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1. INTRODUCTION

The source of energy for promoting natural ventilation of

a building is mainly derived from temperature and wind
pressure differences between the outside and inside of a
structure. The temperature dependént pressure differences
are caused by the variations in the air density with height
and referred to as the "stack effect". The external and
internal pressures which are functions of the wind velocity
and direction, level of turbulence and shape and location
of the structures are called the "wind effects". The
effective pressure difference is the algebraic sum of the
contributions from the temperature dependent (stack effects)

and the velocity dependent (wind effects) functions.

Importance of pressure distribution in and around a building
in connection with the wind induced natural ventilation has
been discussed in an earlier publication (ref 1). The work
reported in this article deals solely with the wind effects
and attempts to elaborate on the influence of various para-
meters on the air flow in a systematic manner and at the

same time review the present state of art on this subject.

One of the major difficulties encountered in estimating

the ventilation and infiltration rates in a buildina is

the non-availability of wind pressure distribution around struc-
tures. There are two main limitations of the'reliébility

of the existing information. Firstly it is for a limited
number of shapes and is based on wind tunnel studies.
Secondly the pressure ditributions are mostly for an isolated
building, a situation that is rarely encountered in practice.
There is hardly any work done on the influence of wind on

a group of buildings. Studies which have been done in de-
fining the flow over large areas are too general and are

not adequate for estimating the pressure distributions. A
very limited amount of wind tunnel investigations have been

carried out in this field (ref 2).




The influence of turbulent wind on the air flow within a
building has not been considered in the past due to lack

of proper simulation techniques in the wind tunnel testing.
This aspect of the problem can only be examined with a
certain degree of reliability, if the pressure distribution
studies are carried out on full scale or on test buildings.
The turbulence can affect the pressure distribution con-
siderably in the vicinity of an opening thereby influencing

the air flow within a room (ref 3).

The size and location of openings in the walls and roof of
a structure dictates the air flow pattern and needs a
systematic study on actual buildings. The internal pressure
distribution in a building can be considerably altered
depending on the location of inlets and outlets on the

windward and leeward sides of the building.

Introduction of roof parapets, projections,wall ribs and
other architectural features can considerably alter the

wind flow around a structure (ref 4). These features can

be introduced in such a manner that the air flow pattern
within a building is advantageously used in reducing the

heat losses. Introduction of short parapets on large roofs
and air gaps between the roof and the ceiling can effectively
change the pressure distribution on a building and needs to
be examined.

The work described in this report deals with the properties
of wind with special reference to mean wind velocity pro-
files, characteristics of turbulence and the wind energy
spectrum. The external and internal pressure distributions
on an isolated building are briefly reviewed. The effect of
grouping of buildings on the pressure distribution around

a house is studied by considering the results of wind
tunnel testing. The influence of architectural features

in disturbing the air flow around a structure is examined.




2. PROPERTIES OF WIND
2.1 General

The wind velocity varies randomly in magnitude and direc-
tion at all times and the only realistic way of describing
its properties is to employ statistical techniques.

If the probability distribution function for the wind speeds
is assumed to be gaussian, then the mean values and the
standard deviations of the velocity are adequate for describ-

ing the probability of occurance of a certain wind speed.

The instantaneous value of the wind speed can be expressed
as the sum of its mean and the fluctuating components and

is written as:
vV(t) =u_ + Sv(t) (2.1)
where V(t) is the instantaneous velocity at a time t, UL is

the mean value and §v(t) is the fluctuating component.

(Figure 2.1.)

V(t)

Sv(t)

o

Figure 2.1 A velocity record showing mean and fluctuating

components.
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The standard deviation 9, is obtained by taking the average
of the sequences of the fluctuating component and is given
as:

2 2
n d&v(t) .
¢ = - (V(t)=Ym)

i=1 n i=1 n

(2.2)

o3

The maximum wind velocity can be written as:

where g is a peak factor defining the distance between the
mean value and the standard deviation. For example, g = 3,
implies that the probability of a wind speed occuring

within the limits of u + 3 o is 99%.
m

-30 -20 -g u a 20 30

Figure 2.2 Probability density function.

The assumption of gaussian distribution is wvalid if the
random process is stationary and ergodic. This implies

that the statistical properties are invariant with time

and a single record of suitable length is adequate for
evaluating the mean and the standard deviation. The suitable
length of a record is between 5 minutes to a few hours
depending on the type of wind conditions. A period of 10
minutes is very suitable, as it is a standard meteorological
measurement and also coincides with minimum in the wind

energy spectrum.




Gusts or atmospheric turbulence are caused chiefly by the
growth of eddies, local pressure differences, deflection
around objects, temperature changes or by any combination
of these . The eddy size or the scale of turbulence varies
over wide liﬁits. Some of the major eddies may be severalb
thousand meters in extent and give rise to storms lasting
several minutes. At the other end of the scale, eddies
may be due to a minor obstruction and are correspondingly
small in dimension and in duration. The short eddies can
alter the pressure distribution around the small openings

and can influence the air flow inside a building.

When the wind velocity is greater than 8 m/sec (strong
winds), the influence of surface friction is predominant
in distorting and generating a turbulent flow. The charac-
teristics of wind may be described by studying the mean
wind velocity profile and the intensity of turbulence
present in the flow, and is described in the following
section.

2.2 Mean velocity profile

When wind blows over from smooth (airports etc) to rough
(city centres) terrains, the velocity is reduced due to
the presence of natural and man made obstructions. The
effect of these obstructions is to create a shear profile
as shown in figure 2.3.

um(z)

Figure 2.3 Velocity profile
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At a certain height above the ground, the influence of the
ground roughness is no longer effective and this height is
called the gradient height 2z, and the velocity at this
point is defined as the gradient velocity (Fig. 2.3).

The mean wind velocity profiles for different types of sur-
face roughness are constructed by using the concept of
gradient height and velocity. The expression for such a
profile is given by

Wherellm(z) is the mean velocity at a height z, and u ‘ is
the mean gradient velocity at z . ¢ is the power law
exponent. The values of zg and o depend on the type of
surface roughness and are given in table 2.1. zZg is the
standard height above which the velocity profile is given

by the following expression

Z . a
um(z) =um(zs)‘(-z~;) (2.4)
The standard height zg refers to the average roughness height
around the structure under consideration. Recent measurements
at Post office Tower in England have shown that the standard
height z_ can be taken as the roof top levels of the build-
ings in the vicinity of the tower (ref. 5). The mean wind
velocity below the standard heigh®% is assumed to be constant.
This is due to the fact that the wind behaves in a highly
irregular manner in this region and is not feasible to pre-

scribe any empirical or theoretical profile.

The terrain corresponding to the "open site" is chosen as

the reference terrain. The reason being that the meteorologi-
cal data is obtained from measuring stations located at
airports or places which correspond to open site conditions.
The reference mean wind velocity is based on 10 minutes average
and is measured at a standard height of 10 meters. The velo-
city profiles for other type of terrains can be expressed in
terms of the reference terrain R by using the gradient height
as shown in table 2.1. The gradient velocitylﬁhgis the same

e




Terrain Definition
category

A Exposed open terrain with few
or no obstructions. e.g. sea
coast and flat plains.

Open terrain with small"
scattered obstructions. e.g.
airports, open parkland with
isolated structures. This is

a reference terrain for
measurement of zonal wind speeds.

Terrain with numerous closely
spaced obstructions. The cate-
gory includes small wooded
areas, suburban outskirts of
large cities

Terrain with large structures. 0.3
The category includes centres

of large cities. Gothenburg,
Stockholm

Table. 2.1 Definition of surface roughness categories.

for all types of terrain and this facilitates the conversion

from one type of surface roughness to another.

