tégted
by measuring the skin friction in fully developed turBulent
flow in a smooth pipe, and comparing it with the skin friction
found from the pressure drop along the pipe. The 76.2 mm (3 inch)
diamete& pipe had pressure taps along it to measure the pressure
drop.

The single slanting hot wire probe was traversed from
near the wall of the pipe to its center. Then the/probe was rotated
180° and traversed again from pipe wall to center, (réf. 16).

The signa]yfrom the anemometer was Tinearized and the mean squhre

of the AG component was recorded. At each point there were two
readings: one reading before rotating tﬁe probe and one reading

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

was checked to verify that the axis of the probe was parallel to
b

. 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 constant of the slanting wire.

Finally, a correction was applied, to account for the longitudinal
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1

cod]ing of the wire, using a constant. of k§ = 0.04;,according to

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

gave the time average of the product of the %luctuating components

of the Tongitudinal and lateral velocities u'v' as a function of

the distance from the pipe wall, non-dimensionalized by the radius
of the pipe. The Reynolds-stresses -pu'v' were plotted and compared
with those calculated from the pressure drop (Fig. 6). The results
agree within a maXimum error of 6, per cent. The skin friction /
velocity U; equals @fﬁfiﬁ at the wall and the maximum error in it 1is
thérefore 3 per cent., Over most of the range, however, the error is

much less than this.

3.3.4 Wind-0ff Measurements ‘
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 of fhe wind-off measurements was two-fold:
to check the self cohsistency of the insfrumentatiOn and to substantiate
the validity of the theoretical éorrection due to the seal not being
truly semi-circular. ,
The wind-off tests showed a1§o 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 chord
length ¢ remained constant within the accuracy of measurement for

/

different inflation pressures. / .

-

-—

The results of the wind-off experiments are given in

Fig. 7. The tension in the membrane was calculated in two ways:
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from the internal pressufé and from the strain measured in the
flexures. 1Ideally all the results should fall on a strajght line

at 45?. The present résulss deviate from this Tine 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.

: “ A _
3.3.5 The Effect of the Rigid Dummies

/

The fact that the rigid dummies were not exactly the
same shape as the model did not iqtroduce a detectable error.
This' was proved by removing the ddmmie; entirely while the wind
was on, and seeing that }he tension and external pressure reading
did not ghange. The deviation due to the removal of the dummies

ot T
was found to be less than 0.5 per cent.

, \

-

3.4 EXPERIMENTAL PROCEDURE

3.4.1 Boundary Layer Measurements

With the spires mounted and the model removed the fo]1owing\
J .

measurements were made for each roughness.

3.4.1.1 Velocity Profile Measurement
§ )
The wind tunnel was set at a nominal value pf 7.7 m/s
’ Vs

and the comb of Pitot tubes was mounted in place of the model in
the Eﬁnnel. The 18 readings of the total pressure were taken for

the measurement of the boundary layer velocity profile. This was

repeated at three spanwise positions: at the center line of the
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\
tunnel, and on both sides of the center line behind ‘the middle

spires.
3.4.1.2 Hot Wire MEasureménts for Skin Friction Velocity
!

A single slanting hot wire probe was traversed frOm the

wind- tunne] floor up at intervals of 25 mm. The procedure deSCrlbed

in sect1on 3.3.3 was uéed for the calculation of the Reynolds stresses

-pu'v' in the boundary layer.

* ! §
The geometry of the model was measured with the wind

3.4.2 Model Measurements
off. The height of the model h, its chord ]ength c, and its span L ‘
between the end p1ates were measured using a ruler and sighting
through the end plates. The length of the model membrane was re;ﬁ
directly from the. membrane, as 1t was graduated with tent1meter
13nes. The height and diameter of the near semi-circle of the

seal membrane were also measured using a ruler.

l The leading edge~$ﬁd’trai1ing edge ang]esrbetween the

model membrane and the wind tunnel floor were measured‘usinghthq .
telescope. An oblique sighting of the angle was required since

it could not be measured near the end plates-where the vertex of

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

the rigid dummy (Plate 2). \The angles were measured therefofé’
at the middle of the span (white line in Plates 2 to 4).
With the wind on and the model inflated, the graticule

Tline of the telescope was aligned with the white Tine near the

J .y a
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vertex of the angle. The.model was then def]atéd and a prqtractor\
Was‘p1aced 6n\the iunnel floor on the white line. The angle 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. ;
FOﬁ each combination of h and P the readings of the sﬁrain gage
bridges were recorded on a chari recorder, since the reading fluctuated
too much to be read directly on the digital voltmeter included
in the B & K strain indicator.

Since the models had a height-to-chord ratio of up to
0.4, separation bubb]és were expected to form at the leading and
trailing ed;es similaf to those found near a rigid bluff body in

. /s
a boundary \ayer. The two separation and two reattachment points

gkig. 4)- were lqcated using a wand with a tuft attached to its
end. b '
_The stabiaity of the model for low inf]afion pressures
was investigated, As the inflation pressure was reduced to Tow
vaiues the modgl startgd to oséillatg aqd subseqde;tly collapsgd.
The values of these c}itical inflation pressures were recorded.

The pressure distribution outside the model along the;
center 1iﬁe of the tunnel was measured using the trqversing'séatic
tube. The static tube was p1aced:Q,5 my from the surface locally
parallel to it. The reading was usually not sensitive to the exact
distangs of the static tube from the surfacé. The distance could be
increased to about 2 mm from the surface even near the top.of the -
model. Pressure distribution was measpred for each height of model

\ , . .
for one inflation pressure.

¢ ~
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3.5 MEASUREMENT ERRORS
v .

3.5.1  Blockage Effect
The vertical dimension of the crosg section of. the wind \
tunnel and the height of the models, tested had a minimum—;atio of
about 18:1, therefore the blockage effect was expected to be small.
A very rough estimate of the blockage effect correction
for the coefficients CT, CP and Cp was made for an equivalent 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, bec;use
the flow was not uniform. Nevertheless the corrections were assumed
to apply proportionally to the skin friction velocity.
\ The solid blockage corrections for-the coefficients 2aU_/U_

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

\

I ratios. The Waké blockage effect was estimated from Glauert's method

mentioned in ref. 17, which does not use a drag coefficient but is
stated in terms of the thickness-to-chord ratio of thg model. The

wake blockage corrections for the coefficients were 1.2 to 1.9 pe% cent.
Ve J ‘

The tota] corrections ranged between 1 5 and 2 5 per cent, according

to tbe geometry of the model, and they were applied to all-the resu]ts

(although they should not have been applied to Cp). s o -

= 3.5.2 Tension \

The tens1on per unjt Tength T in the mode] was calcu]ated

from. the horizontal force F app11ed to the flexures by the mode1
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where L is the span of the model and ¢ is the leading or trailing

I

I
{
i

edge angle.
A correction for the force F was made due to the fact

Thus an add1t1ona] hor1zontal
tch

._*____0

that the seal was not an exact sem1c1rcle
force F1 was app]xgd to the flexures as, shown in the following ske

. e

L

A2

where the subscript 1 denotes values for the seal

- " Also '

Tl = (P'Pm) Rl . R
- . o B &
' b, ’ .
and Rl = —'2- + gﬁ-i— > o L I . (26)
\ , “~i\ T e
From the last three equations ' \ o : .
| c2 s o .
e 27y

CL(pep) (e L)
= ;l-pm v gﬁ—l-‘cosel

v \
The force applied by the model in eq. (25) is

' L F=Fread - Fp _ ‘ o
\

o )
s 7 . ~ ~/
f . ‘o <
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" and 1s/tﬁerefore negligible,

s
A=
-
:

The measufé@ént’error inT is
voodT _dF o dL T "
¥ = t tane de - . ‘ (28)
To investigéte the contribution of the error in the éddifional

force FI to the error in T, consider the relative error in F1 calculated '

from eq. (27). ,

7

dF dL Y / 2 c "

1l 1 ,d 1 l. i 1 e T

oL PR 2 Ry ) dhy *ghs deg ,
where Ry, is given in eq. (26). ' .

The_estimated error in measurements.of“gebmethy_for the

model and seal were dc = 0.5 mm, dh~= 0.5 mm, dL = 5 m and de = 1°.

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

the readings taken from the three 1nf1at1on Bressure tubes and

it was 0.5 per cent.
\ The error in F1 could be as large as 20 per cent for

the particu]ar geometries in the exper1ment However F1 was only

two per cent of the force F of the model, so that dF /F=0 004

The error in T was therefore ca]cu}ated

from eq. (28) without taking into account dFy/F;.
The estimated error-in reading strain from the chart-

recorder -output was 2 per cent, i.e. dF/F = 0.02 and a typical

\reading of owas 52° which gives a possible maximum error of 4 per cent

{

in the tension calculation.

<t
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3.5.3 External Pressure Distribution and Boundary Layer Profile
- ' ‘ |
\\ : The manometer readings fluctdated more’ip these measurements

than in the inflation pressure measurement:. The estimated error

was 1 per cent. The hot wire readings had a maximum erro; of '3 per cent

as found in the measurements of the pipe flow. -
r : , / C.
3.5.4 Separation and Reattachment 3
The error in determining the distances 51, Rl’ SZ’and Ro (Fig. 4)
is estimated as 10 mm. This is due to uncertainties associated with
interpreting the behaviour of the tuft. At the leading edge the
separation bubble was typically 20 mm long and the error there

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

edge the separation bubble was about 200 mm long and the percentage )

error was therefore miuch less.
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4, RESULTS AND DISCUSSION
P ,
- 4.1 THEORETICAL RESULTS B
4.1.1 _ Program Testing for Rigid Bodies
A The computer program was tested by running it for rigid \

. | bodies (one iteration) which have a known exact solution.
The chosen bodies all have two axes of symmetry and %herefore !
-only one quarter of them needed/to be discretized.,
a. A c}]inder in a‘unifoym flow: The exact solution is féund
by go]viﬁg the flow for 5 doublet in unjfor; flow. The pressure
distribution is given in Fig. 8 for various ngmber of discretization
points. The solution for 17 points or more effectively coincides ;
wfth the exact solution. ’
b. 3 Rénkine oval: The exact solution is found by soﬁvjng the
\ ) f]ow for_a. source and a sink with an 1ﬁtensity of 27 with a
distance of 2 units between thém in a uniform flow. This
configuration gives a contour defined by o

'// ta‘f]:y‘=—2_2!2—- / ‘\" *

X4y -1 .

