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SUMMARY

pheric boundary layer tunnel and in an ordinary onme.

gustiness.
in the hands of architects and town planners.

1 INTRODUCTION

New interest in the environment has brought
into focus the topic of separation of atmospheric
boundary layers around buildings, which in the
wording of classical aerodynamics were listed as
"bluff bodies'" with little attention being paid to
them. Some new approaches have recently appeared
fostered by the recent aeronautical interest in
separated boundary layers (7). Several authors e-
laborated in more detail the "phase-plane" method
(2,9) which deals rather with a qualitative and
kinematic approach leaving the designer with quan-
titative questions unanswered. This paper is a
first step towards bridging this gap and deals with
the separation of atmospheric boundary layers in
front of buildings.

2 EXPERTMENTAL DATA
2.1 The Wind Tunnels

Wind tunnel A is a classical low turbulence
aeronautical, open jet and open circuit wind tun-
nel with 20" diameter jet in the working section,
its velocity is up to 150 fps. A rounded nose pro-
truding board with pressure tappings was built in-
to it, resulting in a thin turbulent boundary layer
surrounding the models.

Wind tunnel B is an atmospheric boundary layer
wind tunnel, open jet and open circuit. The air
after passing through the entrance cone follows a
rectangular 4.5'x2,5' channel 48 feet long.

2.2 The Models

Five rectangular sharp edged models were test-
ed. The aspect ratios (height: breadth) covered
the typical high rise configurations. The models
were placed face to the wind only, their aspect
ratios, heights (h), breadths (b) and depths (d)
in inches are listed below (Table I).

2.3 Pressure Measurements

The floor pressure tappings provided the in-
formation on ground pressures upstream of the mod-
els. A special static probe described in (1) was
first calibrated and gave very reliable informa-
tion concerning pressure distribution on the front
wall.

A Systematic study of separated flows in front of buildings has been undertaken in an atmos-

The data was analysed to develop a seml-empirical
method of assessment of the principal distances governing the separating boundary layer patterns on the
ground in the front of high rise buildings and of the extent of the "danger zones" subject to high
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The proposed method combined with the phase-plane analysis gives a simple and powerful tool

TABLE I

Model h/b
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2.4 0il Flow Visualization

All the models were analysed using the oil
flow visualization technique.

For more details of the experiments see (6).
2.5 Experimental Results

Fig. 1 shows a typical photographic record of
a model in the wind tunnel using the oil visualiza-
tion technique. One clearly observes two distinct
patterns in the front related to separation. At
the back two foci are clearly seen as well as two
saddle lines, one of reattachment and the other of
separation. It may be noted that sophisticated
methods of analysis of such patterns are now avail-
able (2,7.8.9) and an example of such interpreta-
tion is shown later.

5 Figs., 2 and 3 show the pressure distribution
in front of the 5 models measured on the ground in
the wind tunnels A and B respectively. The pres—
sures are represented by means of the standard
pressure coefficient C defined as

P - P,
c=_—1————Uz (@D
2 e g

where Ug is the gradient height wvelocity. Sub-

scripts g or h signify measurements on the ground
or along the front wall at the height h. Sub-
script o means the pitot pressure at the stagnation
point on the front wall and oMax, the maximum pitot
pressure at ‘the stagnation point on the front wall
for a very tall building reaching the gradient

height. In Table II the separation distances OS2



Figure 1 0il pattern of flow around the model of a building
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Figure 2 Pressure distribution on the ground
Wind Tunnel A
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Figure 3 Pressure distribution on the ground
Wind Tunnel B

TABLE II
Wind Tunnel A Wind Tunnel B
Model OSz(in.) Osz(in.)
1 15 0.88
2 123 0.88
3 0.98 0.69
4 1.2 1.0
5 1.11 1.0
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are given for the models measured in both wind tum-
nels.,

One observes that for both wind tunnels the differ-
ences in ground pressures are rather in terms of
intensities than of nature. Thus the separation

distances OS2 are all closer to the building for

the case of thick boundary layer in wind tunnel B
than for the thin one in A.