The reference wind velocity profile in terms of the gradient

velocity is:
U, plz) =4 (2.5)

The reference wind velocity in terms of standard height is

w2 =8 (10) - (5570013 (2.6)

Now the velocity profile for terrain type A is given by

z ,a=0.1

um,A(Z) =um'g.(§-5—5) (2.7)

Substituting expression (2.5) and (2.6) into (2.7), we get

“ a=0.15 a=0.1 (2.8)

ma (2) =W p(10) « (30)
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or unuA(m = CA(z) . um,R(10) (2.9)
where i
_ 0.15 z ,0.1 _ z 0.1
CA(z) = 30 (533) = 1.13 (5) (2.10)

Similar relationship can be obtained for other types of

surface roughnesses and are as follows.

um,B(Z) = Cglz) - um’R(1O) (2.11)
where

cylz) = 0.83(%) 022 (2.12)

uy o(2) = cC(z)um',R(m) | (2.13)

Colz) = 0.68(55)3 (2.14)

Figure 2.4 presents the design curves for the velocity
coefficients CA(z), CB(z) and CC(Z)' Knowing the value of
the reference wind velocitylﬁnﬁﬁ10)at the reference height
of 10 meters for open site conditions, the wind velocities
for other type of terrains can be obtained from expressions
(2.9), (2.11) and (2.13).

An alternative method of presenting the variation of wind
velocity with height is to assume a logarithmic profile
and is given by:

w fz) = u - % - 1n(§—0) (2.15)
Where u, is the friction velocity, K is a Karman constant
whose value is 0.4 and z, is the surface roughness length.
The value of zZ, varies between 0.1 cm to 3 meters depending
on the type of surface roughness. z, is approximately 10%
of the average obstacle height. The expression (2.15) 1is
valid from about 20 Z, upwards to 60 meters.

The use of log vélocity profile is advocated on the basis

of its application in the wind tunnel work and the
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meteorological measurements. However, in practice there is
hardly any difference between the power law and the log
profiles and the choice of the former is based on its easy
applicability in the structural design.

A comparison between the two approaches is shown in figure
2.5 and it can be noted that both profiles give more or less
similar values for the wind velocity. Table 2.6 shows a
relationship between the friction length 25 and the exponent

o. Knowing zo’ the values of o can be derived and vice versa.

It should be mentioned that in practice it is not possible
to prescribe a velocity profile below the standard height
z,. This is due to the fact that the air flow pattern is

a composite of wakes, deflections and channellings pro-
duced by the buildings and their relative positions. The
velocity profiles are really valid for heights above the
standard height L For this reason, constant values of mean

speeds are recommended below the standard height.

In the case of log profile, the model is liable to break

down in the close neighbourhood of individual obstacles.

i.e. less than 1 obstacle height above it or less than 10
obstacle diameters downwind. In terms of roughness length
2y the model break downs at levels lower than 20 z -
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Terrain description of area within several kilometres
upwind of site

10 ,
8
TH R
6
s}
4}
3t .
2t 10-40
Centres of Cities with very tail buildings Very hilly or mountainous areas
10-35
l H F b Centres of large towns, cities Forests 0-30
E 1028
6 b
s b Centres of small towns lo2s
4 r tski tt Farrly levei wooded country
Outskirts of towns irly lo24
! b
2 b Mony trees, hedqes, few buildings 10-22
0-20
N
10, 1019
g o Many hedqQes
6 1018
s b Few trees, summer time
Farmiond Long grass (¥0-06m) crops
ot 0417
3 F
Isoioted trees A 1n.
H Uncut gross rports (runway area) 016
-2 Fairly level grass plains 015
10 ;| Few trees, winter time
‘ b
Cut grass (®0-03m)
of 014
5 >
4 -
Z_ metras a
0 sk
1013
H Natural snow surfoce (tarmiond)
0%, 012
3f  Off-sea wind in coostal areas A \
Y
6
st Desert (fiat)
4
3k LLarve expanses of water
-0l
2 |
-4
10,1 Colm open sea / Snow-covered flal or rolling ground
8}
TF - .
6} 010
5k
P
‘ -
2}
Ice, mud fats
3
0

Table 2.2 Values of the Surface Roughness Parameters

z_a
o nd o




17

2.3 Evaluation of maximum and minimum wind velocities

The evaluation of maximum and minimum wind velocities
requires necessary knowledge about the type of terrain,

intensity of turbulence and the mean wind velocity profile.
The maximum and minimum velocities can be expressed in

terms of the mean velocity U standard deviation o, and
the peak factor g as:

Vmax =, + g o, : (2.16)
Vain "9 T 9 9 (2.17)

Figure 2. 6 shows the relationship between the mean profile

and the approximate range of gusts.

» V (m/sec)
L3 -

Figure 2.6 Typical velocity profile and the range of
Justs

Gv is the standard deviation of the fluctuating component
and is obtained by integrating the area under the wind
spectrum curve. Various forms of wind spectra have been
suggested and the simplest form is the isotropic model

which can be written as:

2 - M7
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s (f) =2342 _y (2.18)
v T v 2
3 +y
where
- 2nf L
Y

L is the length scale of turbulence and its value varies
between 50 to 200 meters, and f is the frequency in Hz.
Figure 2.7 shows the plot of wind spectrum in accordance
with expression (2.18).

The variance of the wind velocity is obtained by integrating

expression (2.18) over the frequency range.
2 £
g = J £f - S _(f) - d(1lnf) (2.19)

The value of o, can be shown to be equal to (ref 6 ).

g

Z
V_ = 2.45 /K. - (—=)°¢ (2.20)
um(z) r z

where Kr is the surface drag coefficient and its values

for various terrain categaories are shown in table 2.

Terrain Kr
type
A 0.0025
R 0.0050
B 0.0140
C 0.0300

Table 2.3 Values of surface drag coeffigents

The ratk>ofcv and.um(z) is called the intensity of turbulence

and is plotted in figure 2.8 for various height.
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Figure 2.8 Intensity of turbulence

As already mentioned in section (2.1), the probability
distribution of velocity fluctuations in turbulence is
approximately gaussian. The expression for the probability
density function is

$(6v) = —— EXP[- 1(sv/0 )] (2.21)

/2T o,
Where §v is the fluctuating component of velocity v = V-u,
¢(Sv) is the probability density of &v.

2 . .
Ov is the variance of §v.

Figure_zigf_shows a typical plot of the gaussian probability
density function and the largest peak gust speeds.
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2.4 Wind velocities at Torslanda

The frequency of occurrance of wind speeds of certain
magnitude and direction is of considerable interest for
assessing the energy needs and comsumption during the
winter months. A study of wind velocities, directions and
temperatures was undertaken and figures 2.10 to 2.17 are

plotted from the data presented in reference 7.

The figures 2.10 to 1.13 show the relationship between
the wind  directions and velocities. The examination of
the figures indicates that 4-6 m/sec wind velocity 1is

most prevalént'during the winter months and there is no

fixed wind direction.

It should be mentioned that the values are based on 20 years
period data. The data points for a single month are given
by the product of days (30), and the number of observations
per day (4). The total number of points are obtained by
multiplying with the number of years.

30 x 4 x 20 = 2 400 data points.

Histogram showing the frequency of occurrance of wind velo-
cities independent of the wind direction are also shown in the
figures. Similar plots are made for the wind direction

independent of the wvelocities.
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The figures 2.14 to 2.17 present the relationship between
the wind velocities and the temperatures for the winter
months. It can be noted that the most prevalent wind velo-
city is 4-6 m/sec and the temperature varies between

-2.0 to +2.0 °c.

