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PREFACE 

International Energy Agency 

In order to strengthen cooperation in the vital area of energy policy, 
an Agreement on an International Energy Program was formulated among a 
number of industrialised countries in November 1974. The International 
Energy Agency (IEA) was established as an autonomous body within the 
Organisation for Economic Cooperation and Development (OECD) to administer 
that agreement. Twenty-one countries are currently member~Jof the IEA, 
with the Commission of the European Communities participating under a 
special arrangement. 

As one element of the International Energy Program, the Participants 
undertake cooperative act ivi t ies in energy research, development and 
demonstration. A number of new and improved energy technologies which 
have the potential of making significant contributions to our energy 
needs were identified for collaborative efforts. The IEA Committee on 
Energy Research and Development (CRD), assisted by a small Secretariat 
staff ,  coordinates the energy research, development and demonstration 
programme. 

Energy Conservation in Buildings and Community Systems 

The International Energy Agency sponsors research and development in a 
number of areas related to energy. In one of these areas, energy 
conservation in buildings, the IEA is sponsoring various exercises to 
predict more accurately the energy use of buildings, including comparison 
of existing computer programs, building monitoring, comparison of 
calculation methods, etc. The difference and similar i t ies among these 
comparisons have told us much about the state of the art in building 
analysis and have led to further IEA sponsored research. 

Annex V Air In f i l t ra t ion  Centre 

The IEA Executive Committee (Building and Community Systems) has high- 
lighted areas where the level of knowledge is unsatisfactory and there 
was unanimous agreement that in f i l t ra t ion  was the area about which least 
was known. An in f i l t ra t ion  group was formed drawing experts from most 
progressive countries, their long term aim to encourage jo in t  interna~onal 
research and to increase the world pool of knowledge on in f i l t ra t ion  and 
ventilation. Much valuable but sporadic and uncoordinated research was 
already taking place and after some in i t i a l  groundwork the experts group 
recommended to their executive the formation of an Air In f i l t ra t ion  Centre. 
This recommendation was accepted and proposals for i ts establishment were 
invited internationally. 

The aims of the Centre are the standardisation of techniques, the 
validation of models, the catalogue and transfer of information and the 
encouragement of research. I t  is intended to be a review body for current 
world research, to ensure fu l l  dissemmination of this research and based 
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on a knowledge of work already done to give direction and a firm basis for 
future research in the Participating Countries. 

Current participants in this task are Belgium, Canada, Denmark, Nethe~ands, 
New Zealand, Norway, Sweden, Switzerland, United Kingdom and United States 
of America. 

(iv) 



1 Introduction 

The development of computer programs for the modelling of energy flows in 
buildings was found to be inhibited by a lack of information on the 
ventilation heat loss due to air in f i l t ra t ion.  This led to the setting up 
of the Air Inf i l t rat ion Centre under the auspices of the International 
Energy Agency in order to gather, disseminate and analyse such information 
as is available. Part of the brief of the AIC was to validate computer 
models of air in f i l t ra t ion in buildings with a view to determining which 
parameters were important. 

In such computer models, the driving pressures for the flow of air through 
a building envelope are a combination of:- 

i )  Wind pressure 

2) Stack pressure, arising from temperature differences across the 
building envelope, and 

3) Pressures due to mechanical ventilation systems, 

of which the wind pressure proved to be the most d i f f i cu l t  to specify. 

During the Air Inf i l t rat ion Centres model validation exercise I , three 
houses were studied for which different methods of predicting the pressure 
distribution were used. The houses used were the Maugwil test house in 
Switzerland which had an exposed l ie,  one of the HUDAC Mk XI houses which 
were in an open suburban area and were part ial ly sheltered (Canada), and a 
house in Runcorn (England) which was on a fu l ly  urban site, surrounded by 
buildings of approximately the same height. 

Attempts were made to use fu l l  scale pressure differences measured in situ 
(Maugwil)(para.(1.1)), existing pressure coefficients (Cp) from wind 
loading tables together with a crude method of estimation for intermediate 
wind directions (Maugwil, HUDAC, Runcorn)(para.(l.2), and a set of wind 
tunnel results where the mean Cp was given as a function of relative height 
(z/H) for a range of shelter conditions (Maugwil ,  HUDAC, 
Runcorn)(para.(l.3)). 

1.1 Full scale pressures 

The attempts to employ fu l l  scale measurements pointed up several 
d i f f icul t ies in their use. The averaging procedure can have a profound 
effect. The wind may, for instance, veer within an averaging period, 
without necessarily altering its mean speed, such that the pressure 
distribution changes. Unless there is a sufficient frequency of 
measurements to detect this change, there may ensue a switch of sign for 
the measured pressure, leading to a much reduced average pressure 
difference. Such a condition applied for case 5, and to a lesser 
degree, cases 4 and 10. (see Fig. (1.1a)) Thus, i t  is important in 
these cases to record a fu l l  set of local wind data on a continuous 
basis so that these situations can be identified. 
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1.2 Pressures from wind loading codes 

The pressure coefficients f rom the Brit ish Code of Practice CP3 
(Ch.V,Pt.2) have been used with a multi cell air in f i l t ra t ion  model for 
the case of the Maugwil Test House. This is an isolated, detached 
single family dwelling in an exposed position. Windspeeds were high 
during the measurements. Agreement between the calculated and measured 
values is good. (see Fig (1.1b)) 

Attempts to use CP3 pressure coefficients with the HUDAC Mk XI House, 
which is part ia l ly  sheltered proved much less satisfactory. 
(see Fig.(1.2)) 
Calculated and measured values for a house in Runcorn on a fu l l y  urban 
site bore l i t t l e  resemblance to one another when using CP3 coefficients. 
(see Fig (1.4)) 

1.3 Pressures from wind tunnel studies 

This discovery of the inadequacy of the wind loading pressure 
coefficients to account for the effects of shelter led to the use of the 
aforementioned wind tunnel results f rom the Division of Building 
Research, NRC Canada. (Shaw2). These gave a much improved result for the 
two sheltered houses Figs.(1.3) and (1.5), but not for the exposed 
house (1.6). 

In the case of wind loading pressures and wind tunnel results, the 
presentation of the data in the form of graphs and tables with only a 
limited number of wind directions was also found to be a handicap, since 
in the present application al l  values are required, not Just those for 
which extreme conditions exist. 
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1.4 Summary of contents 

This report contains a review of published information on the pressure 
distribution on buildings. I t  also presents a novel technique for 
presenting pressure coefficient data for use in the prediction of air 
in f i l t ra t ion rates. 

More specifically, the report f i r s t  includes a review of existing codes 
of practice on the prediction of wind pressures on buildings. Then the 
results of a survey of past research are discussed in relation to the 
requirements for the prediction of air in f i l t ra t ion rates. This 
research included measurements in wind tunnels and in the real wind, 
theoretical calculations of surface pressures, and some supplementary 
studies on flow around buildings, o v e r  topography, and around 
windbreaks. (These were included since they provide a means for 
estimating the local wind profile in more detail.) 
The problem of flow reversal has been reviewed. 

The evident inadequacies of the present data provided the incentive to 
develop a technique for more suitably presenting pressure coefficient 
data. This development, based on a detailed analysis of the results of 
some of the wind tunnel studies, is described in Chapter 7. The outcome 
is a technique which is both compact and "computer friendly". 

Some further improvements in accounting for the effects of shelter have 
also been sought, particularly with respect to the urban setting. 

The choice of reference wind or reference pressure for the calculation 
of pressure coefficients is also considered. 
Finally, some of the gaps in our present knowledge which remain to be 
f i l led  are summarised. 
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2 Existing codes of practice 

There are several existing codes of practice which contain tables of 
pressure coefficients for buildings of various shapes. These include:- 

(A) B.S.I. CP3. Ch V. Part 2 3 
Chapter I(C) of this document is now BS59254. The pressure coefficients 
used in Ch.V. are used, omitting the extreme values, for the calculation 
of natural ventilation rates. 

(B) National Building Code of Canada (1975), N.R.C. Ottawa, Canada s 
This code made use of the pressure coefficients in the Swiss code of 
practice, which were based on the wind tunnel studies of J. Ackeret G,7 
(see Table (2.1)) 
More recently, the results of a wind tunnel study on models of low 
buildings, carried out at the University of Western Ontario, have been 
included. (Davenport8, 9) 

(C) American National Standard A58.1 (1972~ °,-ANSI and the Southern 
Building Code of the US. both make use of the UWO data mentioned above. 

(D) Australian Standard AS 1170 Part 2 (1975) 11 

An extensive summary of the contents of the above can be found in Sachs 12 

All of the pressure coefficients used in these codes of practice are 
primarily intended for wind loading applications. The wind equations with 
which they are used, and the original parametric studies used to produce 
them apply s t r i c t l y  only to strong wind conditions. Where such conditions 
do apply, i t  is reasonable to use these values. 

I t  should be noted that the values quoted are the maximum values for the 
particular facade. Where the pressure coefficient is fa i r ly  uniform for 
the facade the approximation can be quite good. Where, however, the 
pressure distribution is non-uniform, the extreme values can dif fer widely 
from the mean value for the facade. In the case of the windward face this 
difference can be as much as 50%. 

The proportions of the area of a model of a low rise building with 
different values of pressure coefficient, for a wind angle of 45 degrees, 
are shown in Fig.(2.1) (Davenportg). I t  can be seen that over half the 
surface area of the building has a pressure coefficient with an absolute 
value less than 0.1. This demonstrates, clearly, the need to use wind 
loading Cp's with extreme caution. 

Davenport also remarked that each of the components used to calculate the 
wind pressure i tse l f  represents a stat ist ical population with a mean, 
standard deviation and coefficient of variation. 

Where an open country, standard, lOm reference wind is used, then:- 
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Fig.(2.1) a) Pressure distribution on a low rise building for a wind 
angle of 45 degrees. 

b) Distribution of surface area subject to different ranges 
of pressure value. (Davenport9) 

l estimated 
wind 

pressure 

I 'exo°surei{shaoe''O*namlci{ moOel 
- (q).( height . factorl. I gust . uncertainty 1 

( factor Cp ) ( factor factor m ) 

(I) (2) (3) (4) (s) 

(2.1) 

Where:- 

( i )  The reference pressure q = 0.5.pVlref ~ j  

For wind loading, this is related to the chosen return t ime and the 
dispersion of the values for the site. For ventilation calculations, one 
might use, for example, the hourly values for the site during a year, or 
any other time scale appropriate to that for the calculation being 
undertaken. 

(2) The exposure height factor (Ce) allows for the conversion from open 
country terrain to the local terrain class. I t  is a function of the 
roughness length Zo. Davenport 9 gives the following relation for the 
mean values:- 



Ce = 0.62 - 0.148.1n Zo (2.2) 

The coefficient of variation is of the order of 16%. 

(3) The shape factor or pressure coefficient Cp is a strong function of 
wind direction and of the form of the building. Therefore one would 
require the distribution of wind speed and direction throughout the year 
for adequate modelling. 

(4) The gust factor Cg multiplied by Cp gives the peak pressure 
coefficient. Its mean value can be taken as 1 for ventilation modelling 
purposes. 
The combined coefficient of variation for Cp.Cg is of the order of 16%. 
This allows for the effect of turbulence. 

(5) The "model uncertainty factor", m, is intended to allow for the scatter 
in the wind tunnel model results on which the pressure coefficients are 
based, and of the fu l l  scale pressure measurements with which they are 
compared. 

I f  these elements are s ta t is t ica l ly  independent, then the mean pressure can 
be represented by:- 

= (2.3) 

and the coefficient of variation Vp for the pressure (=st.dev./mean) is 
given by:- 

(l+Vp 2) : (I+Vq2).(I+Vce2).(I+Vcp2).(I+Vcg2)(I+Vm 2) (2.4) 

This stat ist ical  representation of wind loading pressures is rapidly 
becoming the accepted form forinternatlonal and national standards. 

Other standards which include tables of pressure coefficients are:- 

The Swedish Building Code SBN-1980 

The Norwegian Building Code 

The French Building Code: R~gles NV 65 

German Standard DIN 1055 Pt.45 13 
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Table (2.1) Pressure coefficient data for simple building shapes 
(after Ackeret6,7, Sachsl2) 

a) Simple square building. 

GBbl$ r o o f e  0 + 3" 

h-FF 1 
C 

22JB 

External  pressure coefficient Cp.° for  h : b : l == 1 : 4 : 4 

fl A B C D E F G H 

0 ° +0"9 --0"3 --0"4 --0-4 --0-8 --0"8 --0-3 --0-3 
15 ° +0"8 --0'3 --0-1 --0"5 --0"7 --0-8 --0 '2 --0-3 
45 ° -t-0"5 --0"4 + 0 - 5  --0"4 --0-9 - -0 -6  - -0 -6  - -0-3 

For  section " 0 "  (side C) C~,.a = - - 0 8  
For  section " m "  C~.a  ~ - -2"0:  " n "  C~.a == - -1"0 

- I : ternal  pressure coefficient cp i for fl = 0 ° ] 15 ° 45 ° 

Openings  
Openings  
Openings  
Openings  

uni formly dis t r ibuted 
on  side A p redomina t ing  
on  side B p redomina t ing  
on  side C p redomina t ing  

5=02 
+ 0 . 8  
- -0 .2  
--0-3 

+ 0 - 2  
+ 0 - 7  
- -0-3 
- -0-2 

-t-0-2 
+ 0 . 4  
--O-4 
+ 0 " 4  

Closed 
low 
square 
bui lding 

Cable tOolll 0- "  10" 

D 

I n t ; n a l  ~ressure coefficient Cp.,  for h : b : I = I : I : 1 

A .... B I C D E F I G H 
! 

-t-0-9 - -0 .5  - - 0 - 6  - - 0 . 6  - - 0 . 7  -o-71-o-5  - 0 . 5  
+0.8 I -0.5 I -0.7 -0.5 - 0 7  I - ° 6  I - ° 5  -0-6 
+0.51-0.51+0.5 -05 - 0 8  i-0-5 -0.5 -0.4 
For  sect ion " m ' "  C~,.a =" - -1-2;  " n '  C~.a " - - f i g  

In terna l  pressure coefficient Cp,l for/~ --~ 

Openings  uni formly dis t r ibuted 
Openings  on  side A p redomina t ing  
Openings  on  side B p redomina t ing  
Openings  on  side C p redomina t ing  

0 ° 1 5 ° 1 4 3 °  

~ 0 - 2  ± 0 ' 2 1 ~ 0 - 2  
+0-8 +0"7 +0"4 
- - 0 ' 4  - - 0 - 4  - - 0 - 4  
--0-5 - -0 -6  +0,4 

Closed 
s q u a r e  

bui lding 

3 

Gable roofs 0- -15"  

/ o 
t~ 

External  pressure coefficient Cp.o for  h : b : I = 2.5 : I : 1 

# 

0 ° 

15 ° 
45 ° 

45 ° 

A B [ C D ' ]  E F ] G .t H Closed 

02 I I + 0 . 9  - -0-6 - -0 .7  - -0 .7  - - 0 ' 8  - -0-8  - -0 -8  --0"8 square  
+ 0 . 8  - -0 .5  - -0-9 - -0 .6  - -0-8  - - 0 ' 8  - -0-7  - -0 .7  bui ld ing 
-I-0"5 + 0 - 5  - -0 .5  - -0-8 - -0 .7  - -0-7  - -0-5 

For  section " m "  C~,a :=' - -1"0;  " n "  C;,o ~ - -0-8  

Internal  pressure coefficient Cp.f for 3 : 0° 15° 45° 

Openings uniformly dis t r ibuted +0 -2  5=0-2 + 0 - 2  
Openings  on side A p redomina t ing  + f i g  + 0 - 7  + 0 - 4  
Openings  on  side B p redomina t ing  - -0 .5  - -0-5 - -0-4 
Openings  on  side C p redomina t ing  - -0 .6  - -0-8  + 0 - 4  

(C~ : -  m a x i m u m  local pressure)  
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b) Rectangular building. Closed, saddle roof. 

o 

External pressure coe f t~en t  Cp., 

o o i+o.sl-O+Sl-O.,L-O., l+OZl+O-2L-O.+-o6 
43. 150.31-05150.41-0.3 I+o.I I -0-11-03 -0 . ,  
9o° 1 _ 0 3 t _ o 3 1 + o ~ l _ o , l _ o + t - o , t - o ,  -01  

90 ° For secUon " m "  C~,  -- -- 1.0 

h : b: I -- I : g : 16 Internal preMure coemcleot Cp., 

Wind direction ~# - -  O° 45° I 9O ° 

Opening uniformly distributed -~0-2 -+-0"2 ±0"2 
Side A predominallni +0.7 + 0 4  --0.2 
Side B pr*dominadng --0"4 - 0 ' 4  --0'2 
Side C predomlnaUnl --0-4 +0-3 +O'g 

C l o u d  
shed 

.+¢ .~ ff V 3Nk -J -.,117.~+,.3t 

1 2 J _ l  
D 

External preSSure coemcient C~.. h : b : I ~ 2"5 : 2 : ,  Internal pressure coef~ckmt Cp,, 

p I " 1 ~ 1~ ID  I E I ~ 1 ° 1  " l ind d l rect lonp--  . . .  0 ° 45 ° 90 ° 

00 1 + 0 9 1 - 0 , L - 0 7 1 - 0 7 1 - 0 6 1 - 0 6 - 0 5  _05 .pen=,un+or.,,,d,s,ribu,ed +0~ 1-0-2 +0~ 
4 5  ° 1+0.61-0.s1+0+41-031-091-0.'I - o 6  -0.7 IdeA predomlnaUng +0"8 +0"5 --04 
90" - 0 ,  i -0 ,1+0 .91-0 .41-0~1-0~ - 0 ,  - 0 ~  id . .  predom~nx,+n, - 0 4  - 0 4  - 0 4  

- -  , Ide C predominating - - 0 6  + 0 3  +0"J 

45° I For Kctlon " m "  Cj;.= o --1'5 

Clomed 
house, 
nearly 
fiat 
roof  

o F° 
r H 

n 

External presaure coefncient Cp..  h : b : I - -  2"5 : 2 : 5 Intecnxl pressure coefficient Cp.j 

" ~8 - A B C D ElF G [ H ~ V j n d d l r e c t t o n ~ - -  [ 0 7  1 4 5 ° l  + °  

o ° 1 + o ' 9 1 - o ' , 1 - o ' 7 1 - o ~ 1 - o 6 - o 6 - o ' , - o " 5  Open lnsun l fo rmlyd l s l r lbu led  ±0 '21P.0 '21±02 
45 ° + o  6 1 - o 5 1 5 0 . 4  i-o4 i-04 - -0" ,  - -06  - - 07  Side A predominating +0"8 +0"5 -0 "4  

predominating --0"4 - - 04  --0'4 90o _ o 5 1 _ o 5 1 + 0 9 t _ o 4 1 _ o ~ _ o ~ _ o + _ o 2  S,de~ 
_ _  _ Side C predomlnatlnlJ - -06  +0"3 + 0 8  

45° t For  s e c t i o n " r e "  C~+--  - - 1 2  

Closed 
houme. 
medium 
roof 

D 

External pressure coefllcient C,,.. h : b : I ~ 2.5 : 2 : 5 lnlcmal pressure coemcient C~,.j 

" I ' I c I ~ ~ , I o . ~,odd+~tino,= o" 4,0 leo. 
00 + 0 9  - 0 5  - 0 8  --0.8 +0"3 +0 '3  --0 '6 -0 "6  3peminl uniformly distributed ± 0 2  ±0.2 1-0.2 

45 ~ +0"6 --0"5 +0 '4  --0'4 + 0 3  --O.l - -05  --0.6 i ideApredomlnxt lng +0 .8 .+0 .5  --0.4 
90 ° - -05  - -05  +0.9 --0-4 --0.g --0.2 --0.8 --0-2 ~ideBpredominafinll --0.4 --0.4 --0~ 

~ide C predomln|¢lnll --0.7 +0.3 +0.8 
75 ° For lection " 'm"  C~. o -- --1.2 

Closed 
houN. 
l l m p  
roof  

External pressure coefficieut Cj,.. h : b : I - -  2 : I : 2 Internal  pressure coel lklent  Ce. + 

p I , , I ~ i o i D I E I ~ I o l .  N'~dd~o~iOo,-- O° 4,0 ,0' 
0o t+0'l--051 O+l 0~1 101 '01 051 05 ~.=,uo.or~,dl,~,~oted +O2 ±02 ~0 ,  

450 t + o 6 1 - o s l + o . 4 J _ O . 4 1 _ o 3 1 _ o . 4 1 _ o s [ _ o . 6  i ideAprcdomJoxtins +0.$ +0.5 --0.5 
90" - - 0 6 1 - - 0 6 1 5 0 5 1 - - 0 4 1 , 0 ~ 1 , 0 , 1 - - 0 ~ 1 - - 0 . 5  . 0 . ,  predominating - - 0 4  - -04  --0' ,  

hde C prldomlnltin.g --0.7 + 0 3  + 0 8  
00 I For lecllon " m "  C;.,-- --1"2 

Cloaed 
high 
hou~ 

b 

A" " 3¢" 

o 

10 

(tO' 

m 

External preuure co0fficleot Cj,,. 

