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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 dependent 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 buildinu is 

the non-availability of wind pressure distribution around struc- 

tures. There are two main limitations of the reliability 

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: 

where V(t) is the instantaneous velocity at a time t, urn is 

the mean value and 6v(t) is the fluctuating component. 

(Figure 2.1.) 

Figure 2.1 A velocity record showing mean and fluctuating 

components, 



The standard deviation u is obtained by taking the average v 
of the sequences of the fluctuating component and is given 

as : 

The maximum wind velocity can be written as: 

where 9 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 uv is 99%. 
m 

Figure 2 . 2  Probability density function. 

The assumption of gaussian distribution is valid 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 limits. Some of the major eddies may be several 

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. 

Figure 2.3 Velocity profile 



A t  a  c e r t a i n  h e i g h t  above t h e  ground, t h e  i n f l u e n c e  of t h e  

ground roughness i s  no longer  e f f e c t i v e  and t h i s  he igh t  i s  

c a l l e d  the  g r a d i e n t  h e i g h t  z and t h e  v e l o c i t y  a t  t h i s  
g 

po in t  i s  de f ined  a s  t h e  g r a d i e n t  v e l o c i t y  (F ig .  2 . 3 ) .  

The mean wind v e l o c i t y  p r o f i l e s  f o r  d i f f e r e n t  types  of sur-  

f ace  roughness a r e  cons t ruc ted  by us ing  t h e  concept  of 

g rad ien t  he igh t  and v e l o c i t y .  The express ion  f o r  such a  

p r o f i l e  i s  g iven by 

Where u,(z) is the mean v e l o c i t y  a t  a  h e i g h t  z ,  and urn is  
19 

the  mean g r a d i e n t  v e l o c i t y  a t  z  . c i s  t h e  power law 
4  

exponent. The va lues  of  z and c depend on t h e  type  of 
9  

su r face  roughness and a r e  g iven i n  t a b l e  2 . 1 .  z s i s  t h e  

s tandard  he igh t  above which t h e  v e l o c i t y  p r o f i l e  i s  given 

by the  fol lowing express ion  

The s tandard  h e i g h t  zs r e f e r s  t o  t h e  average  roughness h e i g h t  

around t h e  s t r u c t u r e  under c o n s i d e r a t i o n .  Recent measurements 

a t  Pos t  o f f i c e  Tower i n  England have shown t h a t  t h e  s tandard  

he igh t  zs can be taken a s  t h e  roof t o p  l e v e l s  of t h e  bui ld-  

ings  i n  t h e  v i c i n i t y  of  t h e  tower ( r e f .  5 ) .  The mean wind 

v e l o c i t y  below t h e  s t andard  he igh7 i s  assumed t o  be cons tan t .  

This i s  due t o  t h e  f a c t  t h a t  t h e  wind behaves i n  a  h ighly  

i r r e g u l a r  manner i n  t h i s  r e g i o n  and i s  n o t  f e a s i b l e  t o  pre- 

s c r i b e  any e m p i r i c a l  o r  t h e o r e t i c a l  p r o f i l e .  

The t e r r a i n  corresponding t o  t h e  "open s i te"  i s  chosen a s  

t h e  r e f e r e n c e  t e r r a i n .  The r eason  be ing  t h a t  t h e  meteorologi-  

c a l  d a t a  i s  ob ta ined  from measuring s t a t i o n s  l o c a t e d  a t  

a i r p o r t s  o r  p l a c e s  which correspond t o  open s i t e  cond i t ions .  

The re fe rence  mean wind v e l o c i t y  is  based on 1 0  minutes average 

and i s  measured a t  a  s t andard  h e i g h t  of 1 0  meters .  The velo-  

c i t y  p r o f i l e s  f o r  o t h e r  type  of t e r r a i n s  can  be expressed i n  

terms of t h e  r e f e r e n c e  t e r r a i n  R by u s i n g  t h e  g r a d i e n t  h e i g h t  

a s  shown i n  t a b l e  2.1 . The g r a d i e n t  v e l o c i t y  is t h e  same 



- 
T e r r a i n  D e f i n i t i o n  a Z 
ca tegory  9 zs  

m m 

A Exposed open t e r r a i n  wi th  few 0.1 250 0-5 
o r  no o b s t r u c t i o n s .  e.g. sea  
c o a s t  and f l a t  p l a i n s .  