The diagrams shown in this section can serve a useful

purpose as the distribution of the wind velocities, direc-
tions and the temperatures are obtained at a glance. It

can help the designer in formulating his problem in a more
realistic manner by considering the probability of occurrance
of certain temperatures and wind velocities. Such plots
should be drawn for other parts of the country as it would
help in better dimensioning of heating and ventilating

systems.
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3. PRESSURE DISTRIBUTION ON AN ISOLATED BUILDING

3.1 General’

A complete description of the wind flow around all types of
structures is an impossible task due to complex fluid-
structural interaction. The wide variation in the size and shape of
building structures, type of wind exposure, local topography

and the random nature of the gusts make it essential to

conduct full scale measurements or properly simulated

model testings.

Most of the pressure distribution studies on low rise
buildings have béen mainly carried out in wind tunnels
(ref 8, 9, 10). Only recently full scale investigations
have been undertaken in England, America and Sweden (ref.
11, 12, 13, 14). Although the model studies give

a reasonable picture of the flow phenomena around the
structure, yet there is a considerable variation from the
results obtained from full scale tests due to difficulty

in simulating the turbulent flow in the wind tunnel.

3.2 Wind flow around buildings

When wind blows over a structure, the air flow slows down or
deaccelerates as it approaches the building creating a
positive pressure on the windward face. The building acts

as a deflector and causes the flow to go around and over

the building as shown in figqure 3.1.

The flow separates at the corners and the pressure drops
below atmospheric pressure, creating a negative pressure
or suction on the end walls and on the roof. A large low
pressure region is also created at the back of the build-
ing. This region called the wake, creates suction on the
leeward wall and side of the roof. The pressures are
turbulent due to the fluctuating nature of the wind.
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Suction

Figure 3.1 Typical pressure distribution on a house.

When the wind blows normal to the front face of the build-
ing, it creates a maximum pressure at the centre of the
wall and drops off rapidly near the corners. The negative
pressures on the sides and the roof are non-uniform. The

maximum effect of the suction is felt around the corners
and the edges.

3.3 Effect of roof geometry

The pressures acting on the roof are highly dependent upon
the shape of the roof. They are positive for roof slo@es
greater than 30 degrees. For slopes less than 30 degrees,
the windward slope can be subjected to high suction.

Intense suctions arelikely to occur along the edges and
along ridge lines due to separation or detachment of flow
at these points. Vortices can be formed at the corners of

roofs with small slopes (< 10 degrees). Figure 3.2 shows a

‘typical development of vortices at a corner caused by wind

blowing normal to the corner.
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Figure 3.2 Vortex phenomena on a flat roof.

3.4 External and local pressure doefficients

Some suggested values of the pressure coefficients Cp are shown
in figures 3.3 and 3.4. These values are based on the average
pressure distribution on the building and are adequate for
structural design purposes. Their relevance for the design

of ventilating systems needs to be examined. The airflow

through an inlet is highly dependent on the wind direction

and the pressure distribution near the opening.

The effects of local suction are taken care by introducing
local pressure coefficients as shown in figure 3.5. The
areas of local suction marked in figure 3.5 should be
avoided when designing the layout of air inlets and outlets.
Location of ventilators in these éreas could drastically
affect the air flow phenomena within a building.

3.5 Internal pressure coefficents

The net force acting on the roof or walls of a building
depends not only on the external pressure but on the A
internal pressures as well. The magnitude of the internail
pressure depends upon the building geometry, size and
location of openings and wind speed and direction. Figure
3.5 shows some typicél examples of influence of openings
on the distribution of pressures.
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The internal pressures are also expressed in terms of the
dynamic pressure and a pressure coefficient CPi' The
pressures can be positive or negative as shown in figure
3.5.

The net pressure acting on a building element is the
algebraic sum of the external and the internal pressures

and is given by

p = 1 ovi(c

> C

pe Cpi)
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Figure 3.5 1Influence of holes on the variation in

pressure distribution.

The positive internal pressure will increase the
loading on those areas of roofs and walls which are
subjected to external suction.

The British Code of Practice on wind loads has included
an exhaustive list of values of internal pressure co-
efficients Cpi which are dependent on the location of
openings and the degree of permeability of the structure
(ref 15). These values are reproduced in table 3.1.



Table 3.1 Internal pressure coefficients

Condition

Internal pressure
coefficient Cpi

1. Two opposite walls equally permeable,
other walls impermeable:
a) Wind normal to permeable wall
b) Wind normal to impermeable wall

+0.3
-0.3

2. Four walls equally permeable

-0.3 or +0.2 whichever is the more
severe for cambined loadings

3. Daninant opening on one wall, other
walls of equal permeability:
a) Daminant opening on windward wall,
having a ratio of permeability of
windward wall to total permeability
of other walls and rcofs subject to
external suction, equal to -
2
3
6 or more
b) Dominant opening on leeward wall

c) Dominant opening on side wall

d) Daminant opening in a roof segment

+0.5

+0.6

+0.8
value of or leeward external
wall surface
value of for side external
wall surface

value of Cp for external surface
or roof segment

Notes: 1) Internal pressures developed within an enclosed structure may be
positive or negative depending on the position and size of the

openings.

2) In the context of table 8 the permeability of a surface is
measured by the total area of openings in the surface

under consideration.

3) The value of
* distribution

i can be controlled to advantage by deliberate
of pemmeability in the wall or roof, or by the

deliberate provision of a venting device which can serve as a
daminant opening at a position having a suitable external
pressure coefficient. An example of such is a ridge ventilation
on a low-pitch roof, and this, under all directions of wind,

can reduce the uplift force on the roof.

3.6 Roof overhangs

Introduction of certain design elements can alter the air flow
around a building. Sharp edges, low pitched roofs, largé
overhangs and improper grouping of buildings will cause problems.

The flow distribution around a building can be altered by

providing rough surfaces or ribs on the outside.




In calculating the total uplift on a roof, the pressure

acting on the underside of roof overhangs must also be
included (see figure 3.6).

These pressures are usually positive and the resultant

force acts in the same direction as the uplift force due
to suction on the top surface of the roof.

Figure 3.6 Pressure distribution on a roof with

overhang.
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4. EFFECT OF GROUPING OF BUILDINGS

The estimation of ventilation and infiltration rates is
generally based on the characteristics of an isolated
building and the effects of the nearby structures are not
taken into account due to lack of proper measurements.

A wind tunnel investigation has been reported in reference
( 2) and the main findings of the model testing are

summarized in this section.

Different types of model configurations were examined and

the effect of group of buildings placed on the windward

side of the test block was studied for pressure distribu-
tions on the front and the rear walls. Two types of velocity
profiles corresponding to "open site" (a = 0.15) and "thickly
built up" areas (o = 0.35) were generated in the wind tunnel.
Figure 4.1 shows the model configurations for the first
series of tests. It should be mentioned that the model and:

the building group had the same height in all the tests.
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]
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Figure 4.1 Model placed at the rear of a group:
of buildings.
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This correspohds to a situation of a housing estate composed
of buildings of similar heights. The variation of the pressur
difference coefficient ACp is shown in figure 4.2. The

pressure difference coefficient is defined as:

where P PZ are the pressures and C Cc are the pressure

pw’ “pi
coefficients on the windward and the leeward sides of the

test model.

When the distance between the test model and the group of
the buildings expressed as X/h is altered, the pressure co-
efficient changes considerably depending on the value of
X/h. h is the height of the model.

oy — — — — —_— e e — —_
v o T
u.84 i o b
o) o} i x
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& x 0“'”
< 9.3 1 o
2 +
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0.1
? 10 o
0.0
0 I 110 z’o » 4’0 0 X/n

Fiqure 4.2 Pressure difference coefficient ACp versus the
distance X/h between the model and the grouping
(model density 25%).




43

It can be noted that when the model lies close to the group
of buildings, the value of Acp reduces drastically. It
implies that the rear pressure on the group interacts with
the pressure on the front face of the model and causes a
reduction in the value of Acp. The above investigation was
carried out for building group density corresponding to

25% of the surrounding area.