- 7 1 , 1 .  c D E ~ o . 

4 5  ° • . . 

0 ° +0.9 --0.5 --0.6 - 0 . 6  - 0 .5  --0+5 -0 .5  - 0 .5  
+0"5 --0"6 +0.4 --0.4 - - I -2  - - 07  --1-1 --0-7 

190080" - -0 "4 - -0 '3  + 0 ' 9 - - 0 . 2 - - 0 " 3  0 --0'3 0 
- 0 . 4  +0.8  - 0 . 7  --0.7 +0.1 +0.1 +0.2 +0.2 

~ 5 ~  Sectlon C~.e - -  - - 1 ' 4  elm99 

h : b : I - -  I : 2 ,4 :12  Internal p r ~ s u r e  coemclent  C,,,, 

Wind direction fl = 0 ° 45 ° 90 ° [ 180 ° 
i 

Building 
I with 

3penin$ uniformly distributed -t-0.2 ±0"2 ±0.2 t-0.2 single 
;Ida A predomlnaUni + 0 8  + 0 4  -0 -2  --0-3 slope 
~lde B predominating --0.4 --0.5 --0.1 +0.7 roof 
Side C predomlnalinll - - 05  +0.3 +0.8 - - 06  
Roof  EF  predominat ing  --0"4 --0-8 0 0 

E.xternm] pressure coemclent Cp., h : b : I -- 

o +0.9 -0 - ,  I - 0  61-0 61+0 61+0 q - 0  31-0.5 
45 ° i+0.5 I-0.s1+041-0.51+0.21-0.1/-1.01--03 
90' 1 -041 -041+091 -031 -041  0 1-0.41 0 

iso o ]-0- ,  150.91-0 .61-06/ -0 . , } -0 . , i -0 .11-07.  

45° I Section " m "  Cj; ,  - -  - - I -3  

I : l : 5 Internal pressure oefflcicnt C, . ,  

wind d,recl,on ~-- I o° ~,o I 9o° ,1'+°° w,th"°"d+n' 
Openlnll unifOrmly distributed ± 0 ' 2  + 0 ' 2  ± 0 ' 2  1±0"2 shed 
Side A predominating + 0 8  +0-4 --O'l --0"4 roof" 
Side B predominating --0.4 --0-7 --0-1 l+0"$ 
Side C predomlnmlln8 --0.5 +0-3 +0.8 --0.5 
R o o f  EF  predomJnltting +0.5 0 - -0 ' l  --0.4 

1 2  



c) Other. 

11 

F,<l lOn In wind d,,'¢t~n 
R I "O  t q  b l 

e O ' ~ h  

n n 

I ° 
b ~  

External pressure coefficient (7,., for h : b : I -- 1 : 4 : 5 

+0"9 , whh 
--0'3 --0"4 - - 04  + 0 6  --0'6 - - 0 6  - -05  - -05  --0"4 - -03  --0"3 multiple 

450 ] +0 '5  --0'4 + 0 5  --0"3 +0"2 - - 0 8  - - 05  --0"4 --0"2 --0"4 - -02  - - 0 5  shed 
90° i - - 04  --0'4 +0 '9  --0'3 - -03  - - 04  --0"4 - -04  - - 04  --0"4 - -04  - -03  roofs 

180" I --0'3 + 0 9  - -03  --0-3 --0"2 - -03  - -03  --0'4 --0.4 - - 06  - - 0 6  --0.1 

~ See|Ion " m "  C~,. -- - I - 3 ;  teclion " o "  C~j  -- - 2 0  

lnternil  pressure coefficient Cj,,j for wind direclion , O -  

Opening uniformly ditlribuled 
Opening on tide A predominating 
Opening on tide 13 prcdommilinll 
Opening on tide C predominating 

0 ° 1 45° 900 I 180° 

± 0 2  ±o2 ±0~  + 0 2  
4-0.8 + 0 4  _ 0 ,  - 0 2  
--0-2 - -03  --0'3 +OB 
--0.3 +0"4 +0.8 --0.2 
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0 3to 

3 0 ~ n  

'n 
E G 

0 
P H 

' M 

° I b ~  

External presture coefficient C~,,. for h : b : I = 1 : 3 : 4 

, A . c D E F o1.1  Clipped 
flat 

0 ° +0"9 - 0 5  I - 0 . 6  --0"6 - -08  --0"8 - - 04  --0-4 - - I . 0  - -04  - 0 5  --0"5 roof 
450 -t-05 -0 -5  I +0"5 --0.4 --0'6 --0'5 - -05  --0"5 - - 0 5  - 0 5  --0"5 --0.5 
90 ° --0"5 --0"5 + 0 9  --0'4 - - 0 8  - - 04  - - 08  --0"4 --0"4 - - 04  -- 10 - - 0 4  

0 ° 90" Section " m "  C~,; -- - - l ' l ;  us:lion " n "  C~,~,- - 1 5  

Internal pressure coefficient Cj,.f for wind d,rcction/J = 

Opemng uniformly dittributed 
Opening on slde A predominating 
Opening on side B predominating 
Opening on side C predon'dnstln8 

0 ° 45* ~ o  

±0"2 I02 ±0"2 
+ 0 8  +0 '4  --0"4 
--0.4 - - 04  - -04  
- -05  +0.4 +0.8 

13 I External pressure coefficient C,. .  for objects 
i ~ ' I I  h:b:/-- I : I0 l~twmn lirlle walls 

• ~ A . C D 

L . _ ~ _ _ ~  ~ _ . ~ . _ _ _ ~  "' o o + o 8  - i 2  - 1 . 4  - 1 . 5  

Internal pressure coemcien| C~., ~ - -  

Opening uniformly distributed 
Opeolnll on tide A predominating 
Openinll on side B predomlnatlnll 
Opening on tide C predominallnll 

0 ° Closed 
connect- 

-0 -5  In i  p.s- 
+0.7 uqle-wey 
--1'1 
- 1 ' 3  

14 

F h h . 0 ~h 

Externltl prclture coemcien( (p., for h : b : [ -- I : 4 ; 8 

" i ~ I ~ D E ~ I o . , K ao,~ 
-- buildinll 

0 ° + 0 8  --0"5 --0.7 --0.7 - -02  4-0"6 --1'0 - - 06  --0-5 - - 0 6  with roof 
45 o +0.4 --0"5 +0-4 - 0 5  --0'3 + 0 2  -- I -3 - - I .4  - - I ' 0  -0 "7  v~nt 
90 ° - - 04  - - 0 4  +0-8 --0'3 - - 0 4  --0"2 --0'3 - - 0 3  - 0 ' 2  - -04  

Section "m ' "  C;,. -- - 1'2; tee!Ion " n "  C~.. -- - 2 4  

Internal pressure coemclent Cp.~ for p - 

Vents at F and J closed 
Venlt lit F and J open 
Ventt e! F only open 
Vents &[ J only open 

0 o 45 • 90 ° 

±0.2 ~0"2 ±0.2 
--0.2 - 0 5  -0 "3  
+ 0 5  +0- !  --0-2 
- 0 4  - 0 "9  --0"2 
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3 Pressure distribution on a buildin 9 

3.1 Derivation 

The pressures experienced by a building are determined by i ts size, 
shape and local windfield. 
I t  is not yet possible to give a complete description of flow around all  
types of structure, due to the complex nature of the interactions 
between the wind and the building, although i t  is possible to arrive at 
some general conclusions for relat ively simple building shapes. 
Ideally, fu l l  scale pressure measurements should be made. 
(see Chapter 5) 
This is not always possible, - at the design stage the building does not 
yet exist, in which case a properly conducted model test is the next 
best alternative. (see Chapter 6) 
Even this may not be a practical alternative. In the early stages of a 
project, or where the size of the development is large, or the situation 
is complex, the costs of running a detailed wind tunnel test for the 
determination of the air i n f i l t ra t ion  alone would be prohibitive. 
Making use of the results of a wind loading study is a possibi l i ty for 
most high rise buildings, although there have been doubts cast on the 
appl icabi l i ty of the pressure coefficients derived for the strong wind 
case to low windspeed conditions. This also applies to the pressure 
coefficients given in the various buildin 9 standards which are intended 
for wind loading applications. (see Sachs 12) 

For air i n f i l t ra t ion  calculations one can discard the extreme local 
values of pressure coefficients in the w i n d  loading code. 
(see Chapter 2) These usually apply to areas which are smal l  compared 
with, for example, the area of the facade corresponding to the wall of a 
room. Since the wind loading pressure coefficients represent time 
averaged, spacial maximum values, they go some way towards compensating 
for these local effects. This is the approach used in BS5925, in which 
the whole face pressure coefficients from CP3 are used for calculations 
of natural ventilation. The fluctuating component of the pressure is 
s t i l l  required, however, to allow for the calculation of flow reversal 
in a crack. 

3.2 A__~eneral d e s c r ~ n  

As the wind blows over the building, the air approaching i t  is 
decelerated and a positive pressure appears. The air is deflected by 
the front face and the flow separates at the salient edges formed by the 
corners of the building and the edge of the roof. This gives rise to 
negative pressures, which may be large relative to atmospheric pressure. 
Negative pressures are also experienced on the rear facade of the 
building in the wake region. 
The pressure distribution on the roof depends on i ts geometry. Handa m 
quotes a value of 30 degrees for the cr i t ica l  roof pitch, above which a 
wind blowing normal to the eaves wi l l  raise a positive pressure on the 
windward side of the roof. The fu l l  scale Aylesbury experiment 
(Eaton and MayneIS,IG), where the roof pitch was varied between 5 
degrees and 45 degrees indicates a cr i t i ca l  value of 22.5 degrees. 
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The pressures experienced al l  vary with time due to the unsteady nature 
of the flow in the natural wind. 

3.2.1 Effect of building geometry 

General:- 
For a simple isolated rectangular low rise building without 
projections or overhangs, with the wind blowing normal to the roof 
ridge, the maximum pressure occurs in the centre of the windward 
wall. The pressure drops off rapidly as the corners are approached. 
The largest negative excursions occur closest to the edges where flow 
separation takes place. Commonly, the flow on the front face below 
the stagnation point is downwards and away f rom the building at 
ground level. This forms the "horseshoe" vortex in which the air 
follows a spiral path unti l  i t  spi l ls around the sides of the 
building. The exact pressure distribution on the flank and lee faces 
of the building wi l l  depend on the building geometry. A ta l l  
building gives rise to more upward deflection of the flow and 
therefore greater suctions in the roof area. When a wall is long in 
the direction of flow, the flow which detached at the leading edge 
may reattach. This can alter both the magnitude and position of the 
regions of maximum suction. (see Figs. (3.1) to (3.3)) 

When the wind approaches the building at an angle, the pattern of 
flow is rather different (see Figs. (3.4), (3.5)). The building now 
presents two faces to the oncoming wind, which divides at the leading 
corner in proportions which depend on the angle of approach to the 
two faces. The pressures wi l l  be positive or negative accordingly. 
There is less upward flow than in the case of normal flow, so that 
roof suctions are generally lower in magnitude. When the roof pitch 
is less than about 10 degrees, very large negative pressures can be 
experienced (Handalh), near the leading corner, due to the formation 
of separation vortices. (see Figs. (3.6), (3.71) 

3.2.2 Effect of overhangs and projecting walls 

These have the effect of trapping the air on the windward face, thus 
smoothing the pressure distr ibution. The pressure experienced 
remains near the maximum value between the stagnation point and the 
projecting surface, e.g. as shown in the wind tunnel studies of 
Jensen and Frank17. See Fig (3.8) 
There is a corresponding effect on the flank surface pressures. 
Since less of the flow is diverted over the roof, the suction 
experienced is much less intense. 
Wall mullions and projecting balconies have a similar effect. The 
pressure distribution is exaggerated. On the windward face, positive 
pressures are more positive, and on the leeward faces, the negative 
pressures are either unchanged or more negative. As above the 
pressure gradients on the flanks are reduced. 

In the case of a f la t  roof with a parapet, the edge where flow 
separation occurs is raised above the level of the roof. Most of the 
suction is experienced by the parapet structure i tse l f .  The wake 
eddy for the parapet thus ventilates that for the roof. The result 
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J 

Plan view 

The f l o w  diver  t l  l r o u n d  
the side of  the  building 

Side elevation 

Fig.(3.1) Flow past a rectangular building with the wind direction 
normal to the long face. 
(from Penwarden and Wise IB reproduced by permission of 
the Controller, HMSO, Crown Copyright)(also Figs.3.2 to 
3.5 and 3.9) 

is that peak pressures and pressure gradients are reduced. As the 
size of a parapet increases with respect to the size of the building, 
so its share of the load due to flow separation increases also, so 
that i ts effectiveness is increased. (see Fig. (3.9)) 
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Plan view 

Wind 

Wind B 

jjj jjj 
Side elevation 

Fig.(3.2) Pressure distribution on a rectangular building with the 
wind direction normal to the long face. 

Fig.(3.3) I l lustrat ion of flow reattachment. 
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Fig.(3.4) Plan view of flow around a rectangular building with 
oblique wind incidence. 

( 

W i n d  

Fig.(3.5) Pressure distribution on the walls. 
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Fig.(3.6) Pattern of flow . 

Fig.(3.7) Pressure 
distribution over the roof. 

3.2.3 Effect of claddin~ 

The presence of an open cavity e.g. behind cover  boarding 
(Lindquist19), can exert a powerful influence on the pressure 
distribution experienced by the true wall of the structure. The 
capacitance and inertance of the cavity and the elast ic i ty of the 
cladding leads to the damping out of spacial variations in pressure, 
and a reduction in the amplitude of pressure variations, particularly 
for the higher frequency components. This applies mainly to 
background leakages. 

3.2.4 Effects of nearb~ buildings 

In the event that a building lies close to another which is much 
larger, the flow experienced by the smaller building is dominated by 
that around the larger, especially when the larger building is 
upwind~ to a degree dependent on the distance between them. 
(Phaff 20, van Dalen 21) 
I f  the test building lies in the area of the descending wake, the 
flow may be nearly vertical, giving positive pressures on the roof 
and negative pressures elsewhere. This is a particularly important 
consideration when positioning flue outlets, in order to avoid the 
problem of flow reversal. 
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Fig.(3.8) Pressure distribution on a model building with overhanging 
eaves. (Jensen and Frank 17) 
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Fig.(3.9) Pressure distribution on a roof parapet (section). 
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3.2.5 Pressures on chimneys and flues 

When modelling air i n f i l t ra t ion  and air movement in a building i t  is 
necessary to know the pressures at the mouth of any chimney or flue 
which may project through the walls or roof. This is a function of 
the position of the chimney on the roof, the roof pitch, and the 
height of the end of the flue above the surface of the roof. 
(Lugtenburg22, van Dalen21) 

3.2.6 Effects of boundary layer structure on the pressure 
distr ibut ion 

The main effect is due to the shape of the velocity prof i le. In a 
constant velocity f ie ld,  the horseshoe vortex formed at the foot of 
the windward face of a bluf f  body is small and the stagnation point 
is relat ively low down the front face. Fig (3.10). When there is 
boundary layer flow with the velocity decreasing as the ground is 
approached, the horseshoe vortex becomes much larger, and the 
stagnation point much higher on the windward face. The horseshoe 
vortex is s t i l l  a notable feature when the wind blows onto a corner. 
(Corke, Nagib and Tan-atichat 23, Corke and Nagib 24, Hamilton25). 

As yet, the effect on the general flow pattern of an accelerated flow 
near the ground has not been widely investigated. This occurs in the 
case of flow up a slope and in downslope flow caused by radiative 
cooling of the ground at night, and is therefore of interest in h i l l y  
terrain. 
Another point of interest is that the flow down the face of a ta l l  
building mixes cold air from aloft  into the layers near the ground. 
Thus, the value for the external temperature used in the calculation 
of the stack effect is, most appropriately, that near the top of the 
building. 
As turbulence levels increase, the drag on the building is reduced, 
the intensity of the corner vortices is decreased, and there is a 
shi f t  of energy into the lower frequency fluctuations (<1 Hz) from 
the intermediate ranges. (1 to 3 H z ) .  Corke et.a123, 24 draw 
attention to a strong t ie between these low frequency, energy 
containing eddies and the pressure spectra. They also state that the 
wake Strouhal number also increases as turbulence increases, 
reflecting the modulation of the shear layers separating from the 
building by the upstream turbulence. 
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Fig.(3.10) Comparison of pressure coefficients on a cube for constant 
velocity and boundary layer flow. (after Hamilton 2s) 
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4 Pressure coefficients 

The general form of the pressure coefficient for a point on a 
defined by the equation (Lawson26: - 

building is 

Cp - P-P(O) = f(L,H,WD,Re,M,St) 

0.5.p.V 2 

(4.1) 

Where:- L is a characteristic horizontal dimension, 
H is a characteristic vertical dimension, 
WD is the wind approach angle relative to the axis of the building, 
Re is the Reynolds number, 
M is the Mach Number (U/U(sound)) and 
St is the Strouhal Number (n.L/v) 

M only becomes significant for windspeeds in excess of 50 m/s, i.e. 
hurricanes, tornados and sonic booms, and can thus be safely ignored for 
the present application. The Strouhal Number, St, is used in two contexts. 

One for the wind approaching the building, where L = XL and v is the u 
mean windspeed, yielding n, the frequency of the turbulence. For the 
building wake, L is the buildings effective width and n is the frequency of 
eddies shed by i t .  