Figs. 4 and 5 show the pressure distribution

measured on the central line of the front wall,
facing the wind, for wind tunnels A and B respec-—
tively. One observes that the differences are
striking both in intensities and in the nature of
the distribution. The maximum value of Ch will be

called subsequently Co' For more details (6) should
be consulted.
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Figure 4 Pressure distribution on the models face
Wind Tunnel A
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Figure 5 Pressure distribution on the models face
Wind Tunnel B

3 THE METHOD OF ANALYSIS
3.1 TInitial Physical Considerations

It appears from the collected data that the
pressure field in the front of a building facing
the wind is governed by the stagnation point pres-—
sure at its upper half where a nodal reattachment
takes place. If wind tunnel measurements are not
available, data from Figure 5 would be useful.

To pursue the argument further one may intro-
duce a new definition i.e. that of pressure veloci-
ty Up related to the pitot pressure on the front

wall where

U, = U, n/_C: (@3]

*
is similar to U wused in the classical description
of the turbulent boundary layer. UP relates to the

maximum normal pressure of the pressure field with-
in the boundary layer where separation takes place,

*
as compared to U , a measure of the tangential

stress on the ground due to turhulence. Obviously
U

the ratio —%- is a fundamental parameter of simi-
U

larity in this context.

A second important point in the analysis is
the observation that in front of any blunt body
standing on the ground a part of the flow returns
from the nodal reattachment point into the front of
the building and moves upstream within the boundary
layer to the point S2 (Fig. 6) where proper separa-
tion occurs. This flow along the face of the
building brings to the pedestrian-level high energy
eddies. Part of it feeds the vortex sheets pro-
duced by the sharp edges of the edifice and another
part returns against the main wind direction at the
front of the building. It appears from measure-
ments of gustiness at the pedestrian level (4) that
its intensity is directly related to the ratio
UP/Ug = v Co. It is of paramount importance for

the architect and the designer to be able to deter-
mine the ''danger areas' where it occurs, and this

is the main objective of this paper. This return-
ing flow on the ground is comparable to the source
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Figure 6 Schematic outline of the separation pattern
on the ground

flow in parallel stream of classical hydrodynamics.
A detailed analysis of many cases both in low speed
and supersonic separation (10,11) confirms this
view. The shapes of the oil patterns on the ground
are to a great extent practically identical with

the Rankine body contours indicating that both phe-
nomena are comparable. The distance to the separat-
ion point 0S, would be determined by the edge of the
equivalent Rankine body.

3.2 An Application of the Dimensional Method

From previous discussion it appears that the
principal physical parameters upon which depends
the distance e = OS2 (Fig. 6) are: the nominal

source strength Q, the gradient velocity Ug’ the
*
frictional velocity U , the pressure velocity Up,

the height of the building h, the gradient height

H and some unspecified nondimensional shape para-
The nominal source strength Q will depend
on the intensity of Up 1.e500Q = Upb2 and can be
later eliminated. Thus

e = f(Q,U*,h,b ,Hg,S) (3)

meter S.

forming nondimensional groups

o sAsS)

where A = %u Using (2)

Q ST w0 b2 el
P g o

thus
2
Ub~ v C
L. o &)
* *
U U
U
Introducing —% = ¢ = const for a given ground
U

roughness, it follows that
e~b 7z /_c_o . f(%—,A,s) (5)
g

Analysing wind tunnel data it appears that very
high aspect ratios combined with high values of
h/Hg tending to unity have in the limit very little

effect upon the distance 082 one is trying to de-
termine and which finally reaches some assymptotic

limit while C +~ C . On the other hand the func-
o oMax
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tion f(h/Hg,A,S) should originate from zero once
h/H and/or A tends to zero. It appears that for
all practical cases C0 will never reach umity

= 0,80 to 0.85.
X

Max
but only some limiting value COMa

With these considerations in mind the follow-
ing functional form is suggested

emab VC g 1L = em (K c,"aM1 (8

where o, K, m, and n have to be determined experi-
mentally. The parameter S is assumed unity for
standard rectangular buildings while ¢ and CO

should be adjusted for each individual case depend-
ing upon A, the surrounding roughness and building
height as C0 = f(h/Hg,;,A). In this context Fig.