R Open t e r r a i n  with smal l '  0.15 300 2-10 
s c a t t e r e d  o b s t r u c t i o n s .  e . g .  
a i r p o r t s ,  open parkland with 
i s o l a t e d  s t r u c t u r e s .  This  i s  
a r e f e r e n c e  t e r r a i n  f o r  
measurement of zonal wind speeds ,  

B Ter ra in  wi th  numerous c l o s e l y  0.22 350 5-15 
spaced o b s t r u c t i o n s .  The c a t e -  
gory inc ludes  smal l  wooded 
a r e a s ,  suburban o u t s k i r t s  of 
l a r g e  c i t i e s  

C T e r r a i n  wi th  l a r g e  s t r u c t u r e s .  0.3 400 10-20 
The ca tegory  inc ludes  c e n t r e s  
of l a r g e  c i t i e s .  Gothenburg, 
Stockholm 

Table.  2.1 D e f i n i t i o n  of s u r f a c e  roughness c a t e g o r i e s .  

f o r  a l l  types  of t e r r a i n  and t h i s  f a c i l i t a t e s  t h e  convers ion  

from one type of s u r f a c e  roughness t o  ano the r .  

The r e f e r e n c e  wind v e l o c i t y  p r o f i l e  i n  t e r m s  of t h e  g r a d i e n t  

v e l o c i t y  is: 

The re fe rence  wind v e l o c i t y  i n  terms of s t andard  h e i g h t  i s  

Now t h e  v e l o c i t y  p r o f i l e  f o r  t e r r a i n  type A i s  g iven  by 

S u b s t i t u t i n g  express ion (2.5) and ( 2 . 6 )  i n t o  ( 2 . 7 ) ,  w e  g e t  



where 

Similar relationship can be obtained for other types of 

surface roughnesses and are as follows. 

where 

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 velocityu (10) at the reference height m, R 
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: 

where u* is the friction velocity, K is a Karman constant 

whose value is 0.4 and zo is the surface roughness length. 
The value of zo varies between 0.1 cm to 3 meters depending 

on the type of surface roughness. zo is approximately 10% 

of the average obstacle height. The expression (2.15) is 

valid from about 20 zo upwards to 60 meters. 

The use of log velocity profile is advocated on the basis 

of its application in the wind tunnel work and the 



R (met 

Figure - Velocity Coefficients for Different 

Surface Roughnessess 



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 zo and the exponent 

a. Knowing z the values of ci can be derived and vice versa. 
0 ' 

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 
S 
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 2,. 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 

z the model break downs at levels lower than 20 zo. 
0 ' 



Fig. 2.5 Cornparison between Logarithmic and 
Law Profiles 



T e r r a i n  d e s c r i p t i o n  of a r e a  wi th in  s e v e r a l  k i lomet res  
upwind of s i t e  

2 t  I Centres 01 c ~ t ~ e s  wlln very toll kr~ldtngs 

Centres of large lowna, CltleS I rll 
Centres d small towns 

1 1  1 Mony trees, neqles, few bulldirql 

Few tree, summer 11me 

i i 
lsololed trees 
Uncut gross 

I Farmland 

Very hdly or mountatncus oreas I:.:: 
Faests 

Fo~rly level w&ed CWntrY 

Lmq grass 1x0 06m) crws 

Airpwts (runwoy oreo) 

C Fo~rty levd grass polns 
10' FW I-, w~nter time 

: 1 Cut grass ("0.01m1 
6 

Natural u*m surface (lannlond) 

01,-sea wtnd in coastal amaa 

Desert (!lot) 

Lome ncanses at woter 

~ - c w e r e d  f b t  oc roll~rq around 

I - 
4 - 
3 - 

2 - 
Ice, mud f lats 

Table 2 . 2  Values of t h e  Surface  Roughness Parameters  
z and a 
0 



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 um, standard deviation av and 

the peak factor g as: 

Figure 2..6 shows the relationship between the mean profile 

and the approximate range of gusts. 

(m/ sec ) 
e e 

Figure 2.6 Typical velocity profile and the range of 

Gusts 

a is the standard deviation of the fluctuating component v 
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: 



where 

2Trf L 
Y = -  

Urn 
L i s  t h e  l e n g t h  s c a l e  of turbulence  and i t s  v a l u e  v a r i e s  

between 50 t o  2 0 0  meters ,  and f  i s  t h e  frequency i n  H z .  