Pressure coefficients may be defined for mean, peak and rms pressures. For 
the mean and peak pressure, P(O) is usually the static pressure of the free 
stream i f  the building were not there, or i ts nearest achievable equivalent 
in the case of fu l l  scale measurements. For rms pressures, i f  the mean 
pressure is used for P(O), we have the root mean square about the 
mean, (sometimes written rmsm). 

The particular combination of pressure measurement and reference wind is 
determined by the purpose for which the data is required, and by the 
practical l imits of the method used to acquire the data. One is inevitably 
faced with a compromise between the detail of the data required and the 
universality of the pressure coefficients so derived. 

4.1 Reference Wind 

The choice of 
advantages and 
(see Fig.(4.1)) 

reference wind has varied widely. 
disadvantages. These are 

Each method has its 
summarised below. 

I) Windspeed at I0 metres. 
a) Simultaneous hourly mean wind. 
This has the advantage of being a figure readily available as a 
standard meteorological measure~nt. I t  is independent of building 
form, but also takes no account of local shelter on its value. In an 
area where building heights are low, i t  can be quite useful. 
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fb 

Fig.(4.1) I l lustrat ion of the choice of reference winds 

~I lOm wind : a) Local, 
Roof ridge height. 

4) Gradient height. 
6) as 5 but with turbulence. 

b) Remote or standard. 
3) Ceiling height. 
5) Local wind profi le. 

b) Meteorological standard windspeed for the site. 
This is an hourly average windspeed which has a quoted probability of 
being exceeded in any one year, measured at lOm over open f la t  level 
ground in the vic in i ty of the buildings. Lawson 26 
This has the advantage of simplifying the stat ist ical calculations for 
extreme wind analysis. The frequencies associated with peak winds and 
the hourly wind l ie on either side of the spectral gap. Their 
probabilities of occurrence are, therefore, independent. 
Coupled with a similar probability distribution for the wind direction 
this can be used when estimating the seasonal variation of energy loss 
using a very simple model, but not i f  any degree of detail is 
required. 

2) Windspeed at roof ridge height upstream. 
This has the advantage of being independent of building form. 
This is the value used in BS5925 and CP3 and most of the 
calculations for wind loading3, 4. 

published 

24 



3) Wind at ceiling height 2sB 
This is the reference level used by LBL, at the top of the heated 
space. This has the advantage of representing the top of the zone 
affected by stack action, and is independent of the external form of 
the building. 

4) Gradient wind. 
This is the value recommended by the group at Sheffield University. 
(Hussain, Lee, Solima~ 7-34) I t  has the advantage of being independent 
of terrain, and is equivalent to the free stream velocity in a wind 
tunnel. A reasonable estimate of the value of this windspeed can be 
arrived at in the f ield using published Meteorological data. The main 
disadvantage is one of scaling. To model this situation accurately, 
one has to reproduce the whole of the boundary layer in the wind 
tunnel rather than the lower part which is more frequently the case. 
This places severe limitations on the building scale which can be 
accommodated, and thus the detail of the pressure distribution which 
can be modelled. 

5) Local wind prof i le. 
Where this can be determined i t  is useful, since then, local pressure 
coefficients can be used. These are then independent of local shelter 
and terrain. This considerably simplifies the wind tunnel modelling 
requirements. One needs to reproduce the turbulence structure and 
intensity, but can dispense with accurate modelling of local shelter, 
a dist inct advantage since the accurate scaling of both at once is 
impossible. I f  one is using the mean local pressure coefficient for a 
facade, the corresponding reference wind is the mean wind acting on 
that facade, averaged over the area of the facade. I t  follows that 
the resulting coefficient may exceed 1.0 in places. This is the 
approach used at VPISU (Tieleman, Akins) and Colorado (Cermak, 
Peterka)3S-~o. 

A disadvantage common to the above is that the effects of the 
variation of turbulence for different boundary layer structures cannot 
be accommodated. 

6) A modified local reference pressure of the form:- 

q =p .(I]' + n . u ' )  2 (4.2)  

has been suggested by Corke et.al.23, 24 The use of the combination 
of the mean and rms velocities for the present purpose is new, but has 
been used extensively in wind environment studies, relating to flow 
around buildings in urban areas for pedestrian comfort, and in the 
assessment of the effectiveness of windbreaks. 
For the upwind face, a value of n-1 causes the vertical profiles of 
the mean pressure coefficients to collapse towards a single curve. A 
value of n=4 does the same for the RMS pressure coefficient, n=O 
gives the best f i t  for the roof and surfaces other than the windward 
face in the case of wind blowing normal to one of the facades, 
otherwise the upwind values apply. (see Figs.(4.2), (4.3)) 
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The degree of collapse for the Cp profiles for each facade varies 
somewhat, due to the dif fering degrees of influence of the upwind 
turbulence on the pressure fluctuations. In al l  cases, however, there 
was a considerable improvement over the case of uncorrected local 
pressure coefficients. 
This system has the advantage of considerably simplifying the f inal form 
of the pressure coefficients, but has the disadvantage of requiring not 
only the local mean wind velocity prof i le but also the rms component or 
the turbulent intensity as input. 

4.2 Fluctuating pressures 

A number of workers in air i n f i l t ra t ion  have turned their attention to 
the contribution arising f rom fluctuating flow. (van der Held ~I, 
Handa 14, Etheridge and Alexander 42, Potter 43) 
The input requirements of an air i n f i l t ra t ion  model in this case include 
a knowledge of the rms. value of the pressure difference across the 
facade of the building for each leakage point, i .e. the local mean and 
rms. pressure coefficients and the internal pressure coefficient for 
the building at that position. Flow reversal can take place when the 
mean pressure difference is less than about 3 x (rms pressure 
difference). (Etheridge and Alexander ~2) 
In determining the overall flow of fresh air into a building, the 
combined effects of the non-steady contributions must be considered for 
al l  leakage points at any one epoch, since these wi l l  influence the 
variations of the instantaneous value of the internal pressure 
coefficient. I t  is important, therefore, to establish the degree of 
correlation between the fluctuating pressures at these loci. (Handa TM, 
Surry, Kitchen and Davenport~ 
To that end one might also use the theory of acoustic circuits as used 
by Graham 45 and Card et.al.h6, hT. 

The time scale for the transmission of a pressure signal through a crack 
is small compared with that for the passage of the larger scale eddies 
in the wind which contain most of the energy. A reasonable analogy here 
is the pressure signal transmission through a 1.35mm diameter pvc tube 
described by Irwin, Cooper and Girard 4B. For a lOft (3.05m) length, the 
delay time was about lOms., the shorter the tube, the smaller the delay, 
whereas the turbulence time scale is between 5s and 5 min. The 
turbulence time scale is also long with respect to the time required for 
air to flow through most cracks, although where a cavity or shaft in a 
large building is involved, this may not be the case. Gumley49,50 
performed a similar set of calculations for tubes connected to a 
manifold, including the case of a fluctuating pressure signal 
superimposed on a steady signal. His calculations may well provide a 
basis for including fluctuating flow exp l ic i t l y  in air in f i l t ra t ion  
calculations. 
These conditions imply that i t  should be possible to arrive at an answer 
based on the turbulent intensity of the wind and the geometry of the 
building. Preliminary model studies along these lines have been carried 
out by Hold~ 51and Corke et. al.Z3, 24 (see para.(4.1)). The latter 
propose including the rms component of velocity exp l ic i t ly  in the 
determination of the mean and rms local pressure coefficients. 
The degree of correlation wi l l  depend on the relative scales of the 
energy containing turbulent eddies and of the building i t se l f .  In 
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general, the turbulence scale is usually much larger. One can therefore 
consider the building to be experiencing a wind f ield of near uniform 
structure but with varying strength. The pressure differences acting on 
the windward and leeward faces arising from eddies in the wind wi l l  
therefore be well correlated. Those arising from the eddies generated 
by the building i tse l f  cannot be expected to be correlated, although i t  
should be possible to estimate their frequency based on the appropriate 
Strouhal Number. (see para.(4.0)) 
Model studies of rms pressure coefficients are to be found in 
Table (A2.1), ful l  scale measurements in Table (A1.1), and model studies 
of real buildings in Table (A2.2).(also see Chapter 6) 

Until now i t  has been assumed by most workers that the fluctuations in 
the windfield, and of the pressure f ield have a Gaussian distribution. 
There is a growing body of evidence that this is not the case. 
Dalgliesh s2 and Peterka and Cermak s3 have described strong non-Gaussian 
behaviour in regions of separated flow and on the leeward walls in the 
case of high rise buildings. The pressures on the windward walls was 
observed as close to Gaussian. 
In the case of low rise buildings, even the windward pressures show 
non-Gaussian characteristics. (Holmes s~) 

Holmes found that for small values of the turbulent intensity ( lu), the 
distribution approached the Gaussian, but that for Iu of the order of 
20% to 30% , the distribution is significantly skewed. 
He gave a set of equations in terms of the turbulent intensity which can 
be used to estimate the proportion of the t ime for which the flow 
reversal condition is satisfied, and thus the non-steady part of the 
contribution to the in f i l t ra t ion.  

I t  should not be forgotten that the wind varies not only in magnitude, 
but also in direction. This problem has been considered by Hoxey ss who 
f i t ted a quadratic function to the angular variation of the pressure 
coefficient over a range +/- 20 degrees, using this to calculate a 
probability distribution for the mean pressure coefficient at a 
particular location on the surface of a greenhouse. 
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5 Survey of pressure measurements in the real wind 

Full scale pressure measurements on buildings and measurements on model 
buildings in the real wind are listed in Tables (AI.1) and (A1.2) 
respectively. Field measurements of flow around windbreaks and buildings 
are listed in Table (A1.3). (see Appendix 1) 
Much of the information was extracted from Ref.(56). All the information 
is presented in a similar format to that of Ref.(56). Entries are listed 
in order of building height. Information given includes the names of the 
investigators, the organisations to which they were af f i l ia ted at the time 
of the investigation, the location, type, size and exposure of the 
building, and details of the tests which were carried out. 
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6 Wind tunnel techniques 

6.1 General 

Wind tunnel studies are used when i t  is not practical to study a 
building at fu l l  scale, either because i t  is too d i f f i cu l t  to instrument 
or because i t  does not yet exist. Some studies have been undertaken of 
models of existing buildings, usually relating to problems with cladding 
fai lure etc. but a few have been carried out for the specific purpose 
of comparing wind tunnel results with those  f r o m  fu l l  scale 
measurements. 
Such wind tunnel studies have several dist inct advantages. In 
particular, the conditions for the tests are both consistent and readily 
reproducible when required,- a state of affairs rarely encountered in 
the real windl Systematic investigations can be carried out and 
cr i t ica l  parameters identif ied. 

The conditions which must be f u l f i l l e d  for the wind tunnel flow to match 
the fu l l  scale atmospheric boundary layer are given in Table (6.1). 
I f  al l  of these conditions could be met, then all  features of the flow 
in the atmosphere could be matched. Unfortunately this is not possible~ 
The appropriate choice of scale is very important. The requirements for 
optimum modelling of flow over gross terrain features d i f fer  greatly 
from those for modelling flow around an individual building. In the 
former case scales of the order of 1:1000 or greater are used. In the 
lat ter,  for work involving fluctuating flows a scale of about 1:250 is 
more appropriate, while for flow around building detai l ,  such as 
overhanging eaves, parapets, balconies, mullions, etc. , l :50 or less may 
be necessary to satisfy condition (7). This arises from the depth of 
the local boundary layer on the wind tunnel model being larger in 
proportion to the overall size of the model than that on the building in 
the real wind. 
The longitudinal scale of turbulence is also d i f f i cu l t  to match at model 
scale, being much larger relative to the size of the building in real 
l i f e  than can be reproduced readily in the wind tunnel. 
Most wind tunnels are designed to simulate a neutrally strat i f ied,  
adiabatic boundary layer, typical of high wind speeds. These conditions 
are best suited to the study of wind pressure on buildings f rom the 
viewpoint of wind loading. Wind pressures for ventilation span the fu l l  
range of conditions from l ight variable winds to the extreme conditions 
which are usually studied. 
L i t t l e  work has been done which ventures into these lower speed regions. 
What there is, (KatsuraST,) suggests that the pressure coefficients are 
reduced at lower windspeeds. This indicates the need for further work 
to be done, specifically aimed at studying conditions more commonly 
encountered in nature. (see Appendix 2) 

Some detailed parametric wind tunnel studies (A.Hunt sB, Akins 3s) offer 
some indications of the determining factors for the pressure 
distr ibution. 
Studies comparing fu l l  scale and w i n d  tunnel measurements 
(Tieleman, Akins, and Sparks 3B, Hold~ 51) describe the conditions under 
which measurements at model and fu l l  scale agree. 
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6.2 Effects of building form on modelling requirements 

The pressure pattern experienced is governed by the separation and 
reattachment of the boundary layer on the building surface. This is 
strongly determined by the form of the building. In the case of the 
basic rectangular block, and other shapes where the surfaces are bounded 
by sharp edges, flow separation is forced by the building geometry. 
(see Ch.2) 

Provided that the linear and velocity scales are matched and the 

longitudinal turbulence scale,XLu, is suf f ic ient ly large, this 

class of building shapes is easily modelled. 
Where reattachment takes place, the size of the reattachment bubble is 
dependent on the Reynolds Number. This can cause a distortion of the 
flow at model scale relative to that at fu l l  scale. 
(Macha, Sevier and BertinS9 ) 

Where the surface of a building is curved the position at which the 
boundary layer trips is determined by the surface roughness. 

For the flow round the model counterpart of such a building to behave in 
the same way as its fu l l  scale prototype, i t  is necessary to roughen the 
surface of the model, the amplitude of the roughness elements being 
sufficient to penetrate the laminar boundary layer on its surface, a 
similar consideration to that applying when modelling small scale detail 
on the surface of a building such as balconies, mullions and parapets. 

6.3 Effect of boundary layer structure 

Wind tunnel tests cannot be used to simulate flows with a substantial 
component of rotation in the horizontal plane. I t  is not possible to 
model, for example, the variation of wind direction with height (Ekman 
spiral) by this method. This has been assumed to be of negligible 
effect but for the very ta l l  structures now in existence, this may not 
be the case. For this, the answer may l ie  with rotating flow 
experiments such as those of Caldwell and van AttaG°, G1, (see also 
Cermak 6~ 
Cases of extreme vort ic i ty  such as tornados also require this kind of 
approach. 

Strati f ied flow around larger scale topographic features has been 
modelled by towing an inverted version of the structure through a water 
tank, the density variation being produced by doping with salt. Gross 
flow is well reproduced by this method, but turbulence is not well 
represented. 
Flow over complex topography is also a f ie ld where future work is 
required. Some studies of polutant dispersal in a simple model valley 
in a turbulent boundary layer were reported by Fackrell and Robins of 
CEGB Marchwood Laboratories 63 
This problem has been tackled more often by numerical modelling than by 
actual physical modelling. (see Chapter 8, Table 8.1b and Chapter 9). 
Radiative exchange has not been considered as yet, although this w i l l  
become necessary in order to understand conditions of valley flow. 
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The effects of latent heat release and precipitation do not lend 
themselves to physical modelling, other than for the extreme case of 
wind driven rain. Such studies have been undertaken at the Building 
Research Institute, Tokyo. 

There are other non standard profiles which need investigating, e.g. 
the low level Jet, often observed in areas of extensive plains, such as 
the Great Plains in the USA and the Great European Plain (north 
Germany). This f ield is characterised by high velocities, relatively 
low turbulence, occurring mainly at night. (Roth 64) 

Wind tunnel studies of flow in the urban environment have largely 
concentrated on problems of pedestrian comfort and damage to nearby 
buildings. From the point of view of air in f i l t ra t ion studies, a more 
useful subject area would be the effects of a nearby large building on 
the pressures experienced by a smaller building lying in i ts wake. 
(Gerry and Harvey 6s, Pfaff 2°, van Dalen 21) (see Table (A2.1e)) 
A l i s t  of studies on wind flow around buildings can be found in 
Table (A2.1g). 

6.4 Comparison of Wind Tunnel Performance 

The performance of wind tunnels in comparison with each other is 
described in Melbourne 66. This paper describes a series of studies in 
which tests were carried out for a standard ta l l  building model, the 
specification of which was prepared by Wardlaw and Moss 259 for the 
Commonwealth Advisory Aeronautical Research Council (CAARC). 

Surface pressures 
establishments: 

and dynamic response were measured at 6 

1) University of Western Ontario (J.D.Holmes) 

2) University of Bristol, England (T.V.Lawson) 

3) Monash University, Australia (W.H.Melbourne) 

4) National Physical Laboratory, England (D.E.Walshe, J.A.B.Wills, 
P.Jones) 

5) National Aeronautical Establishment, Canada (K.R.Cooper, 
R.L.Wardlow) 

6) City University, England (D.M.Sykes) 

The following parameters were compared :- 

1) boundary layer characteristics, 
2) mean pressure coefficients, 
3) standard deviation (RMS) pressure coefficients, 
~I pressure spectra, 

probability distributions of pressure measurements on the model 
surface, 
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~I displacement of the top of the model, 
effect of structural damping, and 

8) base overturning moment. 

Small trends were observable in respect of pressure measurements, 
attributable to differences in longitudinal velocity spectrum and 
requirement for blockage correction. There were no obvious trends in 
the dynamic response measurements where most of the data compared to 
within 15%. 

6.5 A Survey of Wind Tunnel studies 

(see Appendix 2) 
Wind tunnel studies of real buildings are listed in Table (A2.1). These 
include some model studies carried out for wind loading purposes prior 
to construction. In some cases fu l l  scale pressure measurements are 
available. In these cases the number of pressure taps at model and fu l l  
scale is quoted. 
Detailed studies of general forms, such as rectangular blocks, and of 
simple building shapes, are listed in Table (A2.2). 

Data from the studies of Bowen 67, and Akins, Peterka and Cermak36,37 
(based on Akins 3s) on rectangular blocks have been analysed at the Air 
In f i l t ra t ion  Centre for their dependence on side rat io, wind angle and 
shelter in order to find a way of presenting the results of such studies 
in a more "computer-friendly" form. The results of this analysis are 
given in Chapter 7. 
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7 Analysis of wind tunnel results 

Until now, apart from a few isolated cases (e.g. ShawGB), l i t t l e  attempt 
has been made to present wind pressure results in analytical form, suitable 
for incorporation into an algorithm. This Chapter describes the author's 
application of Harmonic analysis to wind pressure coefficients from wind 
tunnel measurements on simple rectangular building models. These pressure 
coefficients were analysed as a function of wind angle, building shape and 
shelter. I t  is shown that, where wind tunnel results are mutually 
consistent, the equations derived from one or more data sets can be used to 
predict the pressure coefficient in other data sets to a level of accuracy 
acceptable for in f i l t ra t ion calculations. 

7.1 Wind ~irection and Shelter - Harmonic Analysis 

In general, for any point on any building, as the wind direction rotates 
through 360deg, the pressure coefficient associated with that point wi l l  
describe a closed curve between + ~ and -7. Formally this can be 
represented by a Fourier series of the form: 

Cp(i) - a(O) + z a(i).cos(i.e) + z b( i ) .s in( i .e)  (7.1) 

(Stephenson 69) 

This approach has been used by ShawGB to describe the pressure 
difference coefficients for fu l l  scale measurements on two schools. In 
principle the method can be applied to a building of any shape, and to 
any of the forms of pressure coefficient. 
I f  the building is symmetrical, the mean value for a facade and the 
central llne value can be represented by a Fourier cosine series. 