Further model tests were carried out by placing the model
within a group of buildings and by varying the pattern and
the density of the surrounding areas. Figure 4.3 shows some

typical cases tested in the wind tunnel.
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Figure 4;3 Pressure distribution on a building within

a group of buildings.




The calculation of pressure distribution on a building

surrounded by other structures as shown in figure 4.3 is

more complex. It involves assessing the effect of the size

of the group (r/h), its density and its pattern. The co-

efficients are also influenced by the characteristics and

the angle

of incidence of the flow. r is the radius of

the circle enclosing the buildings as shown in figure 4.3.

The results of the wind tunnel testing are plotted in figure
4.4 and it can be seen that the density of the surroundings

D and the ratio r/h influences the pressure distribution
significantly.
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The value of Acp decreases sharply with the increase in D
and the ratio r/h. When the density of the surroundings is

increased from 10 to 40%, there is a sharp decrease in the
value of ¢

Building Research Establishment (BRE) has also carried out a
wind tunnel investigation on the effect of winds at pedest-
rian levels for a tall building placed in the wake of a low

structure as shown in figure 4.5 (ref 16).

Figure 4.5 Model investigation of wind pressures on two

adjacent buildings.

The investigation has shown that the mean velocities at
points located in between the low and the tall buildings
can experience significantly high winds. This is caused

by the blockage of the mean wind by the tall structure

and forcing it downward causing a turbulent flow. The
increase in the wind velocity at a point A is a function of
the distance L between the two buildings and their heights
h and H. Figure 4.6 shows the results of the wind tunnel

tests on the type of configuration shown in figure 4.5.
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The main conclusions from the above mentioned wind tunnel
investigations are that the pressure distribution on a
building placed 'in a group of structures is significantly
altered and full scale investigation are needed to appre-
ciate the importance of the grouping effect. ‘
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h - Height of the low building

H - Height of the tall building

- Wind velocity at point A at 3 meters height
a ~ Free stream wind velocity at 3 meters height
L - Distance between the low and the tall

building

Figure 4.6 Influence of low building in front of tall

structure.
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5. INFLUENCE OF ARCHITECTURAL FEATURES ON THE PRESSURE
DISTRIBUTION AROUND A BUILDING

5.1 General

The pressure coefficients recommended in the code of practice
are generally based on the wind tunnel studies of small scale
building models. The effects of architectual features have

not been included in these experiments due to limitations

on the physical size of the model. However, some attempts

have been made to study the influence of roof parapets,
projections and the wall mullions on the pressure distribution
around bluff bodies by conducting wind tunnel tests (ref. 4 ).
This section summarizes the results of the investigation and
comments on the importance of architectural features in the

evaluation of pressure coefficients.

5.2 Influence of roof parapets

The flat roofed buildings are generally provided with parapets
around the perimeter of the roof. The effect of various size
of parapets on the pressure distribution has been studied

by performing wind tunnel tests (ref 4 ). Figure 5.1 shows

the alterations in the pressure distribution for various ratios
of height of the parapet d and the height of the building h.
The wind incident on a corner gives the maximum suction due

to formation of vortices at the corners as discussed in
section 3. The examination of the figures reveals that the
non-uniformity of the pressure is greatest for roofs without
any parapet. Increasing the height of the parapets tends to
equalize the pressure distribution over the roof surface. It
was also found that the relative parapet and the building
height have both pronounced effect on the non-uniformity

of pressure distribution.
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5.3 Influence of roof projections

The effect of roof projections was studied by testing
models with different combinations of height, breadth

and size of the projections.

The pressure distribution on the roof for wind normal to
the front face was considerably altered due to the
introduction of the projections. When the projection ratio
e/h was increased from 0 to 1/6, the top suction increased
from a value of -0.68 to -1.2 at certain points on the
roof. e is the length of the projection. There was not a
significant change in the pressure distribution on the

underside of the projecting surfaces.

When the wind direction was changed from 0 to 45 degrees
(wind incident on a corner), the pressures at the corners
and around the edges were considerably altered. Figure 5.2
shows values of pressure coefficients for various combina-
tions of e/h. Even the pressure on the underside of the
roof was altered.

The study has shown that no benefit can be derived from

roof projection with regard to pressure equalization. On
the contrary it would introduce pockets of high suction.

4 - M7
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5.4 Influence of wall mullions

Most of the buildings possess some sort of surface irrequlari-
ties. e.g. protrusions from windows, vertical or horizontal
ribs. The influence of such wall projections on the overall
and local pressure distributions has not been studied in

the past. An attempt has been made in this direction by con-

ducting wind tunnel tests on a cuboid with vertical ribs as
shown in figure 5.3 (ref 4).

Figure 5.3 Building with vertical mullions.

Cube models with different spacings between the ribs were
tested in the wind tunnel. Figures 5.4 and 5.5 show the
change in the pressure coefficients for two different ratios
of S/b. S is the distance between the ribs. The C_ values
for a model without any ribs are also plotted in the diagram.
For the case of wind blowing normal to the front face, -
the pressure coefficient on the side wall increases from
-0.75 to -1.0 for closely spaced ribs (S/b = 1/27), while

for the widely spaced ribs S/b = 5/27), the values of side
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Figure 5.4 Effects of wall mullions on peripheral pressure
distribution for frontal wind (S/b = 1/27).

pressure coefficients are not affected. On the other hand
the pressure coefficient on the front face for widely
spaced ribs increases and also shows a large negative
pressure at the corner. The front wall with closely spaced

ribs is not so much affected by these projections.

The effect of wind blowing at 45 degrees is to alter the
pressure distribution at the corners. In certain cases it
can induce rather large negative pressures as shown in

figures 5.6 and 5.7.

The investigation illustrates that the distance between
the ribs govern the pressure distribution. For closely
spaced mullions, the distribution is similar to no rib
case except at the side wall which shows some increase.
When the spécing between the projections is large, the

corner ribs experience a negative pressure. As the wind
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Figure 5.5 Effects of wall mullions on perpheral pressure
distribution for frontal wind (S/b = 5/27).
AN
tunnel tests reported in the above reference were of
exploratory character, further measurements are needed on
full scale structures and in the wind tunnel with properly

simulated turbulence characteristics.
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6. EFFECT OF TURBULENT FLOW ON THE WIND INDUCED
VENTILATION
6.1 General

The full scale measurements of wind pressures on Royex house
in England has indicated that the value of the pressure
coefficients is much lower than would be obtained from the
wind tunnel testing (ref 19 . The difference was attributed
to the fact that the natural wind is tubulent while the
model testing in the tunnel is performed under relatively
smooth flow. An experiment on a small structure in natural
wind has confifmed that the pressure coefficient is lower

in turbulent wind as compared to smooth flow.

The wind incident on a building is sheared and turbulent
due to the thermal and the mechanical stirring of the

atmosphere. Another source of turbulence is the structure
itself which creates a wake in the initial flow and whose

size is a function of the dimension of the structure.

If we assume that the incident flow is steady and uniform,
then figure 6.1 shows the stream lines around the cross
section of\e bluff body.

Figure 6.1 Flow around a section ofa.building in a steady,

uniform wind. (Ref. 20)
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The flow separates at the corners B and D and the area

B B'C D D' covering the side and the back of the block

is called the "wake". The mean component of the wind in
this region can travel in opposite direction to the inci-
dent flow as shown in the figure. The flow in the region

B B'C D D' is highly turbulent and the boundaries of the
wake experience the maximum effect of these fluctuations.
The boundaries B B' and D D' are also called the shear
layers. Strong vortices are also formed at the roof and any
heating or ventilating system in this area would be

seriously affected.