F igure  2.7 shows t h e  p l o t  of wind spectrum i n  accordance 

with express ion ( 2 . 1 8 ) .  

The va r i ance  of t h e  wind v e l o c i t y  is  ob ta ined  by i n t e g r a t i n g  

express ion (2.18) over t h e  frequency range.  

0 

The value  of  ov can be shown t o  be equal  t o  ( r e f  6 1 .  

where Kr  i s  t h e  s u r f a c e  drag c o e f f i c i e n t  and i t s  va lues  

f o r  va r ious  t e r r a i n  c a t e g a o r i e s  a r e  shown i n  t a b l e  2 .  

Ter ra in  Kr 
type  - 

A 0.0025 

R 0.0050 

B 0.0140 

C 0.0300 

Table 2.3 Values of s u r f a c e  drag  c o e f f i q e n t s  

The ratio of u v  and um(z) i s  c a l l e d  t h e  i n t e n s i t y  of tu rbu lence  

and i s  p l o t t e d  i n  f i g u r e  2-8  f o r  va r ious  h e i g h t .  





meters 

Terrain A Sea side, mast line 
R Reference site (airprts) open 

B Semi urban (outskirts of large sities) 

C Urban (centres of Stockholm, Gothenburg etc. ) 

Fisure 2.8 Intensity of turbulence 

As already mentioned in section ( 2 . 1 1 ,  the probability 

distribution of velocity fluctuations in turbulence is 

approximately gaussian. The expression for the probability 

density function is 
I 

Where 6v is the fluctuating component of velocity 6v = V-um 

4(6v) is the probability density of bv. 

0; is the variance of Sv. 

Figure 2.9 . shows a typical plot of the gaussian probability 1 
-C-- 

density function and the largest peak gust speeds. 



2.4 Wind v e l o c i t i e s  a t  Tors landa  

The f requency  of  occu r rance  of  wind speeds  of c e r t a i n  

magnitude and d i r e c t i o n  i s  of  c o n s i d e r a b l e  i n t e r e s t  f o r  

a s s e s s i n g  t h e  energy  needs and comsumption d u r i n g  t h e  

w i n t e r  months. A s t u d y  of wind v e l o c i t i e s ,  d i r e c t i o n s  and 

t empera tu re s  was under taken  and figures 2 .1  0  t o  2 - 1  7 a r e  

p l o t t e d  from t h e  d a t a  p r e s e n t e d  i n  r e f e r e n c e  7 .  

The f i g u r e s  2.10 t o  1 .13  show t h e  r e l a t i o n s h i p  between 

t h e  w i n d . d i r e c t i o n s  and v e l o c i t i e s .  The examinat ion  of 

t h e  f i g u r e s  i n d i c a t e s  t h a t  4-6 m/sec wind v e l o c i t y  i s  

most p r e v a l e n t  d u r i n g  t h e  w i n t e r  months and t h e r e  i s  no 

f i x e d  wind d i r e c t i o n .  

I t  should be mentioned t h a t  t h e  va lues  a r e  based on 20 y e a r s  

p e r i o d  d a t a .  The d a t a  p o i n t s  f o r  a  s i n g l e  month a r e  g i v e n  

by t h e  p roduc t  of  days  ( 3 0 ) ,  and t h e  number of o b s e r v a t i o n s  

p e r  day ( 4 ) .  The t o t a l  number of p o i n t s  a r e  o b t a i n e d  by 

m u l t i p l y i n g  w i t h  t h e  number of  y e a r s .  

30 x  4 x 20 = 2  400 d a t a  p o i n t s .  

Histogram showing t h e  f requency  of  occu r rance  o f  wind ve lo -  

c i t i e s  independent  o f  t h e  w i n d . d i r e c t i o n  a r e  a l s o  shown i n  t h e  

f i g u r e s .  S i m i l a r  p l o t s  a r e  made f o r  t h e  wind d i r e c t i o n  

independent  o f  t h e  v e l o c i t i e s .  
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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 OC. 

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 

A complete descri3tion of the wind flow around all t-mes 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 been mainly carried out in wind tunnels 

(ref 8, 9, 10). Only recently full scale investigations 

have been undertaken in England, America and Sweden (ref. 