Reéu]t; are given in Fig. 9 for 17 discretization points),
and again the agreement with the exaét solution is ver&’good.

c. . Lenticular aerofoil: This is an‘aerofoil which is cqmposed
of “two .identical circular arcs connected at their ends (fef. 18) .

1

.
-

|
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Ed

The results given in Fig. 10 give again very good agreement
with the exact solution. ,
A choi?e of 17 péints for discretization per quarter
body gavé very good agreement with the exact solutions in all
cases and this number was therefore chosen in subsequent usewof

the methodv
- !

4.1.2  Results for the Present Problem
/ \
Theoretical results for the tension coefficient CTS
/ {

and Fheir 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(;) are given in Fig. 11 to 16.

The higher the building and the lower the Cp the more
iterations were needed for the same degree of convergence. For

low buildings with high inflation pressure 4 or 5 iterations were

P

needed, and for high buildings as many as 20 wgre,needéa:/ B
‘ It appears that fot/]gw,buiTH?Bgs it is possible to present
‘the results in the camaaéi way using CP//(Z—CS/C as a collapsed

7

parameter. For the casgs of buildings with h/c<10 per cent, the
values of Cp//(2+c7c were plotted against CT (Fig. 17). For a

constant s]bpe ¢/a of the idealized onset profile, the results
. e N ¢

'fall on a single straight line with a slope of about 5. Each )

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

“

It is possible to comparelthe present theory w{th the

preyious approximate theory of Newman and Tse (réf. 6).\ The case
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/

of c/a—~-0 or g/c-«:corresponds to a uniform onset Flowwwith no vorticity,

and for this case the results in Fig. 17 coincide with the qredictions

/

of Newman and Tse. / ' . |

4.2 EXPERIMENTAL RESULTS
4.2.1 Boundary Layer Results

4,2.1.1 Free Stream Velocity

The free stream velocity was calculated from the sfagnation

pressdfe at the top of tﬁe boundéry layer. Since the measurements

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

was assumed to be atmospheric. The values averaged 7.9 m/s and 7.5 m/s

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

1.18 kg/m3. ?he boundary layer‘thicknesg was 1.4 m, which 1is

well aboye'the design value 6 = 1 m, possibly because of additibn@[%;/(//////
boundary layer growth along the tunnel, as the measurements were

taken at a distance of 9.times the spire height instead of 6 times

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

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

/

height of the model or more.

4.2.1.2 Power Law Exponent

The boundary layer préfi}es were plotted on a log-log o

. . / ’
scale: log (ptotal"pw) against log y (Figs. 18, 19). The power

/

o v



~ roughness wd; use?, (see 3,2.3). Roughness 2 géve 1/n=0.24 as  ~—_.
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4

1/n for the power law profi1e‘(eq$ 1) was calculated from the slope
of the straight line (Table 1). The resﬁﬁﬁéfor roughness 1 was 1/n = 0.13

compared to the design value of 0.16, probably because a substitute

designed.

'

4.2.1.3 Skin Friction

» N T
The skin friction velocity U_ was found in three ways:

‘a.’ The velocity profiles were plotted on coordinates (Ptota])Ii
against log y (Fig. 20, 21) to give U_ from the’law of the

wall: , \ .
_ ’ N

yu k.U
= 5.5 Tog;o(—7) + f(—=7)

v o .

U
U
T -
The skin friction velocity was calculated from the slope of ~

the graph in the region of 0<y<0.25s.

b. A result of the velocity-defect law is that‘ N
, U /
uU-
—EUFEX = Constant
T .

“whéreiuav is the average velocity of the wind profile, and
the constant is 3.9 (ref. 19) or 4.0 (ref. 20). The value L
of UT was calculated from this relation, using the velocity
profiles found in 4.2.1.2, and the results are given in Table 1.

c. The hot w{re measurements were reduced to give the ﬁeyno]ds‘

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

&

-
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t Wwas piotted against y (Fig. 22/3 23) and was extré- S
polateé toy = 0 to give the wa]ftgﬁéér stress T, and thus
UT. The results are also given in Table 1."
The result for gt found by het wire for roughness 1
is much higher than the results obtained from tée other
51 two methods, possibly because the, roughness was not large
ehough’to eliminate the excess turbulence which is produced
by the spires (ref. 13). | ‘
Sincé the mean velocity level is thé dominant parameter .

which detérhiﬁes the shape of the profile and the tension -
' “in the membrage, it was decided to use the values obtained
from the mean velocity profiles rather than the hot wire
~ readings and the vaiues of U_ whigh were used for the-coefficients
were 0.24 and’'0.36 for roughness 1 and 2 respectively.

B » ! t

4.2.1.3 * Two-Dimensionality of the Wind Velocity Profile

There was a variation of the wind velocity profiles in the
lateral direction across the tunnel, i.e. they were not perfectly two- /

dimensional. For roughness 1 the power 1/n was 0.13 at the center 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 1ine were the ones that

" were assumed when comparing theory and experiment.

-
/\\




%%

] s
e R T A e

34 - ARG ARAFEDSS AT AT

B

P,

i sroamr B s

50

{

4.2.2 Model Results o |

4:2.2.1 Tpnsion and Inflation Pressure
The tension per uqit~1ength T in the cloth was calculated

from the forces on the four flexures,‘the seal geometry, the.v
" inflation pressure and the leading edge and/trailing edge angles

(see section 3.5.2). The difference between the-tensions calculated

at the Teading edge and at ‘the trailing edge was + 3 per cent, ’

which is within the range of the measurement error (section 3.5.2).

The difference was not attributed to wind friction, because\it

was not of one sign, ,” . : '

- The tension and the inf]afion pressure were reduced |

to ndn—dimensional coefficients as defingd in eqns. 4 and_5 using 4
the appropriaée UT for each roughness. CT is plotted against CPT

in Figs. 24, 25. Fach curve is for a given membrane length or
model(height and all are approximately straﬁght lines which do

not pass through the origin. ' The curves are in the consistent \

or?er on the graph i.e. the tension is higher for the lower models

for a given inflation pressure and each roughness.

Fig. 24, 25 have a lower limit for C, and C, marked
by a bold curved line across thé CTT VS:CPT lines. The bold
Tine marks the critical inflation pressure coefficient for which
the model collapsed. For % pressure slightly above the critical,
the mo@e1s oscillated irregularly and partially coVlapsed at the * -

leading edge. The cnitica1winf1ation pressure for the lower
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models was somewhat uncertain, since complete colTlapse was not
observed even fof zero inflation pressure, and thé instability
Tine is therefore shown dashed in this region. This observation
agrees with the rgsu]ts obtained by Newman and Tse (ref. 6) for
thin lenticular aerofoils; théy also did not 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
\ve1ocity UT. To make them useful for practical purposes, the data
should be related to a wind velocity at'a height of say 10 m above the
ground UlO’ where it is usually measured. Table 2, which is based on
the work of Davenport (ref. 7), is therefore included. It provides data
on winds blowing over various terraips of different roughness, .

_including those represented by the present experiments.

4.2.2.2 An Attempt to Collapse Parameters

It was concluded‘in section 2.3.3 that the tension
coefficient CTT is a function of the parameters (£-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 experiﬁenta1 data were
plotted on a graph of CTT/CPT against 1/CPT in two sets of curves

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

%

(e}

Tt T

CPT P-p_ic

and this quotient does not dépend on a velocity, a fact which

facilitates this investigation. An attempt was made to collapse

\

[P
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the two sets of curves (Fig. 26, 27) onto é single set of curves
so that o ‘ \ \

. L 2-c
= (5 Cp) \

without including n, where CT and CP are coefficients based on
"some velocity chara‘cteriétic of the problem, which is neither

‘U nor U_.
T » S

The collapse of parameters could be done.by choosing
an appropriate reference velocity to base CP and CT on. ' Such
reference velocity was expected to be the velocity of the undisturbed
onset flow,Tat a height of a constant fraction of the model for
all models and roughnesses whiéh were tested. However, no such
constant fraction was found ,~Which proves that the system is
characterized by at least- three parameters, and is dependent

also upon the roughness parameter or wind profile barameter, i.e.

- o (&t
CT-CT( C’CP’ n)

\

. 4.,2.2,3 External Pressure Distribution -

The pressure distribution measurements were reduced
to an external pressure coefficient'cp (eq. 7),w and were plotted
against s/f (Figs. 28 to 37), where s is measured along the surface

of the model from the 1;ading edge.

- 5 -

4.2.2.4 Separation and Reattachment
The distances of the séparation and reattachment points

from the leading and trailing edges (Fig. 4) were plotted against

El

’




1

T E G KA il o0t P

P

o

'
£

%5 ]

;: 53 \ ) : . -
; :

i ' /

: ‘ CPT‘ These d1stance§ were norma11zed in terms of the membrane

% L length £, to give s,/¢, R /£, Sp/2 and Ry/E. Each mode] gave

E \ a separate curve (Figs. 33 to 45),

g The locations of the observed trailing edge separation

§ point S2 were marked on the pressure distribution curves (Fig. 28

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

~

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

The curves 1n(Figs. 38 and 40 are apparently not self-consistent.

This may be attributed to the fact that the relative error in the 1eading
edge separation point was large (see 3.5.4 ) and Figs. 38 to 41 give
only a general idea’ of the bubble size. The trailing edge séparation
bubble measurements were much more exact and it is e;}dent from ,
Fig. 42 to 45 that the separation bubble for roughness 1 (open sea)

is larger than for roughness 2 (sparsely wooded country). The

size of the sepafation bubble corresponded to the height of the

models, and a higher inflation pressure reduced the s{ze of the

bubble, probably because it kept the model firmer and closer

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

shape of the building to become more curved at the trailing edge

and cause earlier separation.

4.3 COMPARISON BETWEEN THEORY AND EXPERIMENT

4.3.1 Choice of a Method for Matching Wind Profiles N
The choice of the matching method for the wind profile
{section 2.4.2') was based on the comparison between the theoretical

dnd the experimental results for the pressure distribution for

|

mt e i e e
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A

the Towest model. Tbe lowest model had a minimal flow separation,
and this ensured that the choicé,of\hethod would not be particularly
effected by this sou}ce of error. A feh results for various
matching methods are given in Table 4. The theoretical results

are compared with the experimental results for the lowest model

and roughness 2 for tﬁe extremes of the pressure i.e. at the

Teading edge ‘and at the top of the model. For the purpose of

the comparison, the theoretical coefficients were mutliplied

by (US/UT)2 so that they were based on the same velocity UT as

the experimental Cp. The compaéisqn is giveh“in Table 4. Method 2.

