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Abstract

Pressure measurements taken at full scale on a tall, slab-like building (145 feet
high), showed contours of overall pressure coefficient which were quite different from results
found from wind tunnel studies on models. Even when the model was immersed in the turbu-
lent boundary layer to the same relative depth and the approaching velocity profile was altered
altered by roughness to the same relative value as the full scale, the differences persisted,
These differences are attributed to the gusty nature of the real wind.

In an attempt to gain greater physical insight into the problem, tests have been
conducted in a wind tunnel on a two-dimensional bluff plate immersed in a turbulent boundary
layer, Correlation of the drag coefficient with boundary layer parameters has been found for
quasi-equilibrium type layers, A logarithmic wall similarity law for the drag and a drag-
defect law of behaviour have been shown to exist analogous to the well known law of the wall
and velocity-defect law of zero pressure-gradient boundary layers.

Some preliminary experiments have been undertaken to find the effect of aspect-
ratio on the drag cdefficient of a three-dimensional bluff plate immersed in a turbulent
boundary-layer. It appears that aspect-ratio changes in the range 1 to ©© have only a small
effect on the drag coefficient. The size of the bluff plate in relation to the boundary layer
thickness is a more important variable in determining the drag coefficient.

Résumé

Les auteurs ont effectué des mesures des pressions du vent affectant un édifice
élevé en forme de parallélépipede plat d'une hauteur de 145 pieds, et ont obtenu des courbes
d'égal coefficient de pression qui étaient trés différentes de celle’s obtenues au cours d'essais
avec mod2les en soufflerie. Les différences ont persisté méme quand le mod&le fut pongé 3
la mé&me profondeur relative dans la couche turbulente de surface et que le profil des vitesses
fut modifié par un changement de rugosité du mode&le pour lui donner la mé&me valeur relative
qu'en grandeur nature, Les auteurs attribuent ces différences 2 l'existence de rafales de vent
naturel.

Ils ont mené 2 bien des essais en soufflerie 2 1'aide d'une plaque massive 2 allon-
gement infini plongée dans une couche de surface turbulente, Ils ont établi une corrélation
entre le coefficient de trainée et les parametres de la couche de surface pour les couches en
quasi-équilibre. Ils montrent qu'il existe une loi de similarité logarithmique de la tratnée des
murs et une loi de comportement par défaut de trainée analogues aux lois bien connues concer-
nant les murs et les gradients nuls de pression par défaut de vitesse dans les couches de sur-
face,

Les auteurs ont entrepris quelques expériences préliminaires pour déterminer les
effets du rapport envergure/profondeur sur le coefficient de tralnée d'une plaque massive
d'allongement fini plongée dans une couche de surface turbulente. Il semble que les variations
du rapport envergure /profondeur compris entre 1 et @ n'ont qu'un faible effet sur le coeffi-
cient de tratnée. Le param?tre le plus important estla relation entre la taille de la plaque
massive et 1'épaisseur de la couche de surface pour la détermination du coefficient de tratnée,
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Notation

'
Cf

G

=2

=

Wind Effects on Buildings and Structures

- local skin friction coefficient

= friction velocity

- roughness function as defined by Clauser (1956)
- boundary layer thickness

- building height and bluff plate height

= length scale associated with size of roughness
= local free stream velocity

- kinematic viscosity

= drag force

= density of air

- distance measured normal to the ground

o D
- drag coefficient =
g co S ///<;DU12. Frontal area

- universal constant

" "

= mean velocity at distance y from the ground

- profile parameter
D

2 drag coefficient based on U_. and =
34 T %qu . Frontal Area

- universal function of y/a

= free stream static pressure of the reference profile
- base pressure : the average pressure on the downstream
face of the bluff plate or building

- deviation function of b

/s

- frontal aspect ratio = b/h

- frontal transverse dimension of building or bluff plate

Other symbols are defined in the text.
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This paper is divided into three parts. Part 1 deals with
full-scale measurements of wind pressure on a large 145 feet high
slab-like building. Parts 2 and 3 deal with some basic wind tunnel

studies which have been made following the full scale work.

Part 1 Full Scale Measurements

Wind loads are frequently a critical factor in the design of
exposed structures and the value adopted as the design load may have a
significant effect on the safety and cost of the structural system.
However, existing methods for assessing actual loads are largely unsub-

stantiated and are open to question.