The effect of shear flow in the wind is to create vortices
on the front and the side of the buildings. The effect of
these vortices is to create rotation of the flow and

influence the pressure distribution (see figure 6.2). -

Y

Figure 6.2 The effect of shear in the incident wind on the
flow around a building. (Ref. 20)

Now if we consider the real wind which is gusty by nature,
then the steady and the fluctuating velocities near the
building are further influenced by the atmospheric turbu-
lence. The reason for this behaviour is that turbulence in
-the flow forces the wake to move nearer the rear of the
building. Figure 6.3 illustrates the influence of the
turbulence in the flow on the formation of wakes at the
back and the possibility of reattachment on the side of

the bluff body. The separation occurs at the corner D and
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reattachment of scparated flow

thickened shcar layers

Figure 6.3 Flow around a rectangular building in a
turbulent wind.

it can reattach at D' forming a circulatory flow on the
side. The second separation occurs at C and the boundaries
of the wake are shown by the region B B'C C'. This area is
highly turbulent and the movement of the flow is not fully
understood so far (ref 20).

The above description of the mean and the turbulent flow
shows the complexity of the problem and therefore simple
models based on the assumption of uniform and steady flow
are generally employed in the analysis. However, attempts
are being made for including the effect of turbulence on

the air flow in a building with openings.

The effects of turbulence on the infiltration rates can be
best described in terms of energy distribution of the wind
spectrum. For homogeneous and isotropic flow conditions, a
simple expression can describe the wind spectrum which is

as follows:

2 . L
O X
va(f) =—_n_-2/§——f|——2- (6.1)
3+ (%)
A
and A = -
2nf

where Sv(f) is the wind spectral density function, o, is the
standard deviation, and f is the frequency in Hz. L is the

scale of turbulence whose value varies between 20 to 200
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meters. A is called the gust wavelength.

Figure 6.4 shows a plot of expression (6.1), where the wind
energy spectrum is non-dimensionalised by dividing with 03 .
The scale of turbulence L represents the eddy size and depends
upon the characteristics of the fluctuations.

Broadly speaking, the properties of turbulence can be
divided into three categories as shown in figure 6.5. The
first category is the approaching flow turbulence which is
governed by the thermal and mechanical stirring of the
atmosphere. This region corresponds to long gust wavelengths
and the pressure around a body is fully correlated for

A/h >>1. h is the height of the structure.

The source of the second type of fluctuations is the body
itself and these are called wake flow turbulence. The ratio
of X and h govern the degree of pressure correlation around
the body. If the ratio A/h is much less than 1, then the
pressures produced on the body are only correlated over small
areas of the buildings. v

AFPROACHING FLOW L/ — 7
TURBULENCE SCALE L, -_ -

SHEAR LAYERS
TURBULENCE SCALE =3

j WAKE FLOW ﬂ‘.
TURBULENCE SCALE =D [
oe meare 7 /-
/

Fig. 6.5 Flow field arond bluff body in turbulent flow.
(Ref. 22)
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The third type of turbulence is caused by the attachment

of boundary layer to the surface and they extend downstream
in the form of 'shear layers. The length scale is governed
by the thickness of the boundary layer. This corresponds to
very short guiB/wavelenghts.or very high frequency fluctua-
tions in the flow.

The air flow within a building is governed by large and small
gust wavelengths and one has to examine the full frequency
range for accurate assessment of the air infiltration in the
enclosure. A low frequency (large wavelenght) wvariation

in pressure at the opening will induce a fluctuating flow
due to the compressibility of the air in the internal space.
Higher frequency fluctuation (short wavelength) will enable
air exchange at the opening due to smaller scale turbulence
with eddy sizes comparable or smaller than the size of the
opening. This would provide an additional contribution to
ventilation in the internal space. If more than one opening
exists then the pressure generated at each opening will
depend upon the degree of correlation in the velocity
fluctuations.

The net air change may be considered to be the result of
pulsating flow; the penetration of eddiesv(tu:bulence) and
the air flow through rooms.

Malinowski studied the effect of loéétion of holes and
turbulence on the rate of air echange by conducting wind
tunnel tests on a building model (ref 21). According to
his investigation the pulsating flow (inflow and outflow
through the same opening) takes place when all the holes
are located in an area of the same external pressure, but
variation of pressure with time predominates (see figure
6.6).
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AIR
MIXTURE

For turbulent wind velocities, the air exchange within

a room can occur through the same opening due to the pene-

tration of the eddies which act as carrier of the external

air inside the enclosure and at the same time remove the

internal mixture to the outside (see figure 6.7).
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Figure 6.7 Air exchange through a hole by penetration

of eddies.
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This can be explained if we consider the airstream impinging
on the surface containing the hole. As the wind approaches
the front of the building, the velocity will decrease and
the static pressure will increase. At the opening itself,
the mean velocity will be zero, but the fluctuating com-
ponent will still be present. There will be a fluctuating
transfer of air through the opening in either direction.
The low frequency content of the fluctuations will produce
_-a pulsating flow through the opening which will depend on
the size of the enclosure. There will also be a high correla-
tion between velocities at different points due to long gust
wavelengths. On the other hand the high frequency fluctua-
tions will produce turbulent mixing of air which could be
small in extent and would be dominant in the vicinity of
the hole. These high frequency fluctuations will be less
dependent on the compressibility effects (size of the

enclosure).

From the above discussion it may be concluded that the total
airflow through the opening is the sum of the contributions
from the low and high frequency fluctuations. It implies
that the characteristics of the wind spectrum over all

frequencies needs to be considered for an accurate predic-

tion of air exchange.
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7. EFFECT OF ATMOSPHERIC TURBULENCE ON THE AIR FLOW
THROUGH SMOOTH AND ROUGH PASSAGES

7.1 General

The amount of air flow through small cavities, openings
around windows and doors and through circular and sharp
edged rectangular inlets and outlets is a function of
Reynold's number and the characteristics of the opening.

In general, the air flow through a passage can be described
by considering three different types of flow conditions,
which are as follows:

a) Laminar air flow through an opening at low Reynold's
number (Re < 2000).

b) Turbulent air flow through a smooth passage.

c) Turbulent air flow through a rough passage at high
Reynold's number.

The effect of atmospheric turbulence on the air flow through
smooth and rough passages is to modify the amount of air
intake and outtake through cracks and openings. The degree of
correlation between the wind pressures at various points on
the structure can alter the volumetric rate of air flow
through the enclosure formed by the rooms of a building.

A survey of the existing literature indicates that the effect
of the air turbulence and the correlation have not been con-
sidered in the evaluation of amount of air flow through
openings. This section presents a simple theoretical model
which may be capable of describing the influence of the atmos-
pheric turbulence and the pressure correlation on the air

flow rate.

7.2 Theoretical model

The enclosure is assumed to be a hollow cube with a single

opening on the two opposite walls. The area of the opening
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can be considered to represent the area of the cavities
around windows and doors. Figure 7.1 shows a hollow box

with openings on the two opposite walls.

The incident wind direction is assumed normal to the front
face and the pressures P(x1,t) and P(xz,t) on the windward

and the leeward sides of the enclosure are:

P(xT,t)=%p Cp(x1)[V(t)]2 (7.1)

p Cy ) [V(£) 12 (7.2)

[T

P(xz,t)=

p is the air density and V(t) is the free stream wind velo-
city. Cp(x1)~and Cp(xz) are the pressure coefficients on the
windward and the leeward sides. V(t) is assumed to be constant
along the height of the box. The variation of velocity with
fﬁeight can be easily introduced by considering the relevant
" velocity profiles. '

The pressures P(x1,t) and P(xz,t) are random in nature and
can be divided into a mean and a fluctuating component and

are written as:

1]

P(xq,t) P (X4) + 8q(x,,t) (7.3)

"

P(xz,t) pm(xz) + 6q(x2,t) (7.4)

where pm(x1)and pm(XZ) are the mean values of the pressures on
the windward and the leeward side respectively, and 6q(x1,t)

and éq(xz,t) represent the fluctuating component of the
pressures.