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

gives the best results, followed by method 1. P ' 1

4.3.2 Tension - ;

Al1 the theoretical results were plotted on a graph

of Cp: against C._ and the value of (£-c)/c was noted for each

Pt Tt
point p1otted.(’Then by interpolation, lines of constant (£-c)/c . |

were plotted. The;e are compared with the/experimental results

- in Figs. 46, 47. The discrepancy between experiment and theory )

ranges f}om £ 2to £ 15 per cent. N
The experimental results were expected to be close

to the theqret%cal reﬁu]ts found by Newman and Tse (ref. 6) for

the case of small height-to-chord ratio, although in the presept

work the onset flow was not uniform, The coefficients C; and Cp

in/the present experiment, wefe changed so that they were based

on the onset velocity at the top of the model Uh at y = h for tpe

purpose of comparison.
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The results are given in Table 3., -Compar"ison between the present
. experimental result‘s and Newman and Tse's theoretical prediction of
Crh shows a 6 to 15 per cent difference for the lowest model and. up to
32 per cent for the second lowest model. L N
The experimental CTh is highﬂer than the one predicted
by Newman and Tse, possibly because the onset velocity above

the top of the mode! was greatér than Uh and caused the tension

to be higher, The velocity below y = h was of course smaller

than Uh, but must- have had less influence of the tension. S

_4.3.3 Pressure Distribution

The computer program can only find (L-c)/c from CTs and

cPs and not the-other way around (2.5.1)’. In order to find cTs
for a specific combination of cPs‘ (£-¢)/c and 1/n; a few' runs

" yere needed varying C}Ts slightly in each run, until the correct '

<

" {(2£~c)/c resulted.

. . £~¢
For the combinations of Cps’ Cqg and === which vere

foﬁna, the pressure distributions are compared in lFigE. 48 to-51.

-~




The difference is as low as 5 per cent for the small hexght to-chord
ratm cases, «far enough from the separatwn zones, for roughness 2.

In other cases, the theoret1ca1 C__ results are a misch poorer

Pt e

prediction of the ,expemmental Cpr. \ -
4.3.4 Reasons for the D1scr%anc1es ‘

| In the cases where there are discrepancies between
the experimenta'l and the theoretical results, they may be attributed
to two factors: a. The forming of separation bubblés at the
leading and trailing edges. b. The onset flow approximation ' N

of the power law profile by a straight line profile.

T4
4.3.4.1 Pressure Distribution’

The largest discrepancy for the pressure distribution
_is near the trailing edge at the location of the larger «s‘eparatibn

bubble. It is evident from Fig. 28 to 37 that the pressure di;tributidn

e o i e

R greatly affected by the trailing edge separation. Both the

smaller separation bubble at the leading edge and the large separation

bubble effect the pressure distribution over the whole model.

Thé¥ cause a d1sp1\acement ‘of the flow, so that the apparent chord
- is longer, which gives effec'ti‘vely a smaller heig’nt-tq—chord

ratio, thus causing the piessure»distribution curve to~flatten.

Indeed, in Figs. 48 to 51 the absoTute value of C__ is generally

pr
smaner for the experimental results than for the theoretical

9
s

resul ts
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The theoretical CTT was expected to be higher than the

[

%éxperimental for given CPT and (2-t)/c, since the matched uniforﬁ

. vorticity profile had velocities which wereagreatef than 'the actual

Y v “a

onset ve10citié§\everywhere, as shown in the sketch.

DR o ’ ) N o
} i h ' °
This proved to be true for roughness 1, but not for roughness 2. ;
* .No exp1énation was found for the fact that for roughness 2 the
theoretical tension coefficient was lower than the experimental . ’
® - tension coefficient, but it is possible that the separation bubbles

which were present in the experiments caused somehow a higher
tension. J
= ! ’ {

/
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-
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- 4T3.4.2 Tension Coefficient ‘ L
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P 5. CONCLUSIONS ,

IS

5.1 EVALUATI’ON‘OF THE -RESULTS
, Sincev buildings are typically in thg wall-law region
of the boundary layer, the tension in the membrane, the inflation
gauge pressure aﬁd the external pressure dist;ribiztion, which_r |
a'wére measured in the experimenf:s, were réducefi to non-dimensional - c
coefficients using the skin friction velocity. The results presentedn‘
o _in this way for various height of building are convincing and show
a consiste;lt change of tensio’n'vginth height.
The'-completion of the span Qf the model Iusing rigid q
dummies did not introduce a detectable error,‘and the as’sump,tiotrl\

that the tension doey not vary significantly along the membrane *
a I

-

due to wind friction was confirmed by the experimental results.
The separation bubble at the leading edge was small
and became smaller as the ‘inflation pressure was ';educed for a
- 'giveﬁ' membrane lengfh. The separatfon bubble at the trai‘lina 7 -

edge was large, and it became larger as the inflation pregsure

3,

was reduced,
. S - .
Of the various methods which were tried to match a

streaming flow with Uniform vorticity fo a wind pro'fﬂe with a . ‘o
powér 1aw, the method which f'equired the slopes of both profiles

" at the height of the building to be the same, gave the best comparison

-~

/ R
~ between experiment and theory. The second bes’g was ‘the method

which required the average dynamic préssure over the height of
“the building to be equal for both profiles. | s
e i .. rew -

3 , . - N »

T et T o S S S USRS



| . 59

The present‘ theoretical results give a prediction of
the tension within 2 to 15 per cent. The predw:twn of the pressure
d1str1but1on for smaH he1ght to-chord ratio is fa1r for the
region between the ﬂow-separat1on zones. In other cases the
prediction of surface pressure is less satisfactor_y.' |

" The present Eheorétical resuits are in very good agreement. ..
with the previous work by Newman and Tse (ref. 6) for a small
height-to-chord ratio, and the experimental results alsg, giv\e {

good ‘agreement'with this previous work.

5.2 < PRACTICAL USE OF. THE PRESENT WORK \

. The exherimenta] results are useful for desigﬁ of long
cylindrical inﬂatab]eu buildings in actual steady cross wind
_ conditions, near opén sea or in-sparsely wooded cogntry.
Data for other types of terrain can be found by interpolation
_,and extraqpoht'ion. The present theoretical method is useful
for Qa1cu1at1on of tens1bn for any wmd profﬂe

An intriguing aspect of the present work is that the

‘ infernal pressure for low two-dimensional buildings -may be decreased
‘ ‘with increasing winq speed without encountering instability or )
. collapse.- Ifl this behaviour is applied for 5 real building of
finite lgngth, then the membrane tension would be greatly reduced
resulting in thinner membranes ‘and reinforcing cables. To obtain

these savings, the inflation pressure would pé rediiceéd as the wind

speed increased, contrary to practice on other building shapes.

i
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5.3 - SUGG?STIONs 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 trai]ipg edges‘which ‘
would give the separation and reattachment.conditions found in

the experiments. . d
- . Further experimental work could include measurement
\of‘tHé"éﬁape of the model and comparison witﬁ the theoretical
ghapé. Smoke éunne1 tests would give more information on the .
seﬁaratibn bubbles, and the results could be used in -the theoretical
representation of the bubbles.
A theorétical solution of a different character could

be devised to solve the whole flow fiield outside the building ’
in the actual onset flow with turbulgnce and viséosity. This

would be a complete solution of the Navier—Stokesdequations with
a}nodelling of the turbulence, using a numerical method wi'th
iterations for the unknown portion of - the boundary, iie., the

surface of the building. The solution would predict the flow

separation and the asymmetry of the shape.
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APPENDIX I

Abproximation of a Power Law Profile by a Streaming Flow

of a Uniform Vorticity

The approximétion was needed for* the present method of
\ theoretical solution which can handle a streaming flow with uniform
vorticity and not an actual boundary layer of a power laQ profile,
Two unknowns are to be found: a and ps (Fig. 1). Two
assumptions were made for the matching (method 2):
1. The approaching velocity at the top of the building (y = h)
; is .the same for both actual and idealized profiles.
2. The vorticity (or the slope) of the approaching onset velocity
profile at the top of the building (y = h) is the same for /
" both profileés. ~
The two conditions are expressed by

U, (h) = Uy (h)

1

y= y=h

which results in the f011owin§ equations:
a
(Y) . =
Uy D=y (1)

ol h (!“'] U
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3
i

where o = %- andl g =

=

Simulténeous solution gives:

o

B:.._...-

lea

Results for the present experiments are given in the following table:

1/n h/a
0.13 | 0.14943 -
0,24 | 0.31579

Note that Ue‘and § which are used %n this sectibn may i
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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¢ o ' APPENDIX II

The Computer Program

Voo I-1. Program notation |
/ A(I, J) Matrix of coefficients of influence.
; AR - . A constant-in the onset profile VXF(I).
AL Total length of the curve. I
BB Matching parameter.
) CPI Inflation pressure coefficient. .
cP(I1) | External pressure coef%icient.
CPIL cp1/y{E-c)/c. .
D(1)’ Right hand side of AX=D.
DDY(I) Local curvature. '
N © Number of points on a quarter body.
"R " Radius of curvature of the wind-off case.®
SL(I) - A coordinate along the curve. _'_ \
/ ] SS(I)’ ’ Strength of a squrce or sink element.

Note: The strength of a source differs in

this program from the conventional notation

t oy

/ by a factor of 4.

T - . Coefficient of tension C. : .

SW(I) Magnitude of the velocity at control point i.
S Wx(1), wy(I) Components of ve]ocity\at control point i.
VX(I, J) vY(I, J) C@mpohents Bf the velocity induced by the i-th .

1

element at the j-th‘control point.

{ ~

e
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VXE, WE© The same as VX(I, J), V¥(I, J) but in element
‘ coordinates.
VXF(T) The .onset flow velocity profile. = \
CX(I), Y(1) Coordinates of the control points (Fig. 5).. §—
XI(1), YI{I) Coordinates of the surface points (Fig. 5).
" XE, YE ) Coordjnates in a system\éttached Fo an element.
AN(I), YN(I) Components of a unit vector nérma] to the i-th ;
element. y ' - i
YC(I) The sine of the angle between an element and

the chord (sin 8).