One of the guestionable aspects is the distribution of pressure
on structures exposed to natural winds. A great deal of detailed in-
formation exists on pressure distributions obtained from wind tunnel
studies on models. The form of pressure distributions to be used in
design may therefore be thought to be well established. These results
have, however, been oktained under steady conditions and actual distrib-
utions under natural wind conditioms may vary significantly from these
idealised results which neglect the real wind structure. It is the
purpose of Part 1 of this paper tc consider the effects of real winds on
structures. Previous attempts to observe pressure distributions on actual
buildinzs are discussed in the following section and a description is

then given of an investigation carried out at the University of Melbourne.

Effect of Rezl ¥ind Structure on ¥ind Forces

Feal winds are extremely turbulent near the ground and there are

continual and rander changes in speed and direction both horizontally and
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vertically. The design assumption is usually made that an equivalent
static distribution of pressure can be obtained by superimposing an
allowance due to gusts on the distribution obtained from model tests in
a wind tunnel with steady flow conditions. Although such tests provide
some guidance, steady state conditions cannot be expected to represent
actual real wind conditions. For example, the vertical velocity component
may alter the angle of incidence of flow on an inclined roof to such an
extent that the negative pressure associated with horizontal flow is
completely replaced by positive pressure. 'The detailed and closely tab-
ulated recommendation for pressure distributions on roofs which are given
in some codes therefore give an impression of accuracy which is more

apparent than real.

Jensen (1958) has investigated the effect of natural wind on a
relatively small scale building. He found good correlation with wind
tunnel tests on the geosim when the velocity profiles, as represented by
a log law, were similar. However the scale of the building was small

compared with the scale associated with the transverse variations of wind

velocity.

Few detailed observations of pressure distribution on large
buildings are available. A study of such investigations as are reported
does not encourage the belief that the usual recommended distributions are
an accurate representation of the actual wind forces. The results of

several investigations on buildings will serve to illustrate this point.

Empire State Building

Rathbun (1840) reports the results of five years of tests on this

structure and comments that the observed currents about the building were
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"far from simple”. In some cases a 70 m.p.h. wind at the top of the
building was accompanied by calm conditions with zero measured pressures
below the 70th floor, and conditions were observed with negative press-
ures developed on what was apparently the windward side! One conclusion
was that '"a comparison of the pressures on the model and those of the
building shows clearly that the natural wind movements are not at all

like those in a wind tunnel'.

Another conclusion was "that the data has not shown that 20 lb/ft2
is an improper value for the assumed lateral load for similar buildings
and environments'". This is, perhaps, one way of saying that actually there
was no real consistency between the wind tunnel results and measured pre-
ssures or forces on the building, but, that since the building did not

fail, the design estimates must have been conservative.

In this investigation ten liquid mancmeters were placed at each
of the floors, Nos. 36, 55 and 75, and recordings were made by photo-
graphing at regular intervals during storms. Wind speeds were measured
by an anemometer on the tower on the top of the building but it was recog-
nized that the presence of the building influences the velocities at this
point. Values from other recording stations in the city were reported but

continuous correlation with manometer readings was not obtained.

State House Studies

Puilding Research Station in the United Kingdom is currently
cnpaged in measuring wind pressure on buildings and an investigation has
been mace on State House, a 15 storey building in London (Newberry, 1963).
& limited number of pressure measuring units have been used and only a few
tentative conclusions have so far been published. Diaphragm gauges with

electronic high frequency recorders enahle fluctuations during gusts to
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be studied in detail, and very rapid changes have been noted; peak
values being reached from zero in less than a second on many occasions

s
while reversals from positive to negative pressure have also been notec
in similar time intervals. The progression of individual gusts across
the face of the building has been observed, but cases have occurred
where sudden pressure rises have simultaneously developed over a complete
face. It was observed that the patterns of pressure distributions have
a general similarity, but some differences from, the pattern obtained

in wind tunnel experiments.

The rate of increase of pressure in many instances has been
found to be much greater than that expected from the knowledge of in-
crease in speed in a gust. It is suggested that these changes are due
to changes in wind direction rather than speed. These changes can occur

very rapidly and, by altering the angle of incidence, markedly change

the pressure.

High negative pressures over the leeward side were only obtained
when gusts lasting several seconds permitted full development of the wake
’
but momentary high localised negative pressures were obtained with the

wind at a variable glancing angle.