This proposition was tested at the Air In f i l t ra t ion Centre, using data 
extracted from BowenG7 and Akins, Peterka, & Cermak 37. The Bowen data 
consists of wind tunnel measurements on a rectangular test element of 
side ratio 3:2 and H/h - 1:1,2:1,4:1 & 6:1, where h is the height of the 
blocks in a staggered array surrounding the test block. This was the 
source data set for the NRC pressure coefficients used in Chapter I .  
(Shaw 2 ) 
The data from Akins et.al consists of mean pressure coefficients for 
each facade, averaged over aspect ratio (H/W) and boundary layer 
velocity distribution, for side ratios (L/W) of 1:1,2:1 & 4:1. 
In both cases the data sets generated were a composite of measurements 
from equivalent points on the various faces of the test model, 
exploiting the symmetry of the experimental system to get the fu l l  range 
of wind directions. 
A General Linear Interactive Model (GLIM) program was used to f i t  the 
Fourier series to the data sets. The results are shown in Figs.(7.1) 
to (7.6). (Baker and Nelder 7°) 
Data were analysed for pressure coefficients using a roof level 
reference wind (="roof level pressure coefficients"), and for "local 
pressure coefficients", referenced to the local wind profile. The 
"local mean pressure coefficient" refers to the area mean value of the 
local pressure coefficient for the facade. 
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The variation of the shapes of the curves with side ratio and shelter 
was investigated by plotting the coefficients of the best f i t  Fourier 
cosine series with side ratio for the Akins data, and with H/h for the 
Bowen data. (see Fig. (7.4) 
Since cos(i.e ) is always <1, any coefficient <0.1 cannot contribute 
more than 10% to the f inal figure. The results indicate that terms 
higher than the third are of marginal importance. 
a(O) is seen to decrease steadily from -0.12 to -0.24 as the side ratio 
varies f rom 1/4 to 4 (side ratio S = D/W : W - width of facade 
containing the sampling point, D = length of side wall perpendicular to 
the sample wall). There appears to be l i t t l e  variation with H/h. 
a(1) decreases with S from 0.61 to 0.4 and increases sharply as H/h 
increases from 1 to 6. 
a(2) increases with S from 0.175 to 0.47 and increases with increasing 
H/h, but not as strongly as a(1). 
a(3)and a(5) only make a significant contribution for S > 3. a(4) only 
features for 0.7< S < 3. These coefficients do not appear to vary 
signif icantly with H/h. They have l i t t l e  effect on the general shape of 
the curve, but do refine the f i t  around the extreme values. 

The effect of displacement f rom the centre of the facade was 
investigated using a set of data f rom Bowen corresponding to 
z/H - 0.85, H/h = 6,S = 2/3 for al l  wind angles. H is the height of the 
building model and z Is the height of the pressure tap above the base. 
For each wind angle, the local pressure coefficient was f i t ted to a 
linear equation of the form: 

Cp = A + B(X/W) (7.2) 
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where X is the displacement from the centre line (-0.5 • X • 0.5). 
A and B were then analysed for dependence on wind angle, see Fig. (7.5) 
I t  became apparent that 'A' represents a cosine series with coefficients 
similar to those for the mean facade allowing for the variations with 
L/W and H/h. B was found to represent a sine series, dominated by 
b(3),and adequately represented by terms f rom b(2) to b(6). 
(see Table (7.3)) 
The mean pressure coefficients for the roof are i l lustrated in 
Fig (7.6). I t  wi l l  be noted that these are the same for both the local 
and roof level pressure coefficients. I t  should be mentioned that this 
is the case only for a f la t  roofed building, since only then is the roof 
level velocity the same as the mean velocity for the roof surface. 

A further set of data was used to look at the effect of departure from 
the rectangular block shape used in the original analysis. 
This data is from "Wind Tunnel Investigation of CARE INC. Single Family 
Dwelling" , Tieleman H.W. and Gold R.R. 39 
The test building is i l lustrated in Fig. (7.7) 
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Although the modelling was at 1/30th scale, i t  was f e l t  that i t  would 
afford a chance to examine the gross ef fect  of the shape var iat ion.  Two 
representative nodes were chosen, one on the centre l ine of the ver t ica l  
end wal l ,  and one as close to the centre l ine of the curved side wall as 
possible. The resul ts were plotted in Figs. (7.8a) and (7.8b). I t  can 
be seen that for  the f l a t  end, the mean pressure coef f ic ient  follows a 
s imi lar  pattern to that for a rectangular block bui lding of almost the 
same ground plan, with reduced depth to width ra t io .  The response of 
the point on the curved side, however, is much more exaggerated. 
A subsequent analysis of the data revealed that the a(O),a(1) and a(2) 
components of the cosine series were consistent with those of a bui ld in 9 
of much reduced depth. This is pa r t i cu la r l y  the case for the a(1) 
component. The cosine curve corresponding to a depth to width ra t io  of 
0.25:1 is plotted for comparison. The true ra t io  at ground level being 
0.8:1, and at the height of the node, 0.755:1. 
This re f lec ts  the difference in the shape of the wake, and the 
importance of sal ient  edges in determining the response of the pressure 
d is t r ibu t ion  to wind angle. 
This would suggest a possible d i rect ion for  future work. 
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7.2 Numerical representation of pressure coefficients 

Further application of the GLIM program showed that i t  is possible to 
represent the coefficients a(i) of equation (7.1) by a logarithmic 
series of the form:- 

a(i) = c(O)+c(1)In(S)+c(2)(In(S)) 2+ +c(J)(In(S)) j (7.3) 

Where S - depth/width. 

The values of the c coefficients are given in Table (7.1) for the local 
pressure coefficients and Table (7.2) for the roof level pressure 
coefficients. 

Table (7.1) Coefficients of the log series representation of 
a(i) values - Mean local pressure coefficients. 

a( i )  J= 0 i 2 3 4 5 6 

-0.2418 -0.07016 -0.1225 0.0 +0.0441 0.0 0.0 
+0.9358 -0.1496 0.0 0.0 0.0 0.0 0.0 
+0.6293 +0.2420 +0.03818 -0.02440 -0.02684 0.0 0.0 
-0.06432 +0.1207 +0.05121 0.0 0.0 0.0 0.0 

4 -0.1371 -0.0622 +0.06033 +0.01826 0.0 0.0 0.0 
5 -0.01546 -0.09586 -0.08173 0.0 +0.02441 0.0 0.0 
6 +0.05484 0.0 -0.05104 +0.0973 +0.01203 -0.05505 0.0 
7 +0.01092 0.0 - 0 . 0 3 1 6  +0.0145 +0.01844 0.0 0.0 

Table (7.2) Coefficients of the log series representation of 
a(i) values - Mean roof-level pressure coefficients. 

a( i )  j :  0 i 2 3 4 5 6 

0 -0.1532 -0.04332 -0.05981 0.0 +0.02435 0.0 0.0 
1 +0.5031 -0.08585 0.0 0.0 +0.1564 0.0 -0.08276 
2 +0.3689 +0.1479 -0.02574 -0.02252 0.0 0.0 0.0 
3 -0.03146 +0.05712 -0.01061 +0.007807 +0.01978 0.0 0.0 
4 -0.07928 -0.03031 +0.05996 +0.01161 -0.01460 0.0 0.0 
5 -0.08458 -0.04409 -0.01777 -0.00624 0.0 0.0 0.0 
6 +0.02826 +0.03123 -0.01961 -0.01589 0.0 0.0 0.0 
7 +0.007429 0.0 - 0 .02585  +0.006443 +0.01425 0.0 0.0 

These coefficients closely reproduce the data in Figs.(7.3) and (7.2). 
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The values for the a(i) and b(i)  coefficients are given in Table (7.3) 
for H/h : 6, S = 2/3, z/H : 0.85. 
This is the level corresponding approximately to the maximum positive 
pressure on the windward face, and thus for which the amplitude of the 
distortions caused by displacement f rom the centre line is also a 
maximum. 

The procedure was to f i t  the values for various X/W to a straight line 
for each angle:- 

Cp(B) " (A + B(XIW)(B) (7.4) 

Where:- 

A = a(O) + z a( i ) .cos( i .e)  (7.5) 

B = ~ b ( i ) . s in ( i . 0 )  (7.6) 

For comparison, the table also includes the corresponding coefficients 
for the whole face mean Cp and the local mean Cp for z/H = 0.850. 
The effects of sheltering blocks can be expressed in the form :- 

D = (Cp(O)-Cp(sheltered)) 

Where S is the 

" f(T,T2,T3,S.T,S.T2, S2.T) (7.7) 

depth to width rat io as before and T is given by:- 

T = tanh(T~IT~) (7.8) 

The def ic i t  can be expressed by such a series for each of the Fourier 
coefficients a( i ) .  The coefficients for equation 7.7 for i= 0 to 7 are 
given in Table (7.4). 

The local pressure coefficients for zero wind angle for various S are 
plotted against z/H (Fig. 7.10). For z/H>0.1, the curves collapse 
almost to a straight line. The best straight line f i t  is :- 

Cp{O) = 1.617 - 0.8552(z/H) (7.9) 

The Ran roof reference pressure coefficients and the corresponding 
centre line values from Bowen 67 (depth/width = 2/3) have been plotted 
for shelter conditions f rom H/h - 1 to H/h = 6. (Fig (7.9)). The 
results al l  l ie  approximately on a straight line. 
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Table (7.3) a(i) and b(i) coefficients for z/H=O.85, S-2/3. 

llJ 0 1 2 3 4 5 6 7 

a(i) -0.1055 +0.5029 +0.3379 -0.01625 -0.09895 -0.02349 0.0 +0.01509 

(J) 0.0 0.0 +0.2370 +0.4761 +0.2029 -0.1679 -0.1316 0.0 

. . . e . . . . e . e . e e o e e e . . o e o . . . . e e o e e e a e e e e . . . o . . . . . e . e o e . e e . . . . . . . . . ' . . ' ' ' ' ' ' ' ' ' ' "  

,(1)r 
(all) 

a(i)r 
(loc) 

-0.1505 +0.4480 +0.255 -0.055 -0.037 +0.013 0.0 0.0 

-0.0896 +0.5262 +0.3469 -0.01467 -0.09058 -0.008457 +0.01833 0.0 

Key:- a( i ) r  (a l l )  - coefficients for the whole facade mean Cp. 
a( i ) r  ( lot)  = local mean Cp fpr z/H-O.850 
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Table (7.4) Coefficients of the tanh series representation of D values. 

fl T 2 T 3 c T S.T S.T -SZ-T 

0 0 . 3 6 4  0.3126 -0 .9310  0.7249 0.0 -0.1137 0.0 
1 0 . 9 5 5  0.5993 0.0 0.5177 0 . 2 1 5 7  -0 .8841  0.0 
2 100. (as) 0.0 1973.0 0.0 44.06 -3596.0 0.0 
3 3.80 0.0 -3.391 11.72 0.0 0.0 0.1459 
0 0.640 0.0 -0.6743 0.5268 0.0 0.1067 0.0 
5 1 . 0 5 0  0.0725 0.0 0.04232 -0.07704 0.0 0.0 
6 1 0 . 0  0.5564 0.0 -87.23 -0.6760 11.98 0.0 
7 1.0 0.0 0.0 0.0 0.0 0.0 0.0 

(as) = asymptote solution. 

These coefficients match 
within 5%. 

the data in Fig.(7.9) to within 10%, and mostly 
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Fig.(7.10) Local pressure coefficients for zero wind angle and 
various S plotted against z/H. 

Equation 7.4 can be used for any wind direction for which the wind is 
incident on the facade, i .e. -90 to +90 degrees and represents a 
scaling factor taking into account the variation of wind speed with 
height. This is due to the fact that the centre line pressures vary 
l i t t l e  with wind angle over the central part of this range where the 
scaling factor is important. 
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A similar exercise could be carried out for Cp(90) and Cp(180). For 
this range of wind directions, however, the flow pattern is dominated by 
the building and is largely independent of the oncoming wind profi le, 
and a scaling factor may be therefore unnecessary. 

for S = 2/3: Cp(mean) ~ 0.92 Cp(central) -0.03 (7.10) 

for S = 3/2: Cp(mean) ~ 0.97 Cp(central) (7.11) 

for the f la t  roof: 

Cp(mean) o -0.3612 + 0.4141Cp(central) (7.12) 

7.3 Case studies 

7.3.1 Aylesbury test house 

Wind pressure data has been gathered by Eaton and Mayne Is of the 
Building Research Establishment (England) for a test building near 
Aylesbury. The mean roof level Cp has been calculated for the 
Aylesbury Test House data for points near the centre line of the East 
and West facades. (3EW3,SEW3,3WW3,5WW3). (see Fig. (7.11)) 

North wall 

Fig.(7.11) Aylesbury Test House - location of pressure taps 
(From Eaton and Mayne Is reproduced by permission of the Controller, 
HMSO Crown Copyright) 
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The calculated values, using the coefficients derived from Table (7.2), 
are plotted with the data in Fig.(7.12a) against each other and both 
against relative wind angle in Fig.(7.12b). 

I t  can be seen that there is a considerable scatter of the data 
points. This is a result of the unsteady nature of the real wind 
under the strong wind conditions when the f ie ld measurements were 
made. 
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7.3.2 CAARC ta l l  building model 

The method has been tested against the CAARC data from Melbourne66. 
Here the local pressure coefficients were used. The data to be 
matched was the roof level Cp on the centre line for z/H ~ 2/3. 

The data for the building is: -  

H : 183m (600'), L : 45.72m (150'), W • 30.48m (IO0') 

6 < H/h <15.25 
block height. 

S - 2/3 for 

The power 
Therefore:- 

for the 6 wind tunnel investigations, h - roughness 

the centre line of the wider face. 

law exponent for the velocity gradient Is given as 0.26. 

V(z)/V(H) : (z/H) 0"26 (7.13) 

Cp(r) 2/3 
< b P ~  J(} > 

. (2/3)0"52. (1.047/I. I I0)  .<Cp(~)> (7.14) 

(From equations (7.9) and (7.13) and Table (7.1) for the case of 06 
wind angle). 

• 0.7639 < Cp(£) > (7.15) 

The coefficients a(1), calculated using the coefficients from 
Table (7.1) are displayed in Table (7.5). 

Table (7.5) 

Mean local Cp's 
(:<Cp(~)>) 

Roof level Cp's 
(H/h=6) 

alO/: -0.232 -0.1505 
a 1 +0,996 +0,448 
a/21: +0.538 +0.255 
a 3 -0.105 -0.055 

el41: -0.i03 -0.037 
a 5 +0.0106 +0.013 
a(6)= +0.041 0.0 
a(7)- +0.005 O.0 

b ( i ) :  0.0 0.0 
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The results are plotted against the CAARC data in Fig (7.13). I t  can 
be seen that for the regions where equation (7.9) applies (-go to +go 
degrees), the f i t  Is excellent. 
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I I I . . . . .  ~ . . . .  i I I I • I • • • • I I -  I l 

-~4o -~ -~ -20 20 Go ~oo z~ ~ 

Wind Rngte 

Fig.(7.13) Measured and calculated pressure coefficients plotted 
against wind angle for the CAARC Standard Tall Building 
Model. 

The mean roof level Cp for the wider facade is also plotted, using 
coefficients from Table (7.2). I t  can be seen that this gives a 
better f i t  for wind angles greater than 100 degrees. 
I t  should be noted that the mean local <Cp(~)> used above contains no 
information about the distribution of pressure on the facade, and so 
cannot be expected to be accurate when the pressure gradient is 
changing most rapidly. 
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7.3.3 Comparison with fu l l  scale measurements on a high rise 
bulldl~g 

Results f rom fu l l  scale and model measurements reported by 
Dalgliesh s2 for a Toronto office building also resemble the Fourier 
series solution. The mean and rms about the mean values were plotted 
against wind angle for the building. A sample of his results is 
given in Fig. (7.14). An interesting feature is that the principal 
maxima of the rms plot appear to coincide with angles where the mean 
pressure coefficient is changing most rapidly. This suggests a 
possibi l i ty of finding a prediction function for the rmsm based on 
the derivative of that for the mean Cp with respect to wind angle. 
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,z  O . )  
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SENSOR )12 I'--0"I t I 
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W E S T  N O R T H  EA ST S O U T H  W E S T  

W I N D  D I R E C T I O N  

N o r t h  w i l l  t r a p  1 0 . 7  m t r o m  N . E .  c o r n e r ,  5 0 t h  f l o o r .  

Fig.(7.14) Example of fu l l  scale measurements on a 57 storey office 
tower in Toronto. (from Dalgliesh s2 ) 

7.4 Notes on the use of Fourier analysis 

I t  should be noted that, when perform!ng a harmonic analysis, the 
maximum order that can be derived is (k-2)/2 where k is the number of 
equally spaced data ordinates (y( i ) ) .  e.g. i f  the pressure coefficient 
is given for wind angles every 30 degree), k = 12 and n(max)=5, i f  the 
interval is 15 degrees, k-24 and n(max) 11. 

k-l 
a(O) = ( I / k )  z 

m=O 
k-l 

a(i) - (2/k) z 
m=O 
k-l 

bE1) = (2/k) 
m=O 

y(m) (7.16a) 

y(m).cos(2.m.i. ~/k) 

y(m).sin(2.m.i, x/k) 

(7.16b) 

{7.16c) 

Since the above study indicates coefficients of significant size up to 
n - 6 for a simple rectangular building, k must be at least 14, 
corresponding to an angular interval of 25.7 degrees. For more complex 
situations the solution may involve higher order terms and, thus, more 
closely spaced data points. I f  one attempts to f i t  higher order 
coefficients than Is appropriate for the number of data points, aliasing 
can occur. 
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I f  the data points are not equally spaced, one 
aforementioned GLIM method to obtain arms best f i t .  
number of points required s t i l l  holds. 

can use the 
The l imi t  on the 

7.5 Summary 

The above examples demonstrate that the method of Harmonic Analysis can 
be applied successfully in the case of simple rectangular blocks and 
other simple shapes. The results of Shaw ~B show that I t  can be applied 
to real buildings of irregular form in the real environment (up to 3rd 
order, using 8 wind directions). The relationships derived in this 
chapter should be adequate for the calculation of whole facade mean 
pressure coefficients referenced to roof level or local winds, and 
should therefore be a useful tool for the prediction of wind induced air 
in f i l t ra t ion  In buildings. 
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8 Theoretical modelling 

8.1 Modelling of the pressure distribution 

Work in this area appears to be rather sparse. Such as there is, is 
listed in Table (8.1a). 
Purely theoretical models have, up to now, been confined to 
consideration of the 2D case, which is susceptible to treatment by 
transformation techniques. (e.g. Yih 71, Parkinson and Jandali ~2, 
Kobayashi73), or to numerical modelling. (Hunt 74) 
All suffer from the disadvantage that they cannot cope with flow 
separation. 
Empirical methods are described by Hoxey ss who uses a quadratic function 
of wind angle (see Chapter 4), Shaw 6B and the author (see Chapter 7), 
using Fourier series. 