-2, Notes
1. Lines 21 to 30 , _

Choice of points. Starting at the leading edge, the points
are concentrated. Continuing to the next points. fhe length of
the elements increases by a factor of 1.5. Ending at the centerline
of the building, the points are sparse and the elements are of

equal length.

-

2. Lines 42 to 54 ) , ’ -
Control points, leﬁgth of elements, total length of curve, . ‘
unit vectors normal to the elements and onset uniform shear‘floﬁ

are calculated.

3. Lines 60 to 64
' . The body has two axes of symmetry, therefore only a quarter
of the body is considered and then reflected in the planes of symmetry

to give three images. N ‘ -
o .
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4. Lines'gﬂ to 86 .
Va?ues are asgigned‘to the matrix 5f coefficients of inf]éE%ce

Aii and the system of algebraic equations i;‘SOIVed, using a library

subroutine, to find the strengths per unit length pf the sources ‘

and sinks.

o

5. . Lines 101, and 136 to 158 \

\ the local curvatdfe is found py integration. ﬁirst Eine is
foﬁnd and later y is found frqm 8. Subroutine ANTGL findsﬂihe
a}ea under a curve by approximating each three adjacent points

by a parabola and by smoothing. The subroutine is good also for

unequal increments of x. ‘

. 6. Lines 102 and 105

The boundary conditfons are incorporated into the result

of the integration to give a new shape.

’
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WATEIV +TIME=60,PAGES=6D .
THE PREGRAM SOLVES THE PROBLEV OF AN INFLATABLE EUVILDING '

QPTION 12 IN A FIXED UNIFCRM SHEAR FLOW
OPTION 22 IN A FLOATING UNIFORNM SHEAR FLOW WHECH MATCHES A GIVEN POWER PROFILE

INPUTS .
TENSION COEFFICIENTY i ) T
INFLATION PRESSUR COEFF IC IENT - [42) §
EITHER THE SLCPE OF THE UNIFORM SHEAR FROFOLE AA
OR THE MACHING PARAMETE § FOR A POWER LAW FACFILE Ea
| .
OUTPUTS
LOCAL VELOCITY AT THE SURFACE OF THE BUILDING . ¥C
THE LOCAL PRESSURE COEFFICIENY N . (4]

THE LOCCAL CURVATURE .
THE LOCAL ANGLE oETWESN THE  BUTLOI NG AND THE CHCRD SINLTH)
THE LOCAL CHOFCWISE CIVRDINAYTE ‘ /

THe LOCAL LENGTHWISE COOROINATE

THE SHAPE OF THE SUILDING ¥Yiy x1
THE LENGTH OF THE BUILDING MEMERANE L -

THE 'CURRENT PRUFILE SLOPE TO MATCH BUTLDING HE1GMTY {OPTION 2) [94

ALL ITERATIONS AFE PRINTED. THE LAST CNE 1S THE SOLUTION, UNLESSE NOD 'CONVERGE-
NCE HAS BEEN ACHIEVED AFTER NI 1 TZERAYIONS.

DCUBLE PRECISION AByWKAREASD
DIMENSION 3{ £0,1) - ¢
DIVERS 1ON WKAREA(S50)
“DIMENSION XJ(50).Y1( £0)
1 XN(SC I TH(S0)D(50) 50)
2,/VVRISD) VWY IS0) ¥V (S (S0
DIMENSION SLES0)
PI=3,1415%26536
BB=, 3158 ‘
NL=20
OC 1234 IP=].4 .- 5 @
READ 1235:7,CP1sAA .
1235 FORMAT(3F10.5)
R=T/7CP1 . [4
AM=« SORT{R¢Q~, 25) .
€7 DATA rgn SUBROUT INE LEQT2F (SOLVES SET OF LINEAP eounr:cnsltoottatot- ~
N=} o
Mx ] ’
1A=S0 ' .
10GT=sS !
YMz 0, : "
NPI=EN+] - » .
NHEN/241 ' -

CHOICE QF POINTS, X COIRDINATE

NMS=N-~-S
ALx.257 €1 S+ENMS=1,) -
DO 1101 1=] NMS
xl(ll*hl'(hS“(l-ll-l-l’ .
1101 CONTINUE 2 ) - _ "y
(oS- XI(HME) ) /6y _ . . o
D0 1102 [=NUSN— !
1102 x:(lox)‘xl(nkS)f(l-NusolJan
o DO 1100 I=1l.nP13

-

.nnnnnnnnnnﬂnnnnnhnnnnnnna
-
X
1

C)oX
x{50
}evX
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U v 13
! A L
- XI{1)=XI(L)=s5 .
YY=R®R —XI(1)%%2
c -
€ CALCULATION OF INITIAL SHAPE., Y COCRDINATE 2 -
c . - »
YI{L)=SQRT(YY)+RM -
1100 CONTINLE . ~ -
On 1 MM=1,NL .
AL=0s
PRINTIOO0L -

1001 FDRN‘7(’!VQT|5|'X'0735"Y"755"VC‘1775-‘CP.|T950°7{(NE"'0
1 TI18,' Xk /7/)
DO 40 [=1.N ' . )
DD 40 J=]1,N s +
vxX(lsd)=0a » o

v

40 vv{1,4)=0. . . .

c : ,
C CALCULATION OF SURFACE ELEMENTS AND ONSET FLO# PRPF]LE
C ,

L Bl
S e

oY=Y

Nl | wwl
QX e e

CrRil~

M o T g 0t X
4TI A W g e
P e
- e M -

-y

.

L)

Y(1))%aA

- Jeemia
»
<
5

12 CONTINUE .
[ -
g CALCULAT ION OF THE COEFFICLENTS OF INFLUENCE /

DO 1C0 1=1sN » - ® 5

00 100 J=1.N . !

DO SO X=1 42 .

INDX=~29K¢3 .
@ 00 50 L=ul.2 :

INDY=-28L43 .

S=zINDX®S IN(ALF( J) 2 4

C=INDYSCOSCAF(J)

1IF(INDY.EQ.~1) GO TO 3 !

IFUINUX +EQ+—1) GG TO 3 .

JF(l .NEe ) GC YD 3 ) .

VXE=0s @ .

VYEx2.*P] . . -

GO TO &

- € . . .
€ TRANSFORMATION TO ELEMENT COORDINATES - e A
c .

3

T
T

XXz XCI}~-X{JSI®INDY ° —— ' i N
YY=¥Y {1) =Y (JI®INDX : ; .
XE = X2xs ovycsc : A , . ,

ANEEXES SIDS{I) ) #92¢YErYE .
ADE [ XE~ o SEDSE ) I+ €2+ YES VE ) f
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: A :
: . n .
( , ]
!" A -
. ~ R
N | ! . ¢ ° f'
1 '
e 0 N -
. .
3 -
v BNa2y E*DS(J)
78 BD=XE® XE+YES YE—(.5¢DS(J) ) #22
- 79 VXE= ALNG{AN/AD) . - R
80 VYE=2 «® AT AN2 { BN BD) p
. T )
: g TRANSFORMAT ION BACK TD 30DY COCRDINATES
. 81 ~ _ VA(I'eJ)S(VXE®C~VYER S)*INOY 4VX{1,J) . N
52 C WY (s )= {VXERSEVYESC) *INDY +vv(1,J) -
83 50 CONT]I NUE °
8s A{lsd) =XNCTISVEC T ¢ JI+YNCL ) ®VY (1 0J)
8s 100 CONT INVE : - . ‘
86 200 | CALL LEOTIF(A sMoN, T ALBT0GT, wKAREA, IERD
“ g CALCULATICN,OF VELDCITIES ANGC CP - o :/ : -
. . - LA et v J .
e s ar 00 30 I=1.N
g a8 30 SS(1)=8(1.1) . . .
a9 DU 20 imlN . - . .
' 20 VVX (I 320 - " b -
N 91 20 . VVY{l) =0s . ' -
92 no 22 1x1.N . .
. 93 DO 21 J=1.N . : v
, 94’ VVX(1) =vWX{1)+VX2il,J)%55()) i ‘
- , 95 21 VYY(I }=VVY( L Y +VY(1,J)sSEL H .
. T s 98 22 ;{1 }1=60RTU(NVXIIIEVXF(T))ve24VVY (L yen2) \ . Y
97 . DU 103 Tal,N . ! -
o8 ¢ CP(1)=1 .~VV(1 ) %02
' b - - .
‘ . A Ecu.d‘uunon OF THE SHAPE FRCM CP -
99 DOY(1)=(CP(I)-CPINT ' .
100 103 CONTINUE L .
101 s CALL ANTGL{(N,X,DDY,YC}
C ERSSRAIASSEAARIRSENBEIIESERARICEEBEIRIRN SISO NRERSRBRAVCL I)=SIN L)
102 O} 102 1=1.N , -, : o
1o > yCtl)= vC(1) =¥C(N) ’ ‘
108 YI(I+1) =Y+ (XTI (I41 3 =X1(I) DI/ SCAT(1 «~YTI(1)2e2}0vC( )
105 102 CONTINUE . , .
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109 80 PRINT 1000XIID oY (1), VWV LI}.COCRDYICId s X1L1D . . ¢
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116 1003 FOBNAT(//7 M 'CT= FICeS 10X 'CPIRYF1045+10X,° LIOLD) =t ,F10.5) - .
17 - PRINT 10043AAs CPIL.MM ! . - |
‘ng 1004 :g?:¢r=;6sc/A=' TF10.5,53s7 CPI/SORTC(E)IN® F10.5,40K+"ITR NCox’s 2] - ¥
1 v . , . - !
120 1005 FORMAT (/7/7T15.°S/7L° T3S +*CP ¢ L7524 *CURVATURE *iTTS, *SIN(TH] *~) . ,
121 00 82 I=1+N - .
Jd22 scoLasL(1)/7AL ) -
123 82 PRINT 1 000,50L,CP(1),DDY(I).YC(1) . . . o %
124 B=AGSLYP-YI{NPL}) . L ’
128 ' 1ECEPS » «00001) GO TO 999 - -
126 YMYI( NP ) \ -
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* ) * [
¢ ° N - M , 'i}
f ’J L] ! ' - . ‘
t * ' ' "
* - : ) + . ‘ - ]
LRI * o* K N t B ' -t Tis, “ +! .
. ¢ N ' ! . - R , :
’ TV ‘ : - : ot i i . - 1 . o . ;
o * - - S 1t L oo e n ttig® ® -
B ' ' N . s "E RS 2 ey tug « \ \ o
‘4) ! i i W o v - -7 ‘. L’" jﬁ L()‘ "u : Yoy ‘(“'»“, ' “f’: r