This project has been a pilot study with the intention of more
extensive recordings on othen suitable buildings in the future. Up to
12 simultaneocus recordings have been taken, and these have been compared
with the gust speeds recorded at the nearby meteorological station at
Kingsway, However, continuous correlation with the incident wind structure
Was not possible since no means was provided for measuring the spatial

distribution of velocitjes.

sty
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None of these investigations has provided a generally applicable
solution to the problem of the effect of real wind structure on pressure
distributions on large buildings. The number of points at which pressures
have been measured has in general been too small to obtain a sufficiently
well defined overall picture of the distribution, and methods of recording
have not always been appropriate to distinguish the effects under consid-
eration. However, the major deficiency in all studies has been the
almost complete lack of knowledge of the incident wind structure, and

hence the inability to obtain a meaningful correlation.

It would appear that the problems of wind loads on large structures
need to be redefined and the appropriate means for obtaining the required
solution selected accordingly.

Thus, to determine overall effects which influence the structure
as a whole, keeping in mind the low frequency response of the building,
relatively slow acting pressure measuring instruments would be satisfactory
and there must be a large number of measuring points distributed over all

faces.

For localised effects on cladding elements and their fasteners,
the rapid variations in positive and negative pressures indicates the need
for high rate of response instruments. However, fewer of these instruments
are required since simultaneous recording over the whole structure is not
then required and different areas can be studies at different times for a
sufficient period to obtain representative records. If sufficient of these

instruments were available however, it would be possible to obtain a detailed

and continuous record of overall drag variations with time.
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For both of these types of investigation a detailed knowledge
of the incident wind structure is needed if the results are to have
significance for application in other circumstances. Wind structure is
the only satisfactory classification by which results can be compared.
It will therefore be essential to obtain measurements for a variety of sites,
which generate a range of different wind Structures before adequate data

is available to enable design pressures to be derived on a rational basis.

Measurements of Wind Pressures on a Multi—Storez Building

Description of Building

The building involved in the test was the "Barry Building"
(see plate 1) which is situated on the campus of the University of Melbourne.
This twelve storey building is 200 feet long x 42 feet wide x 145
feet high, having a 1ift tower attaining a height of 200 feet at the east
end. The longer length of the building runs east and west as shown in fig-
ure 1. A series of tennis courts and a general recreation area occupy the
land north of the building allowing 600 feet to the nesrest sizeable
construction in this direction. Some trees to the north vary in height
from 25 feet to 40 feet. On the south side there is a space of 150 feet
between the building and another three-storey block (the Commerce building).
The Zoclogy block lies 25 feet to the west but is only 40 feet high.
Three lecture theatres protrude from the south face of the building to a
height of 20 feet, while one of height 40 feet ig situated at the west

end of the north face. 4 30 feet high building lies 75 feet to the east.

There is little interruption to the flow of wind from the north,
the trees and buildings lying in this direction acting only as relatively

small roughness elements on the approaching turbulent boundary layer.
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Hence the test was planned for a north wind which is cne of the more

consistently strong wirds and provides the most significant flow sit-
uation,

An almost symmetrical grid was formed on the north and south

faces of the building by 65 pressure points (see figure 2). On each

of the floors 4, 6, 8, 10 and 12, seven points were situated on

the north face and five in the south. It had been shown in model tests

that the pressure did not vary as much on'the leeward face as on the

windward; a reduced number of points on the south wall was therefore

accepted. It was found too difficult to pressure tap the lift tower,

the side walls and the roof because of lack of access. Because of the
expected irregularities in flow at the second floor from the trees and
lecture theatre, readings were not taken on the north side at this level

but only on the south side.

Each pressure point consisted of a sheet of pressed hardboard

fitted firmly into the lower portion of the window frame. A copper tube

was attached to the centre of the sheet forming a flush hole on the outside.

& plastic tube of %” internal diameter connected the pressure point to

a multi-tube inclined manometer. There was one manometer situated on each

floor where measurements were taken.

