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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 Ehergy Programme 
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 members of the 
I M ,  with the Commission of the European Communities 
participating under a special arrangement. 

As one element of the International Energy Programme, the 
Participants undertake cooperative activities 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 Systeme 

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 similarities 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 Infiltration and Ventilation Centre 

The IEA Executive Committee (Building and Community Sys tems ) has 
highlighted areas where the level of knowledge is unsatisfactory 
and there was unanimous agreement that infiltration was the area 
about which least was known. An infiltration group was formed 
drawing experts from most progressive countries, their long term 
aim to encourage joint international research and increase the 
world pool of knowledge on infiltration and ventilation. Much 
valuable but sporadic and uncoordinated research was already 
taking place and after some initial groundwork the experts group 
recommended to their executive the formation of an Air 
Infiltration and Ventilation Centre. This recommendation was 
accepted and proposals for its 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 reeearch. It is intended 
to be a review body for current world research, to ensure full 
diseemination of this research and based on a knowledge of work 
already done to give direction and firm basis for future 
research in the Participating Countries. 

The Participants in this taek are Belgium, Canada, Denmark, 
Federal Republic of Germany, Finland, Netherlands, New Zealand, 
Norway, Sweden, Switzerland, United Kingdom and the United 
States. 
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How To Use T h i e  Guide  

The g u i d e  h a s  been d e s i g n e d  s o  t h a t  t h e  m a t e r i a l  you need f o r  
your i n t e n d e d  a p p l i c a t i o n  is e a s i l y  a c c e s s i b l e .  The f l o w  c h a r t  
i n  F i g u r e  1 i l l u s t r a t e s  t h e  s t r u c t u r e .  

C h a p t e r  1 is  a  g e n e r a l  i n t r o d u c t i o n  t o  t h e  s u b j e c t  which o u t l i n e s  
v e n t i l a t i o n  n e e d s ,  s t r a t e g i e s  and  o p t i o n s  and t h e n  d e s c r i b e s  t h e  
e s s e n t i a l  components  of a i r  i n f i l t r a t i o n  c a l c u l a t i o n  t e c h n i q u e s .  
S e c t i o n  1 . 4  of C h a p t e r  1 w i l l  h e l p  you d e c i d e  which a i r  
i n f i l t r a t i o n  c a l c u l a t i o n  t e c h n i q u e  b e s t  s u i t s  your  d a t a  n e e d s .  
I n  g e n e r a l  you w i l l  have  t o  choose  e i t h e r  an  e m p i r i c a l  
measurement-based r o u t e ,  o r  a  more fundamen ta l  t heo ry -based  
t e c h n i q u e .  

C h a p t e r  2 c o v e r s  t h e  e m p i r i c a l  methods ,  and is comple t e  i n  
i t s e l f ;  you need no fundamen ta l  t h e o r y  beyond t h a t  c o v e r e d  
a l r e a d y  i n  C h a p t e r  1. 

C h a p t e r  3 d e a l s  w i t h  t heo ry -based  c a l c u l a t i o n s ,  b e g i n n i n g  w i t h  a  
f o r m a l  d e s c r i p t i o n  of  a i r  i n f i l t r a t i o n  t h e o r y  ( s e c t i o n  3 . 1 ) .  
T h i s  s e c t i o n  sets  o u t  t h e  fundamen ta l  c o n c e p t s  beh ind  c a l c u l a t i o n  
t e c h n i q u e s ,  s i n c e  a  c l e a r  u n d e r s t a n d i n g  of  t h e s e  is e s s e n t i a l  i n  
u n d e r s t a n d i n g  t h e  l i m i t a t i o n s  o f  t h e  v a r i o u s  m o d e l l i n g  methods .  
The n u m e r i c a l  r e p r e s e n t a t i o n  and  t h e  s i g n i f i c a n c e  of  t h e  f o r c e s  
d r i v i n g  t h e  p r o c e s s  of  a i r  r enewa l  is a l s o  d e s c r i b e d  i n  d e t a i l .  

C h a p t e r  3 g o e s  on t o  d e s c r i b e  t h e  d i f f e r e n t  methods ( s e c t i o n  
3 .2 ) .  The r a n g e  o f  a p p l i c a b i l i t y  and l i m i t a t i o n s  o f  e a c h  model 
a r e  o u t l i n e d  and t h e  r e l e v a n t  c h o i c e  of  model f o r  your  
a p p l i c a t i o n  d i s c u s s e d .  Here  you w i l l  a l s o  f i n d  a  d e s c r i p t i o n  of 
t h e  r o l e  of  f l o w  m o d e l l i n g  i n  p r e d i c t i n g  a i r  d i s t r i b u t i o n  
p a t t e r n s .  The d a t a  r e q u i r e m e n t s  f o r  t h e  models  a r e  s p e l t  o u t  i n  
s e c t i o n  3 . 3 .  

C h a p t e r  4 d e a l s  w i t h  s u b s i d i a r y  c a l c u l a t i o n s  u s i n g  t h e  a i r  
i n f i l t r a t i o n  r e s u l t s  o b t a i n e d  th rough  e i t h e r  C h a p t e r  2 o r  C h a p t e r  
3 .  The c a l c u l a t i o n s  c o v e r  v e n t i l a t i o n  and  a i r  i n f i l t r a t i o n  h e a t  
l o s s ,  h e a t  r e c o v e r y ,  c o s t - e f f e c t i v e n e s s  and i n d o o r  a i r  q u a l i t y .  

C h a p t e r  5 is  d e v o t e d  t o  a l g o r i t h m s  and  worked e x a m p l e s / c a s e  
s t u d i e s .  The a l g o r i t h m s  o u t l i n e d  t h e r e  have  been p u b l i s h e d  i n  
t h e  l i t e r a t u r e  and  a r e  f r e e l y  a v a i l a b l e  i n  t h e  form o f  a n n o t a t e d  
computer  l i s t i n g s .  The worked examples  a r e  chosen  t o  i l l u s t r a t e  
t h e  v a r i o u s  t e c h n i q u e s  a v a i l a b l e  and  t h e  a s s u m p t i o n s  n e c e s s a r y  t o  
pe r fo rm n u m e r i c a l  c a l c u l a t i o n s .  

The f i n a l  c h a p t e r  i s  f o r  r e f e r e n c e .  It c o n t a i n s  a c o m p i l a t i o n  of  
t h e  a v a i l a b l e  d a t a  s u i t a b l e  f o r  u s e  i n  d e s i g n  c a l c u l a t i o n s ;  i t  
c o v e r s  c l i m a t i c  d a t a ,  a i r  l e a k a g e  i n f o r m a t i o n  and wind p r e s s u r e  
d a t n .  

A g l o s s a r y  of  terms i s  i n c l u d e d  a t  t h e  end .  
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INTRODUCTION 

A i r  I n f i l t r a t i o n  and v e n t i l a t i o n  h a s  a  profound i n f l u e n c e  on bo th  
t h e  i n t e r n a l  environment and on t h e  energy  needs of b u i l d i n g s .  
Inadequa te  a t t e n t i o n  t o  v e n t i l a t i o n  may r e s u l t  i n  an u n a c c e p t a b l e  
indoor  c l i m a t e  which,  under ext reme c o n d i t i o n s ,  can be harmful  t o  
occupan t s .  On t h e  o t h e r  hand,  u n n e c e s s a r i l y  h i g h  a i r  change r a t e s  
w i l l  p r e s e n t  an  e x c e s s i v e  burden on t h e  b u i l d i n g ' s  h e a t i n g  ( o r  
c o o l i n g )  sys tem,  r e s u l t i n g  e i t h e r  i n  an unnecessa ry  waste  of 
energy o r  i n  the  i n a b i l i t y  of the  h e a t i n g  o r  a i r c o n d i t i o n i n g  
sys tem t o  s a t i s f y  thermal  r equ i rements .  Problems r e l a t i n g  t o  
mois tu re  m i g r a t i o n ,  c o l d  d r a u g h t s  and a  g e n e r a l l y  uncomfor table  
l i v i n g  o r  working environment may a l s o  be e x p e r i e n c e d .  T h i s  
s u b j e c t  has  t h e r e f o r e  become a  key f a c t o r  i n  both  energy  
c o n s e r v a t i o n  and indoor  a i r  q u a l i t y  s t u d i e s .  

A i r  exchange i n  b u i l d i n g s  o c c u r s  a s  a  consequence of  n a t u r a l  a i r  
i n f i l t r a t i o n  and through the  use  of purpose  provided v e n t i l a t i o n .  
The former mechanism is t h e  u n c o n t r o l l e d  f low of a i r  through 
p e n e t r a t i o n s  i n  the  b u i l d i n g  f a b r i c  caused by p r e s s u r e  
d i f f e r e n c e s  g e n e r a t e d  a c r o s s  t h e s e  open ings  by t h e  a c t i o n  of wind 
and t empera tu re .  A s  such i t  is a  v e r y  haphazard  approach t o  
v e n t i l a t i o n  which cannot  be r e l i e d  upon t o  p rov ide  a  s t e a d y  
supp ly  of f r e s h  a i r .  I t  a l s o  p r o v i d e s  l i t t l e  c o n t r o l  over  t h e  
p a t t e r n  of a i r  movement w i t h i n  b u i l d i n g s .  A i r  exchange induced 
by purpose-provided v e n t i l a t i o n  is in tended  t o  s a t i s f y  f r e s h  a i r  
r equ i rements  i n  b u i l d i n g s  w i t h  t h e  minimum of e x t e r n a l  i n f l u e n c e .  
By good d e s i g n  i t  may be used t o  c o n t r o l  a i r  d i s t r i b u t i o n  and t o  
p rov ide  t h e  b a s i s  f o r  h e a t  r ecovery  from e x t r a c t  a i r .  

Although a i r  i n f i l t r a t i o n  s u f f e r s  from many d i s a d v a n t a g e s ,  t h i s  
p r o c e s s ,  coupled wi th  t h e  use of openable  Qindows, v e n t s  and 
s t a c k s ,  c o n t i n u e s  t o  p l a y  a  dominant r o l e  i n  meet ing the  
v e n t i l a t i o n  needs f o r  many v a r i e t i e s  of b u i l d i n g  i n  a  l a r g e  
number of c o u n t r i e s .  However, t h e  problems a s s o c i a t e d  w i t h  
widely  v a r y i n g  a i r  change r a t e s ,  poor c o n t r o l  and u n c e r t a i n  a i r  
d i s t r i b u t i o n ,  have become important  c o n s i d e r a t i o n s  i n  bo th  modern 
b u i l d i n g  d e s i g n  and i n  t h e  upgrading of e x i s t i n g  b u i l d i n g s .  
Although purpose-provided mechanical  v e n t i l a t i o n  sys tems can 
overcome t h e s e  problems, the  b e n e f i t s  provided by such methods 
may e a s i l y  be d e s t r o y e d  by inadequa te  a t t e n t i o n  t o  t h e  
i n t e r a c t i o n  of i n t e n t i o n a l  v e n t i l a t i o n  w i t h  t h a t  caused by a i r  
i n f i l t r a t i o n .  Thus a poor ly  implemented v e n t i l a t i o n  s t r a t e g y ,  
combined w i t h  an i n a p p r o p r i a t e l y  des igned  b u i l d i n g  s h e l l ,  may 
a d v e r s e l y  a f f e c t  both  energy  needs and indoor  c l i m a t e .  Poor 
d e s i g n  may a l s o  be expec ted  t o  a f f e c t  t h e  r e a c t i o n s  of o c c u p a n t s ,  
e s p e c i a l l y  i n  r e l a t i o n  t o  window opening behav iour .  

Desp i t e  t h e  importance  of t h e  p r o c e s s  of a i r  i n f i l t r a t i o n ,  
it is s t i l l  an a s p e c t  of b u i l d i n g  p h y s i c s  abou t  which t h e r e  is  
c o n s i d e r a b l e  u n c e r t a i n t y .  I n  p a r t ,  t h i s  problem h a s  been made 
d i f f i c u l t  by the  d i v e r s e  range of b u i l d i n g s ,  each c o n s t r u c t e d  
a c c o r d i n g  t o  wide ly  v a r y i n g  s p e c i f i c a t i o n s  and s i t e  p r a c t i c e s .  
I n  t h e  p a s t ,  p r o g r e s s  has  a l s o  been hampered by t h e  i n h e r e n t  
d i f f i c u l t y  of a c t u a l l y  making measurements which,  i n  t u r n ,  has  



r e s u l t e d  i n  a  wholly inadequa te  d a t a b a s e  f o r  use i n  t h e  
development of p r e d i c t i v e  t e c h n i q u e s .  Fur thermore ,  the  
c o m p l e x i t i e s  of the  f low mechanisms themselves  have added t o  t h e  
d i f f i c u l t y  of q u a n t i f y i n g  i n f i l t r a t i o n  r a t e s .  I t  is  t h i s  l a c k  of 
u n d e r s t a n d i n g  which h a s  f r e q u e n t l y  r e s u l t e d  i n  d e f i c i e n c e s  i n  
d e s i g n .  Of ten  a i r t i g h t n e s s  measures a r e  misunders tood and a r e  
a p p l i e d  w i t h o u t  due c o n s i d e r a t i o n  t o  v e n t i l a t i o n  needs o r  
v e n t i l a t i o n  approach.  The outcome may be r e f l e c t e d  i n  m o i s t u r e  
problems, s e v e r e  con tamina t ion  of  t h e  indoor  a i r  and p o s s i b l y  
backdraugh t ing  from f l u e s  and exhaus t  v e n t s .  C l e a r l y ,  good 
d e s i g n  w i l l  minimise t h e  problem, ye t  wi thou t  e x p l i c i t  guidance 
t h e r e  is l i t t l e  t h a t  can be accomplished t o  improve d e s i g n  
met hods. 

From t h e  p o i n t  of view of d e s i g n ,  t h e  p r i n c i p a l  t a s k  i s  t o  
minimise energy  consumption by reduc ing  a i r  i n f i l t r a t i o n  whi le  
m a i n t a i n i n g  good indoor  a i r  q u a l i t y .  To a c h i e v e  t h i s  d e s i g n  
o b j e c t i v e ,  i t  is  n e c e s s a r y  t o  p rov ide  guidance on t h e  optimum 
c o n d i t i o n s  f o r  e i t h e r  n a t u r a l  o r  mechanical  v e n t i l a t i o n ,  
p a r t i c u l a r l y  i n  r e l a t i o n  t o  t h e  a i r t i g h t n e s s  of t h e  b u i l d i n g  
s h e l l  and t o  c l i m a t i c  pa ramete r s .  I t  is e q u a l l y  impor tan t  t o  
p rov ide  i n f o r m a t i o n  on c a l c u l a t i n g  t h e  c o s t  e f f e c t i v e n e s s  a f  
a l t e r n a t e  v e n t i l a t i o n  s t r a t e g i e s  and t o  i l l u s t r a t e  t h e  importance  
of  each approach i n  r e l a t i o n  t o  minimis ing indoor  a i r  q u a l i t y  
problems. 

R e c e n t l y ,  advances  i n  bo th  e x p e r i m e n t a l  t e c h n i q u e s  and 
mathemat ica l  model l ing approaches  have r e s u l t e d  i n  a  c o n s i d e r a b l e  
improvement i n  t h e  u n d e r s t a n d i n g  of a i r  i n f i l t r a t i o n .  The use  of  
t r a c e r  g a s  a s  a  d i r e c t  measure of a i r  i n f i l t r a t i o n  and 
v e n t i l a t i o n  ra tes  h a s  been developed t o  t h e  po in t  where 
measurements a r e  r e l a t i v e l y  s t r a i g h t f o r w a r d  t o  perform w h i l e ,  i n  
some c o u n t r i e s ,  t h e  p r e s s u r i s a t i o n  t e s t  f o r  measuring the  
a i r t i g h t n e s s  and a i r  l eakage  c h a r a c t e r i s t i c s  of t h e  b u i l d i n g  
s h e l l  i s  becoming r o u t i n e  and ,  i n  some i n s t a n c e s ,  i s  mandatory. 
Fur the rmore ,  measurement methods t h a t  were once o n l y  s u i t a b l e  f o r  
s m a l l  s i n g l e  f a m i l y  d w e l l i n g s  have now been adap ted  t o  s u i t  t h e  
needs of l a r g e  i n d u s t r i a l  and commercial b u i l d i n g s .  
U n f o r t u n a t e l y ,  however, measurement methods s u f f e r  from a  number 
of drawbacks. I n  p a r t i c u l a r ,  t h e  t r a c e r  gas  t echn ique  r e q u i r e s  
many d i s c r e t e  measurements t o  be made over  an extended p e r i o d  of 
time t o  de te rmine  t h e  long-term weather-dependent i n f i l t r a t i o n  
behav iour  of a  b u i l d i n g .  Also ,  measurement methods a r e  of l i t t l e  
d i r e c t  v a l u e  i n  the  d e s i g n  p r o c e s s ,  s i n c e  they  can o n l y  be used 
t o  a s s e s s  t h e  performance of e x i s t i n g  s t r u c t u r e s .  However, by 
combining t h e  r e s u l t s  of many measurements', a  g e n e r a l  p a t t e r n  of 
a i r  change r e l a t i o n s h i p s  emerges.  A d d i t i o n a l l y ,  by us ing  t h e  
d a t a  t o  v e r i f y  t h e  performance of numerical  c a l c u l a t i o n  
t e c h n i q u e s  i t  has  become p o s s i b l e  t o  deve lop  ve ry  powerful  
p r e d i c t i v e  methods. A s  a  consequence,  mathemat ica l  methods a r e  
now c a p a b l e  of p l a y i n g  a  fundamental  r o l e  i n  the  d e s i g n  and 
e v a l u a t i o n  of ene rgy  v e n t i l a t i o n  s t r a t e g i e s .  By combining t h e  
d e s i g n  a i r  l eakage  and v e n t i l a t i o n  pa ramete r s  of a  b u i l d i n g  w i t h  
l o c a l  t e r r a i n  and c l i m a t i c  d a t a ,  mathemat ica l  models p rov ide  an  
a l t e r n a t i v e  r o u t e  t o  t h e  e s t i m a t i o n  of a i r  change r a t e s  ( s e e  
F i g u r e  2 ) .  
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F i g u r e  2 A l t e r n a t i v e  r o u t e s  t o  t h e  e s t i m a t i o n  o f  a i r  change  rates  

The i n t e n t i o n  of  t h i s  p u b l i c a t i o n  is  t o  p r o v i d e  b o t h  r e s e a r c h e r s  
and d e s i g n e r s  w i t h  d e t a i l e d  background t o  a i r  i n f i l t r a t i o n  
m o d e l l i n g  and  t o  g i v e  s t e p - b y - s t e p  g u i d a n c e  on t h e  a p p l i c a t i o n  o f  
m o d e l l i n g  t e c h n i q u e s  i n  d e s i g n .  P a r t i c u l a r  emphas i s  is d e v o t e d  
t o  p r o v i d i n g  s p e c i f i c  g u i d e l i n e s  on t h e  c a l c u l a t i o n  of s t e a d y -  
s t a t e  a i r  i n f i l t r a t i o n  and on a i r  change  r a t e s  i n  i n d u s t r i a l ,  
commerc ia l  and  d o m e s t i c  b u i l d i n g s .  A s s o c i a t e d  c a l c u l a t i o n s  
i n c l u d e  t h e  d e t e r m i n a t i o n  of i n f i l t r a t i o n  h e a t i n g  and c o o l i n g  
l o a d s ,  a i r  f l o w  and  i n t e r n a l  p r e s s u r e  d i s t r i b u t i o n ,  t h e  
p r e d i c t i o n  of  p o l l u t a n t  c o n c e n t r a t i o n s  i n  b u i l d i n g s  and a n  
a n a l y s i s  of  c o s t  e f f e c t i v e  v e n t i l a t i o n  s t r a t e g i e s .  I n  a d d i t i o n  
t o  p r o v i d i n g  t h e s e  g u i d e l i n e s ,  t h e  r a t i o n a l e  beh ind  e a c h  
c a l c u l a t i o n  t e c h n i q u e  is  d e s c r i b e d  i n  f u l l .  S i n c e  t h e  a p p r o a c h  
t o  v e n t i l a t i o n  s t r a t e g y  v a r i e s  c o n s i d e r a b l y  on a  n a t i o n a l  b a s i s  
( l a r g e l y  a s  a r e s u l t  of c l i m a t i c  d i f f e r e n c e s ) ,  t h e  v a r y i n g  needs  
of e a c h  c o u n t r y  a r e  a l s o  d i s c u s s e d .  

T h i s  g u i d e  is p r e s e n t e d  i n  l o o e e  l e a f  f o r m a t  t o  e n a b l e  f r e s h  
examples ,  c o u n t r y  d a t a  and new c o n c e p t s  t o  be r e a d i l y  
accommodated. 





CHAPTER 1: Scope of Applicatione and Teohniquea 

1 *l VENTILATION REEDS AND STRATEGIES 
1.1.1 Industrial Buildings 
1 .l .2 Commercial Building8 
1 .l  .3 Dwellings 

1.2 VEFJTILBTION OPTIONS 
1.2.1 Natural Ventilation 
1 -2.2 Mechanical Extract (or Supply) Ventilation 
1 .2.3 Balanced Supply/Extract Systems 

1.3 TOWARDS AIR INFILTRATION MODELLING 
1.3.1 Air Infiltration Characteristics 
1.3.2 Seasonal and Climatio Variations in Air Infiltration 

Rates 
1.3.3 Terrain and Shielding Effects on Air Infiltration 
1.3.4 Distribution and Size of Openings 
1.3.5 Purpose-Provided Ventilation 

1 -4 NIJMWICAL METHODS 
1.4.1 Calculation Techniques 
1.4.2 Hierarchical Order of Techniques 
1.4.3 ~ingle/~ulti-zone Selection 
1.4.4 Selecting a Calculation Teohnique 

References 





CHAPTER 1: Scope of  A p p l i c a t i o n s  and  T e c h n i q u e s  

INTRODUCTION 

M a t h e m a t i c a l  models  p r o v i d e  a n  i n e x p e n s i v e  and  r a p i d  method f o r  
a n a l y s i n g  an  a l m o s t  i n f i n i t e  v a r i e t y  of v e n t i l a t i o n  d e s i g n  
o p t i o n s .  They a l s o  have  a p p l i c a t i o n s  i n  a i r  i n f i l t r a t i o n  and  i n  
i n d o o r  a i r  q u a l i t y  c a l c u l a t i o n s .  T h e i r  v a l u e  e x t e n d s  t o  
v e n t i l a t i o n  d e s i g n  a p p l i c a t i o n s  i n  v i r t u a l l y  a l l  v a r i e t i e s  of 
b u i l d i n g ,  e i t h e r  a t  t h e  d e s i g n  s t a g e  of a  new b u i l d i n g  o r  a s  p a r t  
of a  p l anned  r e f u r b i s h m e n t  programme. 

The s t r e n g t h s  of  I n f i l t r a t i o n  models  a s  an  a i d  t o  v e n t i l a t i o n  
d e s i g n  a r e  summarised i n  F i g u r e  1.1. F ixed  c o n d i t i o n s ,  i n c l u d i n g  
c l i m a t e ,  s h i e l d i n g  and t e r r a i n  i n f o r m a t i o n  a r e  combined w i t h  
d e s i g n  d e t a i l s  a s  i n p u t  d a t a .  Models a r e  t h e n  used  t o  p r e d i c t  
c o r r e s p o n d i n g  a i r  change  r a t e s ,  f l o w  p a t t e r n s ,  e n e r g y  
r e q u i r e m e n t s  and  c o s t  b e n e f i t s .  V a r i a b l e s  o v e r  which t h e  
d e s i g n e r  h a s  c o n t r o l  c a n  t h e n  be o p t i m i s e d  t o  b e s t  s u i t  h i s  
r e q u i r e m e n t s .  
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F i g u r e  1 . 1  R o l e  o f  m a t h e m a t i c a l  m o d e l l i n g  i n  d e s i g n  



T h i s  c h a p t e r  c o v e r s  t h e  n e c e s s a r y  m a t e r i a l  f o r  you t o  s e l e c t  an 
a p p r o p r i a t e  model f o r  your chosen a p p l i c a t i o n .  The f i r s t  two 
s e c t i o n s  examine some of t h e  b a s i c  f a c t s  abou t  v e n t i l a t i o n  needs ,  
s t r a t e g i e s  and o p t i o n s .  The next  s e c t i o n ,  1 . 3 ,  looks  a t  t h e  
e s s e n t i a l  e l ements  of a i r  i n f i l t r a t i o n  models and d e s c r i b e s  t h e  
k ind  of i n f o r m a t i o n  t h a t  can be o b t a i n e d  s imply  by s t u d y i n g  t h e s e  
e lements .  The f i n a l  s e c t i o n  aims t o  h e l p  you match a  model w i t h  
your a p p l i c a t i o n  requ i rements .  

A f t e r  r e a d i n g  t h i s  s e c t i o n  you ought t o  be a b l e  t o  a s s e s s  whether 
you can o b t a i n  t h e  i n f o r m a t i o n  you need by a  s imple  
n o n - t h e o r e t i c a l  r o u t e  ( covered  i n  Chapter  2 ) ,  o r  i f  you r e q u i r e  
t h e  g r e a t e r  r i g o u r  and accuracy  of t h e  t h e o r e t i c a l  t e c h n i q u e s ,  
which a r e  d e a l t  wi th  i n  Chapter  3. 

1 . 1  VENTILATION NEEDS AND STRATEGIES 

1.1.1 Industrial B u i l d i n g 8  

I n d u s t r i a l  b u i l d i n g s  a r e  c h a r a c t e r i s e d  by l a r g e  s i n g l e  zone 
s t r u c t u r e s  which a r e  used f o r  manufac tu r ing  o r  s t o r a g e .  I n  
b u i l d i n g s  s u b j e c t e d  t o  e n e r g y - i n t e n s i v e  p r o c e s s e s ,  v e n t i l a t i o n  is  
e s s e n t i a l  f o r  c o o l i n g  purposes .  Summertime h e a t  g a i n s  can a l s o  
be c o n s i d e r a b l e  w i t h  t h e  r e s u l t  t h a t  t h e  prime v e n t i l a t i o n  
o b j e c t i v e  i s  a g a i n  t o  remove e x c e s s  h e a t .  I n  a d d i t i o n  t o  t h e  
need t o  meet g e n e r a l  v e n t i l a t i o n  r e q u i r e m e n t s ,  smoke and 
p o l l u t i o n  c o n t r o l  may be expec ted  t o  impose an o v e r r i d i n g  demand 
on v e n t i l a t i o n  approach.  

Depending on c l i m a t e  a n d l o r  t h e  q u a n t i t y  of i n t e r n a l l y  g e n e r a t e d  
h e a t ,  h e a t  g a i n  may be d i s s i p a t e d  u s i n g  e i t h e r  mechanical  e x t r a c t  
o r  n a t u r a l  v e n t i l a t i o n  ( s e e  s e c t i o n  1 . 2 ) .  I n  t h e  c a s e  of e x t r a c t  
v e n t i l a t i o n ,  t h e  f a n s  a r e  mounted a t  roof  l e v e l  where t h e  warm 
a i r  c o l l e c t s  w h i l e ,  f o r  n a t u r a l  v e n t i l a t i o n ,  a  combinat ion of  
roof and low mounted w a l l  v e n t s  is used t o  promote s t a c k  a c t i o n .  
The mechanical  approach may a l s o  r e q u i r e  a  complementary s u p p l y  
a i r  d i s t r i b u t i o n  sys tem t o  s a t i s f y  make-up a i r  needs  and t o  
e n s u r e  adequa te  comfor t  c o n d i t i o n s .  An a l t e r n a t i v e  method of 
s a t i s f y i n g  g e n e r a l  v e n t i l a t i o n  needs is t o  use  a  mechanical  
s u p p l y  sys tem,  which m a i n t a i n s  an  o v e r a l l  over -p ressure  w i t h i n  
t h e  b u i l d i n g  and minimises  t h e  r i s k  of con tamina t ion .  T y p i c a l  
examples of v e n t i l a t i o n  a r e  i l l u s t r a t e d  i n  F i g u r e  1 . 2 .  

For b u i l d i n g s  s u b j e c t e d  t o  l i g h t  manufactur ing p r o c e s s e s  o r  
s t o r a g e ,  t h e  w i n t e r t i m e  v e n t i l a t i o n  o b j e c t i v e  w i l l  be a l t o g e t h e r  
v e r y  d i f f e r e n t  t o  t h a t  of t h e  summer months. I n s u f f i c i e n t  
a t t e n t i o n  t o  a i r t i g h t n e s s  w i l l  r e s u l t  i n  c o n s i d e r a b l e  
i n f i l t r a t i o n  h e a t  l o s s ,  whi le  t h e  o p e r a t i o n  of l o a d i n g  bay d o o r s  
w i l l  f u r t h e r  add t o  h e a t  l o s s  and t o  g e n e r a l  d i s c o m f o r t .  Even i n  
b u i l d i n g s  s u b j e c t e d  t o  e x c e s s i v e  p r o c e s s  h e a t ,  ene rgy  r e d u c t i o n s  
a r e  f e a s i b l e  by minimis ing v e n t i l a t i o n  r a t e s  o u t s i d e  o p e r a t i o n a l  
p e r i o d s .  

Energy e f f i c i e n t  v e n t i l a t i o n  d e s i g n  must t h e r e f o r e  t a k e  i n t o  
c o n s i d e r a t i o n  t h e  need t o  both  maximise v e n t i l a t i o n  ( i n  o r d e r  t o  
d i s s i p a t e  s o l a r  and p rocess  h e a t  g a i n s ) ,  and t o  minimise 



v e n t i l a t i o n  when these s p e c i a l  c o n d i t i o n s  no longer  a p p l y  . The 
d e s i g n  c a l c u l a t i o n  t e c h n i q u e s  p r e s e n t e d  l a t e r  i n  t h i s  gu ide  a r e  
a p p l i c a b l e  t o  both  requ i rements .  

Natural stack ventilation 

Ducted supply and roof extract 

F i g u r e  1 .2  I n d u s t r i a l  v e n t i l a t i o n  

1.1.2 Commercial Buildings 

I n  terms of s i z e ,  a g e ,  a i r t i g h t n e s s  and v e n t i l a t i o n  approach ,  
commercial b u i l d i n g s  a r e  s u b j e c t  t o  an e x t r e m e l y  d i v e r s e  range  o f  
c o n d i t i o n s .  

Apar t  from c l i m a t i c  c o n s i d e r a t i o n s ,  a i r  hand l ing  sys tems a r e  
needed t o  c i r c u l a t e  a i r  i n  l a r g e  o f f i c e  b u i l d i n g s ,  w h i l e  



mechanical  v e n t i l a t i o n  i s  o f t e n  d e s i r a b l e  i n  c i t y  c e n t r e  
l o c a t i o n s  t o  minimise t h e  i n t r u s i o n  of o u t s i d e  n o i s e  through open 
windows. 

I n  r e l a t i o n  t o  energy  e f f i c i e n c y ,  good v e n t i l a t i o n  d e s i g n ,  
coupled w i t h  a t t e n t i o n  t o  b u i l d i n g  a i r t i g h t n e s s ,  p r e s e n t s  an  
i d e a l  o p p o r t u n i t y  t o  r ecover  waste h e a t  from l i g h t i n g ,  o f f i c e  
equipment and occupan t s .  I n  many i n s t a n c e s  t h i s  can prove t o  be 
a  v e r y  a t t r a c t i v e  p r o p o s i t i o n .  On t h e  o t h e r  hand,  c a r e  i n  d e s i g n  
is e s s e n t i a l  t o  p reven t  indoor  a i r  q u a l i t y  problems. 

1.1.3 Dwel l ings  

With r e g a r d  t o  a i r t i g h t n e s s ,  d w e l l i n g s  r e p r e s e n t  the  most widely  
s t u d i e d  v a r i e t y  of b u i l d i n g .  I n  many c o u n t r i e s  a  good p i c t u r e  of 
t h e  a i r t i g h t n e s s  performance and a i r  i n f i l t r a t i o n  c h a r a c t e r i s t i c s  
of bo th  s i n g l e - f a m i l y  and apar tment  b u i l d i n g s  is  emerging. The 
m a j o r i t y  of c u r r e n t  measurement t echn iques  were o r i g i n a l l y  
developed f o r  housing s i n c e  t h e  r e l a t i v e l y  small u n i t  s i z e  of  
d w e l l i n g s  i n  comparison t o  o t h e r  b u i l d i n g s  has  provided the  b e s t  
o p p o r t u n i t y  f o r  moni to r ing  and v e r i f i c a t i o n .  From t h e  d e s i g n  
p o i n t  of v iew,  i t  is p o s s i b l e  t o  c o n s t r u c t  a  d w e l l i n g  t o  a c c u r a t e  
a i r t i g h t n e s s  t o l e r a n c e s 1 ;  t h e  p r i n c i p l e  t a s k  t h e r e f o r e  is t o  
de te rmine  t h e  most a p p r o p r i a t e  combinat ion of a i r t i g h t n e s s  and 
v e n t i l a t i o n  s t r a t e g y  t o  p rov ide  c o s t - e f f e c t i v e  v e n t i l a t i o n  
performance.  