5 3 .
T
G T,
BT

Tiwr



N , :
§ > ’ o ! ¢
; B e
i i i L ‘ - :
. . .
( R , ‘
i \ S|
\\\ 5 .
\\\\\\ . , . \
. . v ~ + v o '
< - - | | E
€ ADJUSTMENT DF THE SLOPE OF THE UNIFCRM SHEAR PROFILE (OPTION 2) -
C FOR OPTICN 1 REMDVE THE FOLLOWING S$TATEMENT- ‘ ¢ - -
127 ¢ AX=BBIYM y ' - R '
128 IF(YM.GT.1.) GO TO 999 -~ o - .
. 129 2 ¢ CONT THUE . N
Y 130 999  CALL PLOTI(XI «YI sNP1 +90) !
‘ 131, 1236 CONTINVE —
f 132 STOP
; 153 END
i 134 ' SUBROUT INE ANTGL (N, Xe Y3 SF) : .
, € THE SUBROUTINE IATEGRATES USING A OQUACRATIC SPLIBE WITH SMOCTHING
3 - -
: 135 DIMENSION X(S0).Y(50) sSF(50).,AAS{S50).BRE(50)+CCC(59) : j -
: 136 NM 1=N=1 - , .
1137 DC 70 1=2,NM} - -
138, FF=X(])~X(1+3) s ot
139 QO=X(1)802-X(1+1)e%2 - . -
180 PPEX (141 )8X(1)e%2-X(1) 80X (1+1)%92 .,
141 DET=FFOX(Igl)"2-00‘x(1~l)0pﬂ N
182 AAACTIS(Y (T )#FF=X(F-11%({Y(1)-Y{E41)) N
14Y(I)ex{1¢1)~Y(]+1L)*x{1)})/DEY -
143 ABBCI)=CIY()~Y(Lel) ) X(I-1)te2-Y(I—1)*CQ »
14y (41 )wx(1)2#2-Y(1)ox(14]1)ee2)/DEY : ~ 1-
| 148 CCCOEEI=C(X(II®Y (Jet J-XUT4) }ny (I })ax(l=-1)ne2 : ,
1=XCI=1 )8 (YCI+1)*X{1 )42~y {I)aX(1¢]))e%2) ’ - -
2+4Y{1~1)*PP)/DLY . I i
145 70 CONTINUE
146 AALM( L )I=AAA(2)
# 147 88a(1)=8RE(2) - o
148 CCCy 1y =CCcce ) . ‘ .
149 AAA(NI=AAA(N=1) .
150 BBB{N) =BBE(N=1) - ; =
151 . CCC()=CCC(N=~1} ! . !
) 152 SF(1)=0. « ¢ - -
153 . DO 7y I=1,NM} 1.
> P 184 . . DFx (AAALT J4AAA{ T4 1)) 2{ XLI+1) 8% 2-X(1)%¢3) /6, . . C
1-(BEBUIL )+ELR(I+1)I*(X(1)992-X{ 41 )0%25/08, - '
1-(CCCUL J+CCCCI+ 1)) m(XLLY=X(I+1))/2, -
155 SF(I+]1)=SF(I)+DF . R
1s 7 CONTINUE ' . ) :
15 RE TURN
158 END , 1.
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( ' APPENDIX III

Design of the Spires

The 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

4

prescribed profile.

p
Jeo L U,

e

spires
Pa

prapr Gy —40e)

A power law boundary layer is needed with prescribed ¢ )
. 3]

and n. o

The height of the spires is equal to the boundary layer
thickness 6. The spires are placed at a distance of at least
65 from the model, since it takes this distance for the boundary’

layer to become fully developed (ref. 14). The épacing between

the spires should -be no mofe than d-= %%} (ref. 13).
The calculation of the spires is based an the calculation

of grids made of wires. The overa11;pressure-dr0p ?oefficient

K1 across grids is noﬁ applied to spires:

Pa,P& : . - % °
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i

where Pa and Ua are the static pressure and the velocity upstream

l

of the spires.

Applying the momentum equation to a layer of fluid at
height y and using a Tocal drag coefficient K which is a function
of y

Ky = (1+K) (DL’a—)2 -1 (I11-1)

| K can be written in terms 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 affecégnthe

wake behind the spires and therefore the drag.

bl

1.98S : -
K = _——._.2- . (III-‘Z)
(1-8)

where S = W(y)/d is the local ratio of the so]id(area to the |
total area. W(y) is the local width of the spire. For y>5 the

flow is uniform: U = Ue and K = 0, which reduces equation (III-1)

to

1+K-= (_Ue_)Z : | (111-3)

5 | W(y)

h

<3
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Using the Qe]ocity profile: )
u yy1/n
L=
qe 8
and equations (I1I-2) and (III-3), S was calculated as a function »

of y, and by choosing d, W(y) was found.
It was found empirically (ref. 14) that in order yo achieve
a prescribed value 1/n, the design should be done with (1/n-.04).
As the upper part of the spires that are calculated o
is too narrow for practical application, the calculation is éone
for s1ightly higher spires of length &' and then the extra length
is chopped off. |

‘ The following data were taken as design values:

0.16

1.0 m 1/n

§

L]

1.10m

)

d=0.4m 8!

number of spires is 4. - '

[~ ’ -
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U U l
U T T
T [m/s] (m/s] U
Roughness Power [m/s] law of velocity e
No. 1/n hot wire the wall defect Taw [m/s]
1 0.13 0.33 0.24 0.23 7.9
2 0.24 0.37 0.34 0.36 1.5
Table 1: Experimental Wind Profile
near -~ flat sparsely
: open open wooded wooded urban’
-Terrain sea country country’ country center
’ K]
1/n 0.13 0.16 0.24 0.2§§ 0.40
§[m] 250 275 360 400 525
- fal
plO{UT 15.9 12.1 6.15 | 4.65 1.98

Table 2: Natural Wind Data

E T e v ] e s s e e oo =

(Based on ref; 7)




a

h 1/n Con experimental theoretical - CTh(eXp)
c Ne-c)/e Crn CTh . Crp(EhT
0.186 0.13 6.99 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
2407 0.925 0.92 1.005
0.186 0.24 18.8 4,86 4.3 1.13
16.0 a.21 3.7 1.14
14.4 3.91 3.4 é.15
0.246 0.24 15.1 4.45 3.55 ©1.25
' - 10.8 3.63 " 2.7, 1.32
. e
) Tgble 3: Comparison between tension coefficient )
from thin aerofoil theory (ref. 6) and
tension coefficient from present experiments
' based on Uy.
s
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pt max pt min Cre q
Experimental 35 109 225
Theoretical, using 7 | ) ) .
[ matching method’ ) | ' o l
1 48.2 R LI 20
P 4.5 a0 201 \
.3 | s0 116 218’
a0 58 . -121 223
s o 69 -138 182 :
: ~ x T
Table 4: Comparison of five methods for matching a flow ’with a
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|

N

¥




* - i D]
. N - . . : . - vt
S S, e e e e - b PRSI B T e Attt S iy - s sl o - ey
. - . . .. ¥ - S - .
s . S .
¥ : . - L CooL e EEN : "L it - . .
' - ) < . v - -1 - .. " o o . - e L
- e 5 P ¢ - P
: \ * - N
3 " -
4 - . i ]
. | - -
+ > a . +
.
v
- - - . : v
'

P
. . ° ' . _
_ _— - ———— .
N = / ©
- o
- I N -

‘ y e : ) ‘

clc
"
&

-

L

- 20, )

x - N -
G, ‘ [N ' ' - ’ PN N
8 "~ vy r N o, - L
o - - N ¢ B * R - P Il N
2 (a) Actual {b) 1dealized " .
A N B « o . AN -
) A I B T G A T s
[ [ w Tl Y RN
PREAAN 1 ' s - £y
g * PN N - . ~’\)-
I
~ .
Tia o

R
i
55

Y
i
TR el
L, A

%

’,g



- _ - °
- ¥

‘ ‘ — S .
- - 17 - » .

4" » f

. 1 ° ! — =
R 3 . > ° ?
. a Adjustable Roof —

®

| Screens

Spires

. —",-/’j i . X End Plate 1 Roughness Pressure Tap
ndicatofr - .- . - N - . I R
"F—""'“""‘“": R . i *.‘e.-‘ v o T ;’::;‘ FN W . . e,)
AL B ~ ' ~{To -Inflation N ) ) -

: . Pressure Manometer R ’
.h ::‘ . -7 N \_~ ) ) ~ % . ' . r b -
C Fig. 2: - MWind Tunnel Setup . _
’ Y <

o e

*
Wt e et e e s v

o *
it v by A s B

* I
N
PRSI

-




WA O
[

(4)

(6) - (8)

L ’

SECTION A-A

Fig. 3

(6)

The Mddel -
(For part'list see Fig. 34) -

T




a FRT

/ P LA
\ . ’414
. - . \ ’
' ! “ :‘:‘\.\\‘
o )
|
’ ) AR s ~
I 4
©
- N \ *
Part Number | Part Name Quantity
1 _ " model - o1 C
) 2 end-plate . 2. -
3 g rigid dummy- 2 |
4 - wWind tunnel f]dgr 1
. ' %
.5 _pressure tubes 3 -
. 6 seal 1
— »
7 clamp 2 -
. 8 I inflation-air pipe 1
9 . frame 1 -
10 3. flexure 1 4-
i
' Figure 3a: “Part list . :
“ \
- ) s ’ ‘: JE I i
/ ’“‘* !
— s - } . \‘_
- w ! N -—" -
- - “ 7/‘ -
. o ‘

SRV

-
* &
EXs
Y.
3
B3
i
B
’l‘a

e

AEEY e



. P - - N
Y . . "
* g N ~ N w1 o . L 5 ay T
: it 2 v o T mne - T e e < ’ »
PR SO R T L Tl Wrenne @ a2 bt ST MY o ” e

[N (K SN IR

: . . 5 - G - N fale
i ! ’ * ) - LYY . ! - Ed Ay
' N T . v ey v PR AR ?
. TP . LTt R v o W . K
L e v— e \ . . ! N O PR : . .
k ; -
. -
. » ~ - - N - '
k? - B . —
v ‘.: . .
! »
: ¢ - i o -
5 - .
- % v h ~ »
< 4
¢ ' -
/ ” X )

“n

.o ‘Fig. 4: Separation and Reattachment \
N o v /
) : :
. / / N

., Body Surface Points . . -

v Control Points B ]

’ :l‘{\.
J E g
. < -
m . .
’ i .
. 7 —
- -
7
\'A ,
[ood
X h P _an
- \
~ “
« - ) s .
. \- N
C,
— \ ) . !
\ >
= — o
!