8.2 Modelling of the wind profile 

A selection of papers on numerical modelling of the atmospheric boundary 
layer over complex terrain are listed in Table (8.1b) (see Chapter 9) 

Table (8.1) 

a) Pressure distribution 

Investigator(s) Affiliation/ Method Used Case Studied 
Organisation 

.... 2'O viscous, laminar Pressure distribution on the windward face. 
Homan stagnation flow. Solves for uniform approach flow and 2-O or 
(Ylh 71) axls~m~netrlc bodies. 
• . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  • . . . . . . . . . . . . . . . . .  ° . .  . . . . . . .  . . ° o . . . . , . . .  

G.V.Parkinson .... Potential flow theory 2-0 incompressible potential flow external 
T.jandall to a s~nnmetrlc bluff body and its wake. 
(72) Requires the location of separation points 

on the bluff body and base pressures in the 
separated regions. Useful only for 2-D bodies 
since uses transformation methods for the 
solution. 

• . . . .  . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . o . , . . . . . . . . . . °  . . . .  o o . . . ° . . , . . . . . . . . . . . . . , . ,  

ShoJl Structural 2-O potential Pressure distribution on the windward faces of 
Kobayashl l~echanlcs theory a 2-O rectangular cylinder in uniform flow. 
{73) Inst. of Used transformation methods to assess 

Construction the variation across the facades for 
Technology different wind angles. 
KaJlma Constr. 
Co.Ltd. 
Japan 

{74) Cambridge theory with isotroplc turbulence. Predicts mean and 
fluctuating surface pressures for regions where 
there is no flow separation. 

. . . . . . . . . . . . . . . . . . . .  • . . . .  , . . , , , , . . . . . . . .  . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . *  

J.D.Holmes James Cook Computer simulation Mean and r.m.s internal pressure coefflclents 
(75) Univ. of ~el - damped {both are monotonic functions of the ratio 

N.Queensland Hel~olz resonator of windward to leeward opening areas.) 
Townsvllle (central difference) Considers inertia and response time effectl 
Australia used simulated for a step change in pressure, as in 

external pressure the case of window failure {or door 
record as driving opening). 
function. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . , . , , . , .  . . . . . . . . . . . .  
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b) Studies o f  the wind f i e l d  - complex 

Investlgator(s) Affl l ial~lon/ Method Used 
Organlsatlon 

t e r r a i n  

Case Studled 

D.M.Deaves Cranfleld Numerical  model Neutrally strat i f ied B-L passing over a 2-D h i l l  
(76) Inst. of Tech. or embankment. Looks at the speed up rat io.  

Compares with fu l l  scale measurments at Brant 
Knoll and Black Mountain (Canberra, 
Australia 
The model can be adapted to arbitrary shapes. 

(77) Service. prof i le.  Neutrally st rat i f ied A.B.L 
Downsview, 
Ontario 
Canada 

~ .. . . . . . .  F ~ i ~  . . . . . . .  ~ ; i ~ i ' ~ i i i ~  ..... ~ i ~ ' ~ ; ' ; i ~  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
R.I.Sykes Bracknell 
(78) Berks. U.K. 

~ i ~ ; ~ ; ~  .... . .  ~ ' ~  . . . . . . . . .  ~ i ~ ; i ' ~ i i ~ G  ..... 6 i ~ ' ~ ; ' ~ ' i ~ ' ~ i i i l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

J.C.R.Hunt Caniarldge Including turbulence. 
(79) 
• . . . . . ~ .  . . . . . . . . . . . . . . . . . . . . . .  o . o o . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . o o . . o o . . o . . . . . . . .  . . . .  . ,  

T.Kubo Kanazawa Inst. Interpolation method Models wlnd f ie ld over complex terrain based on 
of Technology a small nuM)er of observations. 

I.Hayakawa Tokyo Inst. of 
Technology 

Y.Isobe Regnl.Plannlng 
Team. lnc. 

(80) Japan 

(81) K.K the mean wind f ield over complex terrain. 
(.Shlozawa Waseda Univ. 
)-I .  Okamoto Industl.Polln. 

Control Assn. 
of Japan 

~ddltlonal References 

locke et.al  (82) 
~erman et al. (83) 
~ntonla and Luxton (84, 85) 
~uer (86) 
~lauert (87) 
~unt (88) 
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9 The Wind Field 

In order to use the pressure coefficients to generate surface pressures, i t  
is necessary to provide an adequate description of the local windfield. 
The degree of detail required wi l l  depend on the choice of reference wind. 
This part of the report includes some of the more commonly used 
descriptions of the planetary boundary layer, and discusses some of the 
factors which affect the velocity structure on a local scale. 

There are two basic levels of information. 

1) Single point reference winds, such as Vg, V(lOm), roof level or ceil ing 
level reference winds, and, 

2) Multi-point reference winds, i .e. mean and r.m.s velocity profiles. 

Single point reference winds may be derived by:- 

a) direct measurement, 

b) reference to standard data, e.g. from BS5925 h, 

U(z) /Um - Kz a (9.1) 

where Um is the average lOm windspeed for open country in the region of the 
building. 

c) reference to a nearby site, e.g. from Sherman and Grimsrud Bg, 

v - v'.  [:(H/IO)YJ 

[a'(H'/lO) Y' ] 

(9.2) 

where the primed quantities refer to the wind measurement point. 

The above equations are of the "power law" type. These are simple to use 
but are not readily given a physical interpretation. Alternatively one may 
use a logarithmic law, as derived from the theory of boundary layer flow. 
This is a more cumbersome formulation to use, but can be assigned a 
physical meaning. 

There are two commonly used forms of the "log-law" :- 

i) U(z) = (U*/k).In [(Z-d)/ZoJ (9.3) 

where d is the displacement height, Zo is the roughness lenQth, U* is the 
f r ic t ion velocity and k is yon Karmans constant (= 0.4). (ESDUg0,91). 

This form of the equation is confined to the constant stress layer (O-30m) 
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i i )  The Rossby formula as used by Jensen and Frank17: - 

(U(z)IU*) : ( l l k ) . In [ (Z+Zo) /Zo]  (9.4) 

or the extended version for the whole boundary layer used by Deaves92,93: - 

I .  InZ+Zo +5.75y-1.875y2-1.333y3+0.25y 4 (9.5) 

This form of the equation has the advantage of avoiding the use of the 
displacement height which is not easy to determine. 

The f r ic t ion velocity can be estimated using :- 

U* = k . (V(z)  - O.Olz) / ln ( (z+Zo) /Zo)  (9.6) 

where z is the height of the measurement, as long as y - z/Zg is small. 
(Lawson 26 ) 

Multipoint reference winds are required when local pressure coefficients 
are used. One may require individual values of wind speed for the local 
pressure coefficient, or the average windspeed over the whole facade for 
the "whole face mean pressure coefficients" from eqn.7.1 and Fig.(7.3). 
The following calculations were made of the mean windspeed appropriate for 
use with the local mean pressure coefficients derived in Chapter 7. 
In this case, the reference wind is given by :- 

] = 
z2 
f U(z) dz 
z l  
z--'Z 
f dz 
zl  

(9.7) 

where zl and z2 represent the heights of the upper and lower bounds of the 
facade, thus for wall A, zl - 0 and z2 : Ze, while for roof R, zl : Ze and 
z2 - H (see Fig. 9.1). 

,mO Fig. (9.1) 
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For a power law,  the mean velocity is of the form:- 

: k .(z2 (a+l) - zl(a+l)) 
( z z - z ] . )  

(9.8) 

In the case of the Rossby formula:- 

z2 
1] : ; U(z).dz 

zl (9.9) 

= U*.[ (z2+Zo)In(z2+Zo)-(z l+Zo)In(z l+Zo[  - ( l+In Zo) + 
~-  L -- ' ( ' iZ:zl)  

+(11(y2-y1).(2.875(y22-yl 2) - 0.625(y23-yl 3) 

- 0.333(y24-y14) - O.05(yzB-y15)] (9.10) 

The last group of terms reduces to (+O.O096((z2+z1)/2)) when (z2-zl)/h is 
small. 

The equivalent form of this equation for eqn. (9.3) is:-  

: 3~"[ (~2-d) In (z2-d)-(zl-d)-In (zl-d) - (1+In (z2-zl) Zo)] (9.11) 

Although this form of equation is more complex, i t  is generally compatible 
with the published expressions for the effects of terrain, shelter, 
roughness changes and stabi l i ty .  

Of these perturbing factors, sloping terrain tends to dominate. Even a 
slope as small as 1:50 can swamp the effects of a roughness change. 
(Panofsky and Petersen 9h, Petersen and Taylor 95, Tieleman et.al.3S-~°). 
For a single point reference wind one may use a correction of the form used 
in CP3 and the French Code of Practice (R~gles NV 65). 

For multipoint reference winds, one of the numerical methods e.g. 
Deaves 7G, or Jackson and Hunt ?B would be more appropriate. 
(see Table (8.1)). 
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Next in importance is the effect of shelter. For the effects of local 
shelter in the form of wind breaks and shelter belts, see Guyot 9G, 
Perera 97, Raine and Stevenson 98. For the effects of neighbouring buildings 
see Table (A2.2), Hussain and Lee 2B-31, and Soliman 34. 

For the nature of the flow around a building, see Fackrell and Pearce 99, 
Castro and DianatIOp, Corke, Nagib and Tan-atichat 23. The results from 
these authors can be used to estimate the zone of influence of a building, 
and thus, to some extent, the effect of a large building on the smaller 
buildings in i ts wake. 
In the case of an array of ta l l  buildings, the mixing caused by the flow 
around them is suff icient to destroy the structure of the wind prof i le. 

Changes of roughness have been dealt with in some detail by 
Blom and Wartena101, Townsend102,103, Shir~04, Wood105 and Deaves92, 93. 
That consideration of roughness changes is necessary can be seen upon 
examining the values of fetch required to establish a new boundary layer. 
(see Table (9.2)) The theory of Deaves 92,93 has now been incorporated into 
a new ESDU data item 82026 (91, Lawson10G ) 

Weakest of the major perturbing factors on the wind prof i le on the scale of 
a building is that of s tab i l i ty .  The effect of departure from neutral 
s tab i l i t y  is largely on the turbulent component of the wind, affecting the 
scale and intensity of the eddies, and the distances over which they are 
propogated. This effect can become notable i f  one is using the reference 
wind corrected for turbulence of Corke et.al.23, 24. (see Chapter 4). 
The effects on the temperature gradient w i l l  not usually be significant, 
since the temperature drop over the height of the building is usually small 
compared with the internal-external temperature difference. Where this is 
not the case, Ti-To is i t se l f  small, and the stack contribution to 
in f i l t ra t ion  not very significant. There may be rare exceptions, e.g. 
when there is strong radiative cooling at ground level. 

Table (9.1) Fetch required to establish a new equilibrium boundary 
layer after3a change in roughness. 
(Deaves 92,9 , ESDU 91) 

a) Smooth to rough 
i 

Zo (m) 0.5 0.2 0.1 0.05 0.02 

F/Zg 52 68 84 105 139 

Zg (m) 405 370 350 330 312 

F (km) 21 25.2 29.4 34.6 43.4 

b) Rough to smooth 

Zo(u)/Zo 2.5 6.0 15 40 100 

F/Zg 22 34 54 89 140 

x 350 7.7 11.9 18.9 31.2 49 
(km) (for Zo =0.1) 
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10 Targets for future research 

The present calculations have shown how the variation of pressure 
coefficients with wind angle can be represented by a Fourier series. The 
dependence of the a(i) coefficients of the Fourier series on side ratio and 
shelter has been demonstrated. Further analysis of existing wind tunnel 
data on local pressure coefficients should yield more detailed information 
on the antisymmetric coefficients b( i ) .  (Akins 3s) I t  would be useful to 
find other relationships such as eqn.(7.9), which relate local pressure 
coefficients to whole face pressure coefficients using the physical 
para~ters of the building. (z/H, X/W, S) 
Eventually, the results of Chapter 7 wi l l  be applied to the calculation of 
pressure coefficients for use with computer models and tested against the 
Air Inf i l t raton Centres model validation data sets . 

The usefulness of the presently available data on wind pressures is s t i l l  
limited. The behaviour at lower windspeeds is not well known and should be 
investigated, particularly with respect to the fluctuating pressures 
arising from turbulence. 
A study of the effect of adding a turbulent component to the reference 
velocity, after the manner of the comfort criterion used by those studying 
wind environment, (as proposed by Corke et.a123,24), offers promise for the 
unification of the pressure coefficient for different boundary layer 
structures, and thus achieving the desired result of making the pressure 
coefficient specific to the building alone. 
The results of Dalgliesh s2 suggest that there is a strong contribution to 
the fluctuating pressure arising f rom flow separation on the building 
i tse l f ,  superimposed on that from turbulence in the incoming flow. The 
frequency ranges for these two components of the fluctuating pressure are 
usually mutually exclusive. The simplified stat ist ics associated with this 
property should allow the prediction of the fluctuating pressures on the 
building surface. 
The probability distribution function (pdf) and cumulative distr ibution 
function (cdf) as described by Holmes s4 also indicate a need to explore non 
Gaussian effects in the separation regions. This would allow a better 
stat ist ical  treatment of the pressure differences to which the leakages in 
the structure are exposed, and thus of the in f i l t ra t ion  over a wider range 
of conditions. 

In order to incorporate such effects into a model we require a more 
expl ic i t  method relating flow through a crack to a fluctuating pressure 
signal. I t  may be possible to adapt the transfer function approach of 
Gumleyh9, s0 for flow in tubes connected to a manifold. 
Future wind tunnel studies, in the l ight of the use of harmonic analysis 
techniques, should include the systematic investigation of other building 
shapes, e.g. those composed of combinations of simple block forms, those 
with pitched roofs, and those with curved surfaces. 

The sheltering effect of neighbouring buildings on the pressure 
distribution also merits further investigation. This report gives some 
results, but for one type of array spacing only. The work carried out at 
Sheffield University (Hussain, Lee and Soliman 28-31 and Soliman3~) offers 
some indications of the trends to be expected, but the results are not 
presented in a form which can be analysed as above. 

61 



62 



BIBLIOGRAPHY 

(1) Liddament M. Allen C.M. 
The validation and comparison of mathematical models of air 
in f i l t ra t ion .  
Air In f i l t ra t ion Centre Technical Note AIC-TN-I~83 Sept. (1983) 

(2) Shaw C.Y. 
A method for predicting air in f i l t ra t ion  rates for a ta l l  building 
surrounded by lower structures of uniform height. 
ASHRAE Trans. voi.85, No.l, pp72-84, (1979) in English #AIC 4 

(3) Brit ish Standards Insti tut ion 
Code of Basic Data for the Design of Buildings. CP3. Ch.V Loading 
Part 2: Wind loads. (1972) 

(4) Brit ish Standards Institution 
B.S.I. Code of Practice for design of buildings: 
principles and designing for natural venti lation. 
Brit ish Standard BS 5925:1980 in English, BSRIA 

ventilation 

(5) National Research Council, Ottawa 
National Building Code of Canada 
NRC, Ottawa, Canada 

(1975) 

(6) Ackeret I. 
Auswendung der Aerodynamik im Bauwesen 
Achte Ludwig- Prandtl- Gedaechtnis- Vorlesung 
zfw. 13 Jahrg. Heft 4, April 1965 (in German) 

(7) Normen fuer die Belastungsannahmen, die Inbetriebname und die 
Ueberwachung der Bauten. 
Schweizerischer Inginieur - und Arkitekten- Verein Nr.160, (1956) 
(Swiss Building Code) 

(8) Davenport A.G. 
Gust Loading Factors. 
Proc. ASCE : J. Structural Div. voi.93, No.ST3, June (1967) 

(9) Davenport A.G. 
On the assess~nt of the r e l i a b i l i t y  of wind loading on low buildings. 
J. Wind Engng. and Industrial Aerodynam. vol.11 parts 1-3 (1983) 
pp21-37 

(10) American National Standard: Building Code requirements for minimum 
design loads in buildings and other structures. 
ANSI A58-1 (1972) New York, U.S.A. 

(11) Standards Association of Australia 
Rules for minimum design loads on structures. 
AS 1170 Part 2 (1975), Standards Association of Australia, Sydney, 
Australia 

(12) Sachs P. 
Wind forces in engineering. 2nd Ed. 
Pergamon Press (1978) 

63 



(13) Deutche Normen DIN 1055 Blat.4 
Lastannahmen im Hochbau: Verkehrslasten- Windlast, June 1938 
(Fassung XXX (1965) mit erganzenden Bestimmungen, Fassung March 1969) 

+ Tell 45: Lastannahmen fuer Bauten, Verkehrslasten, Aerodynamische 
Formbeiwerte fuer Baukoerper. (Ergaenzung zu DIN 1055 Tell 4: 
Ausgabe May 1977, Entwurf May 1977) 

(14) Handa K. 
Wind-induced natural venti lation. 
Sweden: Building Research Council D10(1979), ISBN 91-540-3067-6. 
English BSRIA sp 

in 

(15) Eaton K.j. Mayne J.R. 
The measurement of wind pressures on two-storey houses at Aylesbury. 
Building Research Establishment current paper 70/74. 39p. July 
(1974) in English #AIC 119 

(16) Eaton K.J. Mayne J.R. Cook N.J. 
Wind loads on low-rise buildings - effects of roof geometry. 
Building Research Establishment Current Paper 1/76 (1976) in English 
BSRIA sp. 

(17) Jensen M. Franck N. 
Model-scale tests in turbulent wind part 2. Phenomena dependent on 
the velocity pressure. 
Danish Technical Press, Copenhagen 169p. (1965) in English #AICR DK2 

(18) Penwarden A.D. Wise A.F.E. 
Wind environment around buildings. 
B.R.E. Report (1975) 

(19) Lindquist T. 
Ventilation heat loss in a detached one family house. 
Supplement to Proceedings, 3rd AIC Conference "Energy ef f ic ient  
domestic ventilation systems for achieving acceptable indoor air 
quality" 0ct.(1982) pp C1-Cll 

(20) Phaff J.C. 
Luchtbeweging om gebouwen: Verfolg van een modelonderzoek naar de 
winddrukken om enkele gebouwvormen. 
IG-TNO Report C 429, June 1979 

(21) van Dalen H. 
Luchtbeweging om gebouwen: De drukopbouw om laagbouw onder invloed 
van in de nabiJheid gelegen hoogbouw met betrekking tot de uitmonding 
van kanalen bovendaks. 
IG-TNO Report C 319 May 1973 

(22) Lugtenburg A. 
Luchtbeweging om gebouwen: Druckmetingen aan afvoerkanalen 
IG-TNO Report C302 May 1972 (in Dutch) 

(23) Corke T.C. Nagib H.M. Tan-atichat J. 
Flow near a building model in a family of surface layers. 
J.Ind.Aerodynam. vol.5 (1979) pp139-158 

64 



(24) Corke T.C. Nagib H.M. 
Wind loads on a building model in a family of surface layers. 
J.Ind. Aerodynam. vol.5, nos 1,2, p159-177 October (1979) in 
English.BSRIA J. 