The difference between the windward and the leeward side
pressures of the building can be written as:

W(t) = P(X1,t) - P(ert) (7.5)
wo + 8w(t) = [p(x4)-p (x5)]1 + [8q(x,,t)-8q(x,,£)]1 (7.6)

where W is the mean pressure difference and Sdw(t) is the
fluctuating component.

44_____________________:-----IIIIlIllIIlIlll.l.....ll.l.ll.ll.l'
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Separating into mean and fluctuating parts the equation
(7.6) becomes: )
Wo = Pp(xq) - p_(X5) (7.7)
Sw(t) = [6q(x1,t) - Gq(xzt)] (7.8)

The autocorrelation and the direct spectral density functions
for the fluctuating component of the total pressure W(t) are
expressed in terms of the pressures at points X4 and Xy The .
application of spaxxal analysis to randomly varying quantities
is well . known and is described in standard text books. The
main steps involved in the analysis are included for the sake
of completeness.

The cross correlation between pressures at two points X4 and

X, can be expressed as:

qu(x1,x2,t) = <6q(x1,t) Gq(xz,t+r)> (7.9)
where <> indicates averaging over time. When X; 1s equal to x,,
then we obtain the auto correlation function at a point X,

and can be written as:

qu(x1,r) = <8q(xq,t) sq(x;,t+1)> (7.10)
The cross spectral density function is obtained by taking the
fourier transform of equation (7.9) and is written as:
© -i2wfr
Sqq(x1,x2,f) = I qu(x1,x2,1) c e dt (7.11)
—co0

Similarly the direct spectral density function at a point
X is given by

-i2wft

(X1,f) = J R (x1,1) e dt (7.12)

S
aq aq

—C0

We now return to equation (7.8) to calculate the auto correla-
tion of the total pressure dw(t) by forming the appropriate

v
products of <8w(t)dw(tH¥)>. Equation (7.8) for time shift of

T can be written as:



Sw(t+t) = 6q(x1,t+r) - 6q(x2,t+r) (7.13)

Multiplying equation (7.8) with (7.13) and forming the
averages,' we obtain:

<Sw(t) 6w (t+T)> <aq(x1,t)'5q(x1,t+r)>
+ <6q(x2,t)6q(x2,t+r)>

- <6q(x1,t)6q(x2,t+r)>

- <8q(x,,t) §q(xy, t+1)> (7.14)
R (1) = qu(x1,r) + qu(xz,T)
- qu(x1,x2,T) - qu(lex1lT) (7-15)

The direct spectral density of the total pressure is given by

Sww(f) =3 (x1,f) + Sqq(xz’f)

qq

- Sqq(x1,x2,f) - Sqq(xz,x1,f) (7.16)

The first two terms of expression (7.16) represent the direct
spectral density function for the pressures at points X4
(windward side) and X, (leeward side). The last two terms of

equation (7.16) represent the cross spectrum between the points
X4 and Xy

The cross spectral density function can be expressed in terms
5>f the coherence function and can be written as:

oqq(x1,x2,f) = Sqq(x1,x2,f)/[/sqq(x1,f) . quq(xz,f)]

(7.17)

Substitution of expression (7.17) into (7.16) gives

Syw(E) = Sqq(XT’f) + Sqq(XZ'f)

-2 v 7 7 ° , £ 7.18)
Ipqq(x1 Xy f)|/Sqq(x1 ) /Sqq(x2 ) (




Paq (%1:%,,f) represents the degree of correlation between

points X, and Xye If there is a full correlation, then

pqq(x1,x2,f) is equal to unity and equation (7.18) becomes:

(x,,f) + S (xz,f)

Sww(f)full = Sqq 1’ qq

- . , £ -
2/Sqq(x1,f) /Sqq(x2 ) (7.19)

If there is no correlation between X, and Xy

is equal to zero and expression (7.19) reduces to

then pqq(x1,x2,f)

S _ (f) =

wW zero Sqq(x1’f) + Sqq(x2’f) (7.20)

The mean square value of the fluctuating component of the

pressure is given by

£
2 - °
cmp-f Smﬂﬂ df (7.21)
o)
For fully correlated pressures, the mean square value is
obtained from expression (7.19) and is given by
a?(w)

_ - 2
Full - log(x,) 0q(x,) ] (7.22)

For zero correlation case, the mean square value is given by

Uz(w)zero = Yoq(xq)? + 0q(x,)? ' (7.23)

The pressure on the windward and the leeward sides of the box
is a function of the wind veldcity as shown by equation (7.1)
and (7.2). The free stream wind velocity can be described in
terms of a mean and a fluctuating component and can be
written as:

V(t) u  + v(t) (7.24)

where U is the mean velocity and v(t) is the fluctuating
component.




R S S,

69
Substitution of equation (1,24) into (7.1), (7.2), (7.7) and
(7.8) gives
1 T
Ph(xq) =350 Cp(x1)um : (7.25)
1 Q
pm(xz) =50 Cp(xz)um (7.26)
_ v (t) v(t),?
6q(xq) =p (x,) (2 /= + {1} 1 (7.27)
m m
o t) 2
6q(x,) =p_(x,) - [2 Vé;) + {Vém)} 1 (7.28)

The auto correlation and the direct spectral density functions

for the pressures at points X4 and X, are given by

R__ (1) R (t) .
_ A vV
qu(x1,r) = pm(x1)2[4 u; + { ué }l (7.29)

R__(T) R__ (1) ,
_ NA'S A2
qu(xz,t) = Pp(x,)7[4 u; + { ué } 1 (7.30)
, va(f) 1 £
Sqq(x1’f) = pm(x1) [4 _—E;_— + ;Z J va(f)'va(f—f1)df1]
m o (7.31)
, va(f) 1 £
Sqq(lef) = pm(Xz) [4 T + ;—E I va(f) 'Sw(f-f1)df1]
mo (7.32)

The second term on the righﬁ hand side of expression (7.31)
and (7.32) represents the non linear effects of turbulence.
For tall buildings its effect is generally small. However,
for low structures, the contribution from this term should
be included. The simple isotropic model given by equation
(6.1) can easily evaluate the contribution from the second
term.

For the sake of simplicity, neglect the contribution from

the non linear term and rewrite the expressions (7.31) and
(7.32).
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(x1,f) =4 pm(x1) (7.33)

S
aq

Sqq(xz,f) = 4 pm(xz)2 —_— (7.34)

The cross spectral density function for the pressures at

points X, and X, may be expressed in terms of the correlation
coefficient oqq(x1,x2,f) and the direct spectral density func-
tions Sqq(x1,f) and Sqq(XZ’f) as given by equation (7.17). This
can be written as:

S =
aq °q

S (£)

X —u—i—-— (7.35)
m

Substitution of expressions (7.33) to (7.35) into (7.19) and
(7.20) would give the direct spectral density functions for
the fully correlated and completely uncorrelated pressure
differences between the windward and the leeward faces.

Next step is to equate these pressures with the internal

pressure and calculate the air velocity through the openings.

The total pressure difference across the openings is given
by:

[P(x1,t) - Pi] + [Pi —_P(xz,t)]= P(x1,t)— P(xz,t) (7.36)

The pressure loss throu@h a single opening on the windward
side can be written as in terms of the dynamic loss coeffi-
cient C :

w

P(x,,t) - P, =C p[Vo]1/B (7.37)

1

i w 2

where VO is the air speed through the opening in the building.
Cw is the dynamic loss coefficient. B is a constant whose

value varies between 0.5 and 1 depending on the characteristics



n

of the opening and Reynold's number. For laminar flow through
a cavity, B is assumed to be 1.0, while for fully turbulent
flow through rough passages, 8 is taken as 0.5. The inter-
mediate values of B represent the cases of turbulent flow
through passages of varying roughnesses which are functions

of Reynold's number. The coefficient_cw’includes the influence
of surface roughness characteristics of the openings and

Reynold's number and hence is a function of B.