1 1 ,  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 figure 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. 



S u c t i o n  A 

P r e s s u r e  i 

v S u c t i o n  

F i a u r e  3 . 1  T y p i c a l  p r e s s u r e  d i s t r i b u t i o n  on a  house.  

When t h e  wind blows normal t o  t h e  f r o n t  f a c e  o f  t h e  bu i ld -  

i n g ,  it c r e a t e s  a maximum p r e s s u r e  a t  t h e  c e n t r e  o f  t h e  

w a l l  and d r o p s  o f f  r a p i d l y  n e a r  t h e  c o r n e r s .  The n e g a t i v e  

p r e s s u r e s  on t h e  s i d e s  and t h e  roof  a r e  non-uniform. The 

maximum e f f e c t  of t h e  s u c t i o n  i s  f e l t  around t h e  c o r n e r s  

and t h e  edges .  

E f f e c t  o f  r o o f  geometry 

The p r e s s u r e s  a c t i n g  on t h e  roof  a r e  h i g h l y  dependent  upon 

t h e  shape o f  t h e  r o o f .  They a r e  p o s i t i v e  f o r  roo f  s l o p e s  

g r e a t e r  t han  30 d e g r e e s .  For  s l o p e s  l e s s  t h a n  30  d e g r e e s ,  

t h e  windward s l o p e  can  be  s u b j e c t e d  t o  h igh  s u c t i o n .  

I n t e n s e  s u c t i o n s  a r e l i k e l y  t o  occu r  a l o n g  t h e  edges  and 

a long  r i d g e  l i n e s  due t o  s e p a r a t i o n  o r  detachment  o f  f low 

a t  t h e s e  p o i n t s .  V o r t i c e s  can  be formed a t  t h e  c o r n e r s  of 

r o o f s  wi th  s m a l l  s l o p e s  ( <  1 0  d e g r e e s ) . F i g u r e  3 . 2  shows a  

t y p i c a l  development of  v o r t i c e s  a t  a  c o r n e r  caused  by wind 

blowing normal t o  t h e  c o r n e r .  



Figure 3.2 Vortex phenomena on a flat roof. 

3.4 External and local Pressure coefficients 

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 openinq. 

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 areas 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 

internal pressures as well. The magnitude of the internai 

pressure depends upon the building geometry, size and 

location of openings and wind speed and direction. Figure 

3.5 shows some typical examples of influence of openings 

on the distribution of pressures. 



The shapa factors are 
applicable to low and 
medium high buildtnga 
subject to the following 
condi ti0n.B. 

. l .  b < R 

2. The value of q 
t is calculated a t  h+;. 

Figure 3.3 Roof Pressure coefficients 
for lw a d  medium high buildings 



Eleva t ion  

P L A N  

/ 

Wall A 'ext = + 0 .8  

Walls B,D = - 'ext 0.8 

Wall C - - 'ext - 0.4  

Fiqure 3 .4  Ex te rna l  shape f a c t o r s  f o r  walls. 



The l i m i t s  a r e  

1 PQ = - 5  + 0.1  0 
f o r  O < 20° 

=-3.0 f o r  O > 20' 

Kote: The l o c a l  shape  f a c t o r s  p i  a r e  t o  be used o n l y  
i n  t h e  d e s i g n  o f  e x t e r n a l  c l a d d i n g  p a n e l s  and 
t h e i r  f i x i n g s .  

F igure  3 . 5  Local  p r e s s u r e  c o e f f i c i e n t s .  



The internal pressures are also expressed in terms of the 

dynamic pressure and a pressure coefficient CFi. 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 

Figure 3.5 Influence 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 C which are dependent on the location of 
pi 

openings and the degree of permeability of the structure 

(ref 1 5 ) .  These values are reproduced in table 3 . 1 .  
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Table 3 .1  I n t e r n a l  p ressu re  c o e f f i c i e n t s  

Condition Internal pressure 
coefficient C 

p i  

1 . Two opposite walls equally penreable, 
other wal l s  inpameable: 
a) Wind norm1 to pmeable  w a l l  
b) W i d  normal to impermeable wall 

2.  Four walls equally &-le -0.3 o r  +O. 2 whichever is the m r e  
severe for cambined loadings 

3. Ccmihant o p d r q  on one w a l l ,  other 
walls of equal pnnedbility: 
a )  Dmhmt opening on windward w a l l ,  
having a ratio of permeability of 
w i n h d  w a l l  to  total  permenbility 
of other walls and roofs subject to 
external suction, equdl t o  - 