Mathemat ica l  models f o r  d w e l l i n g s  a r e  w e l l  e s t a b l i s h e d  and 
s e v e r a l  of t h e s e  models formed t h e  focus  of a n  A I V C  programme t o  
v a l i d a t e  t h e  performance of a i r  i n f i l t r a t i o n  p r e d i c t i o n  methods2. 
Most models a r e  c a p a b l e  of s i m u l a t i n g  t h e  v a r i o u s  c o n d i t i o n s  t o  
be found i n  d w e l l i n g s .  

1 .2  VEKTILATION OPTIONS 

1.2.1 Natural V e n t i l a t i o n  

N a t u r a l  v e n t i l a t i o n  remains  a  common method f o r  s a t i s f y i n g  f r e s h  
a i r  r equ i rements  i n  b u i l d i n g s  throughout  many p a r t s  of t h e  world.  
I n  i t s  most b a s i c  form, needs a r e  met by a d v e n t i t i o u s  a i r  f low 
supplemented by t h e  use  of openable  windows and v e n t s .  I n  
a d d i t i o n ,  a i r  b r i c k s  and o t h e r  forms of f i x e d  a i r  v e n t s  a r e  
sometimes a  mandatory requ i rement ,  e s p e c i a l l y  where open 
f i r e p l a c e s  and unvented a p p l i a n c e s  a r e  i n  use .  I n  some 
c o u n t r i e s ,  n a t u r a l  v e n t i l a t i o n  s t a c k s  a r e  r e q u i r e d  t o  enhance 
v e n t i l a t i o n  and improve a i r  d i s t r i b u t i o n ,  e s p e c i a l l y  i n  h i g h - r i s e  
b u i l d i n g s .  I n c l u s i o n  of t h e  e f f e c t s  of purpose-provided open ings  
may be r e a d i l y  i n c o r p o r a t e d  i n t o  i n f i l t r a t i o n  models ( s e c t i o n  
3 .1 .1 ) .  

A d i s a d v a n t a g e  of n a t u r a l  v e n t i l a t i o n  is t h e  i n h e r e n t  d i f f i c u l t y  
i n  c o n t r o l l i n g  t h e  r a t e  of a i r  change,  s i n c e  t h i s  is  dependent on 
t h e  v a r i a b l e  n a t u r e  of wind and t empera tu re .  I n  mild c l i m a t e s ,  
t h i s  problem can o f t e n  be k e p t  w i t h i n  a c c e p t a b l e  t o l e r a n c e s  by 
c a r e f u l  a t t e n t i o n  t o  b u i l d i n g  a i r t i g h t n e s s ,  t h e  p r o v i s i o n  of 



purpose -p rov ided  v e n t i l a t i o n  o p e n i n g s  and  t h e  t r a i n i n g  of  
o c c u p a n t s .  I n  s e v e r e  c l i m a t i c  r e g i o n s  s u c h  c o n t r o l  may become 
more d i f f i c u l t  and i n  such  a r e a s  mechan ica l  v e n t i l a t i o n  s y s t e m s  
have  become p o p u l a r .  

1 .2 .2  Mechan ica l  E x t r a c t  ( o r  S u p p l y )  V e n t i l a t i o n  

The mechan ica l  e x t r a c t i o n  of  a i r  c r e a t e s  a n  i n t e r n a l  
u n d e r p r e s s u r e  which draws  s u p p l y  a i r  t h r o u g h  a d v e n t i t i o u s  a n d l o r  
pu rpose -p rov ided  o p e n i n g s  i n  t h e  b u i l d i n g  e n v e l o p e .  

P r o v i d e d  t h i s  n e g a t i v e  p r e s s u r e  is m a i n t a i n e d  a g a i n s t  t h e  a c t i o n s  
of  wind and s t a c k  p r e s s u r e ,  t h e  r a t e  of a i r  change  is  dominated  
by t h e  v e n t i l a t i o n  sys t em.  I n  t h e o r y  i t  is  p o s s i b l e  t o  make a  
b u i l d i n g  s u f f i c i e n t l y  a i r t i g h t  and t o  d e v e l o p  s u f f i c i e n t  
u n d e r p r e s s u r e s  t o  p r e v e n t  w e a t h e r  i n f l u e n c e s  e n t i r e l y .  However, 
such  an  a c t i o n  may r e s u l t  i n  s e r i o u s  i n d o o r  a i r  q u a l i t y  p rob lems .  
Even f o r  r e l a t i v e l y  low u n d e r p r e s s u r e s ,  p rob lems  a s s o c i a t e d  w i t h  
h i g h  v e l o c i t y  d r a u g h t s  and back  d r a u g h t i n g  c a n  o c c u r  ( s e e  S e c t i o n  
4 . 3 . 1 ) .  The mechanism by which t h i s  v e n t i l a t i o n  a p p r o a c h  
domina te s  t h e  a i r  change  r a t e  is i l l u s t r a t e d  i n  F i g u r e  1 . 3 .  I n  
F i g u r e  1 . 3 ( a ) ,  a  s u b s t a n t i a l  u n d e r p r e s s u r e  is  d e v e l o p e d  and  a i r  
e n t e r s  t h e  b u i l d i n g  t h r o u g h  a l l  s u r f a c e s .  A s  wind s p e e d  
i n c r e a s e s ,  t h e  p r e s s u r e  on t h e  l eeward  s i d e  o f  t h e  b u i l d i n g  
e v e n t u a l l y  e q u a l s  t h a t  of t h e  i n t e r n a l  a i r  p r e s s u r e  and a i r  
c e a s e s  t o  e n t e r  t h r o u g h  t h i s  f a c e  ( F i g u r e  1 . 3 ( b ) ) .  For  f u r t h e r  
i n c r e a s e s  i n  wind s p e e d ,  t h e  i n t e r n a l  p r e s s u r e  becomes p o s i t i v e  
w i t h  r e s p e c t  t o  t h e  l e e w a r d  s i d e  and  t h e  i n f l u e n c e  of  c l i m a t e  
b e g i n s  t o  t a k e  e f f e c t  ( F i g u r e  1 . 3 ( c ) ) .  

I n  a d d i t i o n  t o  p r o v i d i n g  good c o n t r o l  o v e r  t h e  v e n t i l a t i o n  r a t e ,  
mechan ica l  e x t r a c t  v e n t i l a t i o n  p r o v i d e s  t h e  o p p o r t u n i t y  f o r  h e a t  
r e c o v e r y  f rom t h e  e x h a u s t  a i r  u s i n g  a  h e a t  pump ( S e c t i o n  4 . 1 ) .  
T h i s  h a s  become a  p o p u l a r  o p t i o n  i n  some c o u n t r i e s  e s p e c i a l l y  i n  
a p a r t m e n t  b u i l d i n g s .  However, somet imes  m e c h a n i c a l  v e n t i l a t i o n  
is u n s u i t a b l e  s i n c e  i t  c a n  promote t h e  t r a n s f e r  of  e x t e r n a l  
s o u r c e s  of  p o l l u t i o n  t h r o u g h  t h e  b u i l d i n g  s h e l l .  T h i s  i s  a  
p a r t i c u l a r  problem f n  i n s t a n c e s  where u r e a  fo rma ldehyde  h a s  been 
used  as t h e r m a l  i n s u l a t i o n  o r  i n  l o c a t i o n s  where r a d o n  c a n  e n t e r  
t h e  b u i l d i n g  from u n d e r l y i n g  s t r a t a .  E x c e s s i v e  u n d e r p r e s s u r e s  
can  a l s o  l e a d  t o  b a c k d r a u g h t i n g  f rom f l u e s  ( S e c t i o n  4 . 3 . 1 ) .  

The c o n v e r s e  a p p r o a c h  of supp ly -on ly  v e n t i l a t i o n  p r e s e n t s  a  
s i m i l a r  o p p o r t u n i t y  f o r  v e n t i l a t i o n  c o n t r o l  b u t  n o t  f o r  h e a t  
r e c o v e r y .  T h i s  method of  v e n t i l a t i o n  i s  n o t  a  p o p u l a r  c h o i c e  f o r  
many b u i l d i n g s  s i n c e  a p r e s s u r i s e d  b u i l d i n g  is l i k e l y  t o  
encourage  i n t e r n a l l y - p o l l u t e d  m o i s t  a i r  t o  e n t e r  t h e  f a b r i c  o f  
t h e  b u i l d i n g  where i t  may s u b s e q u e n t l y  c o n d e n s e .  I f ,  f o r  s p e c i a l  
a p p l i c a t i o n s ,  supp ly -on ly  v e n t i l a t i o n  is n e c e s s a r y  ( f o r  example  
i n d u s t r i a l  a p p l i c a t i o n s  ( S e c t i o n  1 . 1 . 1 ) ) ,  a s i m i l a r  m a t h e m a t i c a l  
a n a l y s i s  t o  t h a t  s u i t a b l e  f o r  mechan ica l  e x t r a c t  v e n t i l a t i o n  
w i l l  n o r m a l l y  a p p l y .  
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Figure 1.3 Influence of wind infiltration on extract ventilation 

1.2.3 Balanced ~upplyf~xtract Systems 

This differs from the extract-only system in that a separate 
mechanical supply network is introduced to replenish extracted 
air. Balanced systems provide the opportunity for air-to-air 
heat recovery (Section 4.1) and also permit good control over 
the movement of air within the building. However, since supply 



air is provided by mechanical means, a completely balanced 
system will not alter the overall pressure balance within the 
building. Therefore the system offers no resistance to the 
effects of wind and stack induced air infiltration. It is for 
this reason that background leakage and other unintentional 
openings must be reduced to an absolute minimum, Some allowance 
for adventitious leakage is normally made by introducing a 
slight imbalance in the supply/extract rates in favour of 
extraction (typically 10X). The resultant underpressure is 
also advantageous in controlling moisture migration and 
preventing interstitial condensation, although the potential 
for heat recovery is correspondingly reduced. 

1.3 TOWARDS AIR INFILTRATION ElDDELLING 

The foremost task of an air infiltration model is to calculate 
the air change rate in a building for a given set of conditions. 
These basic conditions can be analysed in terms of the 
performance of the building in relation to both its airtightness 
and its proximity to other obstructions (air infiltration 
characteristics), seasonal and climatic influences, and terrain 
factors. These parameters combine to fix the infiltration 
behaviour of a given design approach and therefore their accurate 
interpretation forms an essential first step in any applications 
study. Hence, before progressing to other design considerations, 
the ecope of basic infiltration calculations is considered. 

1.3.1 Air Infiltration Characterietics 

Three primary aspects affect air infiltration: 

* the overall airtightness of the building 
* the climatic influence behind the driving mechanism 
* the topographic environment in which the building is 

located 

These parameters uniquely define the air infiltration 
characteristics of individual buildings and can be readily 
represented in graphical form (see Figure 1.4). 

effect of 
temperature 
difference 

wind speed 

Figure 1.4 Infiltration characteristics 



The curves  a r e  c o n s t r u c t e d  by u s i n g  a  numerical  model t o  
c a l c u l a t e  t h e  r a t e  of a i r  i n f i l t r a t i o n  f o r  f i x e d  inc rements  i n  
wind speed and t empera tu re ,  c o v e r i n g  t h e  c l i m a t i c  range f o r  t h e  
l o c a l i t y  ( s e e  S e c t i o n  6 . 1 ) .  T h i s  approach p r o v i d e s  an  i n v a l u a b l e  
a i d  t o  the  v i s u a l i s a t i o n  of a i r  i n f i l t r a t i o n  performance f o r  
s p e c i f i c  d e s i g n  c o n d i t i o n s .  By c o n s t r u c t i n g  such c u r v e s  f o r  
d i f f e r e n t  topograph ic  c o n d i t i o n s ,  i t  is a l s o  p o s s i b l e  t o  a n a l y s e  
t h e  i n f l u e n c e  of s h i e l d i n g  on a i r  i n f i l t r a t i o n  r a t e s .  I n  
a d d i t i o n  t h i s  approach e n a b l e s  an approximate  i n d i c a t i o n  of a i r  
change r a t e s  t o  be determined f o r  a  wide range of wind and 
t empera tu re  c o n d i t i o n s  wi thou t  f u r t h e r  r e c o u r s e  t o  a  mathemat ica l  
mode l .  

1.3.2 S e a s o n a l  and C l i m a t i c  V a r i a t i o n s  i n  A i r  I n f i l t r a t i o n  R a t e s  

I n  p r a c t i c e  i t  is i n e v i t a b l e  t h a t  c e r t a i n  combinat ions  of wind 
and t empera tu re  w i l l  r e s u l t  i n  e i t h e r  t o o  much o r  t o o  l i t t l e  
i n f i l t r a t i o n .  I t  is  t h e r e f o r e  o f t e n  n e c e s s a r y  t o  t a k e  t h e  
c a l c u l a t i o n  of r a t e s  of a i r  i n f i l t r a t i o n  a  s t a g e  f u r t h e r  i n  t h e  
d e s i g n  p rocess  by de te rmin ing  t h e  f requency  of occurences  o r  t ime 
i n t e r v a l s  f o r  which u n s u i t a b l e  c o n d i t i o n s  p r e v a i l .  T h i s  is 
p o s s i b l e  u s i n g  s t a t i s t i c a l  c l i m a t i c  d a t a  r e l a t i n g  h o u r l y  mean 
wind speed w i t h  a i r  t empera tu re  t o  produce hour-by-hour f requency  
d i s t r i b u t i o n s  of a i r  i n f i l t r a t i o n  (Chap te r  6 . 1 ) .  T y p i c a l  r e s u l t s  
a r e  i l l u s t r a t e d  i n  the  form of a h i s t o g r a m  and an accumula t ive  
f requency  p l o t  i n  F i g u r e s  ( 1 . 5 ( a )  and 1 . 5 ( b )  r e s p e c t i v e l y .  
F i g u r e  1 . 5 ( a )  a l s o  i l l u s t r a t e s  how c l i m a t i c  s e v e r i t y  i n f l u e n c e s  
t h e  d i s t r i b u t i o n  of a i r  change r a t e s .  

+a~change rate . j (l+--- air change rate > 
F i g u r e  1.5 D i s t r i b u t i o n  of i n f i l t r a t i o n  r a t e s  throughout  a 

h e a t i n g  s e a s o n  

These r e s u l t s  may be used t o  a n a l y s e  t h e  p o t e n t i a l  energy l o s s e s  
a s s o c i a t e d  w i t h  n a t u r a l  v e n t i l a t i o n  s t r a t e g i e s  o r  t o  i n v e s t i g a t e  
t h e  need f o r  c o n t r o l l e d  v e n t i l a t i o n  i n  i n s t a n c e s  where a  b u i l d i n g  
is  too a i r t i g h t  t o  s u p p o r t  n a t u r a l  v e n t i l a t i o n .  



L . 3 . 3  T e r r a i n  and S h i e l d i n g  E f f e c t s  on A i r  I n f i l t r a t i o n  

Both t e r r a i n  and l o c a l  s h i e l d i n g  a f f e c t  t h e  i n f l u e n c e  of wind and 
a i r  i n f i l t r a t i o n .  T y p i c a l l y  wind d a t a  a r e  o b t a i n e d  from t h e  
n e a r e s t  m e t e o r o l o g i c a l  s t a t i o n  t o  t h e  s i t e  of t h e  b u i l d i n g  and 
a r e  p r e s e n t e d  i n  t h e  form of wind speed a t  a  h e i g h t  of 10m i n  
open f l a t  c o u n t r y .  T e r r a i n  and s h i e l d i n g  c o r r e c t i o n s  a r e  
e s s e n t i a l  ( S e c t i o n  3 . 1 . 3 . 1 )  and have a  d r a m a t i c  e f f e c t  on a i r  
change a s  i l l u s t r a t e d  i n  F i g u r e  1 .6 .  

air change rate > 
F i g u r e  1 .6  I n f l u e n c e  of  s h e l t e r  on i n f i l t r a t i o n  r a t e  d i s t r i b u t i o n  

Thus ,  f o r  a g iven  m e t e o r o l o g i c a l  wind speed ,  l o c a l  v a l u e s  w i l l  
v a r y  a c c o r d i n g  t o  t h e  environment .  T h e r e f o r e  b u i l d i n g s  
d i s p l a y i n g  i d e n t i c a l  a i r  l eakage  performance w i l l  not  n e c e s s a r i l y  
e x p e r i e n c e  t h e  same i n f i l t r a t i o n  r a t e s  when s u b j e c t e d  t o  s i m i l a r  
weather  c o n d i t i o n s .  T h i s  i s  an impor tan t  c o n s i d e r a t i o n  i n  
p r e d i c t i o n  methods. 

1 . 3 . 4  D i e t r i b u t i o n  and S i z e  of  Openings 

For a  f i x e d  l e v e l  of b u i l d i n g  a i r t i g h t n e s s ,  i t  is p o s s i b l e  f o r  
a i r  i n f i l t r a t i o n  r a t e s  t o  be c o n s i d e r a b l y  a f f e c t e d  by t h e  manner 
i n  which openings  a r e  d i s t r i b u t e d .  For example,  openings  l o c a t e d  
on a s i n g l e  s i d e  of a  s t r u c t u r e  w i l l  minimise t h e  e f f e c t  of 
wind-motivated a i r  i n f i l t r a t i o n  because  t h e r e  is no p a t h  th rough  
which a i r  e n t e r i n g  t h e  b u i l d i n g  can escape .  T h i s  is p a r t i c u l a r l y  
t r u e  i f  the  open ings  a r e  a l s o  l o c a t e d  a t  a  s i n g l e  h e i g h t ,  such  
t h a t  t h e  i n f l u e n c e  of s t a c k  e f f e c t  is a l s o  minimised.  Under 
t h e s e  c i r c u m s t a n c e s ,  t u r b u l e n t  f l u c t u a t i o n s  can become an 
impor tan t  d r i v i n g  mechanism ( s e e  S e c t i o n  3 . 1 . 3 . 2 ) .  Large 
s i n g l e - s i d e d  openings  such  a s  f a c t o r y  e n t r a n c e s  a l s o  need s p e c i a l  



a t t e n t i o n  t o  e n s u r e  t h a t  t h e  s imul taneous  f low of a i r  i n  bo th  
d i r e c t i o n s  through t h e  e n t r a n c e  may be c o r r e c t l y  s i m u l a t e d  
( S e c t i o n  3 .4 .1 .3 ) .  Problems r e l a t i n g  t o  t h e  uneven d i s t r i b u t i o n  
of l eakage  open ings  can g e n e r a l l y  be p r e d i c t e d  w i t h  most a i r  
i n f i l t r a t i o n  models,  and,  indeed ,  t h e  d i s t r i b u t i o n  and s i z e  of 
open ings  normal ly  forms a  key d a t a  r equ i rement .  It is  t h e r e f o r e  
p o s s i b l e  t o  use  a i r  i n f i l t r a t i o n  model l ing t e c h n i q u e s  t o  a s s e s s  
t h e  s i g n i f i c a n c e  of l eakage  d i s t r i b u t i o n .  T h i s  is e s p e c i a l l y  
u s e f u l ,  f o r  example,  i n  o p t i m i s i n g  t h e  l o c a t i o n  of 
purpose-provided open ings  o r  i n  a n a l y s i n g  t h e  i n f l u e n c e  of wind 
d i r e c t i o n  on a i r  i n f i l t r a t i o n .  T y p i c a l  examples h i g h l i g h t i n g  t h e  
e f f e c t  of l eakage  d i s t r i b u t i o n  on a i r  i n f i l t r a t i o n  r a t e s  a r e  
covered i n  S e c t i o n  5 . 2  a s  worked examples.  

1.3.5 Purpose-Provided Ventilation 

I t  is  not  normal ly  p o s s i b l e  t o  i s o l a t e  a i r  i n f i l t r a t i o n  from 
purpose-provided v e n t i l a t i o n .  T h i s  i s  because  i d e n t i c a l  f low 
mechanisms a p p l y  and hence i n s e p a r a b l e  i n t e r a c t i o n  o c c u r s  between 
a d v e n t i t i o u s  and i n t e n t i o n a l  f low. I n  many ways, 
purpose-provided v e n t i l a t i o n  p r e s e n t s  a  much more s t r a i g h t f o r w a r d  
problem f o r  models t o  d e a l  w i t h  t h a n  i n f i l t r a t i o n  i t s e l f ,  s i n c e  
t h e  s i z e ,  f low c h a r a c t e r i s t i c s ,  and l o c a t i o n  of supp ly  and 
e x t r a c t  open ings  a l l  form p a r t  of t h e  d e s l g n  o p t i o n .  Much 
g r e a t e r  c e r t a i n t y  over  t h e  f low behaviour  w i t h i n  a  b u i l d i n g  is  
p o s s i b l e ,  p rov ided  t h a t  c a r e f u l  a t t e n t i o n  is devoted t o  
minimis ing background l eakage .  Such an approach l e a v e s  t h e  
d e s i g n e r  w i t h  c o n s i d e r a b l y  g r e a t e r  f l e x i b i l i t y  i n  p r o v i d i n g  
adequa te  v e n t i l a t i o n  than  is  p o s s i b l e  by r e l y i n g  on t h e  haphazard  
n a t u r e  of a d v e n t i t i o u s  v e n t i l a t i o n .  

1.4 NUMERICAL METHODS 

The i n t e n t i o n  of t h i s  s e c t i o n  is t o  d i r e c t  you t o  t h e  most 
a p p r o p r i a t e  c a l c u l a t i o n  t echn ique  f o r  a  g iven  a p p l i c a t i o n .  
Guidance is p r e s e n t e d  on t h e  c h o i c e  of c a l c u l a t i o n  method, 
r equ i rements  f o r  mult i-zone o r  s i n g l e  zone methods and t h e  
s e l e c t i o n  of t e c h n i q u e s  a c c o r d i n g  t o  a p p l i c a t i o n .  

Having s e l e c t e d  t h e  most a p p r o p r i a t e  a p p l i c a t i o n  and c a l c u l a t i o n  
t e c h n i q u e ,  you can l o c a t e  t h e  r e l e v a n t  s e c t i o n s  of t h e  d e s i g n  
gu ide  t o  o b t a i n  f u r t h e r  i n f o r m a t i o n  on how t o  proceed.  

1.4.1 Calculation Techniques 

There  a r e  e s s e n t i a l l y  f i v e  g e n e r i c  forms of  c a l c u l a t i o n  t e c h n i q u e  
a v a i l a b l e  f o r  a i r  i n f i l t r a t i o n  and v e n t i l a t i o n  p r e d i c t i o n s .  
These a r e :  

1 " A i r  change" methods 
2 Reduct ion of p r e s s u r i s a t i o n  t e s t  d a t a  
3 Regress ion  t e c h n i q u e s  
4  T h e o r e t i c a l  network methods 
5 S i m p l i f i e d  t h e o r e t i c a l m e t h o d s  



L t  is  from t h i s  l i s t  t h a t  t h e  c h o i c e  of method w i l l  be s e l e c t e d .  
Methods 1-3 a r e  e m p i r i c a l  t e c h n i q u e s  and a r e  d e a l t  wi th  i n  
Chap te r  2 .  Chapte r  3 c o v e r s  t h e  o t h e r  two methods, which a r e  
based on a more fundamental  approach.  A summary of t h e  d i f f e r e n t  
t echn iques  i s  p r e s e n t e d  i n  Tab le  1.1. 

1 . 4 . 2  Hierarchical  Order of Techniques 

The v a r i o u s  forms of c a l c u l a t i o n  t echn ique  have a  h i e r a r c h i c a l  
o r d e r  r e p r e s e n t i n g  bo th  t h e i r  r ange  of a p p l i c a b i l i t y  and t h e i r  
l e v e l  of complex i ty  ( F i g u r e  1 . 7 ) .  

theoret~cal 
network 
methods 

MULTI-ZONE 

theoretical 
network 
methods 

SINGLE-ZONE 

simplified 
theoretical 
techniques 

regression 
methods 

(see Note 1 ) 

reduction of 
pressurization 

(see Note 2) 

air 
change 

methods 

Notes: 
1 Assumes that air infiltration rates can be measured In Ihe 

budding. 
2 Assumes that a~rt~ghtness measurements (pressurization 

testing) may be made or est~mated. 

F i g u r e  1 .7  H i e r a r c h i c a l  o r d e r  of t e c h n i q u e s  



T a b l e  1 . 1  Summary of calculation techniques 

(a) Empirical methoda 

Availability 
of algorithms 

CIBSE and ASHRAE 
guidas provide 
ouflicient opera- 
tional guidance 

Technique Data requirements Advantages 

Air changa wthodr Baeic building 
deoign details 
(size, height, atc) 

- Eaoe of use 
- No computing 

facilities 
required 

- Doeo not provide 

detailed 
infiltration 
predic t iono 

Rrduction of 
prarruriration test 
data 

Pressurirtion teot 
data 

None required - Appliee only to 

existing buildingm 
in which pressuri- 
sation teat data 
is available 

- Does not indicata 
the effects of 
weather, shielding 
and terrain 
conditions 

- Eaoe of use 
- No computing 

facilitias 
requires 

Ragrammion wthodo Infiltration 
meaourement data 
with corrasponding 
wind and temperature 
records 

ASHRAE Pundamntale - Fairly eaay to 
use. Rsgraeeion 
coefficiento may 
be calculated 
using the 
statistical 
functiioos on a 
pocket calculator. 

- Civea weather 
dapandent 
infiltration 
predictiono. 

- Can give 
reaoonable results 
if care is takan 
to calculate 
regression 
coefficiento. 

- Only really 
appliea to 
axisting building 
in which tracer 
gao measurements 
have been made. 

- Typical regreoo- 
ion data are 
available but 
they can give 
very unreliable 
reaults. 

(b) Theoretical methods 

Netvork Hodala - Building 
dascription 
(oize. 
dimansionr, 
orientation, 
numbar of cello). 

- Surrounding 
shielding data. 

- Terrain roughneoo. 
- Flow path data 
(location and 
deecrlption of 
leako). 

NBS Algorithm. 
also comwrcial 
algori thma are 
available. 

- Predicts air 
diacribution 
pat terns. 

- Determiner 
internal praseure 
distribution. 

- Reoponaible to 
waother, terrain 
and shielding 
parameters. 

- Moderately 
sizeable network8 
can be run on 
amall computera. 

- b y  be used for 
combined air 
infiltration and 
echanical 
vmntilation 
calculationr . 

- Subatantial data 
may be required to 
deacribe flow 
network. 

- Considerable 
computational 
effort. 

P- 

- Air lamkage 
characteristics 
of building, eg 
preasuriaation 
tart data. 

- Shielding data. 
- Terrain roughneeo. 

Offarm a compromiss 
betveen the 
complexity of 
network mdolr and 
the inaccuracy of 
empirical tachniquee 

- Only applicable to 
single zone 
mtructures. 

- Providam no 
information on the 
dirmction of air 
movement. 

Simplified 
theoratical wdalr 

No epacific 
algorithm has h e n  
published although 
rufficient detallm 
con be obtained 
from oource papers. 



a A s  a  g e n e r a l  r u l e ,  a l t e r n a t i v e  methods f o r  s p e c i f i c  a p p l i c a t i o n s  
can o n l y  be s e l e c t e d  by moving up t h e  h i e r a r c h y .  Thus,  by 
r e f e r e n c e  t o  F i g u r e  1.7 a t h e o r e t i c a l  network method may be 
expec ted  t o  f u l f i l 1  t h e  needs of a l l  a p p l i c a t i o n s  whi le  " a i r  
change" methods a r e  of  much more l i m i t e d  v a l u e .  On t h e  o t h e r  
hand, network methods demand s u b s t a n t i a l l y  more d a t a  than  methods 
lower down t h e  h i e r a r c h y  ( s e e  Tab le  1 . 1 ) .  

1 . 4 . 3  Single/Multi-Zone Selection 

A " s i n g l e  zone" o r  " s i n g l e  c e l l "  b u i l d i n g  is one i n  which t h e  
i n t e r i o r  a i r  mass can be assumed t o  be w e l l  mixed and is a t  a  
s i n g l e  uniform p r e s s u r e .  B u i l d i n g s  which n o t i o n a l l y  conform t o  
t h e s e  c o n d i t i o n s  a r e  d w e l l i n g s ,  non-segmented i n d u s t r i a l  
b u i l d i n g s  and s m a l l  open-plan commercial b u i l d i n g s .  

A "multi-zone" o r  "mul t i - ce l l "  b u i l d i n g  is one i n  which i n t e r i o r  
a i r  f low is r e s t r i c t e d  by i n t e r n a l  p a r t  i t  i o n i n g .  T y p i c a l  
mult i-zone b u i l d i n g s  a r e  apar tment  d w e l l i n g s  and l a r g e  commercial 
b u i l d i n g s .  

Whenever p o s s i b l e ,  i t  is p r e f e r a b l e  t o  use  t h e  s i n g l e  zone 
approx imat ion  s i n c e  t h i s  c o n s i d e r a b l y  s i r n p l i f i e e  t h e  c a l c u l a t i o n .  
Indeed i f  r e s o u r c e s  a r e  l i m i t e d  o r  i f  i n s u f f i c i e n t  d a t a  a r e  
a v a i l a b l e ,  then  t h e  e i n g l e  zone approach may prove t o  be t h e  o n l y  
v i a b l e  method. Should a multi-zone r e p r e s e n t a t i o n  prove t o  be 
n e c e s s a r y  then  t h e  on ly  s a t i s f a c t o r y  c a l c u l a t i o n  t e c h n i q u e  
c u r r e n t l y  a v a i l a b l e  i s  t h e  t h e o r e t i c a l  "network" approach.  

The c h a r t  p r e s e n t e d  i n  F i g u r e  1.8 is  aimed a t  a s s i s t i n g  t h e  u s e r  
i n  d e c i d i n g  whether o r  not  the  s i n g l e  zone approx imat ion  is 
p e r m i s s i b l e .  The d e t a i l s  be lou  d e s c r i b e  how t o  proceed down t h e  
c h a r t .  

S t a r t  There a r e  two p o s s i b l e  s t a r t i n g  b l o c k s  depending on t h e  
type of b u i l d i n g  under d i s c u s s i o n .  One s t a r t  is  f o r  
t h e  n o t i o n a l l y  s i n g l e  zone b u i l d i n g ,  whi le  t h e  o t h e r  is 
f o r  t h e  n o t i o n a l l y  mult i-zone b u i l d i n g  ( m u l t i - f a m i l y  
d w e l l i n g s  and l a r g e  commercial s t r u c t u r e s )  

D i s t i n c t  T h i s  d e c i s i o n  p o i n t  looks  t o  s e e  i f  t h e  o s t e n s i b l y  
zones s i n g l e  zone b u i l d i n g  is i n  f a c t  broken up ,  by d e s i g n ,  

i n t o  zones .  An example of a  d w e l l i n g  t h a t  was n o t  
would be a  s i n g l e  f a m i l y  house wi th  warm a i r  h e a t i n g ;  
an example of a  d w e l l i n g  which was would be a 3 - s to rey  
apar tment  wi th  a  "wet" c e n t r a l  h e a t i n g  sys tem.  I f  is 
is  determined t h a t  t h e  zones a r e  d i s t i n c t ,  t h e  f low 
goes  from t h e  l e f t  column t o  t h e  r i g h t  one ,  o t h e r w i s e  
i t  proceeds  down t h e  l e f t  column. 

Well Even though t h e r e  a r e  r e c o g n i s a b l e  zones  i n  a  
coupled s t r u c t u r e ,  they  may be s o  w e l l  coupled t h a t  they  can be 

t r e a t e d  a s  a  s i n g l e  zone.  T h i s  d e c i s i o n  must ,  i n  p a r t ,  
t a k e  i n t o  accoun t  the  purpose ,  f o r  example indoor  a i r  
q u a l i t y ,  bu t  a n  example of good c o u p l i n g  might be a 
commercial b u i l d i n g  i n  which t h e r e  is  a  s i n g l e  HVAC 



sys tem t h a t  h a s  bo th  supp ly  and r e t u r n  r e g i s t e r s .  I f  
i t  is  determined t h a t  t h e  zones a r e  w e l l  enough 
c o u p l e d ,  f low moves t o  t h e  l e f t  column. 