© Fig, 5:

Discretization of the Body °

b /

—




- 1Y /A B el
) \
@, \_

\ . m 3 1 .

ﬂ‘% - X i 2-R ’ 4
" - - o
, % : y |
A 0.8 {— R o t ‘
\ - , l ° ' ) exp rimenta16 4
’ o K 1.9x10°
@ : :
_ 0 ‘
0.6 |- ) 0.5x10° } Al
@ win M %
\ .
- o similar wire
. . T
: theoretical
. ) £
0.4 t— L ;
- * ¢ ‘k\
- - : i ;
0.2 }— ‘ ’
| Re2RU
x v
o , "
: 0.2 - 0.4 0.6 0.8  ymR
- — Fig. 6: Check of hot-wire system.
’ . Turbulent flow in a smooth pipe. . )
- e - /(




el

Amzohzmzvmm:mmmxm M
.o-v Q- /

.

s3Lnsau ypouwawz

OILVI4NI 'WOYS NOISN3IL

0°2

v

“ o

I

|

01

0°¢

NIVILS WOY¥d NOISNIL

(SNOLMIN)

Aee




0.5

wWl0.0

-0.5

-1.0

Fig. 8:Comparison between exact and numerical solution

'

with N elements: Circular cylinder with
diametér ¢ in a uniform flow.

-

'

-3.0

N NO aisva dO ~IN3I0I44300 3UNSSId




— o
i J A o - .
- »
¥ \ ¢
) \'
- ]
: y
N N x -
o - o 0.5
E<a _
g,
‘ ! 3
0.0 @
\ -0..2 m
. <
Qo
m
n
R -—t-0.5 O
o (a2
=
- -
$ - m-llo 'UO
o
=
o
> e
ﬂ-1.5 g
: [y
« - ® numerical ,
’ - "‘2-0
exact - ’
\ \ o }
S - Fig.9: Comparison between exact and numeri\ca1 solutions:
Rankine Oval. \
. : -\,
B \

e e i e \
L

[V




\

U y
~ \\ \ :X _-le' O . 5—, -— -
; . L;\_ c -
. 7 ] | l 0
' o -0.1 x/c

© numerical

45

exact

o

Fig. 10: Comparison between exact and numerical solutions.
Lenticular aerofoil with chord length c in

uniform flow

g

'.

-
(3]

2 ‘N NO @3Svd LNII1DI44300 3FYASSIUd

d




\ SR
(¢-c)/c=0.126 y/c
Cy.=3.2
Ts q)
Cpg=3.343 \ o ° ° &
a/c=0.705 to e 0.20 b
match 1/n=0.24 .
K o - o
{ e i
: 0.15 - j——
. | 1
© . ®
~
, \ 0.10 | - )
e o
. o) k .
0.05 —|uem
© , (0]
_ NG} y \ 10
© \’\ i Q)
S AR R N R R
-0.4 -0.3 -0.2 -/Qzl 0.0 0.1 0.2 0.3 0.4 x/c
: Fig, 11: Theoretical shape of the membrane
N » , T

vy - -
S '
e e T 3R e




?

\ .
N
a (7
©
© 1 0.05 [~ )
© 1
d . 1] ] ] 1 lo
-0.4 -0.2 ) ' 0.2 x/c. 0.4
. o )
b N
& ‘
Q , '1.0 S @ R
« - S, ~
. ® . ]
(£-c)/c=0.126 :
CTS =3D2 ——2.0 ; .v-
Cp, =3.343 o o ]
a/c =0'705 to 2
match 1/n=0.2 ‘ .
| ‘AL e\ ©
o) P

Fig.iiZ: Theoretical pressure distribution
(shape in Fig. 11) '

S
3 IN31I1443

sd

00 3¥NSSIUd TYNYILX3

v
» e
P 8

SR




C o =
(£-c)/c=0.055 &///;
= ¥
CTs .7.0 )
CPS —§}765 . .
a/c.=0.451 to b
( match 1/n=0.2 |
e © P o
fr:,«:_( ’O@
= e ©
f S
'@ S 0,10 f=
' | . e -
B | )
B o) ‘ o)
e i ﬁ
o} - o)
@ \ 0]
10} o)
§ 1 ] x | l L%
o e -0-4 "0-2 \0-0 0.2 0-4, X/C
Fig. 13: Theoretical shape of the memﬁfggj
|
. {
Y, |
= ~

q
ﬁ_ or




oo E AT iR

- |

w e e AT P R s e s e Bty e g st e e

P

o e bt SWRG

ﬁ

! S
Ny S~ g —c
« ! »
% l @‘
0] . 0.05 |l ® .
® : © .
O ] . ‘o m
I R B I N B 8
© 0.3 -0.2 ]-0.1 0 0.1 0.2 0.3 © y/cl 2
- >
© | — $ 0 2
A
. Z
o)
Q‘O -100_ }.rﬁ
(o]
® ® =
\\l — Al 3
(£L-c)/c=0.055 ° g ‘. ‘ §
.. =7.0 , =
Ts. " 0 y <@ :
Cpg =6.765 | °® <
a/c =0.451 to- | N 7
match 1/n=0.24 e -
. | ‘ ° '
"3-0 |
) Fig. 14: Theoretical pressure distribution
(shape in Fig. 13) |




N

R R e, ‘)“"’l: g " i
§ ) ' A
\ . i
- = 1
(£-c)/T= 0.198 o 9 o - l
Crg =1.7 © 1
Cp =1.589 - 0 o :
a/c =1,903 to . =~ /e .
match 1/n=0.13 @ - - ¥/ © .
o. 0.20 | © )
. . i
0] o) : .
o . ) o
W ;! 0.10\,— i - ]
0] ) ’ l I
| Te
oo \ . :
0] s

L1

lf‘ol 0.0 0.2

¥

- Fig. 15: Theoretical shape of the membrane




SRS SO R
T vk v, s —
.

T

—_— Sy T T ST

(@3
§

, 0] ) N 10) m
-~ N i ., >
N P R I I 8
q4 <044 -0.2 . - 0 02 /x/ic  ob.2 =
v, " f - N . o ~
7 ~ ~ \\
— -
® L ° ® o Al
< - ) - .
=] . '1.0 oy — m
- I {
- (£-¢)/c= 0.198 . = i
. it 0] ® . _":"1 !
R L e T — ‘ 3 :
. Cp =1.589 _ L ] =
a/c =1.903 to ® 6 . =
match 1/n=0.13 . =2.0 = N )
. ) e \ \ 3 ' L
.o ® - o) -
g o (0] o . o :
X - [OBR Id O] -

- ’ T

. Fig.-16: Theoretical pressure distribution’
(qupe in Pig. 15) - RS

-




[l

Cps

COLLAPSED INFLATION PREESURE COEFFICIENT

s¥h-c)/c

0

30

20

10

COEFFICIENT

1

.:“jf
///’ .  TENSION

Fig. 17: Theoretical results for low buildings (h/c<0.1)

for v%rious upstream flows of constant vorticity US/a.(

Crs

~

~

- W R
. - N . B - = -




v
' /
Y
% -(
\
Ap: gauge stagnation pressure ' .
s ' in (mm alcohol)/25
. T e 3 ’
| p= 822 kg/m ;-
y: in (mm) . C
" %—'-: stope . R :‘ '
.
- Z\' .
) J ) B
S 1 N l 1t
. : ' .5 - .9 logydy) §-
ST e sz Tongd )
Fig. 18: Calculation of the power of
- . the wind profile. 1/n=0.13 .
a e roughness 1. o S . i{
‘ ¢ — \
. . J
~ / / : . i
- ! ’:1) - -, f




. - '”ﬁ\,\): o, ' \ . ) P ‘ ) \ )
b e '
- . N ,
- i / ) /‘ . /
\\\ . _ -
/ .
lo '
i = - N
- 1.9 - ap: gauge stagnation pressure
tn (wm alcohol)/25 i
a p= 813 kg/m3 |
’ y: in (mw} \
2_
. slope
\ L
1.7 -
?
/ {
(=] (\
1.5 |- . ’
L .
: L_. r . !
‘\\ -
) I I I

|
N - 1.7 .21 2.5 2.9

-

, C :
4’ Fig. 19: Cdfcu]ation of the power of
— ‘ o : ©, the wind profile. 1/n=0.24
\ ‘ ‘<ﬁ "rojughness 2.
\ - N




e
/‘\
~I

EN
Ap: gauge stagndtion preSsure

in (mm alcohol)/25

/

v - g - \
6 f— y: in (mm) -
£ (alcohol) : 822 kg/m’
£{air) : 1.19 kg/n®
5 |- ,
J
. 0.258
LN i | lI |
Y . ! '
\1 2.1 2.5 2.9 logya(y)

- Fig. 20:

Calculation of U, for 1/n=0.13 /
" roughness 1. '

\




N\
‘ . 5
C /
(apl* @ / . ] -
— . O@
. 10 }— Ah: gauge‘stagdation pressure 00 .
- : - . in (mm alcoh61)/25 :
o 0}
N . . | |
y:/ in (mm) S Lo
9 . e :\‘3 N - ' ®
p(alcohol) : 813 Ky/m ~ | ‘
) plairy : 1.20 kg/m | o ?
- T ] - =, -
\ 8 . N
( S
™~ -
¢ e J
e 6}
|-
N \
' 5 b
| o
\ .
N F{g. 21: Calculation of Ug for
: roughness 2.
\ ’
P
LT !
| ' .
- - . \ \




A

*
£

v
i
T
3
[
IS k]
+
m ;
4 .
H
¥ v
s \

\

P
% ot
n
i
i
¥ .
Lz
i
>
€
2N
[
1
;
N

.o, - ‘.*,u . . :
- ¥ _ "
31 umwczm:og .
€1°0=u/T1 .»m Lom S3[NS3aJ4 4 LM~30H m
, b°0 £°0° 4, _/ - .
| ; I R , /
. L0 o
—— L]
. @
© =
© : — 00T =
/.A/ 0] -
A Q X w
— — =
1 0 - l
=
® ==
-=
/ o = 00z ~ \
- N
‘e m 3
, | = V8
. N L / / -
. i = 00f « M
- o T
. — 3
;/, ',\\ -
B =t 00t \
- _—
/



s

2 Sssauybnou

$2'0=U/T *3n 404 s3insad m;«;-uaz 12 'b

v°0 £'0
_ o | 1 -
Q /
° B =
o,
O] \ -
\~ ’ o -
. , L
e \ )
%
Ay ﬁ /

0ot

002

(]
o
[30]