2 +0.5 
3 +O. 6 
6 or m r e  +0.8 

b) Dominant apening on leeward wall value of F o r  leeward external 
w a l l  surrace 

C) DcFninant on side w a l l  value of 2 for side external 
wall surf ce 

d) Dcminant opening in a rcof segrclent value of Cp for external surface 
or  r w f  segment 

Notes: 1) Internal pressures developed w i t h i n  an enclosed structure may be 
p s i t i v e  or negative depsding on the p s i t i o n  and size of the 
openings. 

2) I n  the context of table 8 the permeability of a surface is 
maswed by the total area of openings in the surface 
under consideration. 

3) The value of CPi can be controlled to a h t a g e  by deliberate 
distribution of ~ e m e a b i l i t y  i n  the w a l l  o r  rcof, or by the 
delil=erate provision of a venting device which can serve as a 
dminant opening a t  a position having a suitable external 
pressure coefficient. An example of such is a ridge ventilation 
on a lcw-pitch roof, and this, under a l l  directions of wind, 
can r&ce the uplif t  force on the m f .  

3 .6  Roof overhangs 

In t roduc t ion  of c e r t a i n  des ign elements can a l t e r  the  a i r  f low 

around a bui ld ing.  Sharp edges,  low p i t ched  r o o f s ,  l a r g e  

overhangs and improper grouping of b u i l d i n g s  w i l l  cause problems. 

The flow d i s t r i b u t i o n  around a b u i l d i n g  can be a l t e r e d  by 

providing rough su r faces  o r  r i b s  on t h e  o u t s i d e .  



I n  c a l c u l a t i n g  t h e  t o t a l  u p l i f t  on a  r o o f ,  t h e  p r e s s u r e  

a c t i n g  on t h e  unde r s ide  o f  roof  overhangs must a l s o  be  

i nc luded  ( s e e  f i g u r e  3 . 6 )  . 

These p r e s s u r e s  a r e  u s u a l l y  p o s i t i v e  and t h e  r e s u l t a n t  

f o r c e  a c t s  i n  t h e  same d i r e c t i o n  a s  t h e  u p l i f t  f o r c e  due 

t o  s u c t i o n  on t h e  t o p  s u r f a c e  of  t h e  r o o f .  

F i g u r e  3 . 6  P r e s s u r e  d i s t r i b u t i o n  on a  roo f  w i t h  

overhang.  



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 (a = 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. 

Figure 4.1 Model placed at the rear of a group 

of buildings. 



This corresponds to a situation of a housing estate composed 

of buildings of similar heights. The variation of the pressur 

difference coefficient AC is shown in figure 4.2. The 
P 

pressure difference coefficient is defined as: 

where Pw, PR are the pressures and C C are the pressure 
PW' PL 

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 depqnding on the value of 

X/h. h is the height of the model. 

Figure 4.2 Pressure difference coefficient AC versus the P 
distance X / h  between the model and the grouping 

(model density 25%). 



It can be noted that when the model lies close to the group 

of buildings, the value of Ac reduces drastically. It 
P 

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 Ac The above investigation was 
P ' 

carried out for building group density corresponding to 

25% of the surrounding area. 

Further model tests were carried out hy 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. 

n!Jn 
nnn 
nnu 

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 influencedbythe 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. 

Figure 4.4 Variation of pressure coefficient for different 

values of r/h and D. 
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The value of Ac decreases sharply with the increase in D 
P 

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 c 
P - 

Building Research Establishment ( B R E )  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. 

LIH 
h - Height of the low building 
H - Height of the tall building 

VA - Wind velocity at point A at 3 meters height 
Va - 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. 



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 gfarchitectural 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. 



Oeiinitlon Diagmm of 

ROOF PARAPETS 

Arch%'\ Feoture: ROOF PARAPETS 
ISOBARS (cp-Contwrs)on ROOF 

of 
BLOCK-TYPE STRUCTURE 

Archit'l Feature: ROOF PARAPETS 
1 5 0 8 A R S  (cp-Contours) on ROOF 

of 
BLOCK-TYPE STRUCTURE 

Ip/h/ 
0 ,.2 $h'pJ---/ +7 - 

.n' i e* 
1 

Figure  5 .1  Effects of parapets on roof pressure 

distributions. 