Initial tests were made on the plastic tubing to find the lag in

pressure measurement due to differences in length. This was found to be

ter.
negligible for lengths from 4 to 100 feet as detected by the manometer

The tests on the Empire State Building suffered from not knowing

the true wind velocity. Other full scale tests have used meagre methods

for measuring the wind. This seemed to be an important feature of the test
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and therefore a tower (see plate 2), 108 feet high, was erected in
an oren space 500 feet directly north of the building. Twelve total-
Pressure tubes wepe arranged at regular intervais up the tower. These
pitot tubes could be swivellegd together into the wind direction which was
indicated by a wind vane at the top of the tower. The pitot tubes were
connected by plastic tubes to a multi~tube inclined manometer.

As a check on the wind velocity measured by the pitot tubes, four
3-cup rotating anemometers were attached to the tower at the 105 feet

>

65 feet, ug feet, 15 feet levels. The electrical signals generated

by these anemometers were automatically recorded

It was found during the course of testing that there were no long
periods when the wing remained steady. The gusts were observed at the
tower and those of longer duration ang with the steadiest velocity were
selected for evaluation. After g suitable delay to allow the gust to
envelop the building, observers recorded the pressures registered on the
bui;ding manometers, Three measurements of the préssure at each point were
recorded during a test and a mean taken as the actual reading for the purposes

of data recuetion.

Results of Experimerts

Fifteen test pune were performed on the fuli Scale building. Because
of the unknown variation of static pressure with height, it was not possible
to plot contours of pressure coefficient on the faces of the building which
could be directly compared with those cbtained fror mocel tests. To overcome
this difficulty, the pressure differences across the building, that is betwee

‘ wen

corresponding points on the north and south faces, were reduced to coefficient

orm. he dynan C Dressure use this zalculation We at obtained at
ynami sg S oy 1 1 as 1
£ d £ h lat that a
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the top of the wind measuring tower, this corresponding to a height

of about two thirds that of the building. The building drag coefficient

was founc by integrating the pressure difference coefficients over the

building and dividing by the frontal area. Profiles of overall pressure

difference coefficient are shown in figure 3 for four runs. The fifteen

tests produced a range of drag coefficients from 0.82 to 1.55. These

are shown in the form of a histogram in figure 4.

A plot of five wind profiies measured in front of the building is

shown in figure 5, these being for different tests. Anemometer readings

are also shown for comparison with the pitot—tube readings. The orofile

for 1.25 p.m. corresponds to the pressure distribution of figure 3

having a drag coefficient of 1.36. This profile is the only one which

showed any resemblance to those of turbulent boundary layers produced in

the laberatory. It was analysed on this basis (e.g. see Perry & Joubert

1963, Hama 1954, Clauser 1954) and was found to have a value of skin
friction coefficient Cf' of .0C9 and a roughness function %f of

19.6. The 99% thickness & was 67 ft. The authors, however, wish

to emphasize that it is questionable to assume that this "short term mean
profile” can be compared with the mean profiles associated with the

"staticnary random turbulence" obtainable in a wind tunnel.
Thes results for the full scale building have been compared with
three series of tests on the geosim;

(1) Tests with a boundary layer of negligible thickness. (Stevens,

Joubert & Robertson 1961). The pressure distributions have been

redrawn to give the overall pressure ccefficients shown in figure 6.
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(ii) 1In this i
Series, test conditions wepe similar to (i), p
was placed on the f, v SHF elbbing If the flow is completely rough, the mean velocity profiles and
¢ Tace of the model to reproduce th
e
turbulence structure approaching the building and its model will be inde-
pendent of viscosity. The assumption is that the boundary layer character-

istics associated with the outer part of the layer and the size of this

(iii) Te i
Sts were carried out with & 45" high model ;
turbulent boung 87 model immersed in a layer relative to the building will determine the modes and positions of
oundary layer on a p
ough w 5 $ ik .
Eh wall. Fop complete similarity separation phenomena. Therefore fluid viscosity ahd surface roughness
will not have an explicit influence on this and can be excluded from the

layep i
yer, the following parameters must be held
h constant problem. Therefore, as in the usual model testing philesophy, the Reynolds

3, ¢ amd M (s
s —_—, ee Notation),
Furthemore, the roughness geome- Then the drag force, D, on the building

number condition can be relaxed.
P - o= f(cf", .h.),
8

v
try in the mog 7
el should be identical with that o
Y of the full scale. The should depend only on h, 8§, U'r and Ul and so oW,
v ) 1
lon is very *nconvenient and the condition f hUy 'EpUl h
to be the same is vi T 5T
virtually impossib " &y g ¥ h
le to achieve, Fortunately, the For similarity then, only C. and 3 need to be the same for model and
full scale. For the tests reported here Cf‘ was .009 for the full

scale against .011 for the model. % was approximately 2.1 for both
C.' would amount to only

full scale and model. £
difference in the distributions of mean velocity and turbulence