(uw) £

(00}

\

30074 1INNAL WOYH 3INVLISIC

—




. - . n
i I
\\ ) - wy
b - L4 \
- / -
. — ’ -
(£-c)/c
© 0.266
- J
; - 1400 |— A 0.231 o A h
M 4
S A & 0.164
P 1200 }— ©/ 0.154
15 tE v 0.090 |
‘g E‘; 4 "\) N
:%; y’thOO ,.,_} = instability line '
5::/:/ \ \LIJ
§ - S —
¥ (51
A , - .
> 800 p—
. - A
: L
o
Q.
. \
; o
=600 p—
T
' \ :
=
400 ~_
\ ~
J
200 f—
. '/
AN . S - /
3 & 200 400 600 800 1000 . — 3
\ \ . TENSION COEFFICIENT Cy_ : N /]
i Fig. 24: Tension and inflation pressure. j
('i} ‘ ;- Roughness 1 (1/n=Q.13)
- ) |

h \




e ] / R L n T ek W et e
g " . - )
% .
l% T A _ ‘ v
| ) '
N / £ )
| .
o | -
P
(8-c)/c °
o 0.266
700 |~ . p.231 - o s
‘n,: @ 0.164 f ;
“ 600 L ’ ‘
= — 9 0.154 :
(F%)
o , v 0.090
E - B T
ta. . . - ) i f
3 500 f— o instability line \ y
.m‘ 4
o
v | ’
[7¢]
vy " J
w 0 p—
w400
n— rd
T
S . Py
:(" |
1 3°00 — B \
b \
= : .
200 |-
— A\ i s ) :\/‘
100 b ’ )
* ‘/ ~ - .- . . -
i . | ;| |
IO ; 100 200 - 300 400 - 500 )
o ' TENSION COEFFICIENT Cy_ ‘
F;g. 25: Tension and inflation pressure. \
Roughness 2 (1/n=0.24) | B R
\ N ’ . “»
- [ . J




SRR —

i o

e

L N P e

TRy R e e A

n e e o A re
- - -

0.4

. .Fig. 26:

I
- ‘Z— o -
) 1 I8 .
3 «
o
\S v
= |
(£-c)/c
0.266 . '
0.231 "
'0.164 o
0.154
7—_ a v 0:090 * T
1 | | |1 ‘ ;
200 400 600 800 1000 1200 (1000/gp) '

An attempt to collapse
parameters.  1/n=0.13




- - — —
Z - —
| ¢
/
\ \
) Cft/CPr: T
2:4 p— _
Q
1 2.0 =
1.6 ol T - )
. f | o
%/ . /
5 .85 _{£-c)/c ¢
' - - a b
1.2 - / ; o 0.266
. &5 s ,
074 g .. Aa 0.231
o . 0.8 | G A / @ 0.164
\\ y Y . a/\g‘(b ) - i
L > i s;ﬁ,vo 1 —® 0.154
v 0.090
. 1 e 0.4 -——7 - A/——~
{
- ) _ J
| L | I R S |
) 400 800 - 1200 1600 2000 2400 (1000/Cp.)
" .
AN , Fig. 27: An attempt to collapse
) = parameters. 1/n=0-24 -
@i\‘;}‘ ! l - ;“l;
SN e ~ . "
) L
i J - L]




¥
1

b e et R et e s e e

e

a t AMH.OH:\ﬁg
« T. ssauybnoy ~ ‘uol3nqli3sip aanssaud [eULdIXI (G2 “Bid

N
- ~ ] 3 u : AL
1 : -t 009- m ,
. - >
; R - . - _
\ 1 - m
. K , = "
. o . . Lo ! > -
- . ,» A . r~
- a N oy - be -]
N . ~ oov- 3 ,
. . - A & s : m
- A
A ' o _ wm
, , o a - m %
- | . o —{ 002- g
. A ,/ R Acx X i ] i m B ﬂ -
. by ;
L A H
b 3
\m D hd a 2 I.
bxq P _N D “ m.o ) m-c > JP ﬂno ) m .
I i oo T T a] o - .
¥ N ) d3 Do~
, Nw . . - A o
; A
) a4 a
- 98G= J: .
| . 06070=9/(2-7) . == 00z. °
N N i & :
Dy ) : . ' ..\ . - .
a v\ 1 ) i ~ _‘
- : - A B




PRI

g .

FAT AT A g e Bisape S

j

: " (e1°0=U/T)

=

T ssauybnoy “uoLingLu3sip aanssaud (eusIIxX] “wm Y
_ . _
: " "
04 ,,.L
. S ® 10 | » )
- f . ) ’ e 6 r ! ——
® ® .
o SR A
o .
10 - Q . —
1O
o ¢ 9 ® o
60  J/s- L0 §'0 €0 o 170
A B I R A R B I
- ) " o
4 y .
~ . ¥ST°0=3/(3-9) ~

00¢e

2dy ) N319144300 J4NSS I TYNYILXI

1

.



. - - « -

oo -\ o - (ET°0=u/T) . SN

oo B T mmmﬂ;mzax .:oﬁsﬂfﬂc Ezmmwﬁ/@ﬁmpﬁ ‘0e *bL4 . T

PR . f \
Sy - . ' .
e

«

— . A

R ° ;
N R .
4 A . . . \ . . . S — . i
- , . _(&
- . ~ " O . .
n ' ) N \\ B
’ - . : N 4 N EY “
_ 2 .
, - ~
- .
B

= P e

o)
2144300 3MNSSIYA TYNYILX3

2
-
-

L
B
o
J 1IN3I

ad

. N @ B o
™ - /.. ¢g ‘ vi6 = lpao{, ; ‘ | |

&=

. ‘ ‘ . _ —_—— . $91°0=2/(2-7%) . B G-d o002

- " .
_ . ' .
]




3

B SRkt m e RS a >
v

m “
!

)

i It N T T e

_ (eT°0=u/1) . ;
H/mmm::msox . 'u0LINgLa3sSLp duanssasd [eudaIX3y :IE "By AT
, A . ’ L
‘ N A : , =4 009~ D :
] . >
» ) v v v o \
- - -
: v B .
_2 v ) .
.1 00v- =
v . * R T /
: (7]
v s S
. v . . TR “
' -~ ~n (] - N
v - 002~ -
- ” -
vV v , = ‘
N ,
. N ) Z
6°0 q/s £°0 _ 60 £'0 _ .1°0 0 o - ~
| P | | I R B ] =0
] o
x 2
~a N;m / - . 4 H N
265 = - 24y v. S ,
- . v i 002 =~
1€250=3/(2-7) A / - m
) ) -q
¥ ” dﬂd _
. ) i o 2 __ =
. ﬂ _/ 8 -, *




- . | (ET°0=4/T)
. : T ss3uybnoy -uolInqLua3sip a4nssaud [BUUIIXI SZF Bld
1! . 7
i . : , -
- ° .
3 . - o _
1] , o © , 0] _ —
\ . 4
— - . o 5
! ‘ ©
e e e
: o ‘ . )
,M - (00 ® © ® ' [, |
w = ‘o
-}, —80 y/s [0 1§70 ! €0 o 10
—] M ” T B _ _
. ) \ - ©
: ' , ) Z _ - - ® 4
; . - S . 999= M 0 -
o . T < 992°0=2/(2-9) - ® 0 |
: g : L _ _ ,

e

1 009-

m
>
-
m
X
= .
=
[l
4
=
m
v
w
==
=
™
(=}
Qo
m
-
bl
o
O
e}
m
=
-
)
d.
o

00v-

002~

7

0oz




a

h

v

FE.

4 Ao AR s Sk s b iam e

'

, \
2 ssauybnoy

(v2:0=u/1)
"UOLINGLUISLP 24nssduad [euddIX3 :EE ~Bld

- / -
- .
] . - 00E- m
B >
. -
m
. re _ =
\ =
. > . >
I3 ™
: . \ - -1 002-3
_ m
w
(%4}
. ~
- . m
.. _ a 8 4 . ) | - o
a & ® s 4 & a , B ooa;m
- : a - —
s ® : =
- A ‘ , —t
¥/s , o, a & L'0 50 €0  a 1°0 m
[ . e 0
| * | I _ [ T4, | ° -
S . - T o
._ ogrz= M . — ogr
. 060°0=2/(2-9) , .y

A e

~




SN

‘1": - Q“

N

WIPIOURSNI S
Wt

)

. ’ (ve-0=u/1) )
\ 2 ssauybnoy uoLINQLUISLp wgammwuu LRudadIX3y :PpE .m..pm‘
/,,, Y o
ﬂ ‘ \ \ —
’ -~ \, gr —
) . XoROROW: )
. o o\o o . .
) @0 - . 10} .
- e - O
‘ o o
gis @S9 " 0 50 LK D 1°0
1 [ T- T T 1T T3,
' | o o ¢
% (ge= 9o,
ST 0=2/(2-9) -
' 4 .

00€- -

m
><
-
m
e
=2
x>
[t
v
002~ T
m
w
w
[~
=
m-
S
001~ ©
o
N -
()
—
m
N,
0 =
(%}
<
o .
00t
{



+ / 4\4~ T
. s .
~ (927 0=u/1) . ,
"2 ssauybnoy -uolangld3sip asnssaad |eudd3x3 :GE “BLg . :
\ / - "
) \ - 00g- J
_ P :
\ “ b !
| / = ol
, _ —\ T
\ \ ~ <
/ /., “9
. 1 002- &
; \ 2
] ’ 2@ v ~ —
t} o
' B o m - N
0] & )
s ) c = o01- S
B - 2 . 3
. @ ,,, o) _ o
a
7/ L0 §°0 “ g0 B 1°0 , z
» o
I T T 175 ] - -
’ - o] o
, " a2 a
2 281= 43
ﬁ, ¥91°0=0/(2-g) _ . —4 ool ~
‘ \
N _ » - ‘ )
: \ : \ :
\
, - PR
- \
R




.....