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. 



Defin~ion Oiogmm of 
ROOF PROJECTIONS 

TOP SURFACE 

1 

BUCK- TYPE STRLCTLRE 

UNDERSIDE 
('15 ocero (rorn above) 

-On *n ran 

1/24 -- 

UNDERSIDE 
b? I. cc:r: in-or? shave' 

-m 

-0z 

Figure 5.2 Effect of roof projections on the distribution 

of pressures. 
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5 . 4  Influence of wall mullions 

Most of the buildings possess some sort of surface irregulari- 

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 
P 

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 - 7 5  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 



avg. lateral press. difference 
across mullions ; positive if 

.-.-.- 

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 4 5  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 spacing between the projections is large, the 

corner ribs experience a negative pressure. As the wind 



Figure 5.5 Effects of wall mullions on perpheral pressure 

distribution for frontal wind (S/b = 5/27). 

\ 
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. 



0 a q. &em1 press. &rYemce across mullions; 
positjve if tending lo 
turn dcckwise 

CQ 

Figure 5.6 Effects of wall mullions on peripheral pressure 

distribution for cornering wind (S/b = 1/27). 

r cf Figure b s/b - 1/27' 

Figure 5,7 Effects of wall mullions on peripheral pressure 

distribution for cornering wind (S/b = 5/27). 



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 1 9 ) .  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 confirmed 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 a bluff body. \ 

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

unif orm wind. (Ref. 2 0 



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). ,.- 

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 



rcattachmel~t of scparatcd flow 

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: 

- 
u and X = - 
27Tf 

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

scale of turbulence whose value varies between 20 to 200 





meters. X is called the gust wavelength. 

Figure 6.4 shows a plot of expression ( 6 . 1 1 ,  where the wind 
2 energy spectrum is non-dimensionalised by dividing with o . 
v 

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 £igure 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 

X/h > > I .  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 X/h is much less than 1 ,  then the 

pressures produced on the body are only correlated over small 

areas of the buildings. 

A P P R O A C Y I N G  F L O W .  
T U R B U L C N C E  S C A L E  I.. -- - - - - - 1  

W A K E  F L O W  
U R B U L L N C L  S C A L E  - 0  

Fig. 6.5 Flow field arond bluff body in turbulent flow. 

(Ref. 22) . 



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 gust 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) variation 

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 1 
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 eddies (turbulence) and 

the air flow through rooms. 

-. 

Malinowski studied the effect of locition 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). 



- A I R  
------- MIXTURE 

F i g u r e  6 . 6  Ai r f low through a p e r t u r e s  

( a )  Flow through compartments P1>P2 

(b) P u l s a t i n g  f low through on h o l e  

For  t u r b u l e n t  wind v e l o c i t i e s ,  t h e  a i r  exchange w i t h i n  

a  room can  occur  th rough t h e  same opening due  t o  t h e  pene- 

t r a t i o n  of t h e  e d d i e s  which a c t  a s  c a r r i e r  o f  t h e  e x t e r n a l  

a i r  i n s i d e  t h e  e n c l o s u r e  and a t  t h e  same t i m e  remove t h e  

i n t e r n a l  mix ture  t o  t h e  o u t s i d e  (see f i g u r e  6 . 7 ) .  

F i g u r e  6.7 A i r  exchange th rough  a  h o l e  by p e n e t r a t i o n  

of edd ie s .  



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 

2- 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. 



. 7 .  EFFECT OF ATMOSPHERIC TURBULENCE ON THE A I R  FLOW 
THROUGH SMOOTH AND ROUGH PASSAGES 

7 . 1  General 

The amount of a i r  flow through small  c a v i t i e s ,  openings 

around windows and doors and through c i r c u l a r  and sha rp  

edged rec tangu la r  i n l e t s  and o u t l e t s  i s  a  func t ion  of 

Reynold 's  number and t h e  c h a r a c t e r i s t i c s  of t h e  opening. 

I n  g e n e r a l ,  t h e  a i r  flow through a passage can be desc r ibed  

by consider ing  t h r e e  d i f f e r e n t  types of flow c o n d i t i o n s ,  

which a r e  a s  fo l lows:  

a )  Laminar a i r  flow through an opening a t  low Reynold 's  

number (Re < 2 0 0 0 )  . 
b )  Turbulent  a i r  flow through a  smooth passage.  