The diserepancies in

layer thicknes {
s are
independent of the detailed poughn about  10%
and scale provideg ghness gecmetry
; *d U and 6 are specified (Hinze, 1359) This al intensities for a given 7/s For completeness the I'non-similarity"
. is also
parameters should be specified. The Reynoclds number of the full-scale tests

follows from an ngio W R old e ui ing
extension of ownsend'
S Reynolds number similarity t
(based on the bui i i ) : ’ .
d height 1} 5

hypothesis (To
wosend 1956). If thie ¢
. 1s is true {
roughness can be used ( > @ convenient form of
ed (rectangular rogs ; 5 : s
< 8.3 0 .2 .
in the case of this test) ang model tests x 1 and for series III, approximately 2 x 10
The roughness function %-2 for full scale was 19.6 and 16 for the

its scale can b s .
¢ adjusted to g1ve the appropriate value of y
for a given free stream velocit s = 8 s
Y- model. The roughness geometry has been described by Perry & Joubert (1963);
the ratio of roughness element height to building height for the model was
i
36

The pressure distribution for this series III model test is shown

in figure 7.
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A compari
parison of the values of drag coefficient and the ratioc of
the centre of i o
pressure height to building height is given in Tatle I £
e or

the full scale buildi
iding, the series (i)
and (iii) model te
sts and values

obtained from the
m Australian code. Th
. e value given for the full
ull scale

bulldmg is the mean of the fifteen tests and has a standard deviaticn
N

of 0.21.
Full scale Model
1 sc ) Model i
building Series I |Series III Auszz::lan
Drag coefficient 1.08 1.10
(mean value) ) Lo 120
Ratio of centre
pressure height "]
\ .5
to building height ; 050 058 —
Table I

Comparison of full
Son scale and mode
and position of centre of pressuri e S5 oy Seaens

Discussion

One of th i
e most important features of the full scale tests
was the

unsteady nature of i
of the wind. A gust giving a reasonably steady velocit
4

prorile such as snown in flgure 1g last for 1rty seconds ol
fil h n 5 ht t thirt conds. The wind

might then drop tc a lower velocit ©: ome minutes before another gust
P 1 r locity for s

would envelop e burlding. i
g
d 1 the build The authors have examined records of wind

pe co cte y V! i a ate of zeasonably
speed llected by Deacon and have found similar pl aus

steady wind velocity. On those gusts which were considered t e suff-
y y ly se g o b £

iciently steady and of s ici
ufficient duration t
o allow full wake devel
opment

and adjustment of the base pressure were chosen for analysis.
d t P s

The forms of t
he contours of pressure coefficients on the buildi
ing

& . s ™ :
are different for different tests (see figure 3 They were also different
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from the contours found on the models. Many of the full scale tests
showed the pressure coefficient increasing with height and usually with
the maximum values off the centre line of the building, whereas, the
models always had the regionm of maximum pressure 1ocated some distance
below the roof jine. Reproducing the full detailed site roughness and
immersing the model in the turbulent boundary layer certainly raised

the centre of pressure above that for the model tested in a uniform
stream, but did not reproduce the full scale contours. It is likely
that the lateral distribution of wind velocity would have a considerable
effect on these variations of the full scale cortours. Thus, measuring
only the vertical aistribution of wind velocity did not provide suffic-
jent information to correlate the wind structure with the pressure contours.

Future tests should use more than one velocity-measuring tower.

Although the average values of total drag coefficient for the
building are in reasonable agreement with those found from the model tests,
the standard deviation is quite high and jindicates that significantly
larger drag coefficients may have occurred under the real wind conditions.
A pe-definition of the drag coefficient, taking into account variations in
the lateral velocity distribution, might possibly reduce the deviation.
Further, the pitot tube readings of wind velocity did not agree completely
with the readings of the rotating cup abemometers. For example on the
profile recorded at 1.25 p.m the anemometer at the 97 foot height was
reading 21.2 m,D.0. compared with the pitot reading of 19.7 m.p.h.