Well Although i t  may have been determined t h a t  any zones  
mixed which e x i s t  a r e  e i t h e r  w e l l  coupled o r  i n d i s t i n c t ,  t h e  

b u i l d i n g  may be poor ly  mixed. T h i s  is o f t e n  t r u e  of  
l a r g e  i n d u s t r i a l  type  b u i l d i n g s  such a s  warehouses ,  
e t c .  I f  t h e  mixing is poor ,  f low goes  t o  t h e  
" v e n t i l a t i o n  e f f i c i e n c y "  box. A l t e r n a t i v e l y ,  I f  t h e  
b u i l d i n g  is be ing  t r e a t e d  a s  w e l l  coupled and w e l l  
mixed, f low t e r m i n a t e s  a t  t h e  " s i n g l e  zone model". 

Single family 
Small commerc~al 
lndustr~al 

Small multi-family 
Large multi-family 
Large commercial 

slngle zone methods 
Mam optlons are: 
0 'a~r change' methods 

reduct~on of 
pressur~zatlon test data 
regression 

theoret~cal network 
0 s~mpl~f~ed theoret~cal 

multl-zone methods 
Main optlons are: 

theoretcal network 
methods 

F i g u r e  1.8 S i n g l e / m u l t i  zone s e l e c t i o n  



Vent.  T h i s  box d e n o t e s  t h e  f a c t  t h a t  i n d i v i d u a l  zones a r e  
e f  f i c .  p o o r l y  mixed and i t  i s  n e c e s s a r y  t o  i n v o l v e  t h e  concep t  

of v e n t i l a t i o n  e f f i c i e n c y  ( S e c t i o n  3 .1 .2) .  U n f o r t u n a t e l y ,  
t h e r e  i s  no concensus  on how t o  do t h i s .  Although 
r e s e a r c h  i s  underway, t h e  u s e r  i s  l e f t  w i t h o u t  a p p r o p r i a t e  
a l g o r i t h m s  and t h e r e f o r e  m u s t  d e c i d e  whether h i s  purpose  
r e q u i r e s  normal f low mode l l ing  o r  whether  t h e  v e n t i l a t i o n  
e f f i c i e n c y  i s s u e  can be ignored .  A s  models deve lop ,  i t  
may become p o s s i b l e  t o  i n c l u d e  v e n t i l a t i o n  e f f i c i e n c y  i n  
them. 

I n  t h e  end,  t h e  u s e r  w i l l  e i t h e r  end up a t  t h e  s i n g l e  o r  m u l t i -  
zone model box. Th i s  c h o i c e ,  combined w i t h  t h e  a p p l i c a t i o n ,  w i l l  
then l e a d  t o  one of t h e  model types .  

1.4.4 S e l e c t i n g  a  C a l c u l a t i o n  Technique 

The a p p l i c a t i o n s  covered by t h i s  gu ide  and t h e  i n i t a l l y  
recommended c a l c u l a t i o n  approach f o r  each a r e  summarised i n  
F i g u r e  1 .9 .  The p r o c e s s  of s e l e c t i n g  a  s u i t a b l e  c a l c u l a t i o n  
t echn ique  beg ins  by i d e n t i f y i n g  t h e  most r e l e v a n t  a p p l i c a t i o n  
from t h o s e  l i s t e d  i n  t h e  f i g u r e .  The recommended method i s  
v e r i f i e d  f o r  s u f f i c i e n t  accuracy  and checked a g a i n s t  d a t a  needs 
(Tab le  1 . 1 ) .  Should t h e  c h o i c e  of method prove t o  be 
u n a c c e p t a b l e ,  t h e n  an a l t e r n a t i v e  must be s e l e c t e d  by moving up 
rhe h i e r a r c h i c a l  o r d e r  of t echn iques  ( F i g u r e  1 . 7 ) .  T h i s  p r o c e s s  
is c o n t i n u e d  u n t i l  an a c c e p t a b l e  method h a s  been found. I f  a 
method proves  u n s u i t a b l e  because of e x c e s s i v e  d a t a  r e q u i r e m e n t s ,  
then  you may have t o  r e f e r  back t o  t h e  mul t i -zonei ' s ingle  zone 
d e c i s i o n  c h a r t  ( F i g u r e  1.8)  and f u r t h e r  approximate  your i d e a s  s o  
t h a t  a  s i n g l e  zone approach may be used .  

F i n a l l y ,  you can e x e c u t e  t h e  c a l c u l a t i o n  method recommended i n  
t h e  g u i d e ;  o r  deve lop  o r  modify an e x i s t i n g  method u s i n g  the  
i n f o r m a t i o n  p r e s e n t e d  i n  Chap te r  3 o r  seek  s p e c i a l i s t  a d v i c e .  

While e v e r y  e f f o r t  has  been made t o  make t h e  p r o c e s s  a s  
s t r a i g h t f o r w a r d  a s  p o s s i b l e ,  some of t h e  d e c i s i o n  p o i n t s  r e q u i r e  
you t o  unders tand  t h e  d e t a i l s  and r a m i f i c a t i o n s  of t h e  p r o c e s s  
being s t u d i e d .  I n  g e n e r a l ,  t h e r e  is  always a  t r ade -of f  between 
a c c u r a c y ,  e a s e  of use  and d a t a  r e q u i r e m e n t s .  For example,  a  good 
multi-zone network approach can be used f o r  any a p p l i c a t i o n ;  i t  
c a n ,  however, have e x t e n s i v e  d a t a  r equ i rements  and l a r g e  networks 
r e q u i r e  a  h igh  l e v e l  of e x p e r t i s e  and computer s o p h i s t i c a t i o n  
t o  run .  S i n c e  t h e  l e v e l  of e f f o r t  you have a v a i l a b l e  may be an 
impor tan t  c o n s i d e r a t i o n ,  t h e  a p p l i c a t i o n  c h a r t  ( F i g u r e  1.9)  
d i r e c t s  you t o  the  s i m p l e s t  model f o r  a  g iven  a p p l i c a t i o n .  
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Figure 1.9 Selecting a calculation technique (continued) 
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Notes: 
1  Mechanical  v e n t i l a t i o n  

The a i r  change r a t e  i n  many b u i l d i n g s  is dominated by 
mechanical  v e n t i l a t i o n .  I t  is  t h e r e f o r e  impor tan t  t h a t  
any model used t o  r e p r e s e n t  such  b u i l d i n g s  shou ld  be 
a b l e  t o  t a k e  f u l l  accoun t  of t h e s e  sys tems.  

2 Occupants 
Occupants  can have a  s i g n i f i c a n t  e f f e c t  on i n f i l t r a t i o n  
by means of window and door opening.  Window opening 
e s p e c i a l l y  is used t o  c o n t r o l  comfor t  c o n d i t i o n s .  I n  
many i n s t a n c e s  t h e  more r i g o r o u s  c a l c u l a t i o n  t e c h n i q u e s  
a r e  a b l e  t o  p r e d i c t  t h e  e f f e c t  of window and door 
opening.  However, b e h a v i o u r a l  i n f o r m a t i o n ,  i e  t h e  
m o t i v a t i o n  and c o n d i t i o n s  f o r  window open ing ,  is no t  s o  
r e a d i l y  a v a i l a b l e .  I f  windows a r e  l e f t  open t h e  
o v e r a l l  e f f e c t  on a i r  change r a t e  w i l l  o f t e n  be 
c o n s i d e r a b l e .  

3  S u b s i d i a r y  a p p l i c a t i o n s  
T h i s  gu ide  is p r i m a r i l y  concerned w i t h  p r o v i d i n g  
i n f o r m a t i o n  on c a l c u l a t i n g  a i r  i n f i l t r a t i o n  and 
v e n t i l a t i o n  r a t e s .  However, t h e s e  v a l u e s  a r e  not  
always t h e  f i n a l  answer a s  f a r  a s  t h e  u s e r  is  
concerned.  R a t h e r ,  t h e y  form a  u s e f u l  i n t e r m e d i a t e  i n  
r e a c h i n g  an o b j e c t i v e .  The most common s t e p  is t o  
de te rmine  the  h e a t l n g  o r  c o o l i n g  load on t h e  HVAC 
sys tem of t h e  b u i l d i n g .  Thus it is  n e c e s s a r y  t o  ( a )  
c a l c u l a t e  t h e  energy  c o n t e n t  of t h e  v e n t i l a t i o n  and ( b )  
combine i t  wi th  o t h e r  whole b u i l d i n g  f a c t o r s  t o  
de te rmine  t h e  l o a d .  

Indoor  a i r  q u a l i t y  is a n o t h e r  importanr  i s s u e ;  i t  u s e s  
v e n t i l a t i o n  t o  de te rmine  t h e  c o n c e n t r a t i o n  of s p e c i f i c  
p o l l u t a n t s  and ,  hence,  a  t o t a l  occupant  exposure .  
V e n t i l a t i o n  e f f i c i e n c y  i s s u e s  a r e  a l s o  becoming of 
g r e a t e r  importance .  Such indoor  a i r  q u a l i t y  i s s u e s  can 
be combined w i t h  energy  c a l c u l a t i o n s  and c o s t  d a t a  i n  
an  i n t e g r a t e d  approach t o  f i n d  t h e  sys tem which 
d e l i v e r s  adequa te  comfort  and s a f e t y  t o  minimum l i f e  
c y c l e  c o s t .  

Common s u b s i d i a r y  c a l c u l a t i o n  t e c h n i q u e s  can be found 
i n  Chap te r  4. 
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i n f i l t r a t i o n  r a t e  is c a l c u l a t e d  b a s e d  on d e s i g n  wind s p e e d .  
A d j u s t m e n t s  a r e  t h e n  made t o  i n d i v i d u a l  room r a t e s  a c c o r d i n g  t o  
window d i s t r i b u t i o n  and  room l e v e l .  The second  a p p r o a c h  makes 
u s e  o f  a t a b l e  o f  e x p e c t e d  v a l u e s  f o r  b u i l d i n g s  of  t y p i c a l  
c o n s t r u c t  i o n .  

2 .1 .2  R e d u c t i o n  o f  P r e s s u r i s a t i o n  T e s t  Data 

T h i s  i s  a  v e r y  s i m p l e  t e c h n i q u e  which n e v e r t h e l e s s  p r o v i d e s  
v a l u a b l e  i n f o r m a t i o n  c o n c e r n i n g  t h e  a v e r a g e  i n f i l t r a t i o n  
pe r fo rmance  of  a  b u i l d i n g .  The a r t i f i c i a l  p r e s s u r i s a t i o n  o r  
d e p r e s s u r i s a t i o n  of  a  b u i l d i n g  a s  a  means of a s s e s s i n g  a i r  
l e a k a g e  pe r fo rmance  is  now a  f a i r l y  common p r a c t i c e 3 .  I n  i t s e l f  
i t  o n l y  p r o v i d e s  d a t a  r e g a r d i n g  t h e  " l e a k i n e s s "  of t h e  b u i l d i n g  
( u s u a l l y  e x p r e s s e d  i n  t e rms  of  a i r  change  r a t e  a t  a  50 Pa 
p r e s s u r e  d i f f e r e n c e  , Q50) .  The r e s u l t  p r o v i d e s  no i n f o r m a t i o n  on 
t h e  d i s t r i b u t i o n  of  o p e n i n g s  o r  on how i n f i l t r a t i o n  w i l l  be 
a f f e c t e d  by wind ,  t e m p e r a t u r e ,  t e r r a i n ,  o r  s h i e l d i n g .  However, 
numerous e x p e r i m e n t a l  t e s t s  have  shown t h a t  t h e  a p p r o x i m a t e  a i r  
i n f i l t r a t i o n  r a t e  w i l l  be of  t h e  o r d e r  of  one  t w e n t i e t h  of  t h e  
measured  a i r  change  r a t e  a t  50 P a ,  i e :  

where Qinf = i n f i l t r a t i o n  r a t e  (h-') 

Q 5 0  - a i r  change  rate a t  50 Pa 

T h i s  p r o v i d e s  a  u s e f u l  " r u l e  of  thumb" e s t i m a t e  s h o u l d  
p r e s s u r i s a t i o n  t e s t  d a t a  be a v a i l a b l e .  I t  is  of  v a l u e  when 
c o n s i d e r i n g  t h e  i m p l i c a t i o n s  of  b u i l d i n g  a i r t i g h t n e s s  on t h e  
d e s i g n  pe r fo rmance  of  e i t h e r  n a r u r a l  o r  mechan ica l  v e n t i l a t i o n  
s t r a t e g i e s .  Fo r  example ,  a  n a t u r a l l y  v e n t i l a t e d  b u i l d i n g  
i n t e n d e d  t o  meet an  a v e r a g e  v e n t i l a t i o n  r e q u i r m e n t  of 0 . 5  a i r  
c h a n g e s l h o u r  ( a c h )  would r e q u i r e  an  o v e r a l l  a i r  l e a k a g e  r a t e  a t  
50 Pa  o f  n o t  l e s s  t h a n  10 a c h .  S i m i l a r l y  a  m e c h a n i c a l l y  
v e n t i l a t e d  b u i l d i n g  would need a c o n s i d e r a b l y  g r e a t e r  d e g r e e  of  
a i r t i g h t n e s s  i f  i n t e r f e r e n c e  by a i r  i n f i l t r a t i o n  is t o  be 
a v o i d e d .  The method i s ,  however ,  o n l y  s u i t a b l e  f o r  s m a l l  
b u i l d i n g s  such  au d w e l l i n g s ,  i n  which t h e  p r e s s u r i s a t i o n  t e s t  c a n  
be made. 

2 . 1 . 3  R e g r e s s i o n  T e c h n i q u e s  

T h i s  method is  based  on t h e  r e s u l t s  of  s t a t i s t i c a l  f i t s  t o  long-  
term time s e r i e s  d a t a  of i n f i l t r a t i o n  r a t e  measurements  and  
a s s o c i a t e d  c l i m a t i c  d a t a .  I n  i ts  most b a s i c  form a i r  
i n f i l t r a t i o n  is e x p r e s s e d  a s  a  l i n e a r  f u n c t i o n  of  wind and  
t e m p e r a t u r e ,  i e  : 



where  Qinf = i n f i l t r a t i o n  rate  (h-') 
0 AT = i n t e r n a l l e x t e r n a l  t e m p e r a t u r e  d i f f e r e n c e  ( C) 

V a wind s p e e d  (mls)  

a ' ,  b ' ,  c '  = r e g r e s s i o n  c o e f f i c i e n t s  

Known c o m b i n a t i o n s  o f  AT and  V a r e  s u b s t i t u t e d  i n t o  t h e  above  
e q u a t i o n  and t h e  r e g r e s s i o n  c o e f f i c i e n t s  a r e  c a l c u l a t e d  by 
t h e  method o f  l e a s t  s q u a r e s .  

The main v a l u e  of  t h i s  a p p r o a c h  is i n  t h e  e x t r a p o l a t i o n  o f  
r e s u l t s  beyond a  measurement p e r i o d .  T y p i c a l l y ,  h o u r l y  r a t e s  o f  
a i r  i n f i l t r a t i o n  a r e  c o n t i n u o u s l y  measured  o v e r  a p e r i o d  o f  a few 
d a y s .  A p p r o p r i a t e  r e g r e s s i o n  c o e f f i c i e n t s  a r e  t h e n  e v a l u a t e d  and  
t h e  pe r fo rmance  of  t h e  i n f i l t r a t i o n  e q u a t i o n  is  v e r i f i e d  o v e r  a  
f u r t h e r  s h o r t  measurement  p e r i o d .  The r e g r e s s i o n  e q u a t i o n  may 
t h e n  be u sed  t o  e s t i m a t e  a i r  i n f i l t r a t i o n  pe r fo rmance  o f  t h e  
b u i l d i n g  o v e r  a wide r  s e t  o f  c l i m a t i c  c o n d i t i o n s .  

The main d i s a d v a n t a g e  of  t h i s  method is  t h a t  t h e  c a l c u l a t e d  
r e g r e s s i o n  c o e f f i c i e n t s  a r e  u n i q u e  t o  t h e  b u i l d i n g  s i n c e  t h e y  
r e f l e c t  n o t  o n l y  t h e  a i r t i g h t n e s s  pe r fo rmance  of t h e  b u i l d i n g  b u t  
a l s o  i t s  o r i e n t a t i o n  w i t h  r e s p e c t  t o  a d j a c e n t  o b s t r u c t i o n s .  I t  
is t h e r e f o r e  n o t  p o s s i b l e  t o  t r a n s f e r  t h e  d a t a  t o  o t h e r  
b u i l d i n g s .  A l though  r e p r e s e n t a t i v e  v a l u e s  of  r e g r e s s i o n  
c o e f f i c i e n t s  have  been p u b l i s h e d  f o r  d e s i g n  p u r p o s e s ,  t h e y  can  be 
v e r y  u n r e l i a b l e .  
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m CHAPTER 3:  T h e o r e t i c a l  Models 

INTRODUCTION 

The s e v e r e  r e s t  t i c  t i o n s  imposed by e m p i r i c a l  r e g r e s s i o n  
t e c h n i q u e s  l i m i t  d e t a i l e d  d e s i g n  c a l c u l a t i o n s  t o  a  f u l l  s o l u t i o n  
of t h e  t h e o r e t i c a l  f l o w  e q u a t i o n s  o u t  l i n e d  i n  S e c t i o n  3 .1 .1 .  
Such models  t a k e  t h e  form of  a  f l o w  ne twork  i n  which nodes  
r e p r e s e n t i n g  r e g i o n s  o f  d i f f e r i n g  p r e s s u r e  a r e  
i n t e r c o n n e c t e d  by l e a k a g e  p a t h s .  T h i s  ne twork  is  d e s c r i b e d  by a  
s e t  o f  s i m u l t a n e o u s  e q u a t i o n s  formed by a p p l y i n g  t h e  d e s i r e d  f l o w  
e q u a t i o n  ( e q u a t i o n s  3 .1  - 3 . 5 )  t o  e a c h  of  t h e  p a t h s .  T h e s e  
e q u a t i o n s  a r e  t h e n  s o l v e d  by d e t e r m i n i n g  an  i n t e r n a l  p r e s s u r e  
d i s t r i b u t i o n  such  t h a t  a  mass f l o w  b a l a n c e  is p r e s e r v e d  be tween 
t h e  i n f i l t r a t i n g  and  e x f i l t r a t i n g  a i r  masses .  

T h e o r e t i c a l  models  of v a r y i n g  d e g r e e s  o f  c o m p l e x i t y  a r e  a v a i l a b l e  
and i t  is i m p o r t a n t  t h e r e f o r e  t o  make t h e  c o r r e c t  s e l e c t i o n  
a c c o r d i n g  t o  b o t h  b u i l d i n g  t y p e  and i n t e n d e d  a p p l i c a t i o n .  The 
s i m p l e s t  o f  a l l  ne twork  models  a p p r o x i m a t e s  t h e  i n t e r i o r  of  a  
b u i l d i n g  a s  a  s i n g l e  zone a t  u n i f o r m  p r e s s u r e .  T h i s  
a p p r o x i m a t i o n  is g e n e r a l l y  s a t i s f a c t o r y  f o r  i n d u s t r i a l - t y p e  
b u i l d i n g s  s u c h  a s  f a c t o r i e s  and warehouses  and f o r  c a l c u l a t i n g  
t h e  o v e r a l l  a i r  change  r a t e  i n  d w e l l i n g s .  However, where 
p a r t i t i o n i n g  p r e s e n t s  an  impedence t o  t h e  g e n e r a l  movement o f  
a i r ,  i t  is n e c e s s a r y  t o  d i v i d e  t h e  i n t e r i o r  of t h e  b u i l d i n g  i n t o  
d i s c r e t e  zones  w i t h  i n t e r c o n n e c t i n g  f l o w  p a t h s .  Such a n  a p p r o a c h  
is a l m o s t  a lways  n e c e s s a r y  i n  commerc ia l  and  m u l t i - s t o r e y  
b u i l d i n g s  i n  which f l o o r  s p a c e  is p a r t i t i o n e d  i n t o  o f f i c e  
accomrnodatlon o r  i n  which i n d i v i d u a l  f l o o r s  a r e  c o n n e c t e d  by l i f t  
s h a f t s  and s t a i r w a y s .  The l a t t e r  a p p r o a c h  is n o r m a l l y  a l s o  
n e c e s s a r y  f o r  a i r  movement and i n d o o r  a i r  q u a l i t y  d e s i g n  
p r e d i c t  i o n s  i n  d w e l l i n g s .  

S e c t i o n  3 .1  d e s c r i b e s  t h e  n e c e s s a r y  t h e o r e t i c a l  c o n s i d e r a t i o n s  
beh ind  a l l  t h e  models .  I n  3 .2  t h e  v a r i o u s  t h e o r e t i c a l  m o d e l l i n g  
t e c h n i q u e s  a r e  d e s c r i b e d  i n  d e t a i l  and  t h e i r  r e s p e c t i v e  
a d v a n t a g e s  and d i s a d v a n t a g e s  a r e  d i s c u s s e d .  The r ema inde r  of  t h e  
c h a p t e r  i s  d e v o t e d  t o  t h e  d a t a  r e q u i r e m e n t s  o f  models .  

3.1 THEORETICAL BACKGROUND 

A i r  i n f i l t r a t i o n  i s  p r i m a r i l y  gove rned  by b u i l d i n g  a i r t i g h t n e s s  
and t h e  magni tude  of p r e s s u r e  imba lances  deve loped  a c r o s s  
e n v e l o p e  p e n e t r a t i o n s .  It is  a l s o  i n f l u e n c e d  by t h e  d i s t r i b u t i o n  
of  l e a k a g e  p a t h s ,  t h e  f l o w  c h a r a c t e r i s t i c s  of  i n d i v i d u a l  o p e n i n g s  
and  i n t e r n a l  impedences  t o  a i r  movement. A f u n d a m e n t a l  c o n c e p t  
beh ind  t h e  p r o c e s s e s  o f  a i r  i n f i l t r a t i o n  and v e n t i l a t i o n  is t h a t  
a i r  e n t e r i n g  t h e  b u i l d i n g  d i s p l a c e s  an  e q u i v a l e n t  mass o f  
i n t e r n a l  a i r ,  i e  a  mass f l o w  b a l a n c e  is  m a i n t a i n e d .  T h i s  s e c t i o n  
is d e v o t e d  t o  p r e s e n t i n g  a  t h e o r e t i c a l  background t o  t h e  
m a t h e m a t i c a l  r e p r e s e n t a t i o n  of  t h e  a i r  i n f i l t r a t i o n  p r o c e s s  w i t h  
p a r t i c u l a r  emphas i s  on t h e  d r i v i n g  f o r c e s  beh ind  a i r  i n f i l t r a t i o n  
and  t h e  n a t u r e  of  f l o w  th rough  o p e n i n g s .  A t ho rough  



u n d e r s t a n d i n g  of t h i s  background m a t e r i a l  and t h e i r  n u m e r i c a l  
a p p r o x i m a t i o n s  is  e s s e n t i a l  i f  r e s u l t s  a r e  t o  be s u c c e s s f u l l y  
i n t e r p r e t e d .  

3.1.1 Flow Mechanisms 

The m a t h e m a t i c a l  r e p r e s e n t a t i o n  of a i r  f l o w  th rough  c r a c k s  and 
o p e n i n g s  is e x t r e m e l y  complex.  T h i s  is e s p e c i a l l y  s o  when 
d e a l i n g  w i t h  a i r  i n f i l t r a t i o n  s i n c e  e a c h  p e n e t r a t i o n  of  t h e  
b u i l d i n g  f a b r i c  is  u n i q u e .  I t  would be a  f o r m i d a b l e  t a s k  t o  
i d e n t i f y  and  i n c o r p o r a t e  i n t o  a  m a t h e m a t i c a l  model t h e  f l o w  
p r o p e r t i e s  of  e v e r y  open ing .  C o n s e q u e n t l y ,  i t  1s n e c e s s a r y  t o  
make a  number o f  s i m p l i f y i n g  a s s u m p t i o n s  which r e t a i n  t h e  main 
p h y s i c a l  c o n c e p t s  b u t  e n a b l e  an  a c c e p t a b l e  m a t h e m a t i c a l  
i n t e r p r e t a t i o n  of  t h e  f l o w  p r o c e s s  t o  be f o r m u l a t e d .  I t  i s  t h e  
d e g r e e  t o  which t h e  f l o w  mechanics  is s i m p l i f i e d  t h a t  i d e n t i f i e s  
models  and  g o v e r n s  t h e i r  d a t a  needs  and o v e r a l l  r a n g e  of 
a p p l i c a b i l i t y .  

Fo r  a  g i v e n  a p p l i e d  p r e s s u r e ,  t i le  n a t u r e  o f  a i r  f l o w  is dependen t  
on t h e  d i m e n s i o n s  and geometry  of t h e  o p e n i n g  i t s e l f .  For  
r e l a t i v e l y  l a r g e  o p e n i n g s  w i t h  f l o w  p a t h s ,  such  a s  pu rpose  
p r o v i d e d  v e n t s  and p e r h a p s  l a r g e  c r a c k s  a round  i l l - f i t t i n g  
windows, a i r  f l o w  t e n d s  t o  be t u r b u l e n t  and  can  be r e p r e s e n t e d  by 
t h e  common o r i f i c e  f l o w  e q u a t i o n  g i v e n  by 

where  Q = a i r  f l o w  r a t e  (m3/s )  

Cd = d i s c h a r g e  c o e f f i c i e n t  

p a i r  d e n s i t y  (kg/m3) 

Ap p r e s s u r e  d i f f e r e n c e  a c r o s s  o p e n i n g  (Pa)  

A = a r e a  o f  o p e n i n g  ( m 2 )  

For  v e r y  na r row c r a c k s  w i t h  r e l a t i v e l y  l o n g  f l o w  p a t h s ,  s u c h  as  
may be found i n  m o r t a r  and between t i g h t  f i t t i n g  components ,  t h e  
n a t u r e  of  f l o w  a t  ambien t  p r e s s u r e s  is a l t o g e t h e r  v e r y  d i f f e r e n t  
and  is  dominated  by t h e  e f f e c t s  o f  v i s c o s i t y .  Flow th rough  s u c h  
o p e n i n g s  is e s s e n t i a l l y  l a m i n a r  w i t h  t h e  f l o w  r a t e  b e i n g  d i r e c t l y  
p r o p o r t i o n a l  t o  t h e  a p p l i e d  p r e s s u r e  d i f f e r e n c e .  Tak ing  p i p e  
f l o w  a s  an  a n a l o g y ,  t h e  f l o w  r a t e  can  be app rox ima ted  by 



where = dynamic v i s c o s i t y  

L = l e n g t h  of f low p a t h  (m) 

r = r a d i u s  of opening (m) 

I n  r e a l i t y ,  some combinat ion of t h e s e  two regimes is common and 
the  Flow r a t e  can normal ly  be r e p r e s e n t e d  by the  power law 
e q u a t i o n  

where k - f low c o e f f i c i e n t  (m3/s a t  1 Pa)  

n  f low exponent  

Ap = p r e s s u r e  d i f f e r e n c e  a c r o s s  opening ( P a )  

The c o e f f i c i e n t ,  k ,  is  r e l a t e d  t o  the  s i z e  of the  opening and the  
exponen t ,  n ,  c h a r a c t e r i s e s  the  f low regime. The f low exponent 
ranges  i n  va lue  from between 0 .5  f o r  f u l l y  t u r b u l e n t  f low t o  1 . 0  
f o r  laminar  flow. 

I t  is o f t e n  n e c e s s a r y  t o  de te rmine  the  f low performance of d u c t s  
and chimneys by measurement of t h e i r  p h y s i c a l  pa ramete r s .  For  
such open ings ,  the  duc t  f low e q u a t i o n  g iven  by 

where A c r o s s  s e c t i o n a l  a r e a  of opening (m2) 

E = c r o s s  s e c t i o n a l  p e r i m e t e r  (m) 

f f r i c t i o n  c o e f f i c i e n t  

R l e n g t h  of d u c t  (m)  

P a i r  d e n s i t y  ( k g / m 3 )  



For  r e a s o n s  o f  d i m e n s i o n a l  homogeni ty ,  a  q u a d r a t i c  f o r m u l a t i o n  o f  
t h e  f l o w  e q u a t i o n  i n  which t h e  t u r b u l e n t  and l a m i n a r  f l ow  
components  a r e  s e p a r a t e d  is  somet imes  p r e f e r r e d .  The form of  t h e  
q u a d r a t i c  e q u a t i o n  is g i v e n  by 

where  a and B are c o n s t a n t s  

V i r t u a l l y  a l l  i n f i l t r a t i o n  models  u t i l i s e  one  o r  more of t h e  
above  e q u a t i o n s  t o  r e p r e s e n t  a i r  f l o w  t h r o u g h  o p e n i n g s .  

3 . 1 . 2  Ventilation Eff i c i ency  

I m p e r f e c t  mix ing  is  l i k e l y  t o  o c c u r  i n  i n s t a n c e s  where c o n v e c t i v e  
c u r r e n t s  c r e a t e  c i r c u l a t o r y  o r  p r e f e r e n t i a l  a i r  f l o w  p a t t e r n s  
l e a v i n g  z o n e s  i n  which a i r  is e f f e c t i v e l y  t r a p p e d .  T h i s  problem 
is f u r t h e r  a g g r a v a t e d  by t h e  improper  s i t i n g  of s u p p l y  and 
e x h a u s t  t e r m i n a l s .  The d e g r e e  and n a t u r e  o f  mixing  is f r e q u e n t l y  
d e s c r i b e d  i n  t e rms  of v e n t i l a t i o n  e f f i c i e n c y  i n  which t h r e e  
e x t r e m e s  of  mix ing  c h a r a c t e r i s t i c s  a r e  def  i n e d l .  The f i r s t  and 
most ' e f f i c i e n t '  is known a s  ' p l u g  f l ow '  o r  ' p i s t o n  f l o w '  i n  
which f r e s h  a i r  d i s p l a c e s  c o n t a m i n a t e d  a i r  d i r e c t l y .  The second  
is  ' p e r f e c t  m i x i n g '  i n  which incoming a i r  c o n t i n u o u s l y  and 
u n i f o r m l y  mixes  w i t h  t h e  i n t e r i o r  a i r  mass. The f i n a l  ex t r eme  is 
t h a t  of  t o t a l  s h o r t - c i r c u i t i n g .  T h i s  c o n d i t i o n  is r e p r e s e n t e d  by 
t h e  c o m p l e t e  i n t e r c e p t i o n  of s u p p l y  a i r  by t h e  e x h a u s t  a i r  
r e g i s t e r  w i t h o u t  any  mixing  w i t h  t h e  i n t e r i o r  a i r  mass. T y p i c a l  
examples  of  t h e  v e n t i l a t i o n  e f f i c i e n c y  of  v a r i o u s  a i r  
d i s t r i b u t i o n  c o n f i g u r a t i o n s  a r e  i l l u s t r a t e d  i n  F i g u r e  3 . 1 .  The 
g e n e r a l  a s s u m p t i o n  a d o p t e d  i n  t h i s  d e s i g n  g u i d e  is t h a t  p e r f e c t  
mix ing  is a c h i e v e d  w i t h i n  e a c h  zone.  F u r t h e r  i n f o r m a t i o n  on t h e  
d e s i g n  and l o c a t i o n  of a i r  i n l e t / o u t l e t  o p e n i n g s  f o r  optimum 
v e n t i l a t i o n  e f f i c i e n c y  is c o v e r e d  i n  d e t a i l  by s a n d b e r g l .  

curves are for the same 
alr change rate 

F i g u r e  3.1 V e n t i l a t i o n  e f f i c i e n c y  i n  o c c u p i e d  zones  ( shaded  a r e a )  
f o r  a l t e r n a t i v e  v e n t i l a t i o n  c o n f i n u r a t i o n s  



3 . 1 . 3  Driving Forces 

The f o r c e s  d r i v i n g  a i r  exchange  a r e  m e i n t a i n e d  by t h e  n a t u r a l  
a c t i o n s  of  wind and t e m p e r a t u r e  and by t h e  p r e s s u r e s  i nduced  by 
t h e  o p e r a t i o n  of  m e c h a n i c a l  v e n t i l a t i o n  s y s t e m s .  A s  w i t h  t h e  
f l ow  a p p r o x i m a t i o n s ,  c o n s i d e r a b l e  s i m p l i f i c a t i o n  o f  t h e  t r u e  
p r e s s u r e  d i s t r i b u t i o n  is  n e c e s s a r y  i n  a n y  m a t h e m a t i c a l  t r e a t m e n t  
of t h e  d r i v i n g  f o r c e .  