C )  Turbulent  a i r  flow through a  rough passage a t  high 

Reynold's number. 

The e f f e c t  of atmospheric turbulence  on t h e  a i r  f low through 

smooth and rough passages i s  t o  modify t h e  amount of a i r  

i n t a k e  and o u t t a k e  through c racks  and openings. The degree  of 

c o r r e l a t i o n  between t h e  wind p ressures  a t  v a r i o u s  p o i n t s  on 

t h e  s t r u c t u r e  can a l t e r  t h e  volumetric  r a t e  of a i r  f low 

through t h e  enc losure  formed by t h e  rooms of a  bu i ld ing .  

A survey of t h e  e x i s t i n g  l i t e r a t u r e  i n d i c a t e s  t h a t  t h e  e f f e c t  

of  t h e  a i r ' t u r b u l e n c e  and t h e  c o r r e l a t i o n  have n o t  been con- 

s i d e r e d  i n  t h e  e v a l u a t i o n  of amount of a i r  flow through 

openings. This s e c t i o n  p r e s e n t s  a  simple t h e o r e t i c a l  model 

which may be capable  of desc r ib ing  t h e  in f luence  of t h e  atmos- 

pher i c  turbulence  and t h e  p r e s s u r e  c o r r e l a t i o n  on t h e  a i r  

flow r a t e .  

7 . 2  Theore t i ca l  model 

The enclosure  i s  assumed t o  be a  hollow cube wi th  a  s i n g l e  

opening on t h e  two oppos i t e  wa l l s .  The a r e a  of t h e  opening 



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(x,,t) and P(x2,t) on the windward 

and the leeward sides of the enclosure are: 

p is the air density and V(t) is the free stream wind velo- 

city. C (xl 1' and C (x2) are the pressure coefficients on the 
P P 

windward and the leeward sides. V(t) is assumed to be constant 

along the height of the box. The variation of velocity with 

(height can be easily introduced by considering the relevant 

velocity profiles. 

The pressures P (xl , t) and P (x2, t) are random in nature and 
can be divided into a mean and a fluctuating component and 

are written as: 

where pm ( x ,  and p (x2) are the mean values of the pressures on m 
the windward and the leeward side respectively, and bq(x,,t) 

and dq(x2,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: 

where wm is the mean pressure difference and 6w(t) is the 

fluctuating component. 





Separating into mean and fluctuating parts the equation 

(7.6 ) becomes : 

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 xl and x2. The 

application of spectral 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 x, and 

x2 can be expressed as: 

where <>  indicates averaging t ime.  When XI is equal to X2 I 
then we obtain the auto correlation function at a point xl 

and can be written as: 

The cross spectraldensity function is obtained by taking the 

fourier transform of equation (7.9) and is written as: 

Similarly the direct spectraldensity function at a point 

x1 is given by 

We now return to equation ( 7 . 8 )  to calculate the auto correla- 

tion of the total pressure 6w(t) by forming the appropriate 

products of <dw(t) 6w(t&)>. Equation (7.8) for time shift of 

r can be written as: 



Multiplying equation (7.8) with (7.13) and forming the 

averages, we obtain: 

The direct spectral density of the total pressure is given by 

The first two terms of expression (7.16) represent the direct 

spectral density function for the pressures at points xl 

(windward side) and x2 (leeward side). The last two terms of 

equation (7.16) represent the cross spectrum between the points 

X, and x2. 

The cross spectral density function can be expressed in terms 

3f the coherence function and can be written as: 

(7.17) 

Substitution of expression (7.1 7) into (7.16) gives 

Sww (f) = S (xl,£) + Sqq(x*tf) 
99 



(xl f~2,f) represents the degree of correlation between 

points xl and x2. If there is a full correlation, then 

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

If there is no correlation between xl and x2, then pqq(x,.x2,f) 

is equal to zero and expression (7.19) reduces to 

'ww (£1 zero = S (xl ,f + Sqq (x21 f) 
99 

The mean square value of the fluctuating component of the 

pressure is given by 

u 

For fully correlated pressures, .the mean square value is 

obtained from expression (7.19) and is given by 

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

= J ~ q ( x ~ ) ~  + oq(x2)' (7.23) " (W) zero 

The pressure on the windward and the leeward sides of the box 

is a function of the wind velocity 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: 