The pitot tube reading was considered more peliable and was used in cal-
culating the pressure coefficients. However, in view of these discrepancies,

it would be difficult to guarantee the accuracy of these coefficients more

closely than is indicated by thbis difference.



ing In regions
uilding on the

local re lons of separa ion may be fo. ed b these 1N0r
g parat form y

Projections These wo!
5 uld, however
> generally cause a Jowep:
ring of the

local i
bressure. The OPposite effect was in fact observed

Conclusions
————

Full scale pPressure easurements on a tall slab-1like bu:.ldmg

showed contours
of overall pressure coefficient which were quite diff
erent

fro i
™ results found fronm Wind tunnel studjes on models

Further pe ref~
Sults need to be collected on similar buildings 2
> P

€y ably with as complete g Picture as possible of the nNature of the gusts
icn env e Dbul . o a a er &} S o)
which en ele the b ld.mg Both 1, teral and v tical di tributions of

velocity should be measured
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Part 2 Drag of a Two-Dimensional Bluff Plate Immersed in a Turbulent

Boundary Layer

Introduction

It became obvious from the large scale stuay that if any
physical understanding of the processes involved was to be obtained, then
the problem needed to be subdivided into a number of simpler problems
such as:

A. The effect of a turbulent boundary layer on the drag

of a bluff bedy.

E. The transient effects of gusts on the pressure experienced

by a bluff body.

C. The difference between real winds and boundary layers

formed in wind tunnels.

Parts 2 and 38 of this paper describe some work on the first of these

simpler problems.
This investigation was concerned with the relationship between

the pressures experienced by a two-dimensional, bIuff fence (the "bluff-plate')

and the characteristics of the smooth-wall, turbulent boundary-layer in which it

is immersed. The experimental situation is illustrated in figure 2. A

full report of the study is to be published elsewhere (Cood & Joubert 19€7);

only the major results which are of relevance to wind effects on buildings
are reported here.
Consideration of the flow processes involved showed that, in general,
the overall history of the boundary layer was likely to affect pressures
It would be convenient, however, if these

experienced by the bluff-plate.

pressures could be correlated with mean-flow parameters of a single boundary-
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layer profile which is representative of the shear flow disturbed by

the bluff-plate. The reference profile chosen for this purpose was
that which would exist at the bluff-plate station if the bluff-plate
was absent. In an attempt to ensure that the history of the shear flow
would be uniquely represented by the reference profile, the following

limitations were placed on the scope of the study:

{a) The distance from the leading edge of the smooth wall

to the bluff-plate station was made large in comparison with the length

of the region of upstream influence of the bluff-plate.

(k) Only quasi-equilibrium shear flows of the type described by

Coles (1956) were considered. That is, the reference profile could be

represented by

= T (yu/v) o+ A+ L w[y/é), 1)

4GS

where u is the velocity at distance y from the wall, Ur is the

friction velocity, & 1s the boundary-layer thickness, kx and A are

universal constants, and w is a universal function of y/8§ (square

brackets are used to denote a functional dependence). 1 , a profile

parameter, depends on the upstream distributions of pressure gradient
and wall shear stress. The value of I is constant for zero pressure-

gradient boundary layers.

To relate the form drag D (say) of a bluff-plate of height h

to the characteristics of the reference profile, the following correlation

scheme appeared likely to ke the most fruitful:-

v 3
2 1 ’ b £ ’ ¥
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= p! = )
D/4pU "h £[hU h/é LN “ 2
i / L /v B / 3 ]

[o} essure- dient flows = constan all the results
hus, for zero pT gra £ )
us sul

would be accounted for by

D = f[hu /\) ) 1/6] ] (3)

while, for small h/6, a wall similarity law
s

()
Cy = AU A
T T

might be ex ected. It wa oped that the variable Il would account
g P! s P

e pressu e-fr ien istory © flow. t should be noted here
for th b adient histo f the fl I

a’ is correlatlo eme appeare t e succe sf representing
that th cI’I"ltll!SCh padobs ssful in P

ith streamwise
the upstream history of the boundary layer. In flows wi

ressure-gr dients however, 1t was found that pr essure gr adients in
1 s >
P gra

d fect the
the free stream downstream of the bluff-plate could also af
L e e

drag-

Experiments
pxperaicrte

a 2 £t. long
The boundary layers wWere formed on a smooth wall, 2 £

Yy . wide, pi2 ¢ vertica etween e oc nc ce lgofte
b u ft a: lace tClljbt the flocr an ilin il

workin, ection of the large WiD nnel a he Universit of Melbourne.
g s ge wind tu t T U 1