3 . 1 . 3 . 1  Wind Induced  P r e s s u r e  D i s t r i b u t i o n  

Wind w i t h i n  t h e  lower  r e g i o n s  of  t h e  e a r t h ' s  a t m o s p h e r e  i s  
c h a r a c t e r i s e d  by random f l u c t u a t i o n s  i n  v e l o c i t y  wh ich ,  when 
a v e r a g e d  o v e r  a  f i x e d  p e r i o d  o f  t i m e ,  p o s s e s s  a  mean v a l u e  o f  
s p e e d  and d i r e c t i o n .  The s t r e n g t h  of  t h e  wind is a l s o  a  f u n c t i o n  
of  h e i g h t  above  g round ,  t h i s  f u n c t i o n  b e i n g  dependen t  on s u r f a c e  
o r  t e r r a i n  r o u g h n e s s ,  and  on t h e  t h e r m a l  n a t u r e  of  t h e  a tmosphe re  
( t h e r m a l  s t a b i l i t y ) .  

On imp ing ing  t h e  s u r f a c e  o f  an  exposed  r e c t a n g u l a r  b u i l d i n g ,  wind 
d e f l e c t i o n  i n d u c e s  a  p o s i t i v e  p r e s s u r e  on t h e  upwind f a c e .  The 
f l o w  s e p a r a t e s  a t  t h e  s h a r p  e d g e s  o f  t h e  b u i l d i n g ,  g i v i n g  r i s e  t o  
n e g a t i v e  p r e s s u r e s  a l o n g  the s i d e s .  N e g a t i v e  p r e s s u r e s  a r e  a l s o  
e x p e r i e n c e d  w i t h i n  t h e  wake r e g i o n  on t h e  l e e w a r d  f a c e  ( F i g u r e  
3 .2) .  

direction of wind 
I '  

F i g u r e  3 . 2  

The p r e s s u r e  d i s t r i b u t i o n  on t h e  roo f  v a r i e s  a c c o r d i n g  t o  p i t c h ,  
w i t h  n e g a t i v e  p r e s s u r e s  b e i n g  e x p e r i e n c e d  on bo th  f a c e s  f o r  r o o f  
p i t c h e s  of  l e s s  t h a n  a p p r o x i m a t e l y  30°. Above t h i s  a n g l e ,  
p o s i t i v e  p r e s s u r e s  a r e  e x p e r i e n c e d  on t h e  l e a d i n g  f a c e  ( F i g u r e  
3 . 3 ) .  



dlrect~on of wind 
[ 
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F i g u r e  3 . 3  Wind p r e s s u r e  d i s t r i b u t i o n  a c c o r d i n g  t o  r o o f  p i t c h  
a n g l e  

Wind i n c i d e n t  t o  t h e  c o r n e r  of t h e  b u i l d i n g  w i l l  i nduce  a  n e t  
p o s i t i v e  p r e s s u r e  on b o t h  upwind f a c e s  b u t ,  a s  f l o w  v e e r s  t owards  
a  p a r t i c u l a r  s i d e ,  t h e  r e m a i n i n g  f a c e  w i l l  undergo  a  t r a n s i t i o n  
from p o s i t i v e  t o  n e g a t i v e  p r e s s u r e  ( F i g u r e  3 . 4 ) .  The a n g l e  a t  
which t h i s  t r a n s i t i o n  o c c u r s  is dependen t  on t h e  s i d e  r a t i o  of 
t h e  b u i l d i n g .  F o r  b u i l d i n g s  w i t h  v e n t i l a t e d  roo f  s p a c e s ,  wind 
w i l l  d i r e c t l y  a f f e c t  t h e  c e i l i n g  p r e s s u r e  d i s t r i b u t i o n  ( F i g u r e  3 . 5 ) .  

direction of w ~ n d  
I 

F i g u r e  3.4 P r e s s u r e  d i s t r i b u t i o n  due  t o  wind i n c i d e n t  o n  t h e  
. . 

c o r n e r  o f  a  b u i l d i n g  



direct~on of wind 
I 
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F i g u r e  3.5 Wind p r e s s u r e  d i s t r i b u t i o n  i n  v e n t i l a t e d  r o o f  s p a c e s  

a O t h e r  c o n s i d e r a t i o n s  i n c l u d e  p r o t r u s i o n s  from r o o f s  s u c h  a s  
chimneys and f l u e s .  The p r e s s u r e  due t o  wind a c t i n g  on t h e  
mouths of s u c h  components  is a f u n c t i o n  of  p o s i t i o n ,  r o o f  p i t c h  
and h e i g h t  o f  p r o t r u s i o n  9 3. 

I n  g e n e r a l  i t  is o b s e r v e d  t h a t  r e l a t i v e  t o  t h e  s t a t i c  p r e s s u r e  of 
t h e  f r e e  wind,  t h e  t ime a v e r a g e d  p r e s s u r e  a c t i n g  a t  any  p o i n t  
on t h e  s u r f a c e  of  a  b u i l d i n g  may be r e p r e s e n t e d  by t h e  e q u a t i o n  

where P, = s u r f a c e  p r e s s u r e  due  t o  wind (Pa)  

Cp p r e s s u r e  c o e f f i c i e n t  

V = mean wind v e l o c i t y  a t  da tum l e v e l  
( u s u a l l y  b u i l d i n g  h e i g h t )  (m/s) 

S i n c e  t h e  s t r e n g t h  of  t h e  wind c l o s e  t o  t h e  e a r t h ' s  s u r f a c e  is 
i n f l u e n c e d  by t h e  roughness  of t h e  u n d e r l y i n g  t e r r a i n  and t h e  
h e i g h t  above  g r o u n d ,  a  r e f e r e n c e  l e v e l  f o r  wind v e l o c i t y  must be 
s p e c i f i e d  f o r  u s e  i n  t h e  wind p r e s s u r e  c a l c u l a t i o n .  For  t h e  
p u r p o s e s  of t h i s  p u b l i c a t i o n ,  wind v e l o c i t y  is  e x p r e s s e d  a t  
b u i l d i n g  h e i g h t  u n l e s s  o t h e r w i s e  s t a t e d  i n  t h e  t e x t .  

A s  a  r u l e ,  "on - s i t e "  d a t a  is  r a r e l y  a v a i l a b l e  and t h e r e f o r e  
measurements  t a k e n  f rom t h e  n e a r e s t  c l i m a t a l o g i c a l  s t a t i o n  must  
be a p p l i e d .  However, i t  i s  e s s e n t i a l  t h a t  s u c h  measurements  a re  
c o r r e c t e d  t o  a c c o u n t  f o r  a n y  d i f f e r e n c e  between measurement 
h e i g h t  and b u i l d i n g  h e i g h t  and  t o  a c c o u n t  f o r  i n t e r v e n i n g  t e r r a i n  
r o u g h n e s s .  By n a t u r e  of t h e  s q u a r e  t e rm i n  e q u a t i o n  3 . 6 ,  wind 
p r e s s u r e  is v e r y  s e n s i t i v e  t o  t h e  wind v e l o c i t y  a n d ,  a s  a  



consequence,  t h e  a r b i t r a r y  use of raw wind d a t a  w i l l  i n v a r i a b l y  
g i v e  r i s e  t o  mis lead ing  r e s u l t s .  T h i s  is ,  p e r h a p s ,  one of t h e  
most common c a u s e s  of e r r o r  i n  t h e  c a l c u l a t i o n  of a i r  
i n f i l t r a t i o n  r a t e s .  

S u i t a b l e  c o r r e c t i o n  f o r  t h e  e f f e c t s  of t h e s e  pa ramete r s  may be 
ach ieved  u s i n g  a  power law wind p r o f i l e  e q u a t i o n 4  of  t h e  form 

where and y a r e  c o e f f i c i e n t s  a c c o r d i n g  t o  t e r r a i n  
roughness  ( T a b l e  6 .2 .7 ,  S e c t i o n  6 .2)  

z datum h e i g h t  (m) 

V - mean wind speed a t  datum h e i g h t  (mls)  

V, - mean wind speed a t  wea the r  s t a t i o n  (m/s) 

Such an approach is g e n e r a l l y  a c c e p t a b l e  f o r  winds measured 
between roof h e i g h t  and a  r e c o r d i n g  h e i g h t  of 10m. It is 
i n a p p r o p r i a t e  f o r  t h e  r e d u c t i o n  of  wind speeds  measured i n  t h e  
upper a tmosphere .  

D e t a i l s  and d a t a  c o v e r i n g  the  c o r r e c t i o n  of wind speed a r e  
p r e s e n t e d  i n  p a r t  6 . 2  of the  Data Refe rence  S e c t i o n .  

The magnitude of t h e  e f f e c t s  of l o c a l  s h i e l d i n g  and t e r r a i n  on 
t h e  wind p r e s s u r e  is  p r e s e n t e d  a s  a  worked example i n  Chap te r  
5 . 2 .  

The p r e s s u r e  c o e f f i c i e n t ,  C p ,  is an e m p i r i c a l l y  d e r i v e d  parameter  
which is  a  f u n c t i o n  of t h e  p a t t e r n  of f low around t h e  b u i l d i n g .  
I t  is normal ly  assumed t o  be independent  of wind speed but v a r i e s  
a c c o r d i n g  t o  wind d i r e c t i o n  and p o s i t i o n  on t h e  b u i l d i n g  s u r f a c e .  
I t  is a l s o  s i g n i f i c a n t l y  a f f e c t e d  by ne ighbour ing  o b s t r u c t i o n s  
w i t h  the  r e s u l t  t h a t  s i m i l a r  b u i l d i n g s  s u b j e c t e d  t o  d i f f e r e n t  
s u r r o u n d i n g s  may be expec ted  t o  e x h i b i t  s i m i l a r  markedly d i f f e r e n t  
p r e s s u r e  c o e f f i c i e n t  p a t t e r n s .  Accurate  e v a l u a t i o n  of  t h i s  parameter  
i s  one of t h e  most d i f f i c u l t  a s p e c t s  of a i r  i n f i l t r a t i o n  mode l l ing  
and,  a s  y e t ,  i s  n o t  p o s s i b l e  by t h e o r e t i c a l  means a l o n e .  Although 
p r e s s u r e  c o e f f i c i e n t s  can  be determined by d i r e c t  measurements of  
b u i l d i n g s ,  most i n f o r m a t i o n  comes from t h e  r e s u l t s  of wind l o a d i n g  
t e s t s  made on s c a l e  models of  i s o l a t e d  b u i l d i n g s  i n  wind t u n n e l s .  
Examples of such  c o e f f i c i e n t s  f o r  s imple  b u i l d i n g  shapes  a r e  g iven  
i n  ~ ~ 5 9 2 5 ~ .  However, t h e r e  a r e  l i m i t a t i o n s  r e g a r d i n g  t h e  
a p p l i c a b i l i t y  of t h e s e  r e s u l t s  i n  i n f i l t r a t i o n  s t u d i e s ,  s i n c e  v e r y  
o f t e n  no c o n s i d e r a t i o n  is  g iven  t o  t h e  s h i e l d i n g  e f f e c t s  of 
s u r r o u n d i n g  o b s t r u c t i o n s .  Fur thermore ,  t h e  wind regime s e l e c t e d  



f o r  e a c h  t e s t  t e n d s  t o  r e f l e c t  a d v e r s e  r a t h e r  t h a n  no rma l  c o n d i t i o n s .  
P u r p o s e  d e s i g n e d  t e s t s  f o r  s p e c i f i c  b u i l d i n g s  and s h i e l d i n g  
c o n d i t i o n s  may b e  p e r f o r m e d ,  b u t  t h i s  is a n  e x p e n s i v e  e x e r c i s e  and  
i s  t h e r e f o r e  r a r e l y  p o s s i b l e .  

F o r  low b u i l d i n g s  of up t o  t y p i c a l l y  3 s t o r e y s ,  p r e s s u r e  
c o e f f i c i e n t s  may be e x p r e s s e d  a s  an  a v e r a g e  v a l u e  f o r  e a c h  f a c e  
of t h e  b u i l d i n g  and f o r  e a c h  45O s e c t o r ,  o r  even  30° s e c t o r  i n  
wind d i r e c t i o n .  T y p i c a l  d e s i g n  d a t a  b a s e d  on p u b l i s h e d  r e s u l t s  
a r e  p r e s e n t e d  i n  s e c t i o n  6 . 2  of t h e  d a t a  r e f e r e n c e  s e c t i o n .  
These  have  been  compi l ed  f rom t h e  r e s u l t s  of an e x t e n s i v e  
b i b l i o g r a p h i c  s e a r c h  and from t h e  r e s u l t s  o f  an  A I C  workshop on 
wind p r e s s u r e  d a t a  f o r  a i r  i n f i l t r a t i o n  c a l c u l a t i o n s 5  . The 
compi l ed  d a t a  is by no means e x h a u s t i v e  and s h o u l d  be r e g a r d e d  a s  
a p p r o x i m a t e  o n l y .  

Fo r  t a l l e r  b u i l d i n g s ,  t h e  s p a t i a l  d i s t r i b u t i o n  of wind p r e s s u r e  
t a k e s  on much g r e a t e r  s i g n i f i c a n c e ,  s i n c e  t h e  s t r e n g t h  of  t h e  
wind c a n  v a r y  c o n s i d e r a b l y  o v e r  the h e i g h t  r a n g e .  T h i s  problem 
can  be overcome by t h e  u s e  of l o c a l  p r e s s u r e  c o e f f i c i e n t s  t o  
d e f i n e  t h e  wind p r e s s u r e  a t  any  s p e c i f i c  l o c a t i o n  on t h e  b u i l d i n g  
f a c e .  U n f o r t u n a t e l y ,  a l t e r n a t i v e  d e f i n i t i o n s  o f  t h i s  p a r a m e t e r  
e x i s t ,  none of  which a r e  i n t e r c h a n g e a b l e .  

The f i r s t  p o s s i b i l i t y  is  t o  r e t a i n  t h e  c o n c e p t  of  a  r e f e r e n c e  
wind speed  h e i g h t  b u t  t o  s p e c i f y  i n d i v i d u a l  c o e f f i c i e n t s  on e a c h  
f a c e  of t h e  b u i l d i n g  a c c o r d i n g  t o  an  a r r a y  o r  ne twork  of p o i n t s .  
T h i s  Is t h e  method chosen  by 5owen6, who h a s  p u b l i s h e d  a  c o m p l e t e  
d a t a  s e t  of l o c a l  wind p r e s s u r e  c o e f f i c i e n t s  f o r  a  2 : l  
r e c t a n g u l a r  shaped  wind t u n n e l  b u i l d i n g  s u r r o u n d e d  by 
o b s t r u c t i o n s  o f  v a r y i n g  s i z e .  A  summary of  Bowen's d a t a  
d e p i c t i n g  t h e  v e r t i c a l  d i s t r i b u t i o n  of  p r e s s u r e  c o e f f i c i e n t  f o r  
e a c h  f a c e  is  r e p r o d u c e d  s e c t i o n  6 . 2 .  The d a t a  may be used  a s  a  
d i r e c t  s u b s t i t u t e  f o r  t h e  a v e r a g e  p r e s s u r e  c o e f f i c i e n t  d a t a  
recommended f o r  low r i s e  b u i l d i n g s .  

An a l t e r n a t i v e  a p p r o a c h  is euggeu ted  by  kin' who h a s  a t t e m p t e d  
t o  e x p r e s s  t h e  v e r t i c a l  p r e s s u r e  d i s t r i b u t i o n  by a  s i n g l e  " l o c a l "  
p r e s s u r e  c o e f f i c i e n t .  I t  i s  d e f i n e d  by t h e  e q u a t i o n  

where  (P,)Z a s u r f a c e  p r e s s u r e  

( 3  .a) 

a t  h e i g h t ,  z ,  due  t o  wind  (Pa )  

I n  o t h e r  words t h e  p r e s s u r e  is based  on t h e  wind s p e e d  i n  t h e  
a p p r o a c h  f l o w  a t  t h e  h e i g h t  of t h e  l o c a t i o n  of  i n t e r e s t  and n o t  
b u i l d i n g  h e i g h t .  C l e a r l y  t h e  r e s u l t a n t  p r e s s u r e  coe f  f i e i n t  is 
v e r y  much d i f f e r e n t  t o  t h a t  used  by Bowen o r  a s  u sed  i n  a  number 
o f  wind p r e s s u r e  c o d e s .  T h i s  a p p r o a c h  is  n o t  d i r e c t l y  c o m p a t i b l e  
w i t h  t h e  a l g o r i t h m s  p r e v e n t e d  i n  t h i s  g u i d e .  



3 . 1 . 3 . 2  T u r b u l e n t  F l u c t u a t i o n s  

The t u r b u l e n t  n a t u r e  of  t h e  a t m o s p h e r i c  wind r e s u l t s  i n  
c o r r e s p o n d i n g  f l u c t u a t i o n s  t o  t h e  wind induced  p r e s s u r e  
d i s t r i b u t i o n .  These  f l u c t u a t i o n s  s p a n  a wide f r e q u e n c y  s p e c t r u m  
w i t h  t h e  most s i g n i f i c a n t  v a l u e  r e s u l t i n g  from t h e  combined 
e f f e c t s  of  l o c a l  t e r r a i n  r o u g h n e s s  and eddy s h e d d i n g  from upwind 
d i r e c t i o n s .  These  t r a n s i e n t  d e p a r t u r e s  from t h e  mean p r e s s u r e  
d i s t r i b u t i o n  a r e  n o t  r e p r e s e n t e d  by t h e  u s e  of s t e a d y  s t a t e  
p r e s s u r e  c o e f f i c i e n t s  and  a r e  t h e r e f o r e  n o r m a l l y  n e g l e c t e d  i n  
m a t h e m a t i c a l  m o d e l l i n g  s t u d i e s .  However, t h e r e  a r e  i n s t a n c e s  i n  
which i t  c a n  be shown by e x p e r i m e n t  t h a t  p r e s s u r e  f l u c t u a t i o n s  
c o n t r i b u t e  an  a d d i t i o n a l  component t o  t h e  r a t e  of  a i r  
i n f i l t r a t i o n .  T h i s  is  most l i k e l y  t o  o c c u r  when t h e  mean 
p r e s s u r e  d i f f e r e n c e  a c r o s s  an  o p e n i n g  is s m a l l  i n  compar l son  t o  
t h e  s i z e  of t h e  f l u c t u a t i n g  component .  O s c i l l a t i n g  movements o f  
a i r  a r e  t h e n  f r e e  t o  p a s s  t h r o u g h  t h e  b u i l d i n g  e n v e l o p e  and t o  
mix w i t h  t h e  i n t e r n a l  a i r  mass. One s u c h  example  is d e p i c t e d  i n  
F i g u r e  3 . 6 ( a ) .  S m a l l  o p e n i n g s  a r e  l o c a t e d  on t h e  o p p o s i t e  f a c e s  
of a n  o t h e r w i s e  s e a l e d  e n c l o s u r e .  I f  f l o w  is  d i r e c t e d  p a r a l l e l  
t o  t h e s e  o p e n i n g s ,  t h e  mean wind p r e s s u r e  a c t i n g  on b o t h  f a c e s  
w i l l  be s i m i l a r  and  t h e r e f o r e  a s t e a d y  s t a t e  f o r m u l a t i o n  of t h e  
f l o w  e q u a t i o n  w i l l  i n d i c a t e  z e r o  i n f i l t r a t i o n .  I n  p r a c t i c e ,  
however,  a i r  exchange  may be shown t o  occur8 .  A second  example  
is  c o n s i d e r e d  i n  F i g u r e  3 . 6 ( b ) .  T h i s  t ime t h e  e n c l o s u r e  h a s  a  
s i n g l e  o p e n i n g  which is  d i r e c t l y  a l i g n e d  w i t h  t h e  oncoming wind .  
S i n c e  t h e r e  is  no e x f i l t r a t i o n  p a t h ,  t h e  i n t e r n a l  p r e s s u r e  r i s e s  
match t h a t  a c t i n g  on t h e  o u t s i d e  f a c e .  A g a i n ,  a i r  i n f i l t r a t i o n  
i s  o b s e r v e d  i n  p r a c t i c e  a l t h o u g h  a  s t e a d y - s t a t e  a n a l y s i s  w i l l  
r e v e a l  a  n e g l i g i b l e  i n f i l t r a t i o n  r a t e .  

T h i s  s econd  example  h a s  p a r t i c u l a r  r e l e v a n c e  when c o n s i d e r i n g  
wind-induced f l o w  t h r o u g h  window and door  o p e n i n g s ,  when t h e  a r e a  
of  o p e n i n g  i n  one  f a c e  is c o n s i d e r a b l y  g r e a t e r  t h a n  t h o s e  of t h e  
r e m a i n i n g - s i d e s  of t h e  b u i l d i n g .  

Openings on opposite 
sides of an enclosure Openings on one side only 

wind 1 
F i g u r e  3.6 A i r  i n f i l t r a t i o n  due  t o  t u r b u l e n t  f l u c t u a t i o n s  



Equa t ions  which have been in t roduced  t o  make a l lowances  f o r  
t u r b u l e n t  f l u c r u a t i o n s  a r e  of an e m p i r i c a l  n a t u r e  and tend t o  be 
based on t h e  r e s u l t s  of l a b o r a t o r y  o b s e r v a t i o n s .  E t h e r i d g e 9  f o r  
example,  assumes t h a t  the  t u r b u l e n t  p r e s s u r e  d i s t r i b u t i o n  w i t h  
r e s p e c t  t o  t ime ,  p i ( t )  has  a  Gauss ian d i s t r i b u t i o n  and t h a t  t h e  
r e s u l t a n t  f low is  g iven  by 

where F i s  a l i n e a r  f u n c t i o n  which a c c o u n t s  f o r  l a r g e  
mean p r e s s u r e s  and i s  a r b i t r a r i l y  s e t  such  t h a t  

- 
VT + O a s z + 3  - 
Q = s t e a d y  s t a t e  f low rate  through opening 

Apirms 
- r o o t  mean s q u a r e  p r e s s u r e  d i f f e r e n c e  

a c r o s s  opening 

The response  t o  i n t e r n a l  p r e s s u r e  r e s u l t i n g  from e x t e r n a l  
p r e s s u r e  f l u c t u a t i o n s  is unknown but is  assumed t o  have t h e  
r e l a t i o n s h i p  

where pirms = r o o t  mean s q u a r e  v a l u e  of s u r f a c e  p r e s s u r e  
f l u c t u a t i o n s .  It  i s  assumed t o  be  uniform 
o v e r  t h e  s u r f a c e  of t h e  b u i l d i n g  and i s  
c a l c u l a t e d  on t h e  b a s i s  of a p r e s s u r e  
c o e f f i c i e n t ,  C p ,  of 0 .3 .  

De c i d s 1 0  a l s o  c o n s i d e r s  a  c o r r e c t i o n  formula which is  based on 
the  magnitude of the  s t e a d y  s t a t e  p r e s s u r e  imbalances .  

where A - a r e a  of opening (m2) 

h  = h e i g h t  of  opening (m)  

V = wind speed (m/s) 

AT - i n t e r n a l / e x t e r n a l  t empera tu re  d i f f e r e n c e  ( K )  

I n  terms of indoor  a i r  q u a l i t y  and energy i m p l i c a t i o n s ,  t h e  
s i g n i f i c a n c e  of t u r b u l e n t  f l u c t u a t i o n s  i n  r e a l  b u i l d i n g s  i s  
u n c e r t a i n .  E q u a l l y ,  t e c h n i q u e s  t o  c a l c u l a t e  the  e f f e c t s  of t h i s  
component have ye t  t o  be v e r i f i e d .  However, having c a l c u l a t e d  
the  mean i n f i l t r a t i o n  r a t e  through open ings ,  a  t u r b u l e n t  
component o f  i n f i l t r a t i o n  can be e a s i l y  determined u s i n g  e q u a t i o n s  
of t h e  form 3 .9a  and 3.9b.  



3 . 1 . 3 . 3  S t a c k  E f f e c t  

The s t a c k  e f f e c t  a r i s e s  a s  a  r e s u l t  of d i f f e r e n c e s  i n  t e m p e r a t u r e  
and hence  a i r  d e n s i t y  between t h e  i n t e r i o r  and e x t e r i o r  of a  
b u i l d i n g .  T h i s  p r o d u c e s  an  imba lance  i n  t h e  p r e s s u r e  g r a d i e n t s  
o f  t h e  i n t e r n a l  and e x t e r n a l  a i r  masses ,  t h u s  c r e a t i n g  a  v e r t i c a l  
p r e s s u r e  d i f f e r e n c e .  When t h e  i n t e r n a l  a i r  t e m p e r a t u r e  is  h i g h e r  
t h a n  t h a t  of t h e  o u t s i d e  a i r  mass,  a i r  e n t e r s  t h r o u g h  o p e n i n g s  i n  
t h e  l ower  p a r t  o f  t h e  b u i l d i n g  and  e s c a p e s  t h r o u g h  o p e n i n g s  a t  a 
h i g h e r  l e v e l .  T h i s  f l o w  d i r e c t i o n  is r e v e r s e d  when t h e  i n t e r n a l  
a i r  t e m p e r a t u r e  is  lower  t h a n  t h a t  of t h e  a i r  o u t s i d e .  The l e v e l  
a t  which t h e  t r a n s i t i o n  between i n f l o w  and o u t f l o w  o c c u r s  i s  
d e f i n e d  a s  t h e  n e u t r a l  p r e s s u r e  p l a n e .  Ln p r a c t i c e ,  t h e  l e v e l  of 
t h e  n e u t r a l  p l a n e  is r a r e l y  known a l t h o u g h  i t  c a n  be p r e d i c t e d  
f o r  s t r a i g h t f o r w a r d  l e a k a g e  d i s t r i b u t i o n s .  More g e n e r a l l y ,  t h e  
s t a c k  p r e s s u r e  is e x p r e s s e d  r e l a t i v e  t o  t h e  l e v e l  of  t h e  l o w e s t  
o p e n i n g  o r  t o  some o t h e r  c o n v e n i e n t  datum ( f o r  example g round  
l e v e l ) .  

I n  a i r  i n f i l t r a t i o n  s t u d i e s ,  t h e  c o n s e q u e n c e s  and  s i g n i f i c a n c e  of 
t h e  s t a c k  e f f e c t  must be c o n s i d e r e d  f o r  a  number of  a l t e r n a t i v e  
c o n f i g u r a t i o n s .  These  i n c l u d e  

* u n i f o r m  i n t e r n a l  t e m p e r a t u r e  d i s t r i b u t i o n  
* mul t i - zone  b u i l d i n g s  w i t h  impermeably s e p a r a t e d  

v e r t  i c a l  zones  
* mul t i - zone  b u i l d i n g s  i n  which i n t e r c o n n e c t e d  v e r t i c a l l y  

p l a c e d  zones  a r e  a t  d i f f e r e n t  t e m p e r a t u r e s  

* mul t i - zone  b u i l d i n g s  i n  which h o r i z o n t a l l y  p l a c e d  zones  
a r e  a t  d i f f e r e n t  t e m p e r a t u r e s  

* l a r g e  s i n g l e  zone s t r u c t u r e s  s u b j e c t e d  t o  t h e r m a l  
s t r a t i f i c a t i o n  

* f i r e p l a c e s ,  ch imneys  and f l u e s  

Each  of t h e s e  c o n f i g u r a t i o n s  may be r e a d i l y  a n a l y s e d  and combined 
b y  c o n s i d e r a t i o n  of  t h e  v e r t i c a l  p r e s s u r e  g r a d i e n t  of  t h e  
r e s p e c t i v e  a i r  masses .  

S t a c k  Ef E e c t :  
Uni form I n t e r n a l  Tempera tu re  D i s t r i b u t i o n  

F o r  a  u n i f o r m  t e m p e r a t u r e ,  t h e  p r e s s u r e  of an  a i r  mass a t  a n y  
h e i g h t  z  above  a c o n v e n i e n t  datum l e v e l ,  zo ,  ( f o r  example g round  
o r  f l o o r  l e v e l )  is g i v e n  by 

where  p, = p r e s s u r e  a t  da tum l e v e l  zo 

g = a c c e l e r a t i o n  due  t o  g r a v i t y  (m/s2)  



The c o r r e s p o n d i n g  p r e s s u r e  g r a d i e n t  is t h e r e f o r e  

which becomes, by c o n s i d e r a t i o n  o f  t h e  g a s  l a w s ,  

where  p. a i r  d e n s i t y  a t  273K (kg/m3) 

T = a b s o l u t e  t e m p e r a t u r e  o f  a i r  mass (K) 

Thus t h e  p r e s s u r e  g r a d i e n t  is i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  
a b s o l u t e  t e m p e r a t u r e  of  t h e  a i r  mass. 

P r e s s u r e  g r a d i e n t s  and  t h e  a b s o l u t e  p r e s s u r e  d i s t r i b u t i o n  f o r  a 
b u i l d i n g  i n  which two o p e n i n g s ,  h1 and h2 ,  a r e  v e r t i c a l l y  
s e p a r a t e d  a  d i s t a n c e  h  a p a r t  a r e  i l l u s t r a t e d  i n  F i g u r e  3 .7 .  The 
l e v e l  of a l i g n m e n t  of  t h e  i n t e r n a l  and e x t e r n a l  p r e s s u r e s  
( n e u t r a l  p r e s s u r e  p l a n e )  is a  f u n c t i o n  o f  t h e  o v e r a l l  
d i s t r i b u t i o n  and  f l o w  c h a r a c t e r i s t i c s  of  o p e n i n g s ,  and  is  f i x e d  
such  t h a t  a  mass f l o w  b a l a n c e  is  m a i n t a i n e d .  Knowledge o f  t h i s  
l e v e l  i s  n o t  a  p r e - r e q u i s i t e  of  a i r  i n f i l t r a t i o n  m o d e l l i n g .  The 
s t a c k  induced  p r e s s u r e  a t  h2, w i t h  r e s p e c t  t o  t h e  p r e s s u r e  a t  h l ,  
is r e p r e s e n t e d  i n  F i g u r e  3.7 by t h e  n e t  h o r i z o n t a l  d i s p l a c e m e n t  
of t h e  p r e s s u r e  c u r v e s  a t  t h e s e  l o c a t i o n s  ( A  + B )  and is g i v e n  by 

where  Text a b s o l u t e  e x t e r n a l  t e m p e r a t u r e  (K) 

T in t  a b s o l u t e  i n t e r n a l  t e m p e r a t u r e  (K) 

The c a l c u l a t i o n  of  s t a c k  p r e s s u r e  f o r  t y p i c a l  t e m p e r a t u r e  
d i f f e r e n c e s  and d i s p l a c e m e n t  of o p e n i n g s  is c o v e r e d  i n  s e c t i o n  
5 . 2 .  S t a c k  p r e s s u r e s  a r e  o f t e n  of comparab le  s i g n i f i c a n c e  t o  
wind p r e s s u r e s .  T y p i c a l  compar i sons  a r e  p r e s e n t e d  i n  S e c t i o n  
5 . 2 .  



pressure > 
Figure 3.7 Stack induced pressure between two vertically placed 

openings 

I level 3 

Figure 3.8 Stack pressure distribution in multi-storey buildings 
with isolated floors 



S t a c k  E f f e c t :  
M u l t i z o n e  B u i l d i n g s  w i t h  Impermeably S e p a r a t e d  V e r t i c a l  Zones 

The s t a c k  p r e s s u r e  d i s t r i b u t i o n  of a  b u i l d i n g  i n  which e a c h  f l o o r  
is i s o l a t e d  by an  impermeable b a r r i e r  is  i l l u s t r a t e d  i n  F i g u r e  
3 .8 .  Each f l o o r  d i s p l a y s  i t s  own n e u t r a l  p r e s s u r e  p l a n e  and i t  
is p o s s i b l e  t o  c a l c u l a t e  t h e  s t a c k  p r e s s u r e  d i s t r i b u t i o n  w i t h o u t  
r e f e r e n c e  t o  a d j a c e n t  z o n e s .  However, s p e c i a l  t r e a t m e n t  of t h i s  
c a s e  is n o t  n o r m a l l y  n e c e s s a r y  and i t  is recommended t h a t  t h e  
s t a c k  p r e s s u r e  a t  any  o p e n i n g  is a g a i n  e x p r e s s e d  r e l a t i v e  t o  t h e  
l o w e s t  o p e n i n g ,  t h a t  i s ,  r e l a t i v e  t o  h l  o r  t o  g round  l e v e l .  