5 would be of assistance if no wind tunnel is
available. An analysis of measured data indicates
that a good fit is obtained with o = 0.1, K = 2,
m= 1.0 and n = 0.8, thus (6) becomes

e . / e & 0.8
T 0.1 vV COMaX [1 - exp(-2 COA Nil-a(7y

The value of the distance 082 = e so estimated has

to be fitted into the Rankine body equation.

The distance E = OSl (Fig. 6) has also been

(e! 2427
(g— - 1) = 1.196 [—EMLX - 1] (13)
o o
It follows that to obtain the separation contour
b CoMax 2.27
r =e +B=ce +-§ 1+ 1.1966—6——- -1 1(14)
o
and the frontal vortex contour
. b C T 227
r =E+B=E+= [1+1.196(———=~ 1)  1(15)
o] 2 Cy

052 and E = 051 are

determined from eqs. (7) and (8) respectively. The
three-dimensional expression (10) gave as a rule
better correlation of the contour shapes. It may
also be pointed out that well beyond the frontal
edges of the building the oil patterns become slow-
ly parallel to the sides of the building while the
Rankine body contour continues to diverge.

In both cases the distances e =

4 THE APPLICATION OF THE PHASE-PLANE ANALYSIS
COMBINED WITH THE PROPOSED METHOD

4,1 Introductory Remarks

It is not the object of this paper to discuss
the phase-plane technique and the reader is refer-
red to the literature (2,3,7,9). Without counting
the "principal nodes'" the amount of nodes and

determined in a similar way making use of the ob-
This results in

saddles is equal. Also vector rotations around such
singularities follow rigid laws. This particular
point, in relation to wind tunnel work has been dev-
eloped by J Hunt (2). It appears that saddles, nodes
and foci on the ground (XY plane) are associated with
rotations -=2w, 271 and 27 respectively. When ob-

E
servations that = 4 Co ~ const.

4
L -

(%
oMax 0.8
= & g = expl~2 € A7*5)] (B)

0.236

o]

3.3 An Application of the Concept of the Rankine
Body

From classical hydrodynamics the contour of a
two-dimensional Rankine body in polar coordinates
is

2
s sin 8 &
and the three-dimensional one is
r
r=—2" YV 2(1 - cos 8) (10)

sin 8

where T, is determined by the source strength Q

and velocity U; it represents the distance from
the source to the nose of the body. Knowing T,

the shape can be drawn by varying 8. If the dis-
tance from the source to the front edge of the
building is B, (Fig. 6) then
r =fB+e (11)
o
is required to draw the separation contour. For
very tall buildings f + b/2 = B, Similarly for

the determination of the frontal vortex, saddle
contour

r =B +E (12)
o

For decreasing aspect ratios and/or low
buildings the edge of the separating line follows
closely the front edge of the edifice with a sub-
stantial increase in the radius of curvature thus

15 Ehe ' Limft g—+ &%

o

A good correlation has been obtained in the
form

served at the ground level in the XZ plane the
saddles and nodes are associated with -7, The im-
portant point is that each field, say in the front
and at the back of a building must have its total
rotation balanced in such a way that it is finally
zero, This is illustrated in the following example.

4,2 TIllustrative Example

For a tall building staying in the open some
typical roughness height or the equivalent U /U*

must be assessed as well as the value of the
frontal stagnation point coefficient C . Knowing
the building geometry eqs. (7), (8), (T0), (14)
and (15) give quick method to draw the contours
around the building within which intense gustiness
would be present. Once the distances 0S. and 08§
have been determined the phase-plane metﬁod can ge
successfully applied and a pattern similar to the
one in Figures 7a and 7b can be drawn.

5 CONCLUSIONS

A semi-empirical method has been developed
based on wind tunnel measurements, and dimensional
analysis to determine the fundamental distances of
separating patterns in front of the buildings.
Advantage was also taken of the fact that such pat-
terns follow closely the shapes of Rankine body in
uniform flow. A new concept has been introduced:
that of "pressure velocity" Up, i.e. the velocity

of the streamline which reaches the stagnation
point at the front of the building.
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