The height of a 4 ft. on ressure-tappe bluf - te wat var ed between
y8) d bl pla =t ied
g, P 3
&

1/8 in. ¢ b4 in. n three zero IIZ‘ESSLII‘E-.,I adient boundary-layers & 1d
7 an 1 g y y

i ) iles.
in a number of adverse pressure-gradlent profil

Results and Discussicn

A. Zero Pressure-Cracient Experiments

From measur ements of the surface sresizure Gistr ibution on the
¥

bluff-plate, it was foun¢ that the relative
smooth wall upstreanm of the blufy-T 5
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markedly with h/8. For a boundary-layer Reynolds number of
6Ul/v = 1.3 x .105 > this relative distance xl/h increased from
10 to 112 as h/§ decreased from 1.75 to 0.054. The variation

was well expressed by

x/h = 15(h/6)" %7 )

Apparently the disturbance to the boundary layer is relatively more
severe if the bulk of the shear flow which is actvally disturbed by the
bluff-plate (i.e.-that part of the reference profile between y = 0

and y = h, say) is initially more retarded.

Pressures on the front face of the bluff-plates were found to

follow a wall-similarity law of the form
24
(o -p))%ey ° = g, [y/m] log(hy /v) + g, [y/h]. (6)

Here p is the pressure at a height y on the front face of the bluff-
plate, Py is the free-stream static pressure gf the reference profile
and g, and g, are functions of y/h only. The variation of gy

and -8 is shown in figure 9. For the lowen 80% of the front face of
the bluff-plate, this wall-law held over the whole range of h/§ tested
(viz 0.05 to 1.75). Pressures on the top 20% of the front face were
influenced by the value of the base pressure, which itself followed a

logarithmic wall-law, but only for h/6§<)%. These results are demonst-

rated in figure 10, where the drag coefficient, CDT = D/%pUr 2h, the
base-pressure coefficient, CbT = (pb - pl}/(%pqr ?) and the average
pressure coefficient on the front face, Cur = cDT * C}{_ > are plotted
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n/s 4776
0 - 0.4 0
0.8 6
0.6 14
0.7 24
0.8 37
0.9 51
1.0 67
1.1 86
1.2 106
1.3 128
1.4 153
1.5 179
1.6 207
3.7 238
1.8 268
TAPLEL II Tentative valucs for the proposed universal

drag-deviation function for zero pressure-

gradient flows.
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The above results indicate that, although pressures on the
bluff-plate are viscosity-dependent, changes in pressure with changes
in plate height are independent of the fluid viscosity. The wall-
similarity relationships obtained over such a surprising range of h/§
suggest that the boundary-layer separation induced upstream of the bluff-
plate is sufficiently rapid to be of the type postulated by Stratford (1959)
and Townsend (1860, 1962). The effects of the boundary-layer history are

manifested only in the long separation bubble downstream of the bluff-plate.

A selection of pressure distributions measured on bluff-plates of

heights varying between 3/8 in. and &% in. is shown in figure 12.
It can be seen that the shape of the normalised distributions are similar
but vary slightly with the value of hqr 4,, especially in the region

exposed to the front separation bubble.

Adverse pressure-gradient experiments

The experiments with adverse pressure~gradient profiles were

designed to test the adequacy of the correlation scheme of equation (2).

It was found that, in addition to the variables listed in that equation,
the flow in the rear separation bubble (and, hence, the base pressure) was
sensitive to pressure gradients in the free stream downstream of the bluff-
plate. However, the results indicated that the upstream history of the
boundary layer was adequately accounted for by equation (2), although more
extensive tests are required to verify this conclusion. The significant

result obtained from these experiments was that pressures on the front face
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of the bluff-plates were independent of pressure gradients. That
is, they followed the wall-law found from the zero pressure-gradient

data.

Implications for wind-load research

The work described was concerned with two-dimensional, smooth-
wall boundary layers. From the wind loading point of view it would
be interesting to find out if similar wall-similarity relationships
could be found for three-dimensional bluff bodies and for rough-wall
boundary layers. The results of some preliminary work on the effects

of aspect ratio are presented in Part 3.