(25) Hamilton G.F. 
Effect of velocity distribution on wind loads on walls and low 
buildings. 
Tech. Publication Series. TP6205 November 1962 Dept. Mech. Engng., 
Univ. of Toronto 

(26) Lawson T.V. 
Wind effects on buildings. 
Vol.1 Design Applications: Vol.2 Statistics and Meteorology. 
Applied Science Publishers, London (1980) 

(27) Hussain M. 
A study of the wind forces on low rise building arrays and their 
application to natural ventilation design methods. 
PhD Thesis. University of Sheffield, Department of Building Science. 
323p. November (1978) in English 

(28) Hussain M. Lee B.E. 
An investigation of wind forces on three dimensional roughness 
elements in a simulated atmospheric boundary layer. Part 1. Flow 
over isolated roughness elements and the influence of upstream fetch. 
Dept. of Building Science, University of Sheffield report BS 55 July 
(1980) in English #AIC 327 

(29) Hussain M. Lee B.E. 
An investigation of wind forces on three-dimensional roughness 
elements in a simulated atmospheric boundary layer flow Part 2. Flow 
over large arrays of identical roughness elements and the effect of 
frontal and side ratio variations. 
Dept of Building Science, University of Sheffield, Report BS 56, July 
(1980), 81p, in English #AIC 326 

(30) Hussain M. Lee B.E. 
An investigation of wind forces on three-dimensional roughness 
elements in a simulated atmospheric boundary layer flow Part 3: The 
effect of central model height variations relative to the surrounding 
roughness arrays. 
Dept of Building Science, University of Sheffield, Report BS 57, July 
(1980),37p in English #AIC 325 

(31) Hussain M. Lee B.E. 
A wind tunnel study of the mean pressure forces acting on large groups 
of low-rise buildings. 
J. Wind. Eng. & Ind. Aerodynam. vol.6 nos 3,4 October (1980) 
p.207-225 in English #AIC 513. 

(32) Lee B.E. Hussain M. Soliman B. 
A method for the assessment of the wind induced natural ventilation 
forces acting on low rise building arrays. 
University of Sheffield, Department of Buildin~ Science report no. 
50. = Bldg. Serv. Engng. Res. Tech. vol.1 no.1 1980 p35-48 March 
(1979) in English #AIC 27 

BS 

65 



(33) Lee B.E. Hussain M. Soliman B. 
Predicting natural ventilation forces upon low-rise buildings. 
ASHRAE J. voi.22, no 2. p35-39 February (1980) in English. #AIC 337 

(34) Soliman B.F. 
The effect of building grouping on wind induced natural ventilation. 
University of Sheffield, Department of Building Science report BS14 
30p. December (1973) in English #AIC 86. 

(35) Akins R.E. 
Wind pressures on buildings. 
Ph.D.Thesis Colorado State University (1976) #AICR US7 

(36) Akins R.E. Peterka J.A. Cermak J.E. 
Pressure distributions on buildings in atmospheric shear flows. 
Proc. 2nd U.S.National Conference on Wind Engineering Research, 
Colorado State University, June 1975 in English #AIC 283 

(37) Akins R.E. Peterka J.A. Cermak J.E. 
Averaged pressure coefficients for rectangular buildings. 
In "Wind Engineering" Proceedings 5th International Conference Fort 
Collins Colorado USA 8-14 July (1979) vo l : l  p.369-380 Pergamon 1980 in 
English #AIC 461 

(38) Tieleman H.W. Akins R.E. Sparks P.R. 
A comparison of wlnd-tunnel and ful l-scale wind pressure measurements 
on Iow-rlse structures 
4th Colloquium on Industrial Aerodynamics. Aachen June 19-20, 1980 in 
English #AIC 200 

(39) Tieleman H.W. Gold R.R. 
Wind tunnel investigation of Care Inc. single family dwelling. 
VPI-E-76-22, (1976), Virginia Polytechnic Institute and State 
University. Blacksburg, Virginia, U.S.A #AICR US4 

(40) Tieleman H.W. Reinhold T.A. 
Wind tunnel model investigation for basic dwelling geometries 
VPI-E-76-8, (1976), Virginia Polytechnic Institute and State 
University. Blacksburg, Virginia, U.S.A #AICR US5 

(41) van der Held E.F.M. 
The effect of turbulence on ventilation. Der Einfluss der Turbulenz 
auf der Luftung. 
Gesundh. Ing. voi.74 no.23/24 p.381-5 1953 - Building Research 
Station Library Communication no.1632 2 refs. 6 figs. (1953) in 
German, English BSRIA J,sp. 

(42) Etheridge D.W. Alexander D.K. 
The British Gas mult l-cel l  model for calculating ventilation. 
ASHRAE Trans. voi.86 part 2 (1980) pp808-821 in English #AIC 183 = in 
"Ventilation of Domestic Buildings" #AIC 492 

(43) Potter I.N. 
Effect of fluctuating wind pressures on natural ventilation. 
ASHRAE Symposium : Air in f i l t ra t ion  and flow around buildings, 
Detroit, June 1979 (DE 79-1,No3 B) 
ASHRAE Trans. vol. 85, No. 2, (1979), pp445-457, #AIC 9 

66 



(44) Surry D. Kitchen R.B. Davenport A.G. 
Design effectiveness of wind tunnel studies for buildings of 
intermediate height. 
Can.J.Civ.Eng. vol.4 (1977) pp96-116 

(45) Graham R.W. 
Infrasonic impedance measurement of buildings for air leakage 
determination. 
Technical Report TR-77-15, Dept. of Electrical and Computer 
Engineering, Syracuse University, Syracuse, NY 13210, USA. June 
(1977) #AICR US8 

(46) Card W.H. Sallman A. Graham R.W. Drucker E.E. 
Infrasonic measurement of building air leakage-a progress report. 
Proceedings ASTM, ASHRAE, NBS, DOE Symposium on Air in f i l t ra t ion  
measurements Washington D.C. March 13, 1978 = Department of 
Electrical and Computer Engineering, Syracuse University, Technical 
Report TR-78°5. 13 figs 4 refs. Mar 1978 in English AICR US9 

(47) Card W.H. Sallman A. Graham R.W. Drucker E.E. 
Air leakage measurement of buildings by an infrasonic method. 
Dept of Electrical and Computer Engineering, Syracuse University 
technical report TR-78-1 110p. 28 refs. Jan 1978 in English AICR 
USIO 

(48) Irwin H.P.A.H. Cooper K.R. Girard R. 
Correction of distortion effects caused by tubing systems in 
measurements of fluctuating pressures. 
J. Ind. Aerodynam. vol.5, No's 1/2 October 1979 pp93-108 

(49) Gumley S.J. 
Tubing systems for the measurement of fluctuating pressures in wind 
engineering. 
D.Phil.Thesis, University of Oxford, (1981) 

(50) Gumley S.J. 
Tubing systems for pneumatic averaging of fluctuating pressures. 
J. Wind.Eng. Ind.Aerodyn. vol.12 July (1983) pp189-228 

(51) Hold# A.E. 
Some measurements of the surface 
models of a low-rise building. 
J. Wind.Eng.lnd.Aerodyn. vol.lO 

pressure fluctuations on wind-tunnel 

(1982) pp361-372 in English #AIC 681 

(52) Dalgliesh W.A. 
Comparison of model/full-scale wind pressures on a high-rise building. 
J. Ind. Aerodynam. vol . l ,  no.1 June (1975) p55-66 in English 
#AIC 509 

(53) Peterka J.A. Cermak J.E. 
Wind pressures on buildings - probabil i ty densities. 
Am. Soc. Civ. Eng. : J.Struct. Div. vol.101, (1975), pp1255-1267 

(54) Holmes J.D. 
Non-Gaussian characteristics of wind pressure fluctuations. 
J.Wind Engng. and Ind. Aerodynam. vol.7, (1981) pp103-108 

67 



(55) Hoxey R.P. 
An improved method of analysing wind load data. 
Dep. Note. DN/G/825/04024 National Institute of Agricultural 
Engineering. Wrest Park, Silsoe, Beds. 

(56) 
Symposium on fu l l  scale measurements of wind effects on ta l l  buildings 
and other structures, University of Western Ontario, June 23-29 (1974) 
Appendix 2.:- Survey of fu l l  scale investigations. 
J.Ind.Aero., vol.1, No.2, October (1975), pp126-138 

(57) Katsura J. 
A wind tunnel test of pressure distributions on box-shaped models. 
Proceedings USA-Japan Research Seminar "Wind loads on structures" 
National Science Foundation, University of Hawaii Honolulu, October 
19-24, 1970 ed. A.N.L. Chiu.  p97-108 in English #AIC 163 

(58) Hunt A. 
Wind-tunnel measurements of surface pressures on cubic building models 
at several scales. 
Journal of Wind Engineering and Industrial Aerodynamics vol.lO 
p.137-163 1982 (1982) in English #AIC 640 

(59) Macha J.M. Sevier J.A. Bertin 
Comparison of wind pressures on 
J. Wind.Eng. Ind.Aerodyn. vol.12 

J.J. 
a mobile home in model and fu l l  scale. 
July (1983) pp109-124 

(60) Caldwell D.R. van Atta C.W. 
Some measurements of ins tab i l i ty  in Ekman boundary layers. 
Proceedings of AGARD Conference on Aerodynamics of Atmospheric Shear 
Flows. AGARD Conf.Proc No 42 (1969) pp. 22.1-22.13 

(61) Caldwell D.R. van Atta C.W. 
Ekman boundary layer instabi l i ty .  
J.Fluid Mech. Voi.44 Part 1 October 1970 pp79-95 

(62) Cermak J.E. 
Applications of Fluid Mechanics to Wind Engineering - A Freeman 
Scholar Lecture. 
Trans.ASME J. of Fluids Engineering, March 1975 pp.9-38 in English 

(63) Fackrell J.E. Robins A.G. 
Wind tunnel study of flow dispersion in a simple model valley. 
Paper given at a Joint meeting of the Institute of Mathematics and its 
Applications and the Royal Meteorological Society. Cambridge 16-17 
March 1981 Abstract only, contact authors for details. (Marchwood 
Engineering Laboratories, Southampton) 

(64) Roth R. 
Measurement of the nocturnal low level jet  over northern Germany. 
Paper given at a Joint meeting of the Institute of Mathematics and its 
Applications and the Royal Meteorological Society. Cambridge 16-17 
March 1981 Abstract only, contact Author for paper. (Univ. of 
Hanover) 

68 



(65) Gerry U.Kieth Harvey G.P. 
The abatement of wind nuisance in the v ic in i ty  of tower blocks. 
Reviews and studies series: No. 18, Greater London Council (1983) 
(ISBN 7168 1326 2) 

(66) Melbourne W.H. 
Comparison of measurements on the CAARC Standard Tall Building Model 
in simulated model wind flows. 
J.Wind Engng. and Ind. Aerodynam. vol.6, (1980) pp73-88 

(67) Bowen A.J. 
A wind tunnel investigation using simple building models to obtain 
mean surface wind pressure coefficients for air i n f i l t ra t ion  
estimates. 
National Aeronautical Establishment, National Research Council Canada, 
report LTR-LA-209. December (1976) in English #AIC 161 

(68) Shaw C.Y. 
Wind and temperature induced pressure dif ferentials and an equivalent 
pressure difference model for predicting air in f i l t ra t ion  in schools. 
ASHRAE Trans. voi.86, part 1, (1980), pp268-279, #AIC 101 

(69) Stephenson G.E. 
Mathematical Methods for Science Students. 
pp240-262, 8th impression, Longman (1971) 

Ch. 15 : Fourier Series 

(70) Baker R.J. Nelder J.A. 
The GLIM System : Generalised Linear Interactive Modelling : 
3 : Manual 
Authors at Rothamstead Experimental Station, Harpenden, Herts. 
England. Copyright: the Royal Statist ical Society (1978) 
Printed by the Numerical Algorithms Group. 7 Banbury Rd. 
Oxford.OX2,6NN 

Release 

(71) Yih C.S. 
Fluid Mechanics 
McGraw-Hill Book Co. (1969) 

(72) Parkinson G.V. Jandali T. 
A wake source model for bluf f  body potential flow 
J.Fluid Mech. vol.40, Part 3, pp577-594 

(73) Kobayashi S. 
Calculation method of wind pressure distr ibution on buildings. 
Trans. Arch. Inst. Japan. November 1968 No.153, pp17-24 

(74) Hunt J.C.R. 
A theory of turbulent flow round two dimensional bluf f  bodies. 
J. Fluid Mech. vol.61, Part 4,(1973) pp625-706 

(75) Holmes J.D. 
Mean and fluctuating internal pressures induced by wind. 
In "Wind Engineering" Proceedings 5th International Conference Fort 
Collins, Colorado USA 8-14 July 1979 vol.1 p.435-450 Pergamon Press 
(1980) in English #AIC 462 

69 



(76) Deaves D.M. 
Computations of wind flow over two dimensional h i l l s  and embankments. 
J.Wind Engng. and Ind. Aerodynam. vol.6 (1980) pp89-111 

(77) Taylor P.A. 
Model prediction of neutrally strat i f ied planetary boundary layer flow 
over ridges. 
Quarterly Journal of the Royal Meteorological Society vol.107 (1981) 
No. 451, pp111-120 

(78) Mason P.J. Sykes R.I. 
Separation effects in Ekman layer flow over ridges. 
Quarterly Journal of the Royal Meteorological Society vol.105 (1979) 
pp129-146 

(79) Jackson P.S. Hunt J.C.R. 
Turbulent flow over a low h i l l .  
Quarterly Journal of the Royal Meteorological Society vol.101 (1975) 
pp929-956 

(80) Kubo T. Hayakawa I. Isobe Y 
Predictions of wind structure over a certain area by using observed 
data of several points. 
Proc. 4th International Symposium on the Use of Computers for 
Environmental Engineering Related to Buildings. (1983) Tokyo. Paper 
6.3, pp237-241 

(81) Ohishi Y. Shiozawa K. Okamoto S-I. 
Prediction of pollutant dispersal in complex terrain. 
Proc. 4th International Symposium on the Use of Computers for 
Environmental Engineering Related to Buildings. (1983) Tokyo. 
6.4, pp242-245 

Paper 

(82) Yocke M.A. et.al .  
The development of a three dimensional wind model for complex terrain 
Joint Conference of Applied Air Pollution Meteorology Dec. 1979 

(83) Berman E.A. et al. 
Numerical simulation of flow fields in rough terrain. 
Joint Conference of Applied Air Pollution Meteorology. Dec. 1979 

(84) Antonia R.A. Luxton R.E. 
The response of a turbulent boundary layer to a step change in surface 
roughness. Part I. Smooth to Rough. 
J.Fluid.Mech. voi.48 (1971) pp721-761 

(85) Antonia R.A. Luxton R.E. 
The response of a turbulent boundary layer to a step change in surface 
roughness. Part I I .  Rough to Smooth. 
J.Fluid.Mech. voi.53 (1972) pp737-758 

(86) Auer A.H. Jr. 
Calculations of divergence from 
Proceedings of the 2nd U.S. Nat. 
WERC/NSF Fort Collins, Colorado 

the windfield over an urban area. 
Conf. on Wind Engng. Res. 

(1975) ppI-20-1 to 1-20-3 

70 



(87) Glauert M.B. 
J.Fluid Mech. vol.1 p625 (1956) 

(88) Hunt J. 
Fundamental studies of wind flow near buildings. 
LUFBS Conference Proceedings No.2 pp101-109 (1975) in English #AIC 579 

(89) Sherman M.H. Grimsrud D.T. 
Measurement of air inf i l t rat ion using fan pressurisation and weather 
data. 
Proc. 1st AIC Conference: Air Inf i l t rat ion Instrumentation and 
Measuring Techniques, (Cumberland Lodge, Windsor Great Park, 
Berks.U.K. 6th-8th Oct. (1980)), Publ. Air Inf i l t rat ion Centre, Old 
Bracknell La. West, Bracknell, Berks. (I.E.A. Annexe.V). 

(90) ESDU 
Data Item No 72026: Characteristics of wind speed in the lower layers 
of the atmosphere near the ground: strong winds (neutral atmosphere) 
AICR UK2 

(91) ESDU 
Data Item No 82026 : Strong winds in the atmospheric boundary layer. 
Part 1. Mean hourly windspeeds. (1982) (intended to supercede Data 
Item 72026) 

(92) Deaves D.M. 
Computations of wind flow over changes in surface roughness. 
J.Wind Engng. and Ind. Aerodynam. vol.7 (1981) pp65-94 

(93) Deaves D.M. 
Terrain dependence of longitudinal RMS velocities in the neutral 
atmosphere. 
J.Wind Engng. and Ind. Aerodynam. vol.8 (1981/2) pp259-270 

(94) Panofsky H.A. Petersen E.L. 
Wind profiles and change of terrain roughness at Riso. 
Quarterly Journal of the Royal Meteorological Society vol.98 (1972) 
pp845-854 

(95) Petersen E.L. Taylor P.A. 
Some comparisons between observed wind profiles at Riso and 
theoretical predictions for flow over inhomogeneous terrain. 
Quarterly Journal of the Royal Meteorological Society vol.99 (1973) 
pp329-336 

(96) Guyot G. 
The aerodynamic effects of windbreaks. 
Promoclim E. June (1977) vol.8 no.3 p.157-188 in French BSRIA J. 

(97) Perera M.D.A.E.S. 
Shelter behind two-dimensional solid and porous fences 
4th Colloquium on Industrial Aerodynamics, Aachen 18-20 June 1980 9p. 
in English #AIC 202 

71 



(98) Raine J.K. Stevenson D.C. 
Wind protection by model fences 
layer 
J. Ind. Aerodynam. vol.2, no.2. 

in a simulated atmospheric boundary 

p159-180 in English BSRIA j .  

(99) Fackrell J.E. Pearce J.E. 
Parameters affecting dispersion in the near wake of buildings. 
CEGB Report, RD/M/1179/N81 

(100) Castro I.P. Dianat M. 
Surface flow patterns on rectangular bodies in thick boundary layers. 
J. Wind Engng. and Industrial Aerodynam. vol.11 parts 1-3 (1983) 
pp107-119 

(101) Blom J. Wartena L. 
The influence of changes in surface roughness on the development of 
the turbulent boundary layer in the lower layers of the atmosphere. 
J.Atmos.Sci., vol. 26, (1969) pp255-265 

(102) Townsend A.A. 
The response of a turbulent boundary layer to abrupt changes in 
surface conditions. 
J.Fluid.Mech. voi.22 (1965) pp799-822 

(103) Townsend A.A. 
The flow in a turbulent boundary layer after a change in surface 
roughness. 
J.Fluid.Mech. voi.26 (1966) pp255-266 

(104) Shir C.C. 
A numerical computation of air flow over a sudden change in surface 
roughness. 
J.Atmos.Sci. vol. 29 (1972), pp304-310 

(105) Wood D.H. 
Calculation of the neutral wind prof i le following a large step change 
in surface roughness. 
Quarterly Journal of the Royal Meteorological Society vol.104 (1978) 
pp383-392 

(106) Lawson T.V. 
The effect of fetch on wind profi les used in wind loading 
calculations. 
Short communication, J.Wind Engng.lndl.Aerodynam. vol 12 No 3 Sept 
(1983) pp363-364 

(107) Tamura G.T. Wilson A.G. 
Pressure differences caused by wind on two ta l l  buildings. 
ASHRAE Trans. voi.74 no.2 p170-181 - NCR. DBR. Research Paper no 
392, June (1968) in English BSRIA J. 