(1/n=0.24)

n'

- "
I

—

\ —
a

" 100 - (£-c)/c=0.231

, Cpg =260 S2 \
- ~ a
u‘a' 4 a ‘
° S N R SR S U 1 B B
5 0.1 a 0.3 ' 0.5 0.7 s/ 0.9
uﬁi_ ‘ & o &8 0a

a B a
s t A ~ a
S -100 . s
¥ o *
. & a
. & 4 a a®
g ‘ A A A
a. =200 \
-
<
= \
W - .
o
> -
w =300
e
- ~ MM“\\
Figh. 36 External préssurem.ﬁo Roughness 2

s T o Wb % % Yngnre 4




100

»
o

@
[
-
J

| o]
[
g
[T
(58
[Ty
Qo
(5
LJ
o ¢
=
(%]
vy
3]
o
o.
-l
<C
=
[~
(o]
-
>
tl

-300

-100

cer

-20Q

y
a (8-c)/c=0.266 \ \
— T CP'C =221 Sz !
©0 4 | _
o c | -
I P N x | L1
0.1 "0 0.3 0.5 0.7 s/4 0.9
- o}
- o}
o)
© o )
/O 0/0 '
pusumy - , ‘\\ ‘
}
\'\

: X \
Fig., 37: External pressure distribution. Roughness 2

(1/n=0.24)

\

|

*

O VN S



i) pogns o 7D

- e

T
\
v \
\
/o~ (£-c)/c
, — A 0.231 . )
) \ - /.
§> 0.154 ] )
0.08 b— . - .
0 § 0.090
\
Q s
.
—y
o
w
© 0.06 — ,
=
'.—
w
g >
- -
=
o
a.
I 0.04 }—
=
e
.
> ~
o -
=L
Q.
[SF]
w
/ 0.02 p—
, rocsms. 2
van N> |
200 400 600 800 - 1000 1200
INFLATION PRESSURE COEFFICIENT Cp.
/ -

’

Fig. 38: Separation point §; (leading edge).
Roughness 1 (1/n=0.13)

14




O

SEPARATION~POINT DISTANCE S,/4

0.08

0.06

0.04

0.02

a 0.231

S 0,154

v

x|

|

\

N Dl S I

100

200

, 300 400 500 600

INFLATION PRESSURE COEFFICIENT Cpo

Ay - » s
Fig. 39: Separation point S, (leading edge).

\ Roughness 2 (1/n=0.24)

P

s

-




RS Savr S PNV

(£-c)/c ' o o -
- a 0.231 | "
- /
: ©0.154 - '
0.08 |— v 0.090 S - a/a &8
bl /
i
o
(1] !
©
-
= 0.06 .p—
= :
B
| I !
e
g J
i
Z o
Lo 0.04 | /
joe o
(&)
=L
[
1.
<
w
o
P
6.02 |- 4
“ W ’ i ) N \
al. ol l
) 200 400 600 800 1000 1200
- .. _ANFLATION PRESSURE COEFFICIENT Cp_

" Fig. 40: Reattachment point R, (leading edge).
Roughness 1 (1/n=0.13).




''''''

‘ : |
! ¥
/ .
L o - (B-c)/e
' -". . A 00231
" & 0.154
0.08 [— v 0.0%0
N
i
g
[*1]
W
=
( &
= 0.06 p—
a g
-
=
o ; a
o.
W
= .
m -
= 0.04 |-
(%]
P
o
|—-
=t
wl
m\
0.02 |-

/

500

INFLATION PRESSURE COEFFICIENT Cp_

Fig. 41: Reattachment point R, (1eading edg{e)..
Roughness 2 (1/n=0.24) !

\

100 200 300 400 600

!

P S I A S AR g
fr B e LRI




L
/

D T S
-

e bt oy e - - - (s “n " - B 3

U

oIk
o
@
Q

SEPARATION-POINT DISTANCE S

| A | .1 | | .
. | 200 400 °© 600 800 1000 1200 .
INFLATION PRESSURE COEFFICIENT Cp_

Fig. 42f §epar;ati9n~point 52. Rogghness]
) * (]/n=0.13)
. )




9
— g
e te o o . - B P SO, = s o b PO o
: v 5
) . ..
. L. B
. .o - ! -y - R
[
. J
.
3
i
-
'
e

0.20

0.15

1 L

|

B

]

Fig. 43:

200 300

Separation point S,.

(1/n=0.28)

I-—vg,_"
r

400
_ INFLATION PRESSURE COEFFICIENT Cop

500

Roughness 2

600




¥

peygay LY

e s o s

v . N
H N y 'f,",u: N k4 /
/ b’ -
/ , 1
. ; 5 .
H
, A} LT .
- A N
‘ (l ! A} —
A
¢ . ,
. - /
~ L]
¢

] L 1 .
\
) ’ 0.6
]!
Y
/ o
w )
[ ]
- \4 z
A =t
- ; 0-}4
e
i . o
N
* =
HO
o .
o,
. £
| ol
=
i
z -
5 1Ty
he ({ u< 0.2 ~ ©
. : , . v ,
. oY '(i-tc)/(:“ ‘ "
.= a' 0.231 _ S
. v . o ;o ‘ .
‘ O 0.154
1 / ” \, ! -9 . (,I k .
/,_- rd L) \ o
\ v 0.090 _
o i 1- 1 . 1 |
] ] - -

200 400 600 goo 1000 1200
T INFLATION PRESSURE COEFFICIENT Cp_

- - . Fig. aa: Reattacnmeni point Ry. Roughness 1
: (1/n=0.13) ‘

'




o

e e

¢ . i -
T

b ke e s S e ek gt
b

R2

REATTACHMENT-POINT DISTANCE

0.5

N

%
-

a

(ﬂjC)(c v . v v :
0.1 F—  ¢.23i

® 0.154 +
" v 0.090
| I N L I ]
. 100 200 300. 400.° 500 600
. INFLATION PRESSURE COEFFICIENT CPK

Fig: 45: Reattachment point Ro- Roughhess 2

"

(1/n=0.24)




J R L

J
v ! \ \
C}_ ! {
/ i/
),I‘ / Y
N .
1400 |- : :
/
experiment
1200 }—~ . theory
) . )
' ’ P Q§ .
o . :
.9 1000 }—=
}_- i
z ¥
1l
- o l P
S w800 P! .
, s
o
(%]
W /
o>
@ - 600 -
[ 7]
i
: o
Q.
=
[ ] J
- 400 j—
< L
-t
.
= {
y ) 200 }— .
RN I NUR SR ,
200 400 1600 800 1000 .
TENSION COEFFICIENT Cyp R
‘Fig. 46: Comparison "between theory and expenment }
Tension. Roughness 1 (1/n=0.13} - ) oo C
- " e ;
: {
N ! J i
i - e/ R .

4

o) TR = et
SIS R P IR



\
oA
o
- 3
{

/ -
‘ i ’ : =

e 700 I . | \\ ) 4?

. * o
: experiment . e
| &7/
600 - ‘»/643
——— theory ; Q/;é&/
\ %

Pe

500 —

400 |-,

~

300 |

200 —

INFLATION PRESSURE COEFFICIENT C

100 |-

| | L 1 ]
' - ; 100 200 300 400 500
* . . TENSION COEFFICIENT Cp I
| Fig. 47: Comparison between theory and experiment;
Tension. Roughness 2 (1/n70.24). ‘

t




wh s

EXTERNAL PRESSURE COEFFICIENT Cpt

200

[

-200

-400

-600

4

 oe—

V¥ experiment

—— theory -

(£-c)/c=0.090
CTT?675(thgpry)
CTt=646(exper.)

Cp =568

Fig. 48: Comparison-between experiment and theory.
distribution. Roughness 1.(1/n=0.13) p

Pressure




Ty e
e

A T

s e, 2 -

W

300
Y
Q.
(&)
- .
=
tad
[ o]
oo 0
[ ¥ 5
[+
o | 78]
O
(98 ]
(X5 3
(=4
-
17, S
72
L ~-300
o
[o 1
—d
<
e =
l
[
~
txd
-600

|
0.9
@ B F .
& experiment
— theory )
(£-~c)/c=0.164
CTt=822(theory) )
— Crz= 8o4(exper.)
fCPti974
Fig. 49: Co

di

mparison bet(;en expgrfment and theory. Pressure
stribution.

Ny

orghness 1 (1/n=0.13) - -~

25 Y e R4 RRIR A

v i 4




- -
100}
- >
o
(5]
[ 0
=
L {
< i
A !
L. {
& ‘ i
8 "100 i
, W ‘ : |
> - , - (£-c)/c=0.090
o CTr =201(theory)
= -200 | . ’ CT =225(experiment)
3, v experiment ‘ c A 209 -
- s . - ~ Pt
e theory . _
¥ [ ] -
= = -300 :
_ - &
. . |
Fig. 50: Comparison between experiment and theory. Pressure :
- ) 'distribution. Roughness 2 (1/n=0.24)
_ — PEN |
A ‘i 1
.




T

100

p

EXTERNAL PRESSURE COEFFICIENT C

~-100

-200

-300

r—
o) . (£-¢c)/c=0.164-
experiment
e ‘ Cre =168{theory)
-~ theory O =178(experiment)
— ¢ Cpp =181
- ~
A
Fig., 51: Comparison between-experiment and theory. Pressure

distribution.

Roughness 2 (1/n=0.24)




f’ x;‘ RGN - FERITRS SALUEATIE L MDA ¢ ot - o . B iRt toniasa s i i
3 \
{
W
i
}
{
\
i i ’
\ I R 3
- | RE
Plate 1: Spires and roughness 2
/
i
b
y . |
\ \ :
L e _— SN - y ¢
H

«

e e - o e ———p o T

- J
Plate 2: The model in the wind tunnel.

, ‘ with the rigid dummies and roughness 1

'

\ . N




TR e OGN L SRR S e cevse e 6 ot e

' .

P e L LA T TR o R

! "

JRURp—

: L et e e e e
\ ) il
/ T

e - - i . . . o .
}‘ - ‘ .
L .
! .
|

Plate 4: Model: side view R )
: / ) | ,

- i . ) -

[ S




- — e ' - - - LA - - G P e
. \
Plate 5: Model: interior.
Air-supply pipe, three pressure
tubes, clamps and seal.
\

¢

~ { d

1 . ~
\ ‘ Loy |
}
\ ,
o ,