Part 3 Drag of Three Dimensional Bluff Plates Immersed in a

Turbulent Boundary Layer

Introduction

The effect of aspect ratio on the drag of bluff plates placed in
uniform, unbounded streams is shown in figure 13 (Hoerner 1958). The
curve is, of course, symmetrical about A = 1, and is almost independ-
ent of Reynolds number. The drag coefficient, ch = D/l'szl2 bh, is
fairly insensitive to the frontal aspect ratio, A = b/h, in the range
¥ < A < 4 (Here D is the drag on the plate, v, is the velocity

of the uniform stream, b is the breadth of the plate and h is its
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height). Quite different effects can be expected when one edge of
the plate is attached to a wall, and the incident stream is no longer
uniform. For one thing the effect of low aspect ratio will be quite
different from high aspect ratio; i.e. the curve will not be symmet~
rical about A = 1 . Also it is apparent that the ratio of plate
height to boundary layer thickness, h/§ , will have an important

effect on the drag coefficient for a given aspect ratio.

For small values of h/8 the following form of correlation
scheme is likely to be the most useful (for the zero pressure-gradient

flows considered in this paper):

c

2 hU T h
R R L N Y (13)

Then, for very small h/8 , a wall-similarity law should be cbtained.

That is, equation (3.1) reduces to

D = f[hl{_/v] (h/§ << 1) (14)

T
The usefulness of the Preston Tube and the 'sublayer fence' as skin-
friction measuring devices depends on the existence of just such a

correlation. For large h/8 the alternative correlation scheme,

o, = frlwe, %y . a) (15)

may be useful. For very large h/8 this would reduce to

% = r{a) wrs>»n (18)
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This latter situation corresponds to the conventional wind-tunnel
simulation of a two-dimensional body; end plates are used to make

h/é , and the effects of Reynolds number, small.

The experiments reported here were of an exploratory nature
only, and the measurements turned out to be not as accutate as we
might have wished. However, important trends in the data seem quite
clear and may be compared with data obtained for a two-dimensional

bluff-plate (part 2).

Experiment

Pressure-tapped bluff plates were inserted through a smooth
wall mounted in the 13% in. by 10% in. closed-working-section
of a small wind tunnel at the University of Melbourne. The bluff
plates, whose heights varied between e in and

8

on both sides in such a way as to allow the drag to be calculated

N'g

in, were tapped

by a simple summation of pressure differences. As the thickness t
of all the plates was % in, and the top surface was only slightly
bevelled (to give a knife edge to the front face), the results for
the smallest plate heights may also reflect the effect of the side aspect
ratio t/h (See Joubert, Stevens & Perry 13962). The experiments, which
were performed with approximately zero pressure-gradient boundary layers,
covered the following range of variables:

0.15 ¢ h/§ < 1.25

0.25 g A < 8

3 Ujh y

1.95 x 10 £ — £ 2.21 x10
v
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Results and Discussion

A selection of the results is plotted, according to the
correlation scheme of equation (13), in figure 14. The wall-similarity
law obtained for A = » is also shown. The accuracy of the present
measurements is not sufficient to confirm the existence of extensive
regions of wall similarity. However, it can be seen that aspect ratio
has a small, but consistent effect on the drag coefficient. The results

for A =1 appear very little different from those for A = = .

The present results for A = 1 are compared with the measurements
of Tillmann and Engelhardt (Tillmann 1951) in figure 15. The latter
measurements were made with a drag balance and represent the form drag
of the bluff plate minus the change in skin-friction drag of the smooth
wall. For small h/6§ , therefore, the drag balance measurements should
be slightly lower than the present measurements of form drag only.
Considering this, and the differences in local Reynolds number (Ulh/v ),

the agreement between the two sets of data is satisfactory.

To allow comparison with the curve for uniform, unbounded flows,
the variation of the drag coefficient CDl with A is shown in figure
13. For clarity, only a summary of the results is shown. The heavy
lines indicate the range of the actual measurements. The lighter lines
show conjectured variation outside this range. Note that, in general,
the results depend on Reynolds number and so the curves in figure 13
are meant to give an order-of-magnitude impression only. The conjectured

curve for h/§ —3 = has been drawn on the assumptions that
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PLATE 2

THE 108 FT HIGH TOWER FOR MEASURING
THE WIND PROFILE, SHOWING THE PITOT
TUBES AND CUP ANEMOMETER
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