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



Substitution of equation (7.24) into (7.11, (7.21, (7.7) and 

(7.8) gives 

The auto correlation and the direct spectral density functions 

for the pressures at points xl and x2 are given by 

The second term on the right 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 



The cross spectral density function for the pressures at 

points xl and x2 may be expressed in terms of the correlation 

coefficient p (xl,x2,f) and the direct spectral density func- 
qq 

tions S (xl , f )  and S (x2 f) as given by equation (7.17) . This 
qq qq 

can be written as: 

Substitution of expressions (7 -33) to (7.35) into (7.19) and 

( 7 . 2 0 )  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: 

The pressure loss through a single opening on the windward 

side can be written as in terms of the dynamic loss coeffi- 

cient Cw: 

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 



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, B is taken as 0.5. The inter- 

mediate values of 8 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 6. 

It is a common practice to employ discharge coefficient Cd 

rather than loss coefficient Cw. These coefficients are 

related as: 

The coefficient Cd depends on the area of the opening. 

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

gives (7.38) 

The volumetric rate of discharge is given by: 

where A(xl) 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 

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

and C (x ) is the discharge coefficient. d 2 



Alternatively, 

Summing equations (7.42) and (7.43) gives: 

If the areas A(xl), A(x2) and the discharge coefficient 

Cd (xl ) and Cd (x2) are equal, then expression (7.45) can be 

written as: 

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 

where w is the mean pressure difference, and ow is the m 
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, 

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: 

Q2 = Qm + g,$, 

W 
where Qm = CdSA* [ 2 I ' 

P 

ga is the peak factor 

The influence of second and higher order terms has been 

neglected from the fluctuating part. 



7  = 2 .3  Iqf luence-of -co~~elatio,n-on-Shs-a,ir,-f G'r! 

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 derivationofthe pressure difference 

is given by equation ( 7 . 2 2 ) .  The ratio between the standard 

deviation and the mean pressure can be written as: 

where av is the standard deviation of the wind velocity 

fluctuations. 

Introduce equation ( 7 . 5 2 )  into equation ( 7 . 4 9 )  , and we get 
the volumetric rate of flow as: 

Equation ( 7 . 5 3 )  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 

aq is given by equation ( 7 . 2 3 )  and can be written as: 
I -- -- 



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: 

1 i3 6 - 5  J (  = Cd'A' I- W a l  [ I  +2ga 
~rn(~1 )"+'~rn(~2) j 2  

Qa (zero 
!4 

W m (7.55) 

In expressions (7.53) and (7.55), av/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 Reynold'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/urn) 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 eu ation (7.47) should be included s - -  ,-I 
in the analysis. Lr, L 

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: 

0 v ~'rn(x1) 2+pm(~2) 1 0  
L)/A.C [-w 'zero = (1+2ga. 6.- u W 

(7.57) 
m rn d p m  
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The subscripts "full" and "zero1' 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 C and 
P w 

C 
P R  ' 

C = 0.8 and C = -0.4 
P w P R 

It is further assumed that the constant g,a 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 
I 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 pressures 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 terns of the exponent 0 .  When 6 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 B equal to 0.5. The intermediate values of @ 

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 ( f i = l )  and the least 

for the fully turbulent case (~=0.5). This is due to the fact 
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Figure 7.3 (a) Influence of intensity of turbulence I on the non- 
. dimensionalised discharge rate of air iT for comple?ely uncorre- 

zero lated windward and leeward pressures for various types of flow con- 
ditions as defined by @. 
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Figure 7.3 (b) Influence of intensity of turbulence I on the non- 
dimensionalised discharge rate of air iT for fully :orrelated full 
windward and leeward pressures for various types of flow conditions 
as defined by B. 



that when B is equal to the unity (laminar flow) the pressure 
difference across the opening P(x,,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(x,,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 (B=1.0) than the 

fully) turbulent case (f3=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 ( 1 8 ) ,  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. 



8. GENERAL DISCUSSIONS AND RECOMI4ANDATIONS 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 relatior. 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 fromonetype 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, 

Wenone 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 turhlence 

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 



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. 

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. 

Effect of turbulence on the pressure distribution 

Velocity and pressure measurements on the test house 

at Fiskeback. 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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