(108) Newberry C.W. Eaton K.J. Mayne J.R. 
Wind pressure and strain measurements at the post office tower. 
Building Research Establishment current paper 30/73 November (1973) in 
English #AIC 81 

72 



(109) Newberry C.W. Eaton K.J. Mayne J.R. 
Wind pressures on the post office tower, London 
Proceedings 3rd International Conference on Wind Effects on Buildings 
and Structures, Tokyo September 1971 = B.R.S. current paper 37/1971 
September (1971) in English 

(110) Miyoshi S. Ida M. Miura T. 
Wind pressure coefficients on exterior wall elements of ta l l  building. 
Proceedings 3rd. International Conference "Wind effects on buildings 
and structures" Tokyo Sept. 6-9, 1971 pub. Saikon Shuppan Co. Ltd. 
Tokyo p.273-284, in English #AIC 197 

(111) Makino M. Nakahara M. Sato T. 
Some f ield test results of wind pressures on a ta l l  building. 
Proceedings of Conference "Wind effects on buildings and structures" 
Tokyo Sept 6-9. 1971 pub. Saikon Shuppan Co. Ltd. Tokyo p295-304 
in English #AIC 219 

(112) Newberry C.W. Eaton K.J. Mayne J.R. 
Wind loading on ta l l  buildings-further results from Royex house. 
Ind. Aerodynamics Abstracts vol.4 no.4 - Building Research 
Establishment Current Paper 29/73 July (1973) in English BSRIA J. 

(113) Matsui G. Suda K. Higuchi K. 
Full-scale measurement of wind pressures acting on a high-rise 
building of rectangular plan. 
J. Wind.Eng.lnd.Aerodynam. vol.lO pp267-287 (1982) in English 
#AIC 682 

(114) Lee Y. Tanaka H. Shaw C.Y. 
Distribution of wind and temperature-induced pressure differences 
across the walls of a twenty-storey compartmentalised building. 
J. Wind.Eng. Ind.Aerodynam. vol.lO (1982) pp287-301 in English 
#AIC 683 

(115) Joubert P.N. Stevens L.K. Good M.C. Hoffman E.R. Perry A.E. 
The drag of bluff  bodies immersed in a turbulent boundary layer. 
Proceedings of Conference "Wind effects on buildings and structures" 
Ottawa 11-15 September 1967 vol.1 p.297-335 University of Toronto 
Press (1968) SBN 8020-3213-3. in English BSRIA bk. 

(116) Newberry C.W. 
The measurement of wind pressures on ta l l  buildings 
Proceedings of Conference "Wind effects on buildings and structures" 
vol . l .  National Physical Laboratory 26-28 June 1963. HMSO p114-149 
in English. BSRIA bk. 

(117) Ham Ph.J. 
Comparison of internal and outside pressure distributions measured at 
a model and at the actual Slotervaart Hospital in Amsterdam. 
Verwarm. Vent. June 1978 Voi.35 no.6 p.501-509 - Publication No. 629 
T.N.O. Research Institute for Environmental Hygiene. June (1978) in 
English BSRIA bk. 

73 



(118) De Gids W.F. et. al. 
Investigation of the relationship between the natural ventilation of a 
f la t  and meteorological conditions. 
Pub. 620. TNO Research Institute for Environmental Hygiene, Delft. 
(1977), refs. in English #AIC 30 = #AICR NL3, 8th TVVL/TNO Seminar, 
October 1978, p7-16 

(119) Hl l l  J.E. Kusuda T. 
Dynamic characteristics of alr in f i l t ra t ion .  
ASHRAE Trans. vol.81, part 1. 168-185, (1975) in English BSRIA J. 

(120) Marshall R.D. Hsi G. 
Techniques for measuring wind loads on full-scale buildings. 
Proceedings USA-Japan Research Seminar "Wind loads on structures" 
National Science Foundation. University of Hawaii, Honolulu, October 
19-24, 1970 ed. A.N.L. Chiu p133-148, (1970) in English #AIC 166. 

(121) Anon. 
Long term investigations concerning air permeability and air exchange 
of a single family house. Langzeit-untersuchungen betreffend 
luftdurchlasslgkelt und luftwechsel eines einfamilienhauses 
Federal Materials Testing and Research Institute (EMPA) April 1981 
EMPA nr 39 400/c. Summary Apr 1981 In German #AICR CH1 

(122) De Gids W.F. Van SchiJndel L.L.M. Ton J.A. 
Wind tunnel and on-site pressure distribution measurements on a house 
and i ts effects on in f i l t ra t ion.  
ASHRAE Trans (1979) voi.85 part 2 p411-427, in English #AIC 7 

(123) Marshall R.D. 
A study of wind pressures on a single family dwelling in model and in 
fu l l  scale. 
J.Ind.Aerodynam. vol.1 no.2 p.177-199, - N.B.S. technical note 852. 
October (1975) in English BSRIA J. 

(124) Wells D.A. Hoxey R.P. 
Measurement of wind loads on full-scale glasshouses. 
~ Wlnd Engng. & Ind. Aerodynam. vol.6 nos.l,2, July 1980 p.139-167. 

ly (1980) in English BSRIA J. 

(125) Handa K. Gusten J. 
Pressure distribution around low rise buildings. 
In 'Designing with the Wind' CSTB Seminar Nantes 1981 13pp in English 
#AIC 577 

(126) Sherman M.H. 
Air In f i l t ra t ion Research at the Lawrence Berkely Laboratory. 
Air In f i l t ra t ion Review, vol4. No 4 August 1983 pp4-5 

(127) Marshall R.D. 
The measurement of wind loads on a fu l l  scale mobile home 
NBS Report: NBS/R-77-1289 September 1977 NBS, Washington D.C. 

(128) Kim -. Mehta -. 
Wind loads on f la t  roof area through fu l l  scale experiment. 
Texas Tech. University September 1977 

74 



(129) Hoxey R.P. Richardson G.M. 
Wind loads on f i lm plastic greenhouses. 
J. Wind Engng. and Industrial Aerodynam. 
pp225-237 

vol.11 parts 1-3 (1983) 

(130) Tachikawa M. 
Wind pressure measurements on bluf f  bodies in natural winds. 
Proceedings USA-Japan Research Seminar "Wind loads on structures" 
National Science Foundation, University of Hawaii, Honolulu, October 
19-24. 1970. ed. A.N.L. Chiu. 20: October (1970) in English 
#AIC 162. 

(131) Kamei I .  
Study of wind pressure with vertical distr ibution on model-scale 
buildings. 
Proceedings USA-Japan Research Seminar "Wind loads on structures" 
National Science Foundation, University of Hawaii, Honolulu. October 
19-24 1970 ed. A.N.L. Chiu p71-85 in English #AIC 165 

(132) Torrance V.B. 
Wind profiles over a suburban site and wind effects on a half 
ful l-scale model building. 
Build. Sci. vol.7 pp1-12. March (1972) in English. BSRIA J. 

(133) Hogg W.H. 
A shelterbelt study - relative shelter, effective winds and maximum 
efficiency. 
Agric. Meteorol. vol.2 no.5 (1965) p.307-315 in English #AIC 277 

(134) Murakami S. Uehara K. Komine H. 
Amplification of windspeed at ground level due to construction of 
high- rise building in urban area. 
J. Ind. Aerodynam., vol.4, (1979) pp343-370 

(135) Dalgliesh W.A. Marshall R.D. 
Research review-North and South America (Wind effects on ta l l  
buildings). 
National Research Council of Canada, D.B.R. Technical paper no 401 = 
Proceedings International Confererence on the Planning and Design of 
Tall Buildings, ASCE-IABSE August (1972) Lehigh University p383-398 in 
English #AIC 43. 

(136) Newberry C.W. Eaton K.J. 
Wind loading handbook 
BRE Report (1974) (for use with BSI code of practice CP3) 

(137) Jensen N.O. 
Studies of sea/land wind adjustment 
Paper given at a Joint meeting of the Institute of Mathematics and i ts 
Applications and the Royal Meteorological Society. Cambridge 16-17 
March 1981 Abstract only, contact Author for paper. (Physics Dept. 
Riso National Laboratory, Denmark) 

(138) Jensen N.O. Petersen E.W. 
On the escarpment wind prof i le. 
Quarterly Journal of the Royal Meteorological Society vol.104 (1978) 
pp719-728 

75 



(139) Jones P.M. de Larrinaga M.A.B. 
The urban wind velocity prof i le 
Atmospheric Environment, vol.5, 

Wilson C.B. 

(1971), pp89-I02 

(140) van der Hoven I. 
Power spectrum of horizontal wind speed in the frequency range from 
0.007 to 900 cycles per hour. 
J. Meteorology vol.4 April (1957) pp160-164 

(141) Harris C.L. 
Influence of neighboring structures on the wind pressure on ta l l  
buildings. 
J. of Research-National Bureau of Standards vol.12 p103-118 (1934) in 
English #AIC 196 

(142) Newberry C.W. Eaton K.J. Mayne J.R. 
Wind loading of a ta l l  building in an urban environment:a comparison 
of fu l l  scale and wind tunnel tests. 
Proceedings, Symposium on Wind Effects on Buildings and Structures, 
Loughborough University April 2-4 1968. p3.2-3.15 in English. 
BSRIA bk 

(143) Dalgliesh W.A. Templin J.A. Cooper K.R. 
Comparisons of wind tunnel and ful l-scale building surface pressures 
with emphasis on peaks. 
In "Wind Engineering" Proceedings 5th International Conference Fort 
Collins, Colorado USA 8-14 July (1979) vol.1 p.553-565, Pergamon Press 
(1980) in English #AIC 459 

(144) Standen N.M. Dalgliesh W.A. Templin R.J. 
A wind tunnel and ful l-scale study of turbulent wind pressures on a 
ta l l  building 
Proceedings 3rd International Conference on Wind Effects on Buildings 
and Structures 6-11 September 1971 Tokyo part 11 p199-209 = D.B.R. 
research paper no.585 (1971) in English #AIC 42 

(145) Cermak J.E. 
Separation-induced pressure fluctuations on buildings. 
Proceedings of USA-Japan Research Seminar, National Science 
Foundation, University of Hawaii, Honolulu. October 19-24. 
ed. A.N.L. Chiu. p55-70 in English #AIC 164. 

(1970) 

(146) Szalay Z. 
Wind loads on an ancient church spire 
J. Wind Engng. and Industrial Aerodynam. 
pp187-199 

vol.11 parts 1-3 (1983) 

(147) Vickery P.J. Surry D. 
The Aylesbury experiments revisited - further wind tunnel tests and 
comparisons. 
J. Wind Engng. and Industrial Aerodynam. vol.11 parts i-3 (1983) 
pp39-62 

(148) Apperley L. Surry D. Stathopoulos T. Davenport A.G. 
Comparative measurements of wind pressure on a model of the ful l-scale 
experimental house at Aylesbury, England. 
J. Ind. Aerodynam. vol.4 nos 3+4 pp207-228 August (1979) in English 
#AIC 147 

76 



(149) Holmes J.D. Best R.J. 
Pressure measurements on wind tunnel models of the Aylesbury 
experimental house. 
Wind. Eng. vol.2 no.4 p.203-220. April (1978). in English #AIC 245 

(150) Greenway M.E. Wood C.J. 
Wind tunnel pressure measurements on the Aylesbury low-rise housing 
estate. Part 1 Simulation design and mean pressures. 
University of Oxford, Dept. of Engineering Science, report no.1213/77 
37p. (1977) in English #AICR UK5 

(151) Greenway M.E. Wood C.J. 
Wind tunnel pressure measurements on the Aylesbury low-rise housing 
estate, part I I .  Mean R.M.S. and extreme pressures with frequency 
spectra. 
University of Oxford, Dept. of Engineering Science, report no.1271/78 
(1978) in English #AICR UK6 

(152) Greenway M.E. Wood C.J. 
Wind tunnel pressure measurements on the Aylesbury low-rise housing 
estate. Part I I I .  Additional experiments. 
University of Oxford, Dept. of Engineering Science, report no.1272/78 
15p (1978) in English #AICR UK5 

(153) Holdo A.E. Houghton E.L. Bhinder F.S. 
Some effects due to variations in turbulence integral length scales on 
the pressure distr ibution on wind-tunnel models of low-rise buildings. 
Journal of Wind Engineering and Industrial Aerodynamics vol.lO 
p.103-115 (1982) in English #AIC 589 

(154) Schriever W.R. Allen D.E. Dalgliesh W.A. 
Measurements of snow and wind loads on ful l-scale buildings for 
improved design. 
National Research Council of Canada, Division of Building Research, 
Technical Paper no. 439. = 6th CIB congress "The impact of research 
on the bui l t  environment" Budapest 3-10 0ct.(1974) in English #AIC 141 

(155) Kamei I. Maruta E. 
Study on wind environmental problems caused around buildings in Japan. 
J. Ind. Aerodynam., vol.4, (1979) pp307-331 

(156) Jones P.M. Wilson C.B. 
Wind flow in an urban area: A comparison of fu l l  scale and model 
flows. 
Building Science vol.3, (1968) pp31-40 (Pergamon Press) in English 
BSRIA J. 

(157) Kursis J. Mattsson J.O. Glaumann M. Wiren B.G. 
Wind environment in a dwelling area with high rise buildings - model 
and ful l-scale measurements. 
National Swedish Council for Building Research, Rep.R.91:1982 (in 
Swedish) 

(158) Chien N. Feng Y. Wang H. Siao T. 
Wind-tunnel studies of pressure distr ibution on elementary building 
forms. 
Thesis, Iowa Institute of Hydraulic Research, State University of Iowa 
(1951) in English. 

77 



(159) Howe J.W. 
Wind pressure on elementary building forms evaluated by model tests. 
Civ i l .  Eng. voi.22 No.5 p42-46 May (1952) in English #AIC 160 

(160) Armitt J. 
Wind loading on a rectangular block. 
Central Electr ic i ty Research Laboratories report no. 
February (1974) in English #AIC 194 

RDILIN 59174 7p 

(161) Lusch G. Truckenbrodt E. 
Wind tunnel test on rectangular buildings with f la t  roofs and gable 
roofs. 
Windkanaluntersuchungen an Gebauden von rechteckigen Grundriss mit 
Flack-und Satteldachern. 
Berichte aus der Bauforschung. vol.41 p25-69. = H.V.R.A. 
translation no.224. (1964) in German, English #AIC 116. 

(162) Stathopoulos T. Surry D. Davenport A.G. 
Effective wind loads on f la t  roofs 
Journal of the Structural Division, ASCE, vol.107 no.ST2 Proc. 
16039 p.281-298 February (1981) in English #AIC 544 

Paper 

(163) Stathopoulos T. Surry D. Davenport A.G. 
Internal pressure characteristics of low-rise buildings due to wind 
action. 
Proceedings 5th International Conference on Wind Engineering, Colorado 
State University July 8-14, 1979 p.451-463 in English #AIC 361 

(164) Surry D. Stathopoulos T. Davenport A.G. 
Wind loading of low-rise buildings. 
Presented at the Canadian structural engineering conference February 
1978 Toronto Canada 54p. February (1978) in English #AIC 523 

(165) Stathopoulos T. Honma H. 
Natural wind effects on the in f i l t ra t ion  of low-rise buildings. 
8th C.I.B. Congress "Building research world wide" 15-19 June 1980 
Oslo. in English #AIC 346 

(166) Hellers B.G. Lundgren S. 
Wind loads on generally shaped house bodies- model tests. 
Vindbelastning pa huskroppar av allman form- modellprov. 
National Swedish Institute for Building Research, report r22 52p ISBN 
91-540-2369-6 (1974) in Swedish #AIC 149 

(167) Baines W.D. 
Effects of velocity distr ibution on wind loads and flow patterns on 
buildings. 
Proceedings of Conference "Wind effects on buildings and structures" 
National Physical Laboratory 26-28 June 1963. p198-225 in English. 
BSRIA bk. 

(168) Kiyu M. Arie M. Tamura H. 
Forces acting on circular cylinders placed in a turbulent plane mixing 
layer. 
J. Ind. Aerodynam., vol.5, (1979), pp13-33 

78 



(169) Gerhardt H.J. Kramer C. 
Wind loads on wind-permeable building facades. 
J. Wind Engng. and Industrial Aerodynam. vol.11 parts 1-3 (1983) 
ppl-20 

(170) Kandola B.S. 
Wind effects on buildings with varying leakage characterlstics-wind 
tunnel investigation 
J. Ind. Aerodynam. September (1978) vol.3 no.4 p267-284 in English 
BSRIA J. 

(171) Baelchin W. Plate E.J. Kamarga A. 
Influence of the ratio of building height to boundary layer thickness 
and of the approach flow velocity prof i le on the roof pressure 
distribution of cubical buildings. 
J. Wind Engng. and Industrial Aerodynam. vol.11 parts 1-3 (1983) 
pp63-74 

(172) Toy N. Moss W.D. Savory E. 
Wind tunnel studies on a dome In turbulent boundary layers. 
J. Wind Engng. and Industrial Aerodynam. vol.11 parts 1-3 (1983) 
pp201-212 

(173) Wiren B.G. 
A wind tunnel investigation of wind pressures on arched roofs. 
KTH AERO Rep. BA 10, Dept. of Aeronautics, Royal Institute of 
Technology, Stockholm, Sweden (in Swedish), (1976) 

(174) Phaff J.C. 
Luchtbeweging om gebouwen: Modelonderzoek naar de winddrukverdelingen 
om enkele algemene gebouwvormen. 
IG-TNO Report C403 Nov.1977 

(175) Shaw C.Y. Tamura G.T. 
The calculation of air in f i l t ra t ion  rates caused by wind and stack 
action for ta l l  buildings. 
ASHRAE Trans. voi.83, no.2 p145-158 (1977) in English#AIC 574 

(176) Joubert P.N. Perry A.E. Stevens L.K. 
Drag of bluff  body immersed in a rough wall boundary layer. 
Proceedings 3rd International Conference "Wind effects on buildings 
and structures" Tokyo. Sept.  6-9 1971 pub. Saison Shuppan co. ltd. 
Tokyo. p179-188 in English #AIC 190 

(177) Berneburg H. 
Wirkung unterscheidlicher Anstroemarten auf Umstromung und Belastung 
einfacher Gebaeudemodelle 
(Effect of various types of approach flow on flow around and loading 
on a simple building model.) 
Ph.D. Thesis, Technical University of Berlin (1981), Faculty 9, 
Physical Engineering Science. (in German) 

(178) Kelnhofer W.J. 
Air in f i l t ra t ion  in buildings due to wind pressures including some 
neighbouring body effects. 
In "Heat transfer in energy conservation" ed. Goldstein R.J. et. 
p.47-56 (1977) in English #AIC 137 

al. 

79 



(179) Bailey A. Vincent N.D.G. 
Wind pressure in buildings including effects of adjacent buildings. 
J. Inst. Civ. Eng. vol.20 no 8 p243-275 October (1943) in English 
BSRIA p. 

(180) Wiren B.G. 
Effects of surrounding buildings on wind pressure distributions and 
venti lative heat losses for a single family house. 
Paper presented at the 6th International Conference on Wind 
Engineering, Gold Coast, Australia, March 21-25, 1983. 