S t a c k  E f f e c t :  
Mul t i zone  B u i l d i n g s  i n  which V e r t i c a l l y  I n t e r c o n n e c t e d  Zones a r e  
a t  D i f f e r e n t  T e m p e r a t u r e s  

I n  p r a c t i c e ,  a  u n i f o r m  t e m p e r a t u r e  d i s t r i b u t i o n  may n o t  a lways  be 
p o s s i b l e  o r  even  d e s i r e d .  By d e s i g n  o r  o t h e r w i s e ,  i t  may be t h a t  
t h e  i n t e r n a l  t e m p e r a t u r e  of  e a c h  zone  w i l l  d i f f e r .  I n  d w e l l i n g s ,  
f o r  example ,  u p s t a i r s  bedrooms a r e  f r e q u e n t l y  m a i n t a i n e d  a t  a  
lower t e m p e r a t u r e  t o  t h e  l i v i n g  a r e a ,  w h i l e  a  r o o f  s p a c e  might  
n o t  be h e a t e d  a t  a l l .  The r e s u l t a n t  s t a c k  p r e s s u r e  may be 
a n a l y s e d  i n  e x a c t l y  t h e  same way a s  t h e  p r e v i o u s  example ,  e x c e p t  
t h a t  t h e  p r e s s u r e  g r a d i e n t  of  e a c h  c e l l  v a r i e s  a c c o r d i n g  t o  t h e  
z o n a l  a i r  t e m p e r a t u r e  ( F i g u r e  3 . 9 ) .  The s t a c k  p r e s s u r e  a t  a n y  
l e v e l  is a g a i n  g i v e n  by t h e  d i s p l a c e m e n t  i n  p r e s s u r e  g r a d i e n t s .  

P -- 

-- 

datum 
external - - -  -- 

pressure internal level 
pressure 
gradient 

F i g u r e  3.9 S t a c k  p r e s s u r e  f o r  v e r t i c a l l y  p l a c e d  zones  a t  
d i f f e r e n t  t e m ~ e r a t u r e s  



For example, t h e  s t a c k  p r e s s u r e  a t  h2 w i t h  r e s p e c t  t o  h1 ( h o r i z o n t a l  
d i sp lacement  ' A '  i n  F i g u r e  3 . 9 )  i s  g iven  by 

where L1 - f i r s t  f l o o r  l e v e l  ( s e e  f i g u r e  3 . 9 )  (m) 

T1 i n t e r n a l  t e m p e r a t u r e  o f  ground f l o o r  
zone (K) 

T2 = i n t e r n a l  t e m p e r a t u r e  of  f i r s t  f l o o r  
zone (K) 

S t a c k  E f f e c t :  
Mul t izone B u i l d i n g s  i n  which H o r i z o n t a l l y  P laced  Zones a r e  a t  
D i f f e r e n t  Temperatures  

T h i s  s i t u a t i o n  m y  occur  i n  an o f f i c e  environment o r  m u l t i - s t o r e y  
b u i l d i n g  i n  which t h e  s t a i r w e l l  o r  p u b l i c  a c c e s s  a r e a s  a r e  
mainta ined a t  a  lower t empera tu re  than  t h e  occupied p a r t s  of t h e  
b u i l d i n g .  Again,  the  t empera tu re  g r a d i e n t s  i n  each  of t h e  zones 
a r e  a n a l y s e d  as p r e v i o u s l y  d e s c r i b e d  wi th  t h e  s t a c k  p r e s s u r e  
be ing  expressed  r e l a t i v e  t o  t h e  lowes t  opening.  The 
cor respond ing  s t a c k  p r e s s u r e s  a t  o t h e r  h e i g h t s  a r e  t h e n  
determined by t h e  r e l a t i v e  d i sp lacements  ( F i g u r e  3.10). 

L I 

pressure 2 

F i g u r e  3.10 S t a c k  p r e s s u r e  f o r  h o r i z o n t a l l y  spaced zones a t  
d i f f e r e n t  t e m p e r a t u r e s  



Thue t h e  s t a c k  p r e s s u r e  a t  h5, between zone 1 and 4 (d i sp lacement  
' B '  i n  F i g u r e  3.10) i s  g iven  by 

where T1 = t e m p e r a t u r e  i n  each  of t h e  v e r t i c a l l y  
s t a c k e d  zones (K) 

T2  = t e m p e r a t u r e  of  zone 1 ( s e e  f i g u r e  3.10) (K) 

S t a c k  E f f e c t :  
Large  Single-zone S t r u c t u r e s  S u b j e c t e d  t o  Thermal S t r a t i f i c a t i o n  

T h i s  occur rence  is  f r e q u e n t l y  encoun te red  i n  l a r g e  f a c t o r y  and 
warehouse b u i l d i n g s  where warm a i r  r i s e s  t o  the  roof s p a c e ,  

a r e s u l t i n g  i n  a  c o n s i d e r a b l e  amount of thermal  s t r a t i f i c a t i o n .  
S ince  t h e  d e n s i t y  of a i r  is a  f u n c t i o n  of the  a i r  t e m p e r a t u r e ,  a 
non- l inea r  i n t e r n a l  p r e s s u r e  g r a d i e n t  is c r e a t e d .  For t h i s  
s i t u a t i o n ,  t h e  p r e s s u r e  e q u a t i o n  ( e q u a t i o n  3 .9 )  must be w r i t t e n  
t o  accoun t  f o r  t h e  dependency of  d e n s i t y  on h e i g h t  a s  f o l l o w s  

where p ( z )  = a i r  d e n s i t y  a t  h e i g h t  z (kg/m3) 

h  - h e i g h t  of e n c l o s u r e  (m)  

S u b s t i t u t i n g  f o r  v e r t i c a l  t empera tu re  d i s t r i b u t i o n ,  T ( Z )  y i e l d s  

z-h " 

Equa t ion  3 .16  can be a n a l y s e d  f o r  a lmost  any f u n c t i o n  of  T b u t ,  
f o r  t h i s  example,  t h e  t empera tu re  is assumed t o  be l i n e a r l y  
dependent on h e i g h t ,  i e  

where w - t e m p e r a t u r e  g r a d i e n t  (K /m)  

T F t empera tu re  a t  h e i g h t ,  zo (K) 
0 



Hence, for w = 0 

z-h 

Pz - PO -gp,273 [ z l  zoo 
T 
=o 

and, for w j 0 

Taking the gradient 

Thus, for w = 0, equation 3.21 is compatible with equation 3.14. 

Having established the pressure gradient equation, the stack 
pressures are calculated as previously described (Figure 3.11). 

Figure 3.11 Stack pressure due to internal temperature gradient 



Flues and Chimneys 

Flues and chimneys connected to heating appliances present a 
major air flow route. In addition, during furnace operation, 
they have an operating temperature well in excess of ambient room 
temperatures. The resultant stack influence is considerably 
enhanced but may nevertheless be readily calculated using the 
standard principles governing stack pressures. 

3.1.3.4 Combined Wind and Stack Effect 

So far the effects of wind and temperature have been considered 
in isolation whereas in reality they combine to form a total 
pressure distribution. Air infiltration calculated from wind 
and stack effect acting alone should not be summed directly to 
obtain a combined air infiltration rate. The respective 
component pressures, however, can be summed to obtain the total 
pressure at each opening. Thus the pressure at any opening, i, 
is given by 

Provided the magnitude of the pressures are known, then the 
combined influence of wind and temperature can be readily 
incorporated into a mathematical model. 

In order to simplify calculation techniques, the concept of a 
separate stack component and wind component of air infiltration 
is sometimes retainedl1. Experimental observation has indicated 
that such an arrangement is possible if the corresponding 
infiltration values are added in quadrature to obtained the total 
infiltration rate, ie 

where QT = total infiltration 

Q, = infiltration due to wind 

Q, = infiltration due to stack 

The latter approach has special relevance in equivalent leakage 
area type models (Section 5.1). 

3.1.3.5 Pressure Effects due to Mechanical Ventilation 

Mechanical ventilation may be analysed in terms of the induced 
flow rate and pressure imbalance created across the fan and 
associated ducting. The resultant pressure difference becomes 
another component to the total pressure equation. 



The a d d i t i o n a l  p r e s s u r e  imba lance  c r e a t e d  by an e x t r a c t  o n l y  
v e n t i l a t i o n  eys t em is  v e r y  s t r a i g h t f o r w a r d  t o  c a l c u l a t e  by d i r e c t  
a p p l i c a t i o n  of  t h e  e x p o n e n t i a l  f l o w  e q u a t i o n  ( e q u a t i o n  3 . 3 ) .  I f  
t h e  t o t a l  l e a k a g e  c o e f f i c i e n t ,  a s  d e t e r m i n e d  by a  p r e s s u r i s a t i o n  
t e s t ,  f o r  t h e  zone  w i t h i n  which t h e  e x t r a c t  f a n  o r  d u c t  is  
l o c a t e d  is g i v e n  by K t  and  t h e  f l ow r a t e  t h r o u g h  t h e  f a n  is g i v e n  
by Q m v 9  t h e n  t h e  p r e s s u r e  imba lance  is 

where n = flow e x p o n e n t  

I n  p r a c t i c e  t h e  p r e s s u r e  e f f e c t  due t o  mechan ica l  v e n t i l a t i o n  is  
c a l c u l a t e d  a u t o m a t i c a l l y  w i t h i n  an  a i r  i n f i l t r a t i o n  model. I n  
i t s  s i m p l e s t  fo rm,  m e c h a n i c a l  v e n t i l a t i o n  is i n c o r p o r a t e d  i n t o  a  
model by s p e c i f y i n g  t h e  d e s i g n  f l o w  r a t e  f o r  t h e  zone o r  zones  i n  
which  m e c h a n i c a l  v e n t i l a t i o n  i s  p r e s e n t .  The a p p r o p r i a t e  
i n t e r n a l l e x t e r n a l  p r e s s u r e  d i f f e r e n c e  t o  e n s u r e  mass b a l a n c e  t h e n  
forms p a r t  o f  t h e  mass b a l a n c e  c a l c u l a t i o n .  E q u a t i o n  3.24 s e r v e s  
a s  a  u s e f u l  d e s i g n  check  t o  e n s u r e  t h a t  e x c e s s i v e  u n d e r - p r e s s u r e s  
a r e  a v o i d e d  ( s e e  S e c t i o n  4 . 3 . 1 )  o r  t o  e n s u r e  t h a t  t h e  s y s t e m  c a n  
f u n c t i o n  c o r r e c t l y  a t  t h e  i nduced  p r e s s u r e  d i f f e r e n c e  p r e d i c t e d .  
T h i s  l a t t e r  c o n s i d e r a t i o n  is most i m p o r t a n t  a s  t h e  v a l i d i t y  of  a  
' f i x e d  f l o w '  a s s u m p t i o n  is dependen t  on t h e  mechan ica l  
v e n t i l a t i o n  s y s t e m  b e i n g  a b l e  t o  meet t h e  r e q u i r e d  f l o w  r a t e  a t  
t h e  c a l c u l a t e d  p r e s s u r e  d i f f e r e n c e .  

An a l t e r n a t i v e  method is  t o  t r e a t  v e n t i l a t i o n  a s  an  a d d i t i o n a l  
f l o w  p a t h  i n  which t h e  p r e s s u r e  v e r s u s  f l o w  r a t e  r e l a t i o n s h i p  is 
s p e c i f i e d ,  t h a t  i s ,  

Assuming t h a t  t h e  p r e s s u r e  d i f f e r e n c e  c r e a t e d  a c r o s s  t h e  
m e c h a n i c a l  v e n t i l a t i o n  s y s t e m  i t s e l f  is g i v e n  by Apm, and t h a t  
t h e  p r e s s u r e  d i f f e r e n c e  c r e a t e d  between t h e  i n s i d e  and o u t s i d e  of 
t h e  b u i l d i n g  i s  g i v e n  by Apb, t h e n  p r o v i d e d  

t h e  f i x e d  f l o w  a s s u m p t i o n  is v a l i d .  The a l t e r n a t i v e  is  t o  
e x p r e s s  Q,, by a  q u a d r a t i c  r e l a t i o n s h i p  g i v e n  by  

Qmv 



3 . 2  THEORETICAL CALCULATION TECHNIQUES 
3 . 2 . 1  Single-Zone Network Models 

T h i s  approach is  used t o  c a l c u l a t e  i n f i l t r a t i o n  i n t o  a s i n g l e  
enc losed  

* 

* 

* 

* 

* 

* 

* 

* 

space .  Model pa ramete r s  i n c l u d e  

f low p a t h  d i s t r i b u t i o n  ( S e c t i o n  3 . 3 . 1 )  

f low pa th  c h a r a c t e r i s t i c s  ( k  and n v a l u e s  - s e e  
S e c t i o n  3 . 3 . 2 )  

b u i l d i n g  h e i g h t  

i n t e r n a l / e x t e r n a l  t empera tu re  d i f f e r e n c e  

l o c a l  wind speed ( o r  reduced from remote s i t e )  
( S e c t i o n  3 . 1 . 3 . 1 )  

l o c a l  s h i e l d i n g  c o n d i t i o n s  

t e r r a i n  roughness  pa ramete r s  

c h a r a c t e r i s t i c s  of mechanical  v e n t i l a t i o n  sys tem 

Any number of f low p a t h s ,  t e r m i n a t i n g  w i t h i n  the  i n t e r n a l  zone,  
can be s e l e c t e d  t o  r e p r e s e n t  l eakage  openings  i n  each f a c e  
b u i l d i n g  ( F i g u r e  3.12 and S e c t i o n  3 . 3 . 1 ) .  

of t h e  

F i g u r e  3.12 S i n g l e  zone network 



For j such flow p a t h s ,  a  mass f low balance is given by 

where p i  - d e n s i t y  of a i r  f lowing  through i ' t h  
f low p a t h  (kg/rn3) 

qi - v o l u m e t r i c  f low r a t e  (m3/s) 

By s u b s t i t u t i o n  of t h e  above i n  t h e  power law form of t h e  f low 
e q u a t i o n  ( e q u a t i o n  3 . 3 ) ,  t h e  c o n d i t i o n  of mass balance becomes 

T e n  1 Term 2 Term 3 

where ki - f low c o e f f i c i e n t  of t h e  i ' t h  f low p a t h  

"i = f low exponent of t h e  i ' t h  f low p a t h  

pi = e x t e r n a l  p r e s s u r e  a c t i n g  on t h e  i ' t h  
f low p a t h  

P i n t  - i n t e r n a l  p r e s s u r e  

P i 
- d e n s i t y  of a i r  mass i n  t h e  i ' t h  f low 

p a t h  

The i n f i l t r a t i o n  a i r  d e n s i t y ,  Pi, is g iven  by t h a t  of the  o u t s i d e  
a i r  whi le  f o r  t h e  e x f i l t r a t i n g  a i r  i t  is  given by t h a t  of t h e  
i n t e r n a l  a i r  mass. I f  t h e  d e n s i t y  d i f f e r e n c e s  between t h e  
i n t e r n a l  and e x t e r n a l  a i r  masses a r e  n e g l i g i b l e  i n  comparison t o  
t h e  magnitude of t h e  o v e r a l l  d e n s i t y  of a i r ,  i e  when t h e  
i n t e r n a l l e x t e r n a l  temperature  d i f f e r e n c e  is l e s s  than  

0 
approx imate ly  20 C ,  then Term 1 of e q u a t i o n  3 .25  may be ignored .  
The problem then becomes one of ba lanc ing  t h e  volume flow r a t e  
r a t h e r  than t h e  mass f low r a t e .  Term 2 e x p r e s s e s  t h e  a b s o l u t e  
va lue  of the  i n t e r n a l l e x t e r n a l  p r e s s u r e  d i f f e r e n c e  a c r o s s  each 
opening and is  a p p l i e d  t o  avoid  e x p o n e n t i a t i n g  a  n e g a t i v e  number 
when p i  < p i n t .  Term 3 r e s t o r e s  t h e  s i g n  of t h e  f low d i r e c t i o n  
which was l o s t  i n  t h e  p rev ious  term. 

Hence 

For pi > pint , Term 3 = I 

For pi < pint , Term 3 - - 1  



The s i g n  c o n v e n t i o n  f o r  t h e  d i r e c t i o n  of f l o w  is t h e r e f o r e  +ve  
f o r  i n £  i l t r a t i o n  o r  a i r  movement i n t o  a zone and -ve f o r  
e x f i l t r a t i o n  o r  a i r  f l o w  o u t  of a  zone .  

The v a l u e s  of  ki, n i  and  p i  must be s p e c i f i e d  f o r  e a c h  f l o w  p a t h  
( s e e  S e c t i o n  3 . 3 ) ,  l e a v i n g  t h e  i n t e r n a l  p r e s s u r e ,  P i n t ,  a s  t h e  
o n l y  unknown. 

The i n f i l t r a t i o n  r a t e  is  g i v e n  by 

and t h e  h o u r l y  a i r  change  r a t e  is  g i v e n  by 

ACR 

where Vol - i n t e r n a l  volume o f  zone  (m3) 

Mechan ica l  V e n t i l a t i o n  

E x t r a c t  o r  s u p p l y  v e n t i l a t i o n  is most e a s i l y  i n c o r p o r a t e d  by 
e x p a n d i n g  t h e  mass b a l a n c e  e q u a t i o n  ( 3 . 2 4 )  t o  g i v e  

For  e x t r a c t  v e n t i l a t i o n  Qmv is -ve and  t h e  a i r  d e n s i t y , P i ,  
c o r r e s p o n d s  t o  t h a t  o f  t h e  i n t e r n a l  a i r  mass. Fo r  s u p p l y  
v e n t i l a t i o n  Q,, i s  +ve  a n d  t h e  a i r  d e n s i t y  c o r r e s p o n d s  t o  t h a t  of 
t h e  e x t e r n a l  a i r  mass.  T h i s  a p p r o a c h  is  v a l i d  p r o v i d e d  t h a t  t h e  
d e s i g n  Flow r a t e  t h r o u g h  t h e  s y s t e m  can  be a c h i e v e d  a t  t h e  
i nduced  p r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  sys t em.  I f  i t  c a n n o t ,  
t h e n  Qmv must be s p e c i f i e d  a s  a  f u n c t i o n  of  p r e s s u r e ,  o r  
a l t e r n a t i v e l y  t h e  i n t e r n a l  p r e s s u r e  must be  r e l i e v e d  by t h e  
i n c l u s i o n  of  a i r  v e n t s .  

Ba l anced  s u p p l y / e x t r a c t  v e n t i l a t i o n  h a s  no i n f l u e n c e  on t h e  
i n t e r n a l  p r e s s u r e  of a  s i n g l e  zone s t r u c t u r e  and t h e r e f o r e  t h e  
a i r  f l o w  r a t e  is summed d i r e c t l y  t o  t h e  c a l c u l a t e d  i n f i l t r a t i o n  
r a t e ,  i e  



and t h e  a i r  change r a t e  i s  g i v e n  by 

ACR = Q t o t a l  X 3600 

The s i n g l e  c e l l  network approach o f f e r s  many advan tages .  These 
i n c l u d e  

* compara t ive  e a s e  of c a l c u l a t i o n  

* t h e  i n c o r p o r a t i o n  of any number of f low p a t h s  

* t h e  i n c l u s i o n  of any combinat ion of wind, s t a c k  and 
mechan ica l ly  induced p r e s s u r e s  

* t h e  a b i l i t y  t o  a s s e s s  t h e  e f f e c t  of f low p a t h  
d i s t r i b u t i o n  change r a t e s  

* t h e  a b i l i t y  t o  i d e n t i f y  t h e  f low d i r e c t i o n  and t h e  
magnitude of t h e  f low r a r e  through each of t h e  d e f i n e d  
openings 

* t h e  c a l c u l a t i o n  of i n t e r n a l  p r e s s u r e  

* t h e  a b i l i t y  t o  de te rmine  t h e  n e u t r a l  p r e s s u r e  
p lane  u s i n g  t h e  e x t e r n a l  and i n t e r n a l  p r e s s u r e  d a t a  

The p r i n c i p l e  d i s a d v a n t a g e s  of t h e  s i n g l e  c e l l  network approach 
a r e  i t s  more demanding d a t a  needs and i t s  u n s u i t a b i l i t y  f o r  
mult i-zone b u i l d i n g s .  Examples u s i n g  t h i s  approach a r e  p r e s e n t e d  
i n  S e c t i o n  5 . 2 .  

3.2.2 Multi-Zone Network Models 

I f  i n t e r n a l  p a r t i t i o n i n g  p r e s e n t s  an impedence t o  t h e  movement of 
a i r ,  t h e n ,  f o r  most d e s i g n  purposes ,  a  m u l t i - c e l l  o r  mul t i -zone 
t echn ique  must be a p p l i e d .  P o s s i b l e  e x c e p t i o n s  may o n l y  be 
p e r m i s s i b l e  f o r  t h e  fo l lowing  c i rcumstances :  

* when an a b s o l u t e  'maximum o n l y '  i n f i l t r a t i o n  e s t i m a t e  
i s  r e q u i r e d  

* when i n t e r n a l  doors  a r e  v e r y  l e a k y  o r  a r e  g e n e r a l l y  
l e f t  open 

* when a i r  c i r c u l a t i o n  sys tems l i n k  each room, eg  s m a l l  
a i r  hand l ing  sys tems f o r  d w e l l i n g s  

There  a r e  t h e r e f o r e  many i n s t a n c e s  i n  which s i n g l e  zone 
approaches  w i l l  be of l i t t l e  v a l u e  and,  a s  a r e s u l t ,  
c o n s i d e r a t i o n  must be g iven  t o  an i n t e r n a l  f low s t r u c t u r e .  A 
t y p i c a l  mult i-zone network is  i l l u s t r a t e d  i n  F i g u r e  3.13. 



F i g u r e  3 . 1 3  Mul t i  zone network 

S i m i l a r  model parameters  t o  the  p rev ious  network approach a p p l y ,  
i n c l u d i n g  

flow pa th  d i s t r i b u t i o n  ( e x t e r n a l  and i n t e r n a l  - s e c t i o n  
3 .3 .1 )  

f low pa th  c h a r a c t e r i s t i c s  

b u i l d i n g  h e i g h t  

i n t e r n a l / e x t e r n a l  t empera tu re  d i f f e r e n c e s  

wind speed (on s i t e  o r  remote - s e c t i o n  3 . 1 . 3 )  

l o c a l  s h i e l d i n g  c o n d i t i o n s  

t e r r a i n  roughness pa ramete rs  

d e t a i l s  of mechanical  v e n t i l a t i o n  sys tem 

Again,  any number of f low p a t h s ,  t e r m i n a t i n g  w i t h i n  each i n t e r n a l  
zone,  can be s e l e c t e d  t o  r e p r e s e n t  leakage openings  i n  t h e  
b u i l d i n g  envelope.  A d d i t i o n a l l y  pa the  a r e  s e l e c t e d  t o  r e p r e s e n t  
leakage openings  a c r o s s  i n t e r n a l  zones ( S e c t i o n  3 . 3 . 1 ) .  For t h e  
m' th  such zone wi th  a  t o t a l  of j, f low p a t h s ,  t h e  mass f low 
ba lance  is g iven  by 

where Q;, - v o l u m e t r i c  f low r a t e  through t h e  i ' t h  
f low p a t h  of t h e  m' th  node. 

p;, d e n s i t y  of a i r  f low through t h e  i ' t h  
f low p a t h  of t h e  m' th  node (kg/rn3) 



Analagous t o  t h e  s i n g l e  c e l l  v e r s i o n  ( e q u a t i o n  3 . 2 5 ) ,  
s u b s t i t u t i o n  of the  above i n  t h e  power law form of the  f low 
( e q u a t i o n  3.3)  g i v e s  

where kim - f low c o e f f i c i e n t  of  t h e  i ' t h  f low p a t h  
of  t h e  m ' th  zone 

nim - f low exponent  of  t h e  i ' t h  f low p a t h  o f  
t h e  m' th  zone 

P  i m  = p r e s s u r e  of zone a d j a c e n t  t o  t h e  m'th 
node a c r o s s  which t h e  i ' t h  f low p a t h  
c o n n e c t s  

p, = i n t e r n a l  p r e s s u r e  of m' th  node 

The mass ba lance  e q u a t i o n  must a p p l y  t o  each zone.  T h e r e f o r e ,  
assuming a  t o t a l  of q zones ,  t o t a l  mass ba lance  is g iven  by 

L U I  L L U  

m-l i,=l 

Unlike the  ' s i n g l e  zone '  approach ,  where t h e r e  was on ly  one 
i n t e r n a l  p r e s s u r e  t o  de te rmine ,  t h e r e  a r e  now many v a l u e s .  T h i s  
adds  c o n s i d e r a b l y  t o  t h e  complex i ty  of t h e  numerical  s o l u t i o n  
method. S u i t a b l e  a l g o r i t h m s  a r e  o u t l i n e d  i n  S e c t i o n  5 . 1 .  

The t o t a l  f low i n t o  each zone w i l l  g e n e r a l l y  c o n s i s t  O F  
components of a i r  i n f i l t r a t i o n  and of i n t e r z o n e  a i r  movement, 
t h u s  t h e  summation of t h e  t o t a l  f low i n t o  each zone w i l l  no t  
n e c e s s a r i l y  y i e l d  t h e  t o t a l  i n f i l t r a t i o n  o r  f r e s h  a i r  exchange 
r a t e .  An extreme example would be a  comple te ly  r e c i r c u l a t o r y  
sys tem w i t h i n  an a i r t i g h t  s t r u c t u r e ,  i n  which c a s e  t h e r e  would be 
no f r e s h  a i r  exchange a t  a l l .  T h e r e f o r e ,  f o r  the  purposes  of 
c a l c u l a t i n g  t h e  i n f i l t r a t i o n  r a t e  ( b o t h  w i t h i n  i n d i v i d u a l  zones  
and f o r  the  b u i l d i n g  a s  a  whole ) ,  i t  i s  n e c e s s a r y  t o  i d e n t i f y  and 
t o  c a l c u l a t e  t h e  in f low through each of t h e  e x t e r n a l  f low p a t h s .  
T h i s  can be e a s i l y  accomplished by i d e n t i f y i n g  boundary f low 
p a t h s  and r e s t r i c t i n g  t h e  summation of i n f i l t r a t i n g  f low o n l y  t o  
t h e s e  p a t h s .  

Mechanical  e x t r a c t  o r  supp ly  o n l y  v e n t i l a t i o n  is  ana lysed  i n  an 
i d e n t i c a l  way t o  t h e  s i n g l e  zone flow network approach ,  wi th  t h e  
v e n t i l a t i o n  r a t e s  being a p p l i e d  t o  the  a p p r o p r i a t e  zones .  



Balanced  s u p p l y / e x t r a c t  s y s t e m s  c a n  a l s o  be a n a l y s e d  u s i n g  t h e  
mu l t i - zone  a p p r o a c h  s i n c e  t h e  s u p p l y  and e x h a u s t  t e r m i n a l s  a r e  
n o r m a l l y  l o c a t e d  i n  d i f f e r e n t  zones .  Thus t h e  i n t e r - z o n a l  a i r  
d i s t r i b u t i o n  p a t t e r n  g e n e r a t e d  by t h e  i n s t a l l a t i o n  o f  a  b a l a n c e d  
v e n t i l a t i o n  s y s t e m  may a l s o  be r e a d i l y  d e t e r m i n e d .  

The mu l t i - zone  a p p r o a c h  t h e r e f o r e  o f f e r s  an  a l m o s t  u n l i m i t e d  
p o t e n t i a l  f o r  a n a l y s i n g  a i r  i n f i l t r a t i o n  and  v e n t i l a t i o n  a i r  f l o w  
d i s t r i b u t i o n  i n  c o m p a r t m e n t a l i s e d  b u i l d i n g s .  I n  p a r t i c u l a r ,  
because  i t  may be used  t o  p r e d i c t  i n t e r n a l  a i r  movement, i t  a r e  
an i n v a l u a b l e  a i d  t o  i n d o o r  a i r  q u a l i t y  s t u d i e s .  I t  may a l s o  be 
a d a p t e d  t o  p r e d i c t  smoke movement w i t h i n  b u i l d i n g s .  The main 
d i s a d v a n t a g e s  a r e  t h a t  i t  r e q u i r e s  s u b s t a n t i a l  d a t a  t o  d e s c r i b e  
t h e  i n t e r n a l  ( a n d  e x t e r n a l )  f l o w  ne twork  and t h a t  i t  o f t e n  
demands a s i g n i f i c a n t  amount of  c o m p u t a t i o n a l  e f f o r t .  With c a r e ,  
however,  t h e s e  d i s a d v a n t a g e s  may be minimised  by t a i l o r i n g  t h e  
s i z e  of t h e  f l o w  ne twork  t o  s u i t  t h e  problem t o  be s o l v e d .  

3 . 2 . 3  S i m p l i f i e d  Theoretical Techniques 

A number of " s i m p l i f i e d "  methods have been i n t r o d u c e d  i n  an 
e f f o r t  t o  min imise  t h e  c o m p u t a t i o n a l  e f f o r t  o f  t h e o r e t i c a l  
t e c h n i q u e s  y e t  e n a b l e  some of  t h e  a c c u r a c y  o f  t h e s e  methods t o  be 
r e t a i n e d .  A s  y e t  t h e y  a r e  o n l y  a p p l i c a b l e  t o  s i n g l e  zone 
s t r u c t u r e s  and  o n l y  p r o v i d e  e s t i m a t e s  of i n f i l t r a t i o n .  They g i v e  
no i n d i c a t i o n  of  t h e  p a t t e r n  of a i r  d i s t r i b u t i o n .  Two s u c h  
methods have  been a n a l y s e d  by t h e  A i r  I n f i l t r a t i o n  C e n t r e  and  
have  been found t o  g i v e  s a t i s f a c t o r y  r e s u l t s  f o r  a r a n g e  of  

d w e l l i n g s  and c l i m a t i c  c o n d i t i o n s 1 2 .  These  methods have  been 
deve loped  by t h e  B u i l d i n g  R e s e a r c h  E s t a b l i s h m e n t  i n  t h e  U n i t e d  
Kingdom (ERE model ) l 3  and  t h e  Lawrence B e r k e l e y  L a b o r a t o r y  i n  the 
U n i t e d  S t a t e s  (LBL M o d e l ) l l .  

The pu rpose  o f  t h e  ERE method is t o  p r o v i d e  a  t e c h n i q u e  f o r  
r e l a t i n g  a i r  i n f i l t r a t i o n  r a t e  f o r  a n y  g i v e n  s e t  of c o n d i t i o n s  t o  
t h e  l e a k a g e  c h a r a c t e r i s t i c s  of  t h e  b u i l d i n g  a s  d e t e r m i n e d  by a  
p r e s s u r i s a t i o n  t e s t .  A i r  movement under  ambien t  c o n d i t i o n s  is 
d e s c r i b e d  by t h e  power law e q u a t i o n  

where  = a m b i e n t  f l o w  r a t e  (m3/s )  

QT = f l o w  ra te  a t  a n  a r b i t r a r i l y  c h o s e n  
r e f e r e n c e  p r e s s u r e  (m3/s)  

P 0 
- a i r  d e n s i t y  (kg/m3) 

V = wind s p e e d  a t  r o o f  r i d g e  h e i g h t  (m/s) 

ApT = i n t e r n a l l e x t e r n a l  p r e s s u r e  d i f f e r e n c e  (Pa)  

Fv = i n f i l t r a t i o n  rate  f u n c t i o n  ( s e e  t e x t )  

Ar = Archimedes  number 

0 = s u r f a c e  p r e s s u r e  f u n c t i o n  



For wind a c t i o n  a l o n e ,  t h i s  e q u a t i o n  reduces  t o  

where F, = wind i n f i l t r a t i o n  f u n c t i o n  

While f o r  s t a c k  e f f e c t  o n l y ,  t h e  f low e q u a t i o n  becomes 

where FB = s t a c k  i n f i l t r a t i o n  f u n c t i o n  

AT = i n t e r n a l l e x t e r n a l  t empera tu re  d i f f e r e n c e  (K)  

TI = i n t e r n a l  t empera tu re  d i f f e r e n c e  (K) 

g  m a c c e l e r a t i o n  due t o  g r a v i t y  (m/s)  

h  = h e i g h t  of b u i l d i n g  (m) 

The i n f i l t r a t i o n  f u n c t i o n  FB is determined by t h e  b u i l d i n g  shape 
and the  d i s t r i b u t i o n  of l eakage ;  Fw i n  a d d i t i o n  depends upon t h e  
s u r f a c e  p r e s s u r e  c o e f f i c i e n t s ,  whi le  Fv i n c l u d e s  t h e  e f f e c t s  of 
t h e  major weather  dependent pa ramete r s  V and T.  