It is a common practice to employ discharge coefficient Cd
rather than loss coefficient Cw. These coefficients are

related as:

C

_ 1

d(x1) = o (7.38)
w

The coefficient Cd depends on the area of the opening.

Rearranging equation (7.37) and subsitution of equation (7.38)
gives (7.38)

= 2 - 8
Vg = Cd(x1) [3 P(x1,t) Pi] (7.39)

The volumetric rate of discharge is given by:
= = 2 _ B
Q = VAKX =Cyq(x) Alxy) [S{P(x;,8) = P;}] (7.40)
where A(x1) is the area of the opening on the windward side.

The volumetric rate of discharge is equal for the two
openings, and from equation (7.40), we get
Q=2¢C

atx) Ay [2p(x,,t) - 231° =

1
= C.(x,) A(x,) [2{(P, - P(x,,t)}1® (7.41)
d'‘“2 2 p i 27 _ °

where A(xz) is the area of the opening on the leeward side

and Cd(xz) is the discharge coefficient.
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Alternatively,
_ _ P 0 1/8
PO e =By =g lo ) A, (7.42)
oie 0 0 1/8
Py T P®) =g Iy Ay (7.43)
Summing equations (7.42) and (7.43) gives:
_ _p 0 1/8 Q 1/8
_ , (7.44)
o - [2 P(x1,t) P(xz,t) ]B
P ey xy) A(x1)1/B+Cd(x2) A(x2)1/8
. Cd(x1) A(x1) Cd(x2) A(xz) (7.45

If the areas A(x1), A(xz) and the discharge coefficient
Cq(xq) and C4(x,) are equal, then expression (7.45) can be
written as:

= AT - X B8

The solution of equation (7.46) gives the volumetric rate
of air dischange for enclosures with openings of equal areas
A and the dischange coefficiants Cd‘

The effect of turbulence on the air flow through the enclosure
is important when dealing with the question of comfortability
of the users. The procedure for evaluating the instantaneous
values of the air dischange rate can be described in terms

of the mean and the fluctating components of the pressure
distribution.
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Substitution of mean and fluctuating components of the wind-
ward and the leeward pressures from equations (7.7) and
(7.21) in expression (7.46) results in the following equation
\ a B
= . o v
Q Cd A [p (1+ = )] (7.47)
m

where Wo is the mean pressure difference, and O is the
standard deviation of the pressure fluctuations caused by the
atmospheric turbulence.

Expression (7.47) can be expanded in a series form and is

given by,

20.2

_ Y“m, B Ty B8 w _
Q = CdA'[B—-] [ 1+BWI; + —2"-('w—m) -—-1 (7.48)

The contributions from the second order terms are small and

can be neglected.

Equation (7.48) can be divided into its mean and a fluctuating
component and the maximum rate of air discharge Q2 can be

written as:

Q, = Q + gaQJ (7.49)
W
= .a.r_m B
where Qm = Cd A [p ] (7.50)
"Jm B O.w
Qw=cd.A-[B——] » B.VT : (7.51)
m
9, is the peak factor

The influence of second and higher order terms has been
neglected from the fluctuating part.
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7.2.3 Influence of correlation on_the air flow

The influence of correlation on the flow characteristics
through an enclosure can be studied by considering the
distribution of pressures on the windward and the leeward
sides of the structure. It is interesting to examine the
two limiting cases of correlation which correspond to the
fully correlated and the completely uncorrelated pressures
on the two opposite faces of the structure.

Case (a) Full correlation

When the windward and the leeward pressures are fully corre-
lated then the standard derivation of the pressure difference
is given by equation (7.22). The ratio between the standard

deviation and the mean pressure can be written as:

o (w) 0gq(x,)-o0gq(x,) 1o}
full _ : 1)_ : z) -, (7.52)
wm pm X1 pm x2 Y

E=|

where Oy is the standard deviation ¢f the wind velocity
fluctuations.

Introduce equation (7.52) into equation (7.49), and we get
the volumetric rate of flow as:

cc.oa-[l w8 oy
Qy (£ull) = Cyq-A- [ wi E1+2g“-6--5;] (7.53)

Equation (7.53) describes the volumetric discharge if the
pressures on the windward and the leeward sides are fully

correlated.

Case (b) Zero correlation

For the case of zero correlation between the windward and
the leeward pressures, the standard derivation of the pressure

0q is given by equation (7.23) and can be written as:

. 2 2
O ero _ TgXy)  * og(x)) /e, (%11 +{p, (%) 1" <2l

pm(x1) - pm(xz)

=<

m P xg) = B (x,)
(7.54)
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Expression (7.54) presents the case of zero correlation
between the pressures on the leeward and the windward sides
of the structure.

Substitution of equation (7.54) into (7.49) gives the

volumetric rate of air flow as:

/{p_ (x )17 +{p_(x,)}?
I R g v r'Pm ¥ m "2

Cq A [p wu] [1+2ga a_ - ]
m (7.55)

Q

o(zero)

In expressions (7.53) and (7.55), ov/um represents the intensity
of turbulence and its values are governed by the surrounding

surface roughness conditions and the height of the structure.

It should be observed that the equations (7.53) and (7.55)
give the volumetric rate of flow inside the building which
can be due to the laminar or the turbulent flow through the
openings. The properties of the flow through the passages are
governed by the coefficients Cd and B. These coefficients are
functions of the Reynonld's number and the characteristics of
the openings. However, the wind flow outside the building is
turbulent and its properties are characterized by the inten-
sity of turbulence (ov/um) and the degree of correlation of

pressures on the windward and the leeward sides.

If the intensity of turbulence is greater than 30 %, then the
effect of the second term in g%gation (7.47) should be included

, )
LA e
.

in the analysis.

Figure 7.2 shows the effect of fluctuations in the wind velo-
cities on the volumetric rate of discharge. The results are
presented in a non-dimensional form by dividing the expressions
(7.53) and (7.55) with the mean discharge rate and can be
written as:

o]
= g. Y 1 B
Hfull = (1+29’a g um)/A-Cd[B-wm] (7.56)
o p 2,P 2
= g Y YIm(xa) *+ m(x2) PR I
Tero = (142982 - ) /A-Cqlow] (7.57)




76

~

1.6

1.4

1.2

1.0

— 1.6
| B=1.0 L B=0.67
&
>
~ A 1.4
dép ‘4;;—— <
xo x_@"’y I ?}}ft/
4,0\' . (,"e {'z\‘ 7
1//700 1.2 o /’V“
(b(,;o . @}\,\, /\" S
*®
c©
V!
Y .q)eﬁo
1.0 i
0 0.1 0.2 0.3 I 0 0.1 0.2 0.3 I
v v
Fig. 7.2 (a) Laminar flow " Fig. 7.2 (b) Turbulent flow through
* smooth passages.
B=0.57 1.6 0.5
1.4
1.2
’/
1{// 4{
1.0
0 0.1 0.2 O.BI 0
v

Fig. 7.2 (c) Turbulent flow

Fig. 7.2 (d) Turbulent flow
through smooth passages

through rough passages

Figure 7.2 1Influence of intensity of turbulence I_ on the
non-dimensionalised discharge rate of air flow

Hf.




The subscripts "full" and "zero" correspond to the two

limiting cases of full and zero correlations between the

windward and the leeward pressures.