(181) Cermak J.E. Sadeh W.Z. 
Pressure fluctuations on buildings 
Proceedings Conference "Wind effects on buildings and structures" 
Tokyo Sept, 6-9, (1971) pub. Saikon Shuppan Co. Ltd. Tokyo p18g-198 
in English #AIC 191 

(182) Aynsley R.M. 
Wind-generated natural ventilation of housing for thermal comfort in 
hot humid climates. 
In "Wind Engineering" Proceedings 5th International Conference Fort 
Collins, Colorado USA 8-14 July 1979 vol.1 p.243-254 Pergamon (1980) 
in English #AIC 460 

(183) Aynsley R.M. 
Wind effects on high and low rise housing. 
Architectural Science Review (Sept.1973) pp142-146 

(184) Vickery B.J. Baddour R.E. Karakatsanis C.A. 
A study of the external wind pressure distributions and induced 
internal ventilation flow in low-rise industrial and domestic 
structures. 
Rep. BLWT-SS2-1983 Boundary Layer Wind Tunnel Laboratory, University 
of Western Ontario, Faculty of Engineering Science, London, Ontario, 
Canada, N6A 5B9 

(185) de Bray B.G. 
Wind pressures on multi-storey buildings. 
Engng. 6 July 1962 p10-11 in English BSRIA p. 

(186) Kramer C. Gerhardt H.J. Scherer S. 
Wind pressure on block type buildings. 
O. Ind. Aerodynam., vol.4, (1979) pp22g-242 

(187) Leutheusser H.J. 
Influence of architectural features on the static wind loading of 
buildings. 
Building Sci. Ser.30, Proceedings of technical meeting concerning 
wind loads on buildings and structures. NBS. Nov.1970 

(188) Lythe G. Surry D. 
Wind loading of f la t  roofs with and without parapets 
J. Wind Engng. and Industrial Aerodynam. vol.11 parts 1-3 (1983) 
pp75-94 

80 



(189) Bruce J.M. 
The open ridge as a ventilator in livestock buildings. 
Farm Building R.&.D. Studies no.6. Scottish Farm Buildings 
Investigation Unit. November 1975 8p. in English #AIC 294 

(190) Columbus J.K. 
The study of pressure coefficients on large f la t  roofs and the effect 
of parapets on those coefficients. 
Engineering Science 400 Report. University of Western Ontario, London 
Ontario, Canada, March (1972) 

(191) Sockel H. Taucher R. 
The influence of a parapet on local pressure fluctuations. 
4th Coll. on Ind. Aerodyn. Aachen FRG June 1980 pp107-118 

(192) Stathopoulos T. 
Wind pressure loads on f la t  roofs 
Univ. of Western Ontario. BLWT-3-1975 

(193) De Gids W.F. Den Ouden H.Ph.L. 
Drie onderzoeken naar de werking van kanalen voor natuurliJke 
ventilatie waarbiJ nagegaan is de invloed van plaats ed hoogte van de 
uitmonding, van de bebouwing in de omgevlng en van de vorm van de 
uitmonding. 
Klimaat ventilatie verwarming (in woningen en gebouwen), TNO/TVVL 4, 
Nov.1974 (published by IG-TNO) pp25-42 

(194) Edwards F.J. 
Some interference flows around surface protrusions. 
Paper 8, 52nd Industrial Fluid Mechanics Research Meeting. 
Teddington 12th January 1977. 

NPL 

(195) Packer Miss M.A. 
Wind pressure measurements on the surfaces of three shapes of roof 
ventilators. 
NPL/Aero/1077 (1962) 

(196) Handa K. Karrholm G. 
Wind loads on f la t  roofs 
Avd. for byggnadskonstruktion. Chalmers Tekniska Hogskola 1976:3 

(197) Niemann H.J. 
Wind tunnel experiments on aeroelastic models of air supported 
structures. 
Proc. In t l .  Symposium on Pneumatic Structures. IASS Delft (1972) 

(198) Hunt A. 
Scale effects on wind tunnel measurements of wind effects on prismatic 
buildings. 
Ph.D.Thesis Cranfield Inst. of Technology (1981) 

(199) Neal D. 
The influence of model scale on 
terrain. 
J. Wind.Eng.lnd.Aerodyn. vol.12 

a wind tunnel simulation of complex 

July (1983) pp125-144 

81 



(200) Petty D.G. 
The effect of turbulent intensity and scale on the flow past square 
prisms. 
J. Ind. Aerodynam., vol.4, (1979) pp247-252 

(201) Lee B.E. 
The effect of turbulence on the 
prism. 
Journal of Fluid Mechanics, vol 

surface pressure f ield of a square 

69, no.2 (1975), pp263-282 #AIC 153 

(202) Blessmann J. 
Wind pressures on roofs with negative pitch. 
Journal of Industrial Aerodynamics vol.lO p.213-230 (1982) in English 
#AIC 639 

(203) Gandemer J. 
Wind shelters. 
J. Ind. Aerodynam. vol.4 no.3-4, p371-389 (1978) i 3rd. Colloquium 
on Industrial Aerodynamics. Aachen. June 14-16 1978. in English. 
BSRIA J 

(204) Blenk von H. Trienes H. 
Model testing of the wind pressure on a house, with and without a wind 
break. 
Modellversuch uber den Winddruck auf ein Haus ohne and mit Windschutz. 
Abhandlungen der Braunschweigische Wissenshaftlichen Gesellschaft. 
(1956) in German #AIC 241 

(205) Mattingly G.E. Peters E.F. 
Wind and trees: air in f i l t ra t ion  effects on energy in housing. 
J. Ind. Aerodynamics. January 1977, 2, (1), 1-19, - Princeton 
University, Center for Environmental Studies, report no.20 May 1975 
(1977) in English BSRIA J. 

(206) Gowda B.H.L. Gerhardt H.J. Kramer C. 
Surface flow f ield around three dimensional bluff  bodies. 
J. Wind Engng. and Industrial Aerodynam. vol.11 parts 1-3 (1983) 
pp405-420 

(207) Beranek W.J. van Koten H. 
Visual techniques for the determination of wind environment. 
J.Ind.Aerodyn. vol.4 (1979) 295-306 

(208) Wiren B.G. 
A wind tunnel study of wind speeds in passages. 
Proceedings of the 4th International Conference on Wind Effects on 
Buildings and Structures., Heathrow, 1975 

(209) Tani I. luchi M. Komoda H. 
Experimental investigation of flow associated with a step or groove. 
Report No.364, voi.27, No 4 (1961) Aeronautical Res. Inst., 
University of Tokyo (see Hussain and Lee) 

(210) Counihan J. 
Simulation of an adiabatic urban boundary layer in a wind tunnel. 
Atmospheric Environment vol.7 (February 1973) pp673-689 (Pergamon 
Press) in English #AIC 435 

82 



(211) Counihan J. 
Wind tunnel determination of the roughness length as a function of the 
fetch and the roughness density of three dimensional roughness 
elements. 
Atmospheric Environment vol.5 (1971) pp637-642 

(212) Cook N.J. 
On simulating the atmospheric boundary layer in wind tunnels. 
Building Research Establishment Current paper CP 71/78 24p - 
J. Ind. Aerodynam. vol.3 no2/3 (1978), pp57-176 Wind-tunnel 
simulation of the adiabatic boundary layer by roughness, barrier and 
mixing device methods. 
& J. Ind. Aerodynam. 1978 vol.2 no.4 p311-321 
Determination of the model scale factor in wind tunnel simulations of 
the adiabatic atmospheric boundary layer. 
December (1978) in English BSRIA sp. 

(213) Cook N.J. 
Wind tunnel simulation of the atmospheric boundary layer: 
current use in Bristol. 
Symposium on External Flow. Dept. of Aero. Engng. Univ. 
(1972) 

Methods in 

of Bristol 

(214) Cook N.J. 
Determination of the model scale factor in wind tunnel simulation of 
the adiabatic atmospheric boundary layer. 
J.Ind.Aerodynam. 2(3)(1978) pp321-331 

(215) Gandemer J. 
Dynamic simulation of the atmospheric boundary layer in neutral 
stabil i ty, large turbulence scale. 
Centre Scientifique et Technique du Batiment, Nantes, September 1974 

(216) Morkovin M.V. Nagib H.M. Yung J.T. 
On modelling of atmospheric surface layers by the counter-Jet 
technique : Preliminary Results. 
I l l inois Inst. of Technology. Chicago I l l .  (1974/5) (internal 
report) 

(217) Tan-atichat J. Nagib H.M. 
Wind tunnel simulation of neutral atmospheric surface layers by the 
counter-Jet technique. 
J.Air Pollution Control Association, voi.26, Part 7, (1976) p668 

(218) Nagib H.M. Morkovin M.V. Yung J.T. Tan-atichat J. 
On modelling of atmospheric surface layers by the counter-Jet 
technique 
AIAA J. vol.14, No.2, (1976) p185 

(219) Templin R.J. 
Interim progress note on simulation of the Earth~ surface by an 
ar t i f i c ia l l y  thickened wind tunnel boundary layer. 
NAE Canada Report LTR-LA-22 February (1969) 

(220) Teunissen H.W. 
Simulation of the planetary boundary layer in a multiple Jet wind 
tunnel. 
Int. J. Atmos. Env., vol.9, Part 2, February (1975) pp145-174 

83 



(221) Bergh H. Tijdeman H. 
Theoretical and experimental results for the dynamic response of 
pressure measuring systems. 
National Aero- and Astronautical Research Institute, Amsterdam. 
Report NLR-TRF 328-1965 

(222) Hoxey R.P. Wells D.A. 
Instrumentation for ful l-scale wind load measurement on glasshouses. 
J.Agric.Engng.Res. vol.19 no.4 p.435-438 April (1974) in English 
#AIC 308 

(223) Irwin H.P.A.H. 
The design of spires for wind simulation. 
J. Wind Eng.and Ind.Aerodynam. May 1981 vol.7 no.3 p.361°366 in 
English BSRIA J. 

(224) Lam L.C.H. 
Investigations on the dynamic behaviour of a wind pressure measuring 
system for ful l-scale measurement. 
J. Wind Eng.& Ind.Aerodynam. vol.7 no.2 March (1981) pp129-134 in 
English BSRIA J. 

(225) Mayne J.R. 
A wind-pressure transducer. 
J. of Physics E.:Scientif ic Instruments vol.3 p248-250 zBuilding 
Research Station current paper 17/70 March (1970) in English BSRIA sp 

(226) Meert E. Van Ackers G. 
Tightness of facades and roofs. 
Etancheite des facades et des toitures. 
Centre Scientifique et Technique de la Construction, Brussels. 
report IC°IB June 1977 202p. in French, Flemish #AICR BE1 

final 

(227) A.S.C.E. Task Committee on Wind Forces 
Wind forces on structures. 
Trans.ASCE voi.126 Pt.2 pp1124-1198 (1961) 

(228) ASHRAE 
Air flow around buildings. 
ASHRAE Handbook of Fundamentals 
#AIC 505 

1981 Chapter 12 (1981) in English 

(229) Bahnfleth D.R. Moselely T.D. Harris W.S. 
Measurement of in f i l t ra t ion  in two residences part I I :  comparison of 
variables affecting in f i l t ra t ion .  
ASHRAE Trans. voi.63, p453-476, June (1957) in English. BSRIA J. 

(230) Cermak J.E. 
Nature of Air Flow Around Buildings. 
ASHRAE Trans. voi.82 (1976) pp1044-1060 in English 

(231) Counihan J. 
Adiabatic atmospheric boundary layers: A review and analysis of data 
from the period 1880-1972. 
Atmospheric Environment vol.9 (1975) pp871-905 

84 



(232) Crow L.W. 
The wind blows this-a-way and that-a-way. 
ASHRAE Trans. voi.82 (1976) pp1039-1043 

(233) Dalgliesh W.A. 
Wind loads on low buildings. 
Building Practice Note no.18, 1981, Division of Building Research, 
National Reseach Council of Canada. (1981) in English #AIC 492 

(234) Davenport A.G. 
The relationship of wind structure to wind loading. 
Proceedings of Conference "Wind effects on buildings and structures" 
National Physical Laboratory 26-28 June 1963 HMSO. p54-111 in English 
BSRIA bk. 

(235) Davenport A.G. Dalgliesh W.A. 
A preliminary appraisal of wind loading concepts of the 1970 Canadian 
National Building Code. 
Proceedings, 3rd International Conference on Wind Effects on Buildings 
and Structures. Tokyo, 6-11 September (1971) part 3, p441-450. = 
National Research Council of Canada, Division of Building Research 
Technical Paper no.405 6th September (1971) in English #AIC 61 

(236) Davenport A.G. Kitchen R.B. Vickery B.J. 
The re l i ab i l i t y  of pressure coefficients for the determination of 
local pressures. 
BLWT Draft Report. Univ. of Western Ontario, March 1977 

(237) Davenport A.G. Surry D. 
The estimation of internal pressures due to wind with application to 
cladding pressures and in f i l t ra t ion .  
Paper presented at the ASCE Structural Engineering Conference, 
Houston, Texas, October 1983 

(238) Davies J.T. 
Turbulence Phenomena 
bk (1972) 

(239) ESDU 
Data Item No 71016: 
rectangular blocks. 

Fluid forces, pressures and moments on 

(240) ESDU 
Data Item No 74031 : 
the ground. 

Characteristics of atmospheric turbulence near 

(241) Fackrell J.E. 
Flow behaviour near isolated rectangular buildings. 
CEGB Report, TPRD/M/1254/N82 

(242) Helliwell N.C. 
Wind over London 
International Conference on Wind 
Tokyo (1971) BSRIA sp 

Effects on Buildings and Structures. 

85 



(243) Holmes J.D. Best R.J. 
An approach to the determination of wind load effects on low-rise 
buildings. 
J. Wind Eng.& Ind.Aerodynam. May (1981) vol.7 no.3 pp273-287 in 
English BSRIA J. 

(244) Jones M.E. 
A review of the l i terature on the structure of wind turbulence, with 
special regard to i ts effect on buildings. 
Build. Sci vol3 p41-50 bibliog. August (1968) in English. BSRIA J. 

(245) Oke T.R. 
The energetic basis of the urban heat island. 
Quarterly Journal of the Royal Meteorological Society voi.188 (1982) 
No.445, ppl-24 

(246) Panofsky H.A. Egolf C.A. Lipschutz R. 
On characteristics of wind direction fluctuations in the surface 
layer. 
Boundary Layer Meteorology vol.15, (1978) pp439-446 

(247) Panofsky H.A. Vilardo M. Lipschutz R. 
Terrain effects on wind fluctuations. 
Proc. 5th International Conference on Wind Engineering, Colorado 
State University, Fort Collins Co., 1979: Vol.1,pp173-179 (1980) 

(248) Perry A.E. Schofield W.H. Joubert P.N. 
Rough wall turbulent boundary layers. 
J.Fluid Mech. voi.37, (1969) pp383-413 

(249) Plate E.J. 
Ch.13 in Engineering Meteorology. 
Elsevier Sci.Publ.Co. Amsterdam (1982) 

(250) Plate E.J. 
Aerodynamic characteristics of atmospheric boundary layers. 
Technical Information Center, U.S.Department of Energy (1971) 
available from NTIS, U.S.Department of Commerce. Library of Congress 
No. 70-611329 

(251) Thuresson S. 
Maetning av vindkrafter p* byggnad vaeggar och tak 
(Measurement of wind forces on building walls and roof) 
Avd. foer byggnadskonstruktion, Chalmers Tekniska Hoegskola 1974:13 

(252) Turner J. 
A comparative study of the land use and bui l t  form of 110 schemes. 
Technical study No.31, The Architects Journal voi.158, (1973) 
pp265-280 

(253) Whitbread R.E. 
Model simulation of wind effects on structures 
Proceedings of Conference "Wind effects on buildings and structures" 
National Physical Laboratory, 26-28 June 1963, vo l . l ,  p284-302. HMSO 
in English. BSRIA bk. 

86 



(254) Wieringa J. 
Estimation of mesoscale and local scale roughness for atmospheric 
transport modelling. 
11th In t l .  Technical Meeting on Air Pollution Modelling and i ts 
Applications. NATO/CCMS Amsterdam, November 1980. Procs. publ.by 
Plenum (New York), also: 
Paper given at a jo int  meeting of the Institute of Mathematics and its 
Applications and the Royal Meteorological Society. Cambridge 16-17 
March 1981 Abstract only, contact Author for paper. 

(255) Wieringa J. 
An objective exposure correction method for average wind speeds 
measured at a sheltered location. 
Quarterly Journal of the Royal Meteorological Society, vol.102 (1976) 
pp241-253 

(256) Wieringa J. 
Wind representativity increase due to an exposure correction 
obtainable from past analog station wind records. 
Proc. W.M.O. Technical Conference on Instruments and Methods of 
Observation. World Meteorological Organisation, Geneva No 480 (1977) 
pp3g-44 

(257) Wieringa J. 
Description requirements for assessment of non-ideal wind stations- 
for example Aachen. 
J. Wind Engng. and Industrial Aerodynam. vol.11 parts 1-3 (1983) 
pp121-131 

(258) Sherman M.H. Grimsrud D.T. 
Measurement of in f i l t ra t ion  using fan pressurisation and weather data. 
Proceedings Ist AIC Conference "Air In f i l t ra t ion  Instrumentation and 
Measuring Techniques" 6-8th October 1980 Cumberland Lodge, Windsor 
Great Park, England. 

(259) Wardlaw R.L. Moss G.F. 
A standard ta l l  building model for the comparison of simulated natural 
winds in wind tunnels. 
CAARC Report C.C.662m Tech.25 1970. 

87 



88 



Appendix 1: Survey of pressure measurements in the real wind. 

( I n i t i a l  data from Appendix 2. from Symposium on Full Scale Measurements 
of Wind Effects on Buildings and Other Structures. University of Western 
Ontario June 23-29, 1974) 

Key 

Analysis: M - mean, E = peak, P - probabi l i ty ,  S = power spectrum, 
X = cross correlat ion 

Type:- S - stone, St = steel, T - timber, C - concrete, R.C. - reinforced 
concrete, G = glass, Fb = f ibre,  Pl = p last ic ,  comp. = composite, 
Pa - panel, Cst ~ cast. 
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Appendix 2: Survey of Wind Tunnel Studies. 

Key 

E.W.T. = Environmental wind tunnel 
M.W.T. = Meteorological wind tunnel 
T.B.L.W.T. - Turbulent boundary layer wind tunnel 
L.S.W.T. = low speed wind tunnel 
I.A.W.T. = Industr ial  Aerodynamics Wind Tunnel 
B.L.W.T. - Boundary layer wind tunnel 
A.W.T.- Aeronautics wind tunnel 
L.Sec ~ long section, 
Sh.Sec - Short section 
O.C. - open return 
C.C. = closed c i r c u i t  
v. - veloci ty 
t . - t ime 
Dimensions given in metres (feet) 
f . s .e .  = f u l l  scale equivalent 
Pressure measurements:- d = pressure differences, S-spectra available 
Analysis:- M = ~w~an, R - r.m.s, E = peak values, X = cross spectra, 
S = spectrum 
reference points for Cp:; f - free stream, r - roof level, l - local 
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Additional references on instrumentation and measurement methods 

Bergh and Tijdeman (221) 
Hoxey and Wells (222) 
Irwin (223) 
Lam (224) 
Mayne (225) 
Meert and van Ackers (226) 

124 