The LBL model was developed t o  p r e d i c t  the  impact on a i r  
i n f i l t r a t i o n  r a t e s  of r e t r o f i t  and o t h e r  changes i n  t h e  b u i l d i n g  
enve lope  u s i n g  t h e  minimum number of model pa ramete r s .  The model 
was s p e c i f i c a l l y  des igned  f o r  s i m p l i c i t y  and t h e r e f o r e  p r e c i s e  
d e t a i l  was s a c r i f i c e d  f o r  e a s e  of a p p l i c a t i o n .  

The b u i l d i n g  is approximated by a  s i n g l e  r e c t a n g u l a r  s t r u c t u r e  of  
" s i n g l e  zone" c o n s t r u c t i o n ,  through which a i r  f low is  d e s c r i b e d  
by t h e  equa t ion  

where A = e f f e c t i v e  l e a k a g e  a r e a  (m2) 

p = a i r  d e n s i t y  (kg/m3) 

Ap = i n t e r n a l l e x t e r n a l  p r e s s u r e  d i f f e r e n c e  (Pa) 



The e f f e c t i v e  l eakage  a r e a ,  A ,  is  determined by means of a  
b u i l d i n g  p r e s s u r i s a t i o n  test  o r  may be taken from t h e  d a t a  
p r e s e n t e d  i n  t h e  ASHRAE Fundamentals (Chap te r  22)14. The r a t e s  
of a i r  i n f i l t r a t i o n  due t o  wind and s t a c k  d r i v e n  p r e s s u r e  
d i f f e r e n c e s  a r e  c a l c u l a t e d  independen t ly  and a r e  combined by 
summing t h e  r e s u l t s  i n  q u a d r a t u r e .  The i n f l u e n c e  of mechanical  
v e n t i l a t i o n  s y s  tems is s i m i l a r l y  i n c l u d e d  i n  t h e  q u a d r a t u r e  
e q u a t i o n  t o  y i e l d  a  t o t a l  v e n t i l a t i o n  ra te  of 

2  stack+ Q wind +  s vent h 

where Qstack = A f S b ~ '  = s t a c k  i n f i l t r a t i o n  (m3/s) 

h i n d  fwVc = wind i n f i l t r a t i o n  (m3/s) 

Qvent = f low r a t e  of  mechanical  v e n t i l a t i o n  
sys tem (m3/s) 

AT a i n t e r n a l / e x t e r n a l  t e m p e r a t u r e  d i f f e r e n c e  (K) 

c  - wind speed a t  c e i l i n g  h e i g h t  (m/s) 

and f s  and f w  a r e  s t a c k  and wind pa ramete r s  r e s p e c t i v e l y  
( s e e  r e f e r e n c e  9)  

The LBL t echn ique  i s  covered i n  f u r t h e r  d e t a i l  i n  S e c t i o n  5.1.1. 

3 . 3  DATA REQUIREMENTS 

A s  wi th  any form of  numerical  model l ing t e c h n i q u e ,  t h e  
c a l c u l a t i o n  of a i r  i n f i l t r a t i o n  r a t e s  demands the  a c c u r a t e  
i n t e r p r e t a t i o n  of  r e l i a b l e  d e s i g n  d a t a .  U l t i m a t e l y ,  i t  is t h e  
a v a i l a b i l i t y  and q u a l i t y  of a p p r o p r i a t e  d a t a  t h a t  d i c t a t e s  t h e  
c h o i c e  of model and t h e  o v e r a l l  accuracy  of t h e  approach .  Bas ic  
d e s i g n  d a t a  must i n c l u d e  a  b u i l d i n g  and f low pa th  d e s c r i p t i o n  and 
a l s o  s u f f i c i e n t  c l i m a t i c  and t e r r a i n  d a t a  t o  c a l c u l a t e  t h e  

0 s u r f a c e  p r e s s u r e  d i s t r i b u t i o n .  Requirements t o  s u p p o r t  
s u b s i d i a r y  c a l c u l a t i o n s  i n c l u d e  v e n t i l a t i o n  performance d a t a  and 
indoor  a i r  q u a l i t y  i n f o r m a t i o n .  Each of t h e s e  needs is covered 
i n  t h i s  s e c t i o n .  A s t a n d a r d  format f o r  r e c o r d i n g  t h e  d a t a  is 
a l s o  inc luded .  F u r t h e r  in fo rmat ion  and g u i d e l i n e s  can be found 
i n  t h e  A I C ' s  s t a n d a r d  r e p o r t i n g  format f o r  t h e  measurement of a i r  
i n f i l t r a t i o n  i n  bui ld ings15.  

C o n s t r u c t i o n  t e c h n i q u e s  and m a t e r i a l s ,  i n t e r n a l  l a y o u t  and t h e  
o v e r a l l  d e s i g n  and l o c a t i o n  of b u i l d i n g s  form t h e  most b a s i c  
i n p u t  needs  of a i r  i n f i l t r a t i o n  models. A d e s c r i p t i o n  of t h e  
b u i l d i n g  is  e s s e n t i a l  t o  t h e  development of  an  a p p r o p r i a t e  f low 
network and t o  t h e  r e p r e s e n t a t i o n  of p r e s s u r e  d i s t r i b u t i o n .  

B u i l d i n g  d a t a  r equ i rements  may be a n a l y s e d  i n  terms of 

* f low p a t h  s t r u c t u r e  (number and d i s t r i b u t i o n  of f low 
p a t h s  and number of i n t e r n a l  zones )  

* f low c h a r a c t e r i s t i c s  of openings  ( f l o w  c o e f f i c i e n t s )  



* m e c h a n i c a l  e x t r a c t / s u p p l y  d a t a  

* s t a c k  p a r a m e t e r s  ( h e i g h t  of o p e n i n g s ,  i n t e r n a l  a i r  
t e m p e r a t u r e  d i s t r i b u t i o n ,  d e s c r i p t i o n  of  f l u e s  and 
ch imneys)  

* wind p r e s s u r e  p a r a m e t e r s  ( p r e s s u r e  c o e f f i c i e n t  d a t a )  

3 . 3 . 1  Flow Network 

I d e a l l y  t h e  l o c a t i o n ,  s i z e  and  f l o w  c h a r a c t e r i s t i c s  of  e a c h  
open ing  s h o u l d  be d e f i n e d .  I n  p r a c t i c e ,  however,  t h i s  is r a r e l y  
p o s s i b l e  a n d ,  i n s t e a d ,  a n  a p p r o x i m a t i o n  o r  an  amalgamat ion  of  
f l o w  p a t h s  is a l m o s t  a lways  n e c e s s a r y .  C o n s i d e r a t i o n  s h o u l d  
f i r s t  be g i v e n  t o  p e n e t r a t i o n s  w i t h i n  t h e  b u i l d i n g  e n v e l o p e ;  
t h e s e  g o v e r n  t h e  o v e r a l l  a i r t i g h t n e s s  of t h e  b u i l d i n g  and 
t h e r e f o r e  t h e  p o t e n t i a l  f o r  a i r  i n f i l t r a t i o n .  I n  g e n e r a l  i t  can  
be assumed t h a t  t h e  l a r g e r  t h e  t o t a l  a r e a  of  o p e n i n g s ,  t h e  
g r e a t e r  w i l l  be t h e  i n f i l t r a t i o n  r a t e  f o r  a n y  g i v e n  s e t  of  
e x t e r n a l  c o n d i t i o n s .  However, t h i s  r e l a t i o n s h i p  need  n o t  be 
l i n e a r  and depends  t o  some e x t e n t  on t h e  f l o w  c h a r a c t e r i s t i c s  of  
e a c h  open ing  and  on t h e  d i s t r i b u t i o n  of o p e n i n g s .  F o r  a c c u r a t e  
r e s u l t s  i t  is e s s e n t i a l  t h a t  a l l  s o u r c e s  o f  a i r  i n f i l t r a t i o n  a r e  
i d e n t i f i e d .  These  s o u r c e s  may be u s e f u l l y  a n a l y s e d  i n  t e rms  of  
' component '  l e a k a g e s ,  ' b ackground '  o r  ' f a b r i c '  l e a k a g e s  and  l a r g e  
o p e n i n g s  s u c h  a s  l o a d i n g  bay d o o r s .  

3 . 3 . 1 . 1  Component Leakage  Openings  

T y p i c a l  component o p e n i n g s  i n c l u d e  v e n t s ,  s t a c k s  and ch imneys .  
These  r e p r e s e n t  t h e  most s t r a i g h t f o r w a r d  t y p e  of  b u i l d i n g  
p e n e t r a t i o n  t o  i d e n t i f y  and i n c l u d e  i n  t h e  f l o w  ne twork  
d e s c r i p t i o n .  O p e r a b l e  o p e n i n g s  s u c h  a s  windows, d o o r s  and 
dampers a l s o  p r e s e n t  l i t t l e  d i f f i c u l t y  i n  terms o f  
i d e n t i f i c a t i o n .  

3 . 3 . 1 . 2  'Background '  o r  ' F a b r i c '  Leakage  Openings  

U n f o r t u n a t e l y  i d e n t i f i a b l e  s o u r c e s  of a i r  l e a k a g e  o f t e n  r e p r e s e n t  
o n l y  a small p r o p o r t i o n  o f  t h e  t o t a l  i n f i l t r a t i o n  r o u t e s ,  w i t h  
u n i d e n t i f i a b l e  ' f a b r i c '  o r  ' background '  p e n e t r a t i o n s  a c c o u n t i n g  
f o r  t h e  r e m a i n d e r .  T h i s  ' background '  component is a t t r i b u t a b l e  
t o  c o n s t r u c t i o n  t e c h n i q u e s ,  s i t e  p r a c t i c e s  and t h e  i n a d e q u a t e  
s e a l i n g  of s e r v i c e  p e n e t r a t i o n s ,  w i t h  t h e  r e s u l t  t h a t  w i t h o u t  
c a r e f u l  d e s i g n  and c o n s t r u c t i o n  i t  c a n  have a d o m i n a t i n g  
i n f l u e n c e  on t h e  r a t e  o f  a i r  i n f i l t r a t i o n .  

I n  t e rms  of f l o w  p a t h  deve lopmen t ,  t h e  ' background '  l e a k a g e  may 
g e n e r a l l y  be assumed t o  be u n i f o r m l y  d i s t r i b u t e d  a b o u t  t h e  
s u r f a c e  a r e a  of  t h e  b u i l d i n g  and may t h e r e f o r e  be r e p r e s e n t e d  i n  
t e rms  of  ' l e a k a g e 1 / u n i t  a r e a  of b u i l d i n g  e n v e l o p e .  C l e a r l y  t h i s  
r e q u i r e s  some judgement;  f o r  example ,  impermeable f l o o r s ,  r o o f s  
and  p a r t y  w a l l s  s h o u l d  be e x c l u d e d  from t h e  e n v e l o p e  a r e a .  On 
t h e  o t h e r  hand a i r  permeable  c e i l i n g s  b e n e a t h  v e n t i l a t e d  r o o f  
s p a c e s  s h o u l d  form p a r t  of t h e  e n v e l o p e  a r e a  r a t h e r  t h a n  t h e  r o o f  
i t s e l f .  



S i n c e  e a c h  f a c e  of t h e  b u i l d i n g  is  i n v a r i a b l y  s u b j e c t e d  t o  
d i f f e r i n g  wind p r e s s u r e s  and  s i n c e  t h e  s t a c k  e f f e c t  i n f l u e n c e s  
t h e  v e r t i c a l  p r e s s u r e  d i s t r i b u t i o n  on e a c h  f a c e ,  ' background '  
l e a k a g e  p a t h s  must be c a r e f u l l y  s e l e c t e d  t o  e n s u r e  t h a t  t h e  
combined i n f l u e n c e  of wind and  s t a c k  a c t i o n  is  a d e q u a t e l y  
r e p r e s e n t e d .  I n  p r a c t i c e  t h i s  means t h a t  ' b a c k g r o u n d '  f l o w  p a t h s  
s h o u l d  be d e f i n e d  f o r  e a c h  f a c e  of t h e  b u i l d i n g  a t  a minimum o f  
two l e v e l s .  F o r  m u l t i - s t o r e y  b u i l d i n g s ,  e s p e c i a l l y  t h o s e  h a v i n g  
an e f f e c t i v e l y  impermeable b a r r i e r  between e a c h  f l o o r ,  f l o w  p a t h s  
s h o u l d  be s p e c i f i e d  a t  a  minimum of two l e v e l s / £  a c e s / s t o r e y s .  

An a l t e r n a t i v e  method of d i s t r i b u t i n g  ' b a c k g r o u n d '  l e a k a g e  
components  is  t o  d i s t r i b u t e  t h e  l e a k a g e  a c c o r d i n g  t o  t h e  
p e r i m e t e r  l e n g t h s  of  b u i l d i n g  j o i n t s ;  f o r  example ,  t h e  l e n g t h s  of 
f l o o r ,  w a l l  and roo f  j o i n t s .  T h i s  t e c h n i q u e  is e s p e c i a l l y  u s e f u l  
f o r  b u i l d i n g s  c o n s t r u c t e d  from a  s m a l l  number of r e l a t i v e l y  
impermeable pre-  f a b r i c a  t e d  e l e m e n t s .  

3 . 3 . 1 . 3  L a r g e  Openings  

L a r g e  o p e n i n g s  s u c h  a s  f a c t o r y  l o a d i n g  bay  d o o r s  r e q u i r e  s p e c i a l  
a t t e n t i o n  s i n c e  such  o p e n i n g s  may g e n e r a l l y  be e x p e c t e d  t o  c r o s s  
t h e  n e u t r a l  p r e s s u r e  p l a n e .  T h e r e f o r e  i t  is  u n l i k e l y  t h a t  
u n i d i r e c t i o n a l  f l o w  c a n  be assumed and hence  a  s i n g l e  f l o w  p a t h  
r e p r e s e n t a t i o n  would be i n a p p r o p r i a t e  ( F i g u r e  3 . 1 4 ) .  

single 3 
F i g u r e  3.14 S i n g l e  f l o w  p a t h  r e p r e s e n t a t i o n  o f  open  d o o r  



One s o l u t i o n  is t o  re -wr i t e  t h e  o r i f i c e  f low e q u a t i o n  a s  

where Qx f low through a h o r i z o n t a l  s t r i p  of  
t h e  door  

I f  t h e  open door is d i v i d e d  i n t o  y h o r i z o n t a l  s t r i p s ,  t h e n  y  
v e r t i c a l l y  spaced f low p a t h s  may be d e f i n e d  t o  r e p r e s e n t  t h e  
t o t a l  a i r  f low through t h e  door ( F i g u r e  3.15). Each f low p a t h  is 
then  t r e a t e d  s e p a r a t e l y .  

F i g u r e  3.15 M u l t i  f low p a t h  r e p r e s e n t a t i o n  of open door  

3 .3 .1 .4  I n t e r i o r  Flow P a t h s  

The i n t e r i o r  f low network is developed i n  much t h e  same way a s  
t h e  e x t e r i o r  network,  c o n c e n t r a t i n g  on t h e  room l a y o u t  and 
i n t e r - c o n n e c t i n g  f low p a t h s .  T y p i c a l  r o u t e s  a r e  l e a k y  i n t e r n a l  
d o o r s ,  s t a i r w e l l s ,  l i f t  s h a f t s  and v e n t i l a t i o n  d u c t i n g .  E x t e r n a l  
'background'  l eakage  p a t h s  w i l l  a l s o  r e q u i r e  eome ad jus tment  i n  
mul t i -zone f low networks t o  cor respond  t o  t h e  exposed s u r f a c e  
a r e a s  of i n d i v i d u a l  rooms o r  zones ( F i g u r e  3.16).  



component leakage paths 

Internal 
leakage 

background 
leakage paths 
distributed 

boundaries 

F i g u r e  3 . 1 6  M u l t i  zone f low p a t h  i l l u s t r a t i o n  ( p l a n  view) 

3.3.2 F l o w  Characteriatlce of Openings 

3 . 3 . 2 . 1  Numerical D e s c r i p t i o n  of Flow C h a r a c t e r i s t i c s  

It is  n e c e s s a r y  t o  d e s c r i b e  t h e  f low c h a r a c t e r i s t i c e  of each  of 
t h e  d e f i n e d  f low p a t h s .  S u f f i c i e n t l y  a c c u r a t e  e s t i m a t e s  of  t h e  
f low c h a r a c t e r i s t i c s  of purpose-provided open ings ,  c l o s e d  d o o r s  
and windows may normal ly  be determined by measuring t h e  s u r f a c e  
a r e a  of exposed openings  and a p p l y i n g  t h e  a p p r o p r i a t e  o r i f i c e  o r  
d u c t  f low e q u a t i o n  ( e q u a t i o n s  3 . 1  and 3 .4 ) .  A l t e r n a t i v e l y  t h e  
d a t a  may be a v a i l a b l e  from t h e  manufac tu re r  o r ,  i f  a p p l i c a b l e ,  by 
r e f e r e n c e  t o  t h e  n a t i o n a l  s t a n d a r d  c o v e r i n g  t h e  l e a k a g e  
performance of such open ings .  A d d i t i o n a l l y  t y p i c a l  component 
l eakage  d a t a  and performance s t a n d a r d s  a r e  d e t a i l e d  ( S e c t i o n  
6 . 3 ) .  

A s s e s s i n g  t h e  l eakage  c h a r a c t e r i s t i c s  of 'background '  open ings  
p r e s e n t s  an a l t o g e t h e r  much l e s s  s t r a i g h t f o r w a r d  problem. By i t s  
v e r y  n a t u r e ,  t h i s  component of a i r  i n f i l t r a t i o n  is v e r y  v a r i a b l e  
and y e t  must be a c c u r a t e l y  r e p r e s e n t e d .  For many v a r i e t i e s  of 
b u i l d i n g  and c o n s t r u c t i o n  methods, a  s t e a d i l y  i n c r e a s i n g  d a t a b a s e  
of 'background '  l eakage  d a t a  h a s  become a v a i l a b l e  and a n  a t t e m p t  
t o  summarise t h e s e  d a t a  is i n c l u d e d  i n  S e c t i o n  6 . 1  of t h e  Data 
Refe rence  S e c t i o n .  T h i s  t a s k  h a s  been made e a s i e r  by t h e  
i n t r o d u c t i o n  of  a i r t i g h t n e s s  s t a n d a r d s  i n  s e v e r a l  c o u n t r i e s ,  f o r  
c e r t a i n  c a t e g o r i e s  of b u i l d i n  which p l a c e  an  upper l i m i t  on lt permissab le  ' f a b r i c '  l eakage  . To meet t h e s e  needs  i t  h a s  
become n e c e s s a r y  t o  deve lop  proven a i r t i g h t n e s s  c o n s t r u c t i o n  
t e c h n i q u e s  and s u i t a b l e  t e s t i n g  methods, bo th  of which have 
a s s i s t e d  i n  t h e  development of good d e s i g n  p r a c t i c e s .  T y p i c a l  
a i r t i g h t n e s s  methods f o r  d w e l l i n g s  a r e  c o n t a i n e d  i n  t h e  A I C ' s  
handbook ' A i r  Tnf i l t r a t i o n  C o n t r o l  i n  Housing '  l'. 



A t  t h e  b u i l d i n g  d e s i g n  s t a g e  i t  is recommended t h a t  t h e  
'background '  l eakage  c h a r a c t e r i s t i c s  most a p p l i c a b l e  t o  t h e  
b u i l d i n g  type  and c o n s t r u c t i o n  method proposed,  shou ld  be a p p l i e d  
u s i n g  t h e  d a t a  p r e s e n t e d  i n  S e c t i o n  6 . 3 .  However, because  t h e  
r a t e  of a i r  i n f i l t r a t i o n  i s  c r i t i c a l l y  dependent on the  l eakage  
performance of  t h e  b u i l d i n g ,  d e s i g n  l eakage  shou ld ,  wherever 
p o s s i b l e ,  be v e r i f i e d  on complet ion of t h e  b u i l d i n g .  Poor d e s i g n  
o r  s i t e  p r a c t i c e  can be expec ted  t o  r e s u l t  i n  an  a d v e r s e  
d e p a r t u r e  from t h e  p u b l i s h e d  l eakage  d a t a .  

3 . 3 . 2 . 2  The Measurement of A i r  Flow C h a r a c t e r i s t i c s  

The measurement of a i r  l eakage  i t s e l f  is  ach ieved  u s i n g  a  
s u i t a b l y  r a t e d  f a n  t o  c r e a t e  i n c r e m e n t a l  p r e s s u r e  d i f f e r e n c e s  
between t h e  e x t e r i o r  and i n t e r i o r  of t h e  b u i l d i n g  i n  the  + 
10-100 Pa range .  For  each p r e s s u r e  inc rement ,  t h e  c o r r e s p o n d i n g  
a i r  f low r a t e  through the  fan  is  measured and t h e  r e s u l t a n t  a i r  
l eakage  c h a r a c t e r i s t i c s  p l o t t e d  ( F i g u r e  3 .17) .  

F i g u r e  3 . 1 7  A i r  l e a k a g e  c h a r a c t e r i s t i c s  p l o t  

The f low c o e f f i c i e n t s  (power law o r  q u a d r a t i c )  a r e  determined by 
curve  f i t t i n g .  The p r e s s u r e  regime is s e l e c t e d  such t h a t  i t  is 
above normal ambient p r e s s u r e s  y e t  is  no t  s u f f i c i e n t  t o  f o r c e  
p e n e t r a t i o n s  t o  open o r  c l o s e .  For  b u i l d i n g s  of i n t e r n a l  volumes 
up t o  500 m3 ( s i n g l e  f a m i l y  d w e l l i n g s  o r  i n d i v i d u a l  a p a r t m e n t s )  
such  t e s t i n g  is becoming common, u s i n g  commercia l ly  a v a i l a b l e  
' blower doors  ' . 
These d e v i c e s  f i t  i n t o  a  door opening wi thou t  t h e  need t o  remove 
t h e  door ,  and e n a b l e  a  t e s t  t o  be performed r a p i d l y .  S i m i l a r  
methods,  bu t  u s i n g  much l a r g e r  f a n s ,  have been s u c c e s s f u l l y  
employed i n  i n d u s t r i a l  bu i ld ings18 .  The same approach may a l s o  



be used t o  de te rmine  t h e  a i r  l eakage  c h a r a c t e r i s t i c s  of 
commercial b u i l d i n g s  a l t h o u g h ,  f r e q u e n t l y ,  a  l e s s  c o s t l y  
a l t e r n a t i v e  is  t o  use  t h e  b u i l d i n g ' s  own a i r  h a n d l i n g  syatem18. 

3 . 3 . 3  C l i m a t i c  and T e r r a i n  Data 

B u i l d i n g s  of i d e n t i c a l  c o n s t r u c t i o n  and a i r  l eakage  performance 
w i l l  e x h i b i t  d i f f e r i n g  a i r  i n f i l t r a t i o n  p a t t e r n s  a c c o r d i n g  t o  
l o c a l  c l i m a t i c  and t e r r a i n  c o n d i t i o n s .  C l i m a t i c  c o n d i t i o n s  v a r y  
widely  a c c o r d i n g  t o  l o c a t i o n  and season  and a s  a  r e s u l t  of  t h e  
g e n e r a l  random behav iour  of weather .  A s  a  consequence i t  is  not  
normal ly  p o s s i b l e  t o  p r e d i c t  h o u r l y  o r  even d a i l y  weather  
c o n d i t i o n s  and ,  i n s t e a d ,  d e s i g n  approaches  need t o  be based on 
h i s t o r i c  weather r e c o r d s .  Most commonly, ave rage  d a t a ,  based on 
t h e  r e s u l t s  of many y e a r s  of o b s e r v a t i o n ,  a r e  used.  T h i s  
approach h a s  t h e  advantage of e n s u r i n g  t h a t  random ex t remes  i n  
c l i m a t e  a r e  ignored .  However, i t  s u f f e r s  from t h e  d i s a d v a n t a g e  
of no t  be ing  r e p r e s e n t a t i v e  of an  observed weather r e c o r d .  A 
more r e c e n t  a l t e r n a t i v e  is  t o  c o n s i d e r  an  example  eath her'^*'^ 
based on an h o u r l y  sequence of a c t u a l  o b s e r v a t i o n s  throughout  a  
12 month p e r i o d  where t h e  sequence i e  s e l e c t e d  t o  r e p r e s e n t  t h e  
l e a s t  abnormal yea r  from those  f o r  which d a t a  a r e  a v a i l a b l e .  The 
i n t e n t i o n  i s  t h a t  an i d e n t i c a l  weather d a t a b a s e  can be used f o r  
p r e d i c t i v e  t e c h n i q u e s ,  t h u s  e n s u r i n g  t h e  u n i f o r m i t y  of 
comparisons between d i f f e r e n t  d e s i g n e r s .  To conform w i t h  o t h e r  
b u i l d i n g  performance c a l c u l a t i o n s ,  'example weather y e a r '  d a t a  is 
recommended for  i n f i l t r a t i o n  d e s i g n  methods when a v a i l a b l e .  

Whichever d a t a  o p t i o n  i s  s e l e c t e d ,  t h e  c l i m a t i c  r e c o r d s  a r e  
r e q u i r e d  from t h e  most a p p r o p r i a t e  weather e t a t i o n  w i t h i n  t h e  
l o c a l i t y  of t h e  b u i l d i n g .  These d a t a  shou ld  be a v a i l a b l e  from 
the  r e l e v a n t  n a t i o n a l  m e t e o r o l o g i c a l  o r g a n i s a t i o n  l i s t e d  i n  
S e c t i o n  6 .1 .  Hourly c l i m a t i c  d a t a  is  r e q u i r e d  and needs t o  be 
o b t a i n e d  i n  the  form of a  s t a t i s t i c a l  r e l a t i o n s h i p  between wind 
speed and a i r  t empera tu re .  

T h i s  format i s  n e c e s s a r y  s i n c e  a i r  i n f i l t r a t i o n  i s  a  f u n c t i o n  of  
both  of t h e s e  c l i m a t i c  v a r i a b l e s .  T y p i c a l  examples of  t h e s e  
f requency d i s t r i b u t i o n s  a s  s u p p l i e d  by t h e  l i s t e d  m e t e o r l o g i c a l  
o r g a n i s a t i o n s  a r e  reproduced i n  S e c t i o n  6 . 1 .  S i m i l a r  t a b l e s  a r e  
a l s o  a v a i l a b l e  a s  a  f u n c t i o n  of wind d i r e c t i o n  f o r  u s e  i n  
i n s t a n c e s  i n  which i n f i l t r a t i o n  r a t e s  a r e  a f f e c t e d  by wind 
d i r e c t i o n .  

The wind d a t a  s u p p l i e d  by m e t e o r o l o g i c a l  o r g a n i s a t i o n s  normal ly  
r e p r e s e n t  measurements made a t  a  s t a n d a r d  h e i g h t  of 10m i n  open 
f l a t  c o u n t r y .  These d a t a  must be c o r r e c t e d ,  u s i n g  one of t h e  
methods d e s c r i b e d  i n  S e c t i o n  3 .  l .  3.1. t o  compensate f o r  bo th  
t e r r a i n  roughness  a t  t h e  b u i l d i n g  l o c a t i o n  and f o r  t h e  d i f f e r e n c e  
between the  wind speed measurement h e i g h t  and t h e  wind p r e s s u r e  
datum Level ( u s u a l l y  b u i l d i n g  h e i g h t ) .  
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CHAPTER 4: S u b e i d i a r y  C a l c u l a t i o n e  

INTRODUCTION 

The d e t e r m i n a t i o n  of t h e  r a t e  of a i r  i n f i l t r a t i o n  i n t o  b u i l d i n g s  
r e p r e s e n t s  o n l y  a  small p a r t  of t h e  o v e r a l l  v e n t i l a t i o n  d e s i g n  
need.  Having s a t i s f a c t o r i l y  p r e d i c t e d  t h e  i n f i l t r a t i o n  
performance of a  b u i l d i n g  s h e l l ,  i t  is  n e c e s s a r y  t o  de te rmine  t h e  
impact of a i r  i n f i l t r a t i o n  on bo th  t h e  b u i l d i n g  h e a t  l o s s  and on 
t h e  d e s i r e d  v e n t i l a t i o n  s t r a t e g y .  I n  a d d i t i o n  i t  is a l s o  
n e c e s s a r y  t o  e n s u r e  t h a t  v e n t i l a t i o n  needs w i l l  be s a t i s f i e d  and 
t h a t  i n t e r n a l l y - g e n e r a t e d  p o l l u t i o n  is a d e q u a t e l y  c o n t r o l l e d .  
The c o s t - e f f e c t i v e n e s s  of d e s i g n  o p t i o n s  of  comparable 
performance must a l s o  be a s s e s s e d .  

The s u b s i d i a r y  c a l c u l a t i o n s  n e c e s s a r y  t o  perform t h e s e  t a s k s  a r e  
p r e s e n t e d  i n  t h i s  c h a p t e r .  The c h a p t e r  b e g i n s  w i t h  an  a n a l y s i s  
of t h e  energy e q u a t i o n ,  fo l lowed  by an o u t l i n e  of  methods t o  
c a l c u l a t e  t h e  c o s t - e f f e c t i v e n e s s  of v e n t i l a t i o n  s t r a t e g i e s .  The 
c a l c u l a t i o n  of indoor  a i r  q u a l i t y  a s p e c t s  of  v e n t i l a t i o n  d e s i g n  
is t h e n  d e s c r i b e d .  

4.1 HEAT RECOVERY 

Heat r e c o v e r y  p r o v i d e s  a method f o r  r e c y c l i n g  waste  h e a t  from 
t h e  e x t r a c t  a i r  s u p p l y  of mechanical  v e n t i l a t i o n  sys tems.  T h i s  
may be ach ieved  by one of two methods. With an  e x t r a c t  o n l y  
v e n t i l a t i o n  sys tem,  a  h e a t  pump is used t o  a b s o r b  h e a t  from t h e  
ou tgo ing  a i r .  I n  l a r g e  b u i l d i n g s  t h i s  h e a t  pump may be of  t h e  
a i r - t o - a i r  v a r i e t y ,  w i t h  t h e  r e c y c l e d  h e a t  being used f o r  s p a c e  
h e a t i n g  . 
I n  s i n g l e  f a m i l y  d w e l l i n g s  an a i r - to -wa te r  h e a t  pump is  normal ly  
t h e  p r e f e r r e d  o p t i o n ,  w i t h  t h e  absorbed  h e a t  be ing  used t o  
p r e h e a t  t h e  domest ic  h o t  water  s u p p l y .  

The common method of h e a t  r ecovery  f o r  balanced s u p p l y / e x t r a c t  
sys tems is  t o  use  a n  a i r - t o - a i r  h e a t  exchanger .  Heat  r ecovered  
from t h e  e x h a u s t  a i r  is t r a n s f e r r e d  t o  t h e  supp ly  a i r  e i t h e r  by 
means of a  the rmal  wheel  o r  a ' p l a t e '  exchanger .  

I n  both  c a s e s  t h e  o v e r a l l  e f f i c i e n c y  of h e a t  r ecovery  is  
approx imate ly  70%, a l t h o u g h  this can  be reduced by t h e  need t o  
d e f r o s t  t h e  sys tem.  

Whether u s i n g  h e a t  pumps o r  h e a t  e x c h a n g e r s ,  i t  s h o u l d  be n o t e d  
t h a t  h e a t  i s  o n l y  recovered  from a i r  p a s s i n g  through t h e  e x h a u s t  
a i r  d u c t .  E x f i l t r a t i o n  l o s s e s  a r e  no t  i n c l u d e d  and t h e r e f o r e ,  i f  
s i g n i f i c a n t ,  w i l l  c o n s i d e r a b l y  a f f e c t  t h e  o v e r a l l  p r o p o r t i o n  of 
h e a t  r ecovered  from t h e  t o t a l  a i r  mass l e a v i n g  a  b u i l d i n g .  T h i s  
r e d u c t i o n  i n  o v e r a l l  performance is i l l u s t r a  t e d  i n  F i g u r e  4 . 1 .  



Theory Practice 

0 recoverable vent~lat~on heat loss 

e non-recoverable ventrlatron hear loss 

non-recoverable lnllltrat~on heat loss 

F i g u r e  4 .1  Comparison between t h e o r e t i c a l  and a c t u a l  h e a t  
r ecovery  performance 

F i g u r e  4 . l ( a )  r e p r e s e n t s  t y p i c a l  t o t a l  h e a t  r e c o v e r y  from a  
comple te ly  a i r t i g h t  b u i l d i n g  i n  which t h e  v e n t i l a t i o n  r a t e  i s  
c o n t r o l l e d  by mechanical  means. I n  p r a c t i c e  r e s i d u a l  a i r  
i n f i l t r a t i o n  t a k e s  p l a c e ,  which i n c r e a s e s  t h e  a i r  change r a t e  and 
t h e r e f o r e  reduces  t h e  o v e r a l l  e f f i c i e n c y  of h e a t  r ecovery .  The 
r e s u l t a n t  i n c r e a s e  i n  energy  and r e d u c t i o n  i n  h e a t  r ecovery  
e f f i c i e n c y  is  d e p i c t e d  i n  F i g u r e  4 . l ( b ) .  