Expressions (7.56) and (7.57) show the increase in the rate

of air flow inside an enclosure due to increase in the inten-

sity of atmospheric turbulence and the results are plotted

in figure (7.2). The case of zero correlation is studied by

assuming the following values for the shape factors pr and
c

pL’

pr = 0.8 and sz = -0.4

It is further assumed that the constant 9y is equal to unity.

Examination of figure (7.2) shows that the volumetric rate of

flow is greater for fully correlated external pressures com-

pared to the case of completely uncorrelated pressures. Full

correlation implies than the size of the body and the pressure

on the structure acts at all points at the same time. It is

equivalent to immersing a small body in a large tank where the

size of the fluctuations greatly exceeds the model. The case

of zero correlation corresponds to the pressure wavelengths

equal to or smaller than the size of the body. In this case

the character of turbulence is such that there is a time lag

between the pfessures on the windward and the leeward sides

of the structures. This time lag would diminish the air flow
through the box as shown by the model.

The characteristics of flow through different types of passages
have been expressed in terms of the exponent B. When 8 is equal

to unity it corresponds to laminar flow through the opening.

The case of completely developed turbulence through passages
with rough surface or sharp edged orifices can be represented
by assuming g8 equal to 0.5. The intermediate values of 8

represent varying degrees of roughness conditions of the flow
passage. Study of figure (7.3) shows that the volumetric rate
of air flow is largest for the laminar flow (B=1) and the least
for the ful;y turbulent case (8=0.5). This is due to the fact
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Figure 7.3 (b) Influence of intensity of turbulence I on the non-
dimensionalised discharge rate of air II for fully Sorrelated
windward and leeward pressures for various types of flow conditions
as defined by B.
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that when B is equal to the unity (laminar flow) the pressure
difference across the opening P(x1,t)-Pi is a linear function
of flow velocity VO through the passage. When B is equal to

0.5 (fully turbulent case), the pressure difference across the
opening P(x1,t)-Pi is a function of the square of the flow
velocity Vo' This clearly shows that the amount of flow through
the opening is greater for the laminar case (f=1.0) than the
fully) turbulent case (B=0.5).

In conclusion, the diagrams (7.2) and (7.3) show that the
fluctuating component of the wind contributes significantly
to the overall discharge rate. Model verification of air
infiltration in an enclosure with openings has been reported
in reference (17) and it is pointed out that significant
pressure fluctuations did occur in the model studies due to
variations in the speed and direction of the air flow and to
‘eddy shedding from the model.

The effect of gusts on the performande of roof ventilation has
been discussed in reference (18), where it is shown that the
roof and the walls can experience increased pressures due to
short duration gusts and appropriate measures are needed for

proper balancing of internal and external pressures.

A simple theoretical model which considers the influence of
fluctuating flow on the airflow through a single opening has

been presented in reference (3). The work describes the importance
of the turbulent airflow in promoting pulsating flow and shows
that one third of the fluctuating airflow into the body was

finally mixed with the bulk of the air in the enclosure.

The theoretical model presented in this report is extremely
simple and based on assumptions which may not reflect the
true behaviour of the system. However, it does indicate the
possibilities of incorporating the influence of turbulence in
the evaluation of airflow rate. This aspect of the problem
needs a systematic study in the development of experimental
and theoretical models.
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8. GENERAL DISCUSSIONS AND RECOMMANDATIONS FOR FUTURE
RESEARCH WORK ON WIND INDUCED VENTILATION

The report has attempted to deal with various aspects of.

the phenomena of air flow around buildings in relation to
natural ventilation. The starting point for any investiga-
tion is the distribution of wind velocities and temperatures.
The source of information for velocities and temperatures

is the Swedish Meteorological and Hydrological Institute
(SMHI), where records of wind speeds, directions and
temperatures are kept. If suitable wind velocity records

are available, then fairly accurate assessment of velocity
profiles and level of turbulence in the flow can be made.

The report has discussed the importance of mean velocity
profile in relation to surface roughness characteristics.

It is shown that one can work with either power law or log
law in constructing the profiles. When dealing with the air
flow for ventilation purposes, it is not only the peak gusts
which are of main concern, but the whole spectrum of most
frequent wind velocities are of interest. In view of this,
wind speeds during the winter months for Torslanda has been
studied and it is shown that 4-6 m/sec speeds are most pre-
valent. Similar plots are made for temperature and wind
velocities. Such curves can be useful in producing economical

designs of heating and ventilating systems.

The distribution of wind pressure around a single house has
been examined by studying the wind tunnel and full scale
investigations. The pressure coefficients are generally
deduced by dividing the measured pressure at a point with

the dynamic pressure corresponding to the free stream
velocity. The reason for adopting this procedure is to
standardize the values of pressure coefficients for buildings
of similar shapes. Even the full scale measurements are
presented in the above mentioned form. The effect of turbu-
lence is most predominate at the sharp edges of a body and

these effects are included by prescribing high local



coefficients. The measurement of short duration gusts needs
highly sophisticated instrumentation and computer programmes.
Very little attention has been paid in this direction due

to high cost of experimentation. In England and Hongkong

full scale measurements are in progress and the results of
their investigationswould be of considerable value in
assessing the effects of turbulence on the pressure coeffi-

cients.

The effect of surrounding buildings can be considered in

two separate contexts. When the wind blows fromone type of
surface roughness to another, the reduction or increase in
the mean wind velocity and level of turbulence can be
estimated by considering the surface roughness factors.

When one is interested in evaluating the effect of surround-
ing structures in the immediate vicinity of a building,

then one is faced with a scarcity of suitable data. This
type of information is also of considerable interest to

town planners and architects. Model studies have been per-
formed but the correlation between the wind tunnel and full
scale measurements is not established so far. However,
considerable interest in this aspect of the problem is being
shown in England, Canada and U.S.A.

The influence of architectural features on the pressure
distribution around buildings can be important as shown by
the model studies. However, too much reliance cannot be
placed on a limited number of tests. Further measurements
in turbulent flow are needed for specifying local pressure
coefficients in the vicinity of projections, overhangs, and

parapets.

Section 6 and 7 of the report deals with the influence of turbulence
on the air flow around and inside the building. An attempt has
been made to explain the mechanism of turbulence in a descrip-
tive manner. A simple model for calculating the influence of
turbulence on the volumetric rate of air flow has been
presented. The purpose of including the approximate model

is to show that when turbulence is introduced in the mean
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flow, the air exchange rate can be significantly altered.
Of course much more work is needed in this field before
the validity of the proposed model can be established.

Future research programme

The future research work can be presented under six main

headings.
1. Effect of surrounding environments on the wind
velocities

Full scale measurement of wind velocities on large
housing estates at suitable locations. Investigation
into the influence of various types of surface rough-

ness on the wind velocities.

2. Effect of turbulence on the pressure distribution

Velocity and pressure measurements on the test house

at Fiskebdck. Measurements of short term gusts and
pressures on the walls and roofs. Full scale measure-
ments on buildings located in different types of sur-
face roughness conditions. Development of a theoretical
model based on statistical methods of analysis.

3. Evaluation of internal and external pressure

coefficients

Full scale measurements of internal and external
pressure distribution for building structures with
openings located at various positions on the walls
and roofs. Investigation of pressure distribution on

different types of structural configuration.
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Effect of architectural features on the wind pressure

distribution

rhe influence of external devices, €.g. parapets,
mullions etc. on the pressure distribution on struc-
tures should be carried out at the test house in
Fiskebédck.

Seepage of air through windows, doors, and porous

material
The amount of loss of heat through small openings
and porous materials needs to be established, which

requires experimental measurements.

Development of a theoretical model for predicting

the air exchange due to turbulent flow

The effect of turbulence on the air exchange through
one or more openings needs to be examined and the
possibility of developing a simple theoretical model
should be studied.
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