Heat  r ecovery  performance and t h e  impact of a i r t i g h t n e s s  a r e  
impor tan t  parametera  i n  e s t a b l i s h i n g  the  v i a b i l i t y  of v e n t i l a t i o n  
s t r a t e g i e s ;  t h e  e q u a t i o n s  c o v e r i n g  t h i s  a s p e c t  of t h e  d e s i g n  
p r o c e s s  a r e  covered i n  t h e  n e x t  two s e c t i o n s .  

4.1.1 Heat Loee Calculation 

Assuming t h e  need t o  m a i n t a i n  t h e  thermal  environment of t h e  
i n t e r i o r  of a  b u i l d i n g ,  t h e n  t h e  r e q u i r e d  h e a t  inpu t  n e c e s s a r y  t o  
compeneate f o r  t h e  t empera tu re  d i f f e r e n t i a l  between t h e  incoming 
i n f i l t r a t i n g  a i r  and t h e  d i s p l a c e d  e x f i l t r a t i n g  a i r  is g i v e n  by 

where Q - a i r  f l o w  r a t e  (rn3/s) 

P m a i r  d e n s i t y  (kg/m3)  

c p  s p e c i f i c  h e a t  of a i r  (J/kg/K) 

T in t  - i n t e r n a l  t empera tu re  (K) 

Text - e x t e r n a l  t empera tu re  (K) 



I f  t h e  a i r  f low r a t e  c o n s i s t s  of components of mechanical  
v e n t i l a t i o n  Qmv and i n f i l t r a t i o n  Q i n f ,  t hen  t h e  h e a t  r equ i rement  
becomes 

4 .1 .2  Heat  Recovery C a l c u l a t i o n  

Heat r ecovery  is  o n l y  p o s s i b l e  from t h e  mechanical  v e n t i l a t i o n  
p o r t i o n  of t h e  t o t a l  a i r  f low. I f  t h e  e f f i c i e n c y  of  t h e  h e a t  
r ecovery  sys tem,  H,££, is d e f i n e d  a s  a  p e r c e n t a g e  p r o p o r t i o n  of 
t h e  h e a t  r ecovered  from t h a t  which is e x p e l l e d  by t h e  
v e n t i l a t i o n  sys tem,  then  t h e  o v e r a l l  v e n t i l a t i o n  h e a t i n g  
requ i rement  i s  g iven  by 

T h i s  is an impor tan t  e q u a t i o n  s i n c e  i t  i l l u s t r a t e s  t h a t  i f  t h e  
i n f i l t r a t i o n  r a t e  is comparable o r  g r e a t e r  than  t h e  mechanical  
v e n t i l a t i o n  r a t e ,  then  e f f o r t s  t o  i n t r o d u c e  mechanical  
v e n t i l a t i o n  w i t h  h e a t  r ecovery  w i l l  n o t  o n l y  be q u e s t i o n a b l e  from 
a  c a p i t a l  c o s t  point -of-view,  b u t  may a l s o  r e s u l t  i n  i n c r e a s e d  
energy use .  To e n s u r e  p roper  o p e r a t i n g  c o n d i t i o n s  

Q i n f  <<  Qmv 

4.2  COST-EFFECTIVENESS OF VENTILATION STRATEGIES 

The fundamental  d e s i g n  c r i t e r i o n  f o r  ene rgy  e f f i c i e n t  v e n t i l a t i o n  
is t o  minimise space  h e a t i n g  and c o o l i n g  l o a d s  whi le  m a i n t a i n i n g  
adequa te  indoor  a i r  q u a l i t y .  A s  a  g e n e r a l  r u l e ,  t h e  s e l e c t e d  
approach must a l s o  be c o s t - e f f e c t i v e .  I n  t h i s  r e s p e c t ,  t h e  
amount of  energy conserved depends no t  o n l y  on an o v e r a l l  a i r  
change r a t e  bu t  a l s o  on t h e  s e v e r i t y  of t h e  c l i m a t e .  Thus 
c l i m a t e  has  a n  impor tan t  i n f l u e n c e  on t h e  c h o i c e  of v e n t i l a t i o n  
s t r a t e g y .  For example,  i n  p a r t i c u l a r l y  s e v e r e  c l i m a t i c  zones  
t h e r e  is  a  much g r e a t e r  scope f o r  conse rv ing  energy  than  i n  l e s s  
s e v e r e  l o c a t i o n s ;  i n  t h o s e  zones f a i r l y  e l a b o r a t e  d e s i g n  
s o l u t i o n s  can be con templa ted .  

Fol lowing t h e  conven t ion  used i n  i n v e s t i g a t i n g  o t h e r  b u i l d i n g  
h e a t  l o s s  mechanisms, t h e  concept  of degree  days  ( S e c t i o n  3 . 3 . 3 )  
is  used i n  t h i s  g u i d e  t o  a s s e s s  t h e  c o s t - e f f e c t i v e n e s s  of 
v e n t i l a t i o n  s t r a t e g i e s .  D e s p i t e  t h e  l a c k  of i n t e r n a t i o n a l  
u n i f o r m i t y  r e g a r d i n g  t h e  d e f i n i t i o n  of degree  d a y s ,  t h i s  concep t  
p rov ides  a  conven ien t  method f o r  d e f i n i n g  an approximate  
' c l i m a t i c  t h r e s h o l d '  a t  which s p e c i f i c  a i r t i g h t n e s s  and 
v e n t i l a t i o n  approaches  become c o s t - e f f e c t i v e  o p t i o n s .  



The e s s e n t i a l  c h o i c e  is between an a lmos t  t o t a l l y  a i r t i g h t  d e s i g n  
i n  which s e p a r a t e  p r o v i s i o n  is made t o  s a t i s f y  v e n t i l a t i o n  needs  
by mechanical  means, o r  i n t r o d u c i n g  a i r t i g h t n e s s  measures such 
t h a t  n a t u r a l  v e n t i l a t i o n  is s u f f i c i e n t  t o  meet most needs .  While 
t h e  former t e c h n i q u e  o f f e r s  good c o n t r o l  o v e r  a i r  change r a t e s ,  
and hence p r o v i d e s  an  o p p o r t u n i t y  t o  b e n e f i t  from t h e  f u l l  v a l u e  
of  a i r  i n f i l t r a t i o n  r e d u c t i o n  t e c h n i q u e s ,  i t s  main d i s a d v a n t a g e s  
a r e  t h a t  sys tem expense and a d d i t i o n a l  c o n s t r u c t i o n  c o s t s  a r e  
h i g h .  Fur the rmore ,  i t  is  e s s e n t i a l  t h a t  t h e  d e s i g n  a i r t i g h t n e s s  
is main ta ined  throughout  t h e  l i f e  of t h e  b u i l d i n g .  By 
compar ison,  t h e  p a r t i a l  a i r t i g h t n e s s  approach ,  i n c o r p o r a t i n g  
n a t u r a l  v e n t i l a t i o n ,  i n v o l v e s  a  much s m a l l e r  i n c r e a s e  i n  c a p i t a l  
c o s t s .  I n  a d d i t i o n ,  a  margin of n a t u r a l  l eakage  e n s u r e s  a  
c e r t a i n  degree  of s a f e t y ,  whi le  a t  t h e  same t ime e x c e s s i v e  r a t e s  
of a i r  i n f i l t r a t i o n  a r e  minimised.  However, t h e  l a t t e r  t e c h n i q u e  
does  no t  o f f e r  t h e  same degree  of ene rgy  c o n s e r v a t i o n  a s  t h e  
former .  The c o n d i t i o n s  under which t h e s e  a l t e r n a t i v e  approaches  
become f i n a n c i a l l y  worthwhi le  a r e  covered i n  t h e  nex t  s e c t i o n .  

4.2.1 Conditione for Coat-Effectiveneee of Ventilation Strategies 

The i n s t a l l a t i o n  and o p e r a t i o n  of a v e n t i l a t i o n  sys tem adds  t o  
b u i l d i n g  c o s t s .  C o s t s  i n c l u d e :  

* i n i t i a l  c a p i t a l  e x p e n d i t u r e  on purchase  and 
i n s t a l l a t i o n  

* o p e r a t i n g  c o s t s  

* g e n e r a l  maintenance c h a r g e s  

Where a l t e r n a t i v e  s t r a t e g i e s  a r e  f e a s i b l e ,  a  compara t ive  ' p a y  
back '  p e r i o d  may be d e f i n e d  such t h a t ,  o v e r  a  g i v e n  p e r i o d  of 
t ime ,  a  sys tem which, pe rhaps ,  i n c u r r e d  a  g r e a t e r  i n i t i a l  
e x p e n d i t u r e  w i l l  prove t o  be l e s s  expens ive  than  a  much cheaper  
eystem i n c u r r i n g  a  h i g h e r  o v e r a l l  o p e r a t i n g  c o a t .  A t y p i c a l  
example is t h e  c h o i c e  between mechanical  v e n t i l a t i o n  w i t h  h e a t  
r e c o v e r y ,  and n a t u r a l  v e n t i l a t i o n .  To be c o s t - e f f e c t i v e ,  t h e  
a n n u a l  energy s a v i n g  of a  v e n t i l a t i o n  approach must outweigh i t s  
combined o p e r a t i n g  and payback c o s t .  

For t h e  a n a l y s i s  t o  be a c c u r a t e ,  i t  shou ld  a190 focus  on 
i n f l a t i o n a r y  f a c t o r s .  However, a s  ene rgy  p r i c e s  t end  t o  r i s e  i n  
l i n e  w i t h  o r  above t h e  r a t e  of i n f l a t i o n ,  a  s t r a i g h t f o r w a r d  
a n a l y s i s  a t  c u r r e n t  c o s t s  may be expec ted  t o  p rov ide  s u f f i c i e n t  
i n f o r m a t i o n .  The p o t e n t i a l  f o r  t h e  c o s t - e f f e c t i v e n e s s  of 
a l t e r n a t i v e  v e n t i l a t i o n  e t r a t e g i e s  w i l l  depend on t h e  scope of 
energy r e d u c t i o n s .  I n  t u r n ,  t h i s  is  a  f u n c t i o n  of t h e  o v e r a l l  
v e n t i l a t i o n  r a t e  and t h e  s e v e r i t y  of c l i m a t e .  Thus, f o r  a  
s p e c i f i c  a p p l i c a t i o n ,  a  c o s t - e f f e c t i v e  measure i n  one l o c a l i t y  
may no t  n e c e s s a r i l y  prove a  s a t i s f a c t o r y  o p t i o n  somewhere e l s e .  

I n  ene rgy  i n v e s t i g a t i o n s ,  t h e  s e v e r i t y  of c l i m a t e  is f r e q u e n t l y  
q u a n t i f i e d  i n  terms of degree  days ,  where a  degree  day is  t h e  
number of d e g r e e s  of t empera tu re  d i f f e r e n c e  on any one day 



between a  g i v e n  base  t empera tu re  and t h e  cor respond ing  d a i l y  mean 
o u t s i d e  a i r  t empera tu re .  U n f o r t u n a t e l y ,  t h e r e  is no 
i n t e r n a t i o n a l  agreement on base  t e m p e r a t u r e ,  a l t h o u g h  i t  is  
normal ly  regarded  a s  t h e  e x t e r n a l  t empera tu re  below which space  
h e a t i n g  i s  r e q u i r e d .  T y p i c a l  v a l u e s  of both  base  t empera tu re  and 
d e s i g n  indoor  t empera tu re  f o r  b u i l d i n g s  a r e  eummarised i n  S e c t i o n  
6 .1 .  

D i f f e r e n c e s  between dee lgn  room tempera tu re  and t h e  t empera tu re  
a t  which h e a t i n g  is needed a r e  assumed t o  be s a t i s f i e d  by 
i n c i d e n t a l  g a i n s  from s o l a r  r a d i a t i o n ,  b u i l d i n g  components, and 
powered a p p l i a n c e s ,  e t c .  I n  t h e  Uni ted  S t a t e s  t h e  concept  of 
degree  days i e  a l s o  used  f o r  cool ing- load c a l c u l a t i o n s  where t h e  
c o o l i n g  degree  day is based on t h e  number of d e g r e e s  above a  base  
t empera tu re  of  25 '~ .  T h i s  approach a d d i t i o n a l l y  i n c o r p o r a t e s  t h e  
s p e c i f i c  e n t h a l p y  of o u t s i d e  a i r  t o  accommodate t h e  need t o  
c o n d i t i o n  t h e  i n t e r i o r  humidi ty  of t h e  b u i l d i n g .  The h e a t i n g  and 
c o o l i n g  l o a d  degree  day8 a r e  summed a l g e b r a i c a l l y  t o  g i v e  a n  
' i n f i l t r a t i o n '  degree  day (IDD) f o r  use  i n  a i r  i n f i l t r a t i o n  
c a l c u l a t i o n s 1 .  

Where degree  day base  t e m p e r a t u r e s  co r respond  t o  t h e  t h r e e h o l d  
t empera tu re  a t  which space  h e a t i n g  is r e q u i r e d ,  t h e  annua l  
v e n t i l a t i o n  space  h e a t i n g  demand is given by 

where Q - ventilation/infiltration f low 
r a t e  (m3/s) 

DD = number of d e g r e e  days  

p = a i r  d e n s i t y  K 1 . 2  1 kg/m3 

S - s p e c i f i c  h e a t  of  incoming 
a i r  = 1012 J/Kg 

I n  terms of h o u r l y  a i r  change r a t e ,  t h i s  e q u a t i o n  becomes 

where ACR = h o u r l y  a i r  change r a t e  (h - l )  

Vol volume of h e a t e d  space  (m3)  

Where p u b l i s h e d  degree  day d a t a  cannot  be equa ted  w i t h  t h e  
h e a t i n g  t h r e s h o l d ,  then  i t  must be f i r s t  r e c a l c u l a t e d  t o  a n  
a p p r o p r i a t e  base2 .  

The above r e p r e s e n t a t i o n  of  annual  ene rgy  requ i rement  e n a b l e s  a  
v e r y  approximate  assessment  of t h e  c o s t - e f f e c t i v e n e s s  of  



alternative ventilation strategies and airtightness measures to 
be determined. It is valid provided that continuous, uniform 
space heating is applied throughout the building. Should the 
period over which heating is applied each day be reduced (eg 
night set-back), or should parts of the building be operated at a 
lower temperature, then there will be a corresponding reduction 
in heating load and a consequent reduction in overall energy 
consumption. This will tend to lengthen payback periods. An 
example comparing the relative cost performances of a mechanical 
and natural ventilation system is presented in Section 5.2. 

4 . 3  INDOOR AIR QUALITY 

There are two indoor air quality related aspects of ventilation 
design which may be analysed using air infiltration modelling 
techniques. The first concerns the ingress or re-entry of 
polluted air as a result of back-draughting and the second 
concerns the relationship between the pattern of ventilation and 
the concentration of internally-generated pollution. 

Back-draughting and the cross-contamination of pollution from one 
zone to another occurs largely as a reeult of poor design. The 
problem arises when air outlets, such ae chimneys - intended for 
the direct removal of pollution - become supply points. The 
culprit is often mechanical extract ventilation which is capable 
of developing large negative pressures within a building and 
therefore acts against the natural draughting effect (stack 
effect) of chimneys (Figure 4.2). 

extracted 
air 

mechanical 

extract 
vent 

Figure 4.2 Condition for back draughtin& 



The i n s t a l l a t i o n  of p iecemeal  o r  uncoord ina ted  v e n t i l a t i o n  
approaches  i n  p a r t i c u l a r  can cause  t h i s  problem. Back-draughting 
may a l s o  occur  i n  n a t u r a l l y  v e n t i l a t e d  b u i l d i n g s  d u r i n g  p e r i o d s  
of a d v e r s e  weather c o n d i t i o n s ,  o r  i f  purpose-provided openings  
become b locked ,  o r  i f  s t a c k s  and chimneys t e r m i n a t e  above t h e  
b u i l d i n g  i n  p o s i t i v e  p r e s e u r e  r e g i o n s .  

A n a l y s i s  of t h e  problem is v e r y  s t r a i g h t f o r w a r d ,  s i n c e  
back-draughting and c ross -con tamina t ion  p r o b l e m  may normal ly  be 
i d e n t i f i e d  by an a n a l y s i s  of t h e  i n t e r n a l  p r e s s u r e  d i s t r i b u t i o n .  
Thus, a i r  e n t r y  p a t h s  may be immediate ly  i d e n t i f i e d  and checked 
f o r  t h e  p o s s i b i l i t y  of back-draught ing o r  c r o s s - c o n t a m i n a t i o n ,  
wi thou t  t h e  need t o  u n d e r t a k e  e x t e n s i v e  c a l c u l a t i o n s .  S i n c e  
mechanical  e x t r a c t  v e n t i l a t i o n  w i l l  g e n e r a l l y  be t h e  dominant 
d r i v i n g  f o r c e ,  t h e  u n d e r p r e s s u r e  is g iven  by 

where Qmv = mechanical  v e n t i l a t i o n  r a t e  ( m 3 / s )  

Kt  E f low c o e f f i c i e n t  f o r  b u i l d i n g  

n f low exponent  f o r  b u i l d i n g  

Apmv induced p r e s s u r e  due t o  mechanical  
v e n t i l a t i o n  ( P a )  

To check f o r  problems, t h i s  p r e s s u r e  must be compared w i t h  t h o s e  
a c t i n g  on exhaus t  p o i n t s  ( eg  f l u e s  and chimneys).  

4.3.2 Pollutant Concentration and Minirum Ventilation Ratee 

The minimum f r e s h  a i r  s u p p l y  n e c e s s a r y  t o  meet r e s p i r a t o r y  needs  
i s  e s t i m a t e d  t o  v a r y  between 0 .1  - 0.9  dm3/s /person 
depending on t h e  i n t e n s i t y  of a c t i v i t y .  Much h i g h e r  r a t e s  of 
v e n t i l a t i o n  a r e  r e q u i r e d  t o  m a i n t a i n  adequa te  indoor  a i r  q u a l i t y  
and i t  i s  t h i s  problem which normal ly  d i c t a t e s  o v e r a l l  v e n t i l a t i o n  
needs .  There is a  d i r e c t  l i n k  between modern a i r t i g h t n e s s  
p r a c t i c e s  and poor indoor  a i r  q u a l i t y  w i t h  t h e  r e s u l t  t h a t  
minimum v e n t i l a t i o n  s t u d i e s  have become i n e x t r i c a b l y  l i n k e d  t o  
a i r  i n f i l t r a t i o n  and a i r t i g h t n e s s  i n v e s t i g a t i o n s .  I t  is  
impor tan t  t h e r e f o r e  t h a t  d e s i g n  methods i n t r o d u c e d  t o  minimise 
v e n t i l a t i o n  h e a t  l o s s  shou ld  n o t  c o n f l i c t  wi th  t h e  need t o  s u p p l y  
s u f f i c i e n t  f r e s h  a i r  t o  d i l u t e  and d i s p e r s e  i n t e r n a l l y - g e n e r a t e d  
p o l l u t i o n .  

There  a r e  s e v e r a l  common p o l l u t a n t s ,  each  of which can cause  
d i s c o m f o r t  o r  a r e  ha rmfu l  t o  b u i l d i n g  occupan t s .  Fol lowing t h e  
work of  ,yaglou3,  v e n t i l a t i o n  requ i rements  i n  t h e  p a s t  have 
f r e q u e n t l y  c o n c e n t r a t e d  on minimis ing t h e  i n t e n s i t y  of odour.  I n  
a d d i t i o n ,  m o i s t u r e  has  a l s o  been a  major s o u r c e  of concern  and i n  
many i n s t a n c e s  has  p r e s e n t e d  a  much more s e r i o u s  problem. O t h e r  
v e n t i l a t i o n  requ i rements  have focussed  on combustion needs  and on 



t h e  d i s p e r s a l  of  combustion p r o d u c t s .  Again, poor v e n t i l a t i o n  
d e s i g n  may r e s u l t  i n  incomplete  burn ing  o r  i n  t h e  back-draught ing 
of t o x i c  g a s e s  i n t o  occupied zones.  

More r e c e n t l y ,  a n x i e t y  h a s  grown o v e r  gaseous  and p a r t i c l e  
e m i s s i o n s  from b u i l d i n g  m a t e r i a l s .  I n  t h e  f o r e f r o n t  h a s  been 
formaldehyde emiss ion  from bo th  p a r t i c l e  boards  and w a l l  t h e r m a l  
I n s u l a t i o n .  The r a d i o a c t i v e  decay p r o d u c t s  of radon g a s ,  e m i t t e d  
from c e r t a i n  v a r i e t i e s  of  gypsum p l a s t e r  board  and from 
u n d e r l y i n g  s t r a t a ,  is a l s o  under i n t e n s i v e  r e s e a r c h .  

Among t h e  l e s s  common p o l l u t a n t s  a r e  t h e  d i v e r s e  range of 
chemica l s  i n  i n d u s t r i a l  b u i l d i n g s  and a i r b o r n e  b a c t e r i o l o g i c a l  
con tamina t ion  found i n  h o s p i t a l s .  Each of  t h e s e  s o u r c e s  demands 
adequa te  v e n t i l a t i o n  t o  p reven t  t o x i c  build-up o r  
c ross -con tamina t ion .  

I n  g e n e r a l ,  e a c h  p o l l u t a n t  r e q u i r e s  a  d i f f e r e n t  v e n t i l a t i o n  r a t e  
t o  e n s u r e  s u f f i c i e n t  d i l u t i o n  and removal.  These r a t e s  a r e  
p r i m a r i l y  dependent  on:  

* s o u r c e  and s t r e n g t h  of t h e  p o l l u t a n t  

* e x t e r n a l  c o n c e n t r a t i o n s  

* d i s c o m f o r t  e f f e c t s  

* t o x i c i t y  

A B  a  r u l e ,  t h e  minimum p r e s c r i b e d  v e n t i l a t i o n  r a t e  must a t  a l l  
t imes  exceed t h e  r a t e  n e c e s s a r y  t o  d i s p e r s e  t h e  p o l l u t a n t  
r e q u i r i n g  most v e n t i l a t i o n .  When more than  one s o u r c e  
c o n t r i b u t e s  t o  t h e  emiss ion  of a  s i n g l e  p o l l u t a n t ,  t h e  
v e n t i l a t i o n  r a t e s  needed t o  s a t i s f y  t h e  requ i rement  of  each  s o u r c e  
a r e  summed t o  o b t a i n  t h e  t o t a l  r a t e .  

S u b j e c t  t o  t h e  c o n d i t i o n  of  uniform mixing of  p o l l u t a n t s  w i t h i n  
each  c e l l  o r  zone of t h e  b u i l d i n g  and p rov ided  t h a t  s o u r c e s  and 
emiss ion  r a t e s  of  p o l l u t a n t s  can be e s t i m a t e d  w i t h  some degree  of 
a c c u r a c y ,  then  a i r  i n f i l t r a t i o n  models may be used t o  e s t i m a t e  
t h e  t ime-varylng c o n c e n t r a t i o n  of t h e s e  p o l l u t a n t s .  

The c o n c e n t r a t i o n o f  a  contaminant  i n  a  l e a k y  e n c l o s u r e  is g i v e n  
a t  any i n e t a n t  i n  t ime by t h e  c o n t i n u i t y  e q u a t i o n  

Term I Term 2 Term 3 

where Vol = volume of e n c l o s u r e  (m3) 

X = r a t e  of  chemica l  o r  p h y s i c a l  
decay of  p o l l u t a n t  (mass / s )  



m e m p i r i c a l  mixing f a c t o r  ( v a r i e s  
from 0 t o  1 ,  m-l i s  e q u i v a l e n t  
t o  p e r f e c t  mixing) 

'in i n t e r n a l  c o n c e n t r a t i o n  of 
p o l l u t a n t  (mass/m3) 

Cext = e x t e r n a l  c o n c e n t r a t i o n  of  
p o l l u t a n t  (mass/m3) 

Q - v e n t i l a t i o n  r a t e  (m3/s)  

S = t o t a l  r a t e  of  e m i s s i o n  of  
p o l l u t a n t  (from a l l  s o u r c e s )  

The above e q u a t i o n  may be s o l v e d  when any s i x  of t h e  seven  
pa ramete r s  a r e  known and ,  i n  p r a c t i c e ,  a  s o l u t i o n  is normal ly  
made p o s s i b l e  by e l i m i n a t i n g  some paramete r s  a l t o g e t h e r .  Two 
f o r m u l a t i o n s  of t h e  c o n t i n u i t y  e q u a t i o n  may be r e a d i l y  a n a l y s e d  
and w i l l  e n a b l e  approximate  p o l l u t i o n  c o n c e n t r a t i o n s  t o  be 
determined f o r  meny s i t u a t i o n s .  The f i r s t  c o n s i d e r s  t h e  c o n s t a n t  
emiss ion  of a  p o l l u t a n t ,  f o r  example t h e  emiss ion  of formaldehyde 
o r  radon w i t h i n  a  b u i l d i n g .  

Assuming a s t e a d y  s t a t e  a i r  exchange r a t e ,  t h e  i n t e r n a l  
c o n c e n t r a t i o n  of p o l l u t a n t  w i l l  e v e n t u a l l y  r e a c h  e q u i l i b r i u m .  
Thus term 1 of e q u a t i o n  4 . 8  w i l l  t e n d  t o  z e r o  and t h e  e q u i l i b r i u m  
c o n c e n t r a t i o n  w i l l  be g i v e n  by 

I n  t h e  c a s e  of formaldehyde,  t h e r e  w i l l  be no p h y s i c a l  o r  
chemical  d e g r a d a t i o n ,  n e i t h e r  w i l l  t h e r e  be a n  e x t e r n a l  
component. T h e r e f o r e  bo th  X and CeXt a r e  e q u a l  t o  z e r o .  I f  
p e r f e c t  mixing is assumed (nrl)  t h e  i n t e r n a l  e q u i l i b r i u m  
c o n c e n t r a t i o n  becomes 

Radon e x p e r i e n c e s  p h y s i c a l  d e l a y ,  hence 

C;, = S - X  

Q 

where X - decay r a t e  

Once t h e  e m i s s i o n  of a  p o l l u t a n t  c e a s e s ,  t h e  emiss ion  r a t e ,  S ,  
becomes z e r o  and t h e  p o l l u t a n t  c o n c e n t r a t i o n  decays  a s  a  f u n c t i o n  



of t ime.  E l i m i n a t i n g  term 3 from e q u a t i o n  ( 4 . 8 )  and i n t e g r a t i n g  
y i e l d s  

where C t  = p o l l u t i o n  c o n c e n t r a t i o n  a t  t ime ( t )  
a f t e r  c e s s a t i o n  of p o l l u t a n t  
e m i s s i o n  ( t o )  

= e q u i l i b r i u m  p o l l u t a n t  c o n c e n t r a t i o n  

T h e r e f o r e ,  by c a l c u l a t i n g  a i r  change r a t e s  and by making 
assumpt ions  r e g a r d i n g  t h e  emiss ion  of p o l l u t a n t s ,  i t  is p o s s i b l e  
t o  u s e  t h e  r e s u l t s  of  a i r  i n f i l t r a t i o n  models t o  p r e d i c t  p o s s i b l e  
indoor  a i r  q u a l i t y  problems. 
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CfUPTEFt 58 Algorithme and Worked Examplee 

5 .1  ALGORITHMS 

This section describes the essential elements of three published 
algorithms which are freely available and will, between them, 
enable the design calculations covered in this applications 
guide to be performed. Two of the models to be described were 
included in the AIvC'S programme of model validation1 while the 
third is of more recent origin and is intended as an algorithm 
for inclusion in a dynamic heat model. The specific models are 

1 Lawrence Berkeley Model for calculating air 
infiltration using Equivalent Leakage Area data 2 

2 National Bureau of Standards Algorlth for eetimating 
infiltration and inter room air flowe 1 

3 National Research Council of Canada Model for 
calculating air infiltration in buildings4 

The first model is of the single zone variety. The second two 
models are variants of the multi zone technique. 

5.1.1 Lawrenoe Berkeley Laboratory 
Equivalent Leakage Area (EM) Algorithm 

The conoepts of this algorithm are outlined in Section 3 . 2 . 3 .  
It was developed to predict the impact on air infiltration rates 
of retrofit and other changes in the building envelope using the 
minimum number of model parameters. The technique was 
specifically designed for simplicity and therefore precise 
detail has been sacrificed for ease of application. Model 
parameters include 

* leakage of structure (as inferred by building 
pressurization or by reference to the characteristic 
leakage performance of individual building components 
(Section 6.3). 

* ratio of floor/ceiling leakage to wall ) 
leakage 1 

1 
* height of building ) to determine 

) external 
* internal/external temperature difference ) pressure 

) distribution 
* wind speed 1 

1 
* terrain class (Table 6.2.8, Chapter 6) ) 

) * shielding class (Table 6.2.9, Chapter 6)) 

The primary feature of this approach is that the calculation is 
split into two distinct components, these being the separate 



calculation of wind infiltration and stack infiltration. 
Infiltration in these two regimes is expressed by 

respectively, where 

A, = the equivalent leakage area of the 
structure (m2) 

Q, = the infiltration in the wind-regime 
(m3/s> 

Q S 
- the infiltration in the stack regime 

(m3/s> 

f* = the 'reduced' wind parameter 
W 

1 f: = the 'reduced' stack parameter (m/s.K ) 

V' = the (weather tower) wind speed (m/s) 

AT = inside/outside temperature difference (K) 

The value of equivalent leakage area, Ao, Is given by 

whe K = total flow coefficient ) 
for building 1 determined by , pressurization 

n flow exponent I 

) 

Pr is a reference pressure difference for calculating the 
eq@valent leakage area and has been arbitrarily chosen to be 
equal to 4 Pa, i.e. 



e The reduced wind parameter, f;, is given by the following 
expression 

where C' - the generalised shielding 
coefficient 

R - the vertical leakage fraction, 
i.e. the fraction of leakage 
in the floor and ceiling 

=,y on-site terrain parameters 

, - of £-site terrain parameters 

H = height of the structure (m) 

H' - height of the wind measurement 
(m> 

and the reduced stack parameter, f:, is given by 

where 

) see Tables 
) 6.2.8 and 
) 6.2.9 
1 

) 

1 
) 

- 
X - *ceiling Af loor is the ceiling-£ loor 

A, leakage difference 
g = the acceleration of gravity (9.81 m/s) 

T - the inside temperature 

Infiltration is given by summing the wind and stack components 
in quadrature (Chapter 3) to give 

Data requirements: - air leakage (pressurization) test data 
- internal/external air temperature 
- wind speed data 
- terrain and shielding conditions 
- building inf ormation ( vertical/horizontal 
distribution of openings) 



The main advantage of this method is that the wind and stack 
infiltration equations may be readily evaluated. However, this 
approach does suffer from a number of disadvantages which limit 
its further applicability. Its main disadvantage is that the 
leakage distribution is divided into horizontal and vertical 
components only. No allowance is made for non linear leakage 
distribution, such as that caused by open doors, therefore the 
effects of such openings cannot be modelled. For similar 
reasons, it is also not possible to establish the flow routes 
into the zone or to determine the direction of flow, therefore 
the method is unsuitable for air movement and indoor air quality 
studies. 

5.1.2 National Bureau of Staadarae l!odel3 

This is a comprehensive multi-zone model with a published 
annotated FORTRAN IV listing. In addition to being capable of 
calculating infiltration and inter-room air flow rates, this 
algorithm interfaoee with the NBS heat model, TAW 
(Thermal Analysis Research Program) 

Air flow through each opening is based on the exponential form 
of the flow equation, given by 

where k = flow coefficient 

n = flow exponent 

p = air density 

However, in the algorithm, the flow constant k is represented by 
an area of an opening based on the orifice equation, i.e. 

where Cd 
= discharge coefficient 

A = area of opening 

The exponent n remains unaltered. 

Provision is made to express the stack pressure for both 
internal and external openings. Also air temperature is 
specified for each zone, thus enabling inter-zone temperature 
differenoes to be included in the stack pressure calculation. 
Wind pressure data is inferred from wind velocity measurements 



and is automatically calculated for eaoh face of the building 
and for any wind direction. However, as presented, the 
empirical routine used for calculating wind pressure makes no 
allowance for different levels of wind shielding. 

Mechanical ventilation is entered as a constant value in each 
zone to which it applies. 

Stack induced two-way flow through large openings is also 
included in the algorithm by dividing such openings into two 
segments. 

Input requirements for each zone include: 

* zone number 

* zone height (m) 

* zone temperature ('C) 

* mechanical ventilation rate (m3s) 

The additional input data for each flow path includes: 

* flow path originating zone number 

* flow path terminating zone number (outside = zero) 

* area of opening (calculated from mass flow 
coefficient) 

* flow exponent 

9 discharge coefficient (see equation) 

* azimuth angle 

* height of opening (m) 

* ceiling height (m) 

Basic olimatic requirements cover: 

* external air temperature ('C) 

* wind speed (m/s) 

* wind direction (O) 

Since calculations are concerned with predicting mass flow rates 
of air for the purpose of determining heat loss, volumetric air 
change rates are not included in the current version of this 
algorithm. However, by providing zonal and building volume 
data, the mass flow rates may be easily converted to air ohange 
rates. Single zone simulations may be performed by specifying 
one zone only. 



The solution of the flow equations to achieve mass flow balance 
is performed using iterative techniques based on the Newton 
method. The processing time for each iteration is proportional 
to the cube of the number of flow paths and the number of 
iterations is directly proportional to the number of zones. 
Therefore, to minimise computation time, it is important to 
restrict the size of the flow network whenever possible. 

5.1 .3 National Research Council of Canada ~odel4 

The purpose of this model is to calculate the air flows and 
pressure differentials that occur in a building as a result of a 
combination of wind effect, stack action and the operation of 
air handling systems. 

The computer eystem is written in FORTRAN IV and is currently 
available in Imperial units only. A full listing of this 
program is published in the cited reference. 

The building is represented by a series of vertically stacked 
compartments interconnected by vertical shafts. Each shaft is 
terminated by two vents which may be located at any desired 
floor level. Leakage openings are epecified for each external 
wall and for all floors and shaft walls, thus enabling air to 
pas0 from every compartment or zone to adjacent zones and to 
each of the vertical shafts. In order to reduce computing time, 
each zone may represent a number of building storeys. The 
equation defining flow through each opening is given in exponent 
form. 

The model assumptions and limitations are that 

* friction resistance of vertical shafts is neglected 

* net air supplied by the air handling system is assumed 
to be constant and independent of building pressures 

* each component has an open plan with no provision for 
eeparate rooms or vestibules 

* pressures, flows and leakage openings are assumed to 
occur at the mid-height of each level 

* temperatures inside each corn rtment and shaft are ga assumed to be constant at 75 F (24'~). 

Input requirements include 

* flow ooefficient and flow exponent for each flow path 

* number of floore 

* distance between floors 

* number of shafts 



* location of openings 

* wind pressure (inferred from wind speed data) 

* external temperature 

A constant internal air temperature of 24'~ is aesumed and 
therefore, for other temperatures, the external air temperature 
must be modified to ensure that the temperature difference 
between the inside and outside of the building is correct. The 
aeeumption of a uniform internal temperature also rules out 
consideration of zonal temperature differences or linear 
temperature gradients. Despite these limitations, this model 
provides a good opportunity for analysing the infiltration 
characteristics and the performance of ventilation syeteme in 
open plan office buildings and dwellings. 

5.2 EXAMPLES 

5.2.1 Calodation of wind and staak preeeure 

A low rim building of height 7.5m with roof pitch angle of 
22' and length to width ratio of 2:1 is situated 

(a) in open countryside with no surrounding obstructions, and 

(b) in an urban environment surrounded with obstructions of 
equal height 

Wind speed measurements are made at a nearby open countryside 
weather station at a height above ground level of 10m. 

For each exposure condition, determine 

The "wind reduction factorw neceesary to convert the 
weather station wind speed to roof height wind speed. 

The wind pressure coefficient for each face of the 
building and the roof, assuming that wind is normal 
to the long face of the building. 

The roof height wind speed given measured values at the 
weather station of 1, 2, 5 and 10 m/s. 

The corresponding wind pressure values. 

The stack preeeure for openings spaced a vertical 
distance of 5 metres apart given temperature 
differences of 0, 10, 20, 30 and 40 K. 



Solution: 

(l) Wind reduction factor 

Referring to Table 6.2.7, the terrain constants are: 

K a 
open countryside 0T68 0T17 
urban 0.35 0.25 

Roof height is 7.5m 

.'. Wind reduction factore are: 
open countryside 0.68 X 7.5 Oo17 = 0.96 
urban 0.35 X 7.5 Ow25 = 0.58 

The wind speeds measured at the meteorological station are 
multiplied by these factors to obtain the roof height wind speed 
for open countryside and urban terrain respectively. 

(ii) Wind pressure coefficient 

Open countryside (Table 6.2.4) 

Urban (Table 6.2.6) 

I (Face (2: 1) 1 Roof I 

(iii) Roof height wind speed 

Roof height wind speed is given by the meteorological wind speed 
multiplied by the wind reduction factor, i.e. 

Meteorological 

Wind speed 
(m/ > wind speed 

(m/s> 

Open Countryside Urban 

Roof height 
wind speed 

(m/ S 1 

Wind 
reduction 
factor 

Wind 
reduction 
factor 



(iv) Wind pressure values 

The wind preesure I s  given by 

pw = - p cpv2 (see equation 3.6) 
2 

(Let air density p - 1.29 kg/m3) 
Thus for open countryside 

and for urban terrain 

1 I I i 

Meteorological 
wind speed 

(m/s> 

1 

2 

5 

10 

Meteorological Roof height Wind Pressur~ 
wind speed wind speed Facc 

l- T 

Stack preesure 

Roof height 
wind speed 

(m/s> 

0.96 

1.92 

4.8 

9.6 

Stack pressure - -pog273(h2 - hl) (equation 3.12) 

Let P, a 1 .29 kg/m3 

g = 9.81 m/s2 

hl - 0 m  

Wind Pressur 

Face 

I 

0.3 

1.2 

7.4 

29.7 

2 

- 0.4 
- 1.7 

-10.4 

-41.6 

3 

- 0.5 
- 2.1 

-13.4 

-53.5 

4 

- 0.5 

- 2.1 
-13.4 

-53.5 



. ,  The stack pressure at h2 relative to hl is 

This example illustrates the need to consider local shielding in 
the wind pressure oalculation and also the significance of staok 
pressure, even for relatively small vertical distancee between 
openings. 

Inside/Outside 
Temperature 
Difference 

(K) 

0 

10 

2 0 

30 

4 0 

5.2.2 Distribution of Openlnga 

Stack Pressure 
(Pal 

0 

-2.1 

- 4 . 3  

-6.7 

- 9 . 3  

An airtight structure of heig3t 3.5m, width 2.2m and length 2.2m 
has orifice openings of 60 cm centred at a height above base 
of 0.5 and 3.0 metres on b o t h  the front and rear faces (see 
illustration below). Assuming an open countryside location, a 
roof height wind speed of l.5m and an internal/external 
temperature difference of 20°c, calculate the air ohange rates 
for the following configurations. 

wind 
direction 
_I__) 

Configuration 

(i) 

( ii) 

(iii) 

(;V> 

I Points A,  B, C, D 

3.5m represent location 
of orifice openings 
of size 60m2 

Opening (refer to sketch) 

A 

open 

open 

closed 

open 

B 

open 

closed 

open 

closed 

C 

closed 

closed 

closed 

open 

D 

closed 

open 

open 

closed 



m S o l u t i o n :  

Using the approach outlined in the previous example, and by 
referring to Table 6.2.1, the wind, stack and total pressure 
acting on each opening are as follows: 

Opening Stack Pressure Wind Pressure 
(P4 

Total Pressure 
( P d  

By applying equation 3.28 to the total pressure caloulated for 
each opening, the approximate internal pressure to give 
mass/flow balance, the infiltration rate and air change rate for 
each configuration are as follows: 

I Configuration I Internal 
Pressure 1 (pint) 

Infiltration 
Rate 

(dm3~s) 

4 .7  

Air Change 

This example illustrates the strong dependence of the location 
of openings on the rate of infiltration. 

5.2.3 Induetrial Building 

3 An industrial warehouse of internal volume of 2376 m and 
overall dimensions of 24 X 18 X 6m is situated in urban 
surroundings, adjacent to buildings of similar height. Basic 
design details and orientation are illustrated in Figure 5.2.1. 
Located at the front of the building is a roller shutter loading 
bay door of dimensions 4.5 X 3.5m, an entrance door and two 
adjacent unweatheretripped windows. At the rear of the building 
are two further entrance doors. The building is oonstructed to 
a height of approximately 2.5m with 260mm unfilled brick cavity 
wall, while the upper section comprises insulated corrugated 
steel cladding. The roof is constructed of corrugated aggregate 
panelling. 



Figure 5.2.1 Industrial building 

A l l  dlmenoiono i n  nrm 
Floor Plrn or bulldlng 

(i) Devlee a flow network using the leakage data preeented In 
Chapter 6.3. 

(11) Determine the infiltration charaoterietice for the 
building over the external/interna. temperature range 
of 0-30K and the meteorological wind range of 0-1 0 m/e 
(loading bay door cloeed). 

(iii) For wind directed towards the front of the building, 
calculate the infiltration rate and air flow patterns at 
AT= 20Kand a site wind speed at roof height of 0 and 60 m / s ,  
assuming a fully open loading bay door. 



Solution: 

The leakage characteristics as determined from Chapter 6, 
Section 3 are presented in Table 5.2.1. 

The corresponding infiltration characteristics and flow pattern 
through the door have been determined using the principle8 
outlined in the previous examples and are illustrated in Figures 
5.2.2 and 5.2.3 reepectively. 

F i g u r e  5 . 2 . 2  2 

Local wind speed 

I 1  1 1 I I I 1 I I I Meteorological wind speed 
0 1 2 3 4 5 6 7 8 9 1 0 1 1  

F i g u r e  5 . 2 . 3  A i r  f l o w  t h r o u g h  doors  

\ \ 

(a) A T  = 2 0 " ~  

Wind speed = 0 m / s  

( b )  AT - 20'~ 
Wind speed = 6 m/s 



TABLE 5.2.1 Leakage characteristics 

Component 
area of 
component) 
m (or m2) 

Unit flow 
coefficient 
dm3/s.m. Pa 
(or dm3/ 
s.m2 Pan) 

Total flow 
coefficient 
dm3/s  .pan 

Roof : 
Front 
Rear 

Brick - unfilled cavity 

Front 45m2 0.18 
Rear 4 5m2 0.18 
Side (left) 60m2 0.18 
Side (right) 60m2 0.18 

Steel cladding-insulated steel 

Front 54m2 0.26 
Rear 54m2 0.26 
Side (left) 6 0m2 0.26 
Side (right) 60m2 0.26 

Floor/wall joint - uncaulked 
Front 1 8m 1 . S  
Rear 1 8m 1.5 
Side (left) 24m 1 .5 
Side (right) 24m l .S  

Bricklcladding joint - uncaulked 

Front 1 8m 1.5 
Rear 1 8m 1.5 
Side (left) 24m 1.5 
Side (right) 24m l .5 

Claddinglroof joint - uncaulked 

Front 18m 1.5 
Rear 18m 1 ,5 
Side (left) 24m 1.5 
Side (right) 24m 1.5 

Doors - closed 
Loading bay 15.8m2 14 
Front 6. Om 0.41 
2 X Rear 12. Om 0.41 

Windows - closed 
2 x Front 6m 0.23 

Doors - open 
Loading bay 
9 X horizontal 
strips, each 1 . 75m2 - 

Table(see 
Chapter 6) 



5.2.4 Ventilation Strategy 

The air leakage rate of a 300m3 single family dwelling is 
given as 

(a) 3 ach at 50 Pa 
(b) 10 ach at 50 Pa 

In each case it is proposed to ventilate the dwelling at 0.5 ach 
using a balanced ventilation system with air-to-air heat 
recovery having a rated efficiency of 70%. 

(l) Determine the overall ventilation efficiency for 
each level of airtightness, taking into acoount 
air infiltration. 

(11) Use the degree-day concept to estimate the annual 
energy saving using heat recovery for case (a) and 
(b) above compared with designing for an average 
natural ventilation rate of 0.7 ach assuming 4000 
degree days. 

Solution: 

(i) Average infiltration rate for case (a) 3/20 = 0.15 ach 
Average infiltration rate for case (b) 10/20 0.5 ach 

Since no heat is recovered from infiltration/exfiltration 
losses, the overall heat recovery efficiency for case (a) 
becomes 

and for case (b) becomes 

(ii) Using equation 4.6 (Chapter h), the annual energy require- 
ments (without heat recovery) are 

Case (a) 0.65 X 300 X 4000 X 0.1058 
3g00 

Case (b) = 35.3 GJ 

0.7 ach natural ventilation = 24.7 GJ 



Taking into account heat recovery, actual ventilation 
heat loss becomes (equation 4.3, Chapter 4 )  

Case (a) (1 - 0.54) X 22.9 = 10.5 GJ 

Case (c) 24.7 GJ 

Thie example shows the Importance of airtightness when 
installing air-to-air heat recovery. 
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CHAPTER 61 Data Referenoe 

6.1 CLIMATIC DATA 

In calculating air infiltration rates, it is important to have 
information on the climate of the locality in which the building 
is situated. Weather recording stations are distributed 
countrywide and so it is usually possible to obtain climatic 
data derived from measurements in close proximity to the 
building site. 

Table 6.1 . l  shows the main source of meteorological data for 
each of the 12 countries participating in the Air Infiltration 
and Ventilation Centre. Also indicated in the Table are the 
numbersofprincipal meteorological stations. 

Of the various climatic parameters, the ones that are of primary 
interest are wind speed and outdoor air temperature. While 
these two parameters may be coneidered independently, it is more 

a often necessary to consider them together. This is becauee, for 
example, the windiest conditions rarely occur on the coldest 
days so that taking the extreme values of each parameter 
separately may result in an overestimate of infiltration. As 
indicated in Table 6.1.1 in some countries combined wind speed 
and temperature data are published, in others they are available 
on request (usually at some cost). An example of a wind speed 
vs temperature frequency table is shown in Table 6.1.2. This 
format is essential for air infiltration and ventilation design 
calculations. 

As explained in Section 4.2, degree-days are of use in energy 
related evaluations as a measure of the severity of the 
climate. The basis of degree-days variee from country to 
country so care is required in using data from different 
sources. Table 6.1 .l gives the main sources of degree-day data, 
the value of the base temperature and some indication of the 
range of degree-days for each country. Further information 
should be obtained direct from the listed organisations. 



TABLE 6 .1 .1  Sources of c l i m a t i c  d a t a  

Meteorologlcal  Oata Oegree-day Oata 
C 

Country 

Belglum I 

E 
E 

Canada I 

1 
4 
[ 
( 

O e m r k  [ 

I 
I 
l 

Federal I 
Republ ic  of 
Grrnmny I 

l 
I 
I 

F in land  I 

I 

J 
Netherlands l 

I 
l 

l 

New Zealand l 

Norway 

Swtden 

Swi tze r land  

Un i ted  
Kingdam 

States o f  
America 

Main Source - i n c l p a l  
~ t e o r o l o -  
l c a l  
Lotions 

Wind vs 
m p e r a  t u r e  
frequency 

data 
s v a l l a b l e  

n s t i t u t  Royal 
Meteorologique de Oelgiqu 

l Avenue C i r c u l a i r e  
1-1180 Bruxe l les  
l e l g i u n  

Itmospheric Environment 
Service 

ME 
1905 O u f l e r l n  S t  
Iomsv  few 
)n ta r io ,  M3H 514 
:anads 

Yes 
n request)  

As column 2 
t monthly Journal  

ETB-TUG 

Yes Nat ional  B u i l d i n g  Research 
Counci l  o f  Canada 

B u i l d i n g  Research Note 138 
1979 

l 

Byggeteknik Technologisk 
l n s t i t u t  

Postbus 141 
DK 2630 Tastrup 
Demnark 

)at  Danske Meteorologlske 
l n s t i t u t  

.yn b y m j  100 
)K !l00 Copenhagen 
)onnark 

Yes 
In reques t )  

jeutscher U c t t e r d i s n s t  
(Zsn t ra lamt )  

'ost fach 105 
5050 Offenbarh am Main 
: rank fu r to r  Strasse 135 
rederal  Republ ic  of  G o n s l  

Yes As colunn 2 
pub1 lshed i n  

eizung-LUftung Haustechnik 

-- 
As c o l m n  2 F inn ish  H e t r o r o l o g l c a l  

I n s t i  t u t e  
PO Box 503 

Konlnk l  i.jk Nederlends 
Heteorologisch I n s t i t u t  

Y i l h r l n ~ i n s l a a n  10 
Postbus 201 
3730 AE de 8 f  l t 
Nethrr lands 

Yes 

Yes As column 2 

As colunn 2 15 
( o r  18) 

New Zealand 
Meteorologlcal  Serv ice 

PO Box 722 
H e l l  l n g t o n  
New Zealand 

Yes 

Oet Norske 
Heteorologiske l n s t i t u t t  

N i r l d  Hanr. Abr l s  Vel 40 
PO Box 320 
B1 i ndern 
N-0314 Oslo 3 
Noway 

Yes ~ ~ r w o q i n n  R u i l d i n  Ressnrch 
I n s t i t u t e  (Hsnd%ook 33) 

and "Norsk VVS" (monthly)  

--A--- 

As column 2 Swedish Meteorological  an 
Hydro log ica l  I n s t i t u t e  

Folkborgsvlgen 1 
Box 923 
5-60176 Norrk6plng 
Sweden - - - - - . 
l ' l n s t l t u t e  Suisse de 
Meteorologiqc 

Krl ihbOhlstrasse 58 
CH 8044 Zur i ch  
Sw i t ze r land  

Ye% 
on request  

Yes "Schweizer I n g i n i e u r  und 
A r c h i t e k t "  and 

" B l l l t t e r  f u r  Heizung und 
LUf tungm 

.. . 
As column 2 

t -,rvrral monthly  j ou rna lc  
Meteoro log ica l  O f f i c e  
London Road 
Oracknsl l 
Berksh i re .  RG12 ZSZ 
England 

Na t iona l  C l ima t i c  Oata 
Center 

Na t iona l  Oceanic and 
Atmospheric Administra t i c  

Ashevi l lr 
Nor th  C a m l i n a  28801 
USA 

Yes 

averago for 80% populntod arm 3600 



TABLE 6 .1 .2  Sample of wind speed v s  t empera tu re  f requency  t a b l e  









6.2 WIND PRESSURE DATA 

The d a t a  p r e s e n t e d  i n  t h i s  s e c t i o n  a r e  based on t h e  i n t e r p o l a t i o n  
of p u b l i s h e d  m a t e r i a l ,  much of which was p r e s e n t e d  a t  t h e  A I V C 1 s  
Wind P r e s s u r e  workshop1. The v a l u e s  p r e s e n t e d  must o n l y  be 
regarded  as  approximate  and t h e r e f o r e ,  i f  more a c c u r a t e  d e s i g n  
d a t a  a r e  r e q u i r e d ,  r e c o u r s e  t o  s p e c i f i c  wind t u n n e l  o r  f u l l  s c a l e  
measurements w i l l  have t o  be c o n s i d e r e d .  The i n t e n t i o n  of t h e s e  
d a t a  s e t s  i s  t o  p rov ide  t h e  u s e r  w i t h  an  i n d i c a t i o n  of t h e  range 
of p r e a s u r e  c o e f f i c i e n t  v a l u e s  which might be a n t i c i p a t e d  f o r  
v a r i o u s  b u i l d i n g  o r i e n t a t i o n s  and f o r  v a r i o u s  d e g r e e s  of s h i e l d i n g .  
The d a t a  p r e s e n t e d  is a s  fo l lows :  

Tables 6.2.1 to 6.2.6 cover low-rise buildings of typically no 
more than 3 storeys. Three degrees of shielding are considered; 
these are 

1. open countryside - no obstructions - exposed. 
2. rural surroundinge - some obstructions - semi sheltered. 
3. urban - building surrounded on all sldes by obstructions 

of similar else - sheltered. 
For eaoh condition, the pressure coefficient is expreesed as a 
single average value for each face of the building, where the 
reference pressure height for wlnd speed is taken as the 
building height. 

Data are presented for each face and for the roof surface, where 
roof pitch angles of 

are considered. 

Tables 6.2.1 to 6.2.3 cover data for buildings of length to 
width ratios of 1x1 and Tablee 6.2.4 to 6.2.6 cover data for 
length to width ratios of 2:1. 

Data d e p i c t e d  i n  F i g u r e  6 . 2 . 1  c o n t a i n  r e s u l t s  by ~ o w e n '  showing 
t h e  v e r t i c a l  dependency of p r e s s u r e  c o e f f i c i e n t  f o r  t a l l  
b u i l d i n g s .  

Pressure coefficient data depicted in Figure  6.2. 2 3  a p p l y  t o  f l u e  
openings situated above roof level. They are for sheltered 
conditions with a reference wind speed taken at roof height. 

Figure 6.2.3 presents a graphical method for the siting of flue 
openings to prevent backdraught  i n g 4 .  

Table 6.2.7 contains recommended terrain coefficients for 
converting wind speed measured at an open site, at a level of 
10m, to roof height v a l u e s 5 ,  6. 



Tables 6.2.8 and 6.2.9 contain terrain and shielding 
coeff ic1ent.s for use in the LBL model (Sect ion 5.2.1) 6. 

In addition to the results of ~ o w e n ~ ,  other important sources of 
wind pressure coefficient data for air infiltration calculations 
include ~ ~ 5 2 9 5 ~  and wiren7. 

Caution : 

The material and data presented in this section are intended 
solely as a guide to current knowledge on air infiltration and 
related topics. The information contained herein does not 
superseded any advice or requirements given in any national codes 
or regulations, neither is its suitability for any particular 
application guaranteed. No responsibility can be accepted for 
any inaccuracies resulting from the use of this data. 
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Figure 6.2.1 Vertical distribution of mean 
wind Dressure coefficients for . . 

various surrounding obstruction 
heights. 

7 wind angle 
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Caution: Approximate data only .  'Vo r e s p o n s i b i l i t y  can be 
accepted for the  use o f  data presented i n  t h i s  
publ ica t ion .  See note  on page 6 . 8 .  



F i g u r e  6 . 2 . 1  ( c o n t i n u e d )  

wind a n g l e  
0 

0 = 45 

Caution: Approximate data only .  No respons ib iZi ty  can be 
accepted for the  use o f  data presented i n  t h i s  
publicat ion.  See note on page 6 .8 .  



Figure 6.2.2 Wind pressure  coefficients for protrusions above 
roof level (see Reference 3) 

(b) Roof pitch, 8, - 23' 

(a) Roof pitch, 8, - 0' 

-0.25 

(c) Roof pitch, 8, - 30' 
C ~ u t i o n :  Approximate data on l y .  No r e s p o n s i b i l i t y  can be 

accepted f o r  the  use of data presented i n  t h i s  
publ icat ion.  See note on page 6 .8 .  

6.11 



Figure 6.2.3 Flue height, h, to avoid back draughting (see - 
Reference 3 )  

I / 
roof pitch e [degrees] 

Caution: Approximate data only .  No r e s p o n s i b i l i t y  can be 
accepted fo r  t he  m e  of data presente2 i n  t h i s  
publ ica t ion .  See note  on page 6 . 8 .  



TABLE 6.2.1 Wind Pressure Coefficient Data p 
wind angle 

Low-rise buildings (up to 3 storeys) 

Length to width ratio 1 :  1 
Shielding condition Exposed 
Wind speed reference level = building height 

Wind Angle  

L o c a t i o n  

Face 1 

Face 2 

Face 3 

Face 4 

"Weighted" 
mean 

Average 

Roof 
(11-30' 
p i t c h )  

Average 

F r o n t  T- 

l v e r a g e  

Caution: Approximate data only .  No r e s p o n s i b i l i t y  can be 
accepted f c r  the tcse o f  &ta  presented i n  $ h i s  
publ ica t ion .  See note on page 6 . 8 .  
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TABLE 6.2.2 Wind Pressure Coefficient Data 

Low-rise buildings (up to 3 storeys) 

Length to width ratio 1 :  1 
Shielding condition Surrounded by obstructions 

equivalent to half the X wind 
height of the building. 

angle Wind speed reference level - building height 

Wind Angle  

L o c a t i o n  I o 1 4 5  

Face 1 . 4  .l 
I I 

Face 2 1 - . 2  1 - .35  

Face 3 

Face 4 -. 35 

"Welghted" 
mean 

l 

ROOfo - .6  - .  5 
( <  10 
p i t c h )  - .6 - .  5 

Average - .6  -. 5 

~~~f F r o n t  - .35  - . 4 5  
(11-30' 
p i t c h )  - .35 - .45 

Rear 

Average -.35 - .45 

Roof F r o n t  .3  -. 5 

(>30° 
p i t c h )  Rear - e 5  -. 5 

Average -.l - . 5  

C m  t { m :  Appr~lxirnate &$c on l?. No responst3i Z1:3 can be 
accepted f g r  :he kse of d a t c  s r ~ a e n t e d  in t h i s  
publication. See note m ?a?e E .  8 .  



TABLE 6 .2 .3  Wind P r e s s u r e  C o e f f i c i e n t  Data 

Low r i s e  b u i l d i n g s  (up t o  3 s t o r e y s )  

Length  t o  width r a t i o  
S h i e l d i n g  c o n d i t i o n  

1 : 1 
Surrounded by o b s t r u c t i o n s  
e q u a l  t o  h e i g h t  of t h e  A wind 

b u i l d i n g .  angle 

Wind speed r e f e r e n c e  l e v e l  - b u i l d i n g  h e i g h t  

Wind Angle 

Loca t i on  

Face 1 

Face 2 

Face 3 

Face 4 

"Weighted" 
mean 

Average 

Roof 1 
(11-30' 
p i t c h )  

Average 

p i t c h )  

Average 

Caution: Approximate data on ly .  No reaponsibi  Z i t y  can be 
accepted f o r  the  use o f  data presented i n  t h i s  
publ ica t ion .  See note  on page 6 .8 .  



TABLE 6 . 2 . 4  Wind Pressure Coefficient Data 

Low-rise buildings (up to 3 storeys) 

Length to width ratio 2: 1 
Shielding condition Exposed 
Wind speed reference level - building height 

Wind Angle 

L o c a t i o n  0 4 5 90 

Face 1 

Face 2 

Face 3 -0.9 

Face 4 1-0.9 1-0.6 ( -0.35 

"Weighted" 
mean 1-0.48 ( -0 .17  I 

p i t c h )  

Average 1-0.7 ( -0 .7  

p i t c h )  
Rear -0.5 -0 .6  

Average 

Average -0.18 -0.45 

wind ingle 

Caution: Approximate data only .  No r e s p o n s i b i l i t y  can 3e 
accepted for the  m e  o f  data preaented i n  t h i s  
publicat ion.  See note on page 6.8 .  



TABLE 6 . 2 . 5  Wind Pressure Coefficient Data 

Low-rise buildings (up to 3 storeys) 

Length to width ratio 2: 1 
Shielding condition Semi sheltered 
Wind speed reference level = building height 

wind angle 

Wind Ang le  

4 5 9 0  135  180 225 

- -  

L o c a t i o n  

Face 1 

Face 2 

Face 3 

"Weighted" 
mean 

p i t c h )  

Average 

F r o n t  r- Roof 
(11-30 '  
p i t c h )  l R e a r  

Average 

;?%o p i t c h )  E 
Average 

Caution: Approximate data only .  No r e s p o n s i b i l i t y  can be 
accepted for the  use of  data presented i n  t h i s  
publ ica t ion .  See note on page 6.8.  
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TABLE 6.2.6 Wind Pressure Coefficient Data 

Low-rise buildings (up to 3 storeys) 

Length to width ratio 2: 1 
Shielding condition She1 tered 
Wind speed reference level = building height 

Tl 
wind angle 

Wind Angle 

Caution: Approximate data only .  No responsibi  Z i ty  can be 
accepted f o r  t he  use o f  data presented i n  t h i s  
publicat ion.  See note on page 6 .8 .  

L o c a t i o n  

Face 1 

Face 2 

Face 3 

Face 4 

"Weighted" 
mean 

0 

0.06 

-0 .3  

-0.3 

- 0 . 3  

-0.24 

-0.49 

-0 .49 

-0.49 

-0.49 

-0 .4  

-0.45 

0.06 

-0.42 

-0.18 

~~~f~ 

( < l 0  
pitch) 

F r o n t  

Rear 

45 

-0.12 

-0 .38 

0 .15 

-0.32 

-0.14 

-0.46 

-0.46 

-0.46 

-0.46 

-0.46 

-0.46 

-0.15 

-0.6 

-0 .4  

Average 

90 

-0.2 

-0.2 

0.18 

-0.2 

-0.07 

-0.41 

-0.41 

-0.41 

-0 .41 

-0.41 

-0.41 

-0 .23 

-0.23 

-0.23 

R O O ~  
( 1 1  -30' 
p i t c h )  

F r o n t  

Rear 

135 

-0 .38 

-0.12 

0 .15 

-0.32 

-0 .14 

-0.46 

-0.46 

-0 .46 

-0.46 

-0 .46 

-0.46 

-0.6 

-0 .15 

- 0 . 4  

Average 

180 

-0 .3  

0 .06 

-0 .3  

- 0 . 3  

-0.24 

Roof 
(>30° 
pitch) 

Front 
- 

Rear 

2 2 5  

-0.38 

-0.12 

-0.32 

0 . 1 5  

-0.14 

Average 

-0.46 

-0.46 

-0.46 

-0.46 

-0.46 

-0.46 

-0.15 

-0.6 

-0 .4  

270 

-0.2 

-0 .2  

-0.2 

0.18 

-0.07 

-0.49 1 -0.46 0.41 l - 

315 

-0.12 

-0.38 

-0.32 

0 . 1 5  

-0.14 

-0.41 

-0.41 

-0.41 

-0.41 

-0.41 

-0.23 

-0.23 

-0.23 

-0.49 

-0.49 

-0 .4  

-0.49 

-0 .45 

-0 .42 

-0.06 

-0.18 

-0.46 

-0.46 

-0.46 

-0.46 

-0.46 

-0 .6  

-0 .15 

-0 .4  



TABLE 6.2.7 Terrain coefficients for wind profile equations (BS5925) 

where U,, windspeed measured i n  open c o u n t r y s i d e  
a t  a  s t a n d a r d  h e i g h t  o f  10m. 

U = windspeed a t  a h e i g h t ,  z ,  above ground. 

K,a = c o n s t a n t s  dependen t  o n  t e r r a i n  (see  be low) 

I c i t y  I 0.21 1 0.33 1 

T e r r a i n  c o e f f i c i e n t s  

Open f l a t  c o u n t r y  

Coun t ry  w i  t h  s c a t t e r e d  w i n d  b r e ~ k s  

Urban 

TABLE 6.2.8 Terrain coefficients for LBL model (see Section 5.1.1) 

U = a ( z i 1 0 ) ~  
IS' a' ( z 1 / l 0 ) Y  

where U = r e q u i r e d  s i t e  w i n d  speed a t  l e v e l  z abov 

K 

0.68 

0.52 

0.35 

ground. 

a 

0.17 

0.20 

0.25 

U' = measured windspeed a t  l e v e l  z '  above 
ground ( s e e  be l ow ) .  

y = c o n s t a n t s  dependent  on o f f s i  t e  t e r r a i n  
c o n d i t i o n s .  

a,y = c o n s t a n t s  dependent  on o n s i t e  t e r r a i n  
c o n d i t i o n s  ( see  b e l o w ) .  

T e r r a i n  d e s c r i p t i o n  

Ocean o r  o t h e r  body o f  w a t e r  w i t h  a t  
l e a s t  5km o f  u n r e s t r i c t e d  expanse 

F l a t  t e r r a i n  w i t h  some i s o l a t e d  
o b s t a c l e s ,  e . g .  b u i l d i n g s  o f  t r e e s  
w e l l  separa ted  f rom each o t h e r  

Ru ra l  areas w i t h  low b u i l d i n g s ,  
t r e e s ,  e t c .  

Urban, i n d u s t r i a l  o r  f o r e s t  a r e a s .  

Cen t re  o f  l a r g e  c i t y ,  e . g .  Manhat tan  

Caution: Approximate data on ly .  No r e s p o n s i b i l i t y  can be 
accepted fo r  t he  use o f  data presented i n  this 
publicat ion.  See note  on page 6 .8 .  



TABLE 6.2.9 G e n e r a l i s e d  s h i e l d i n g  c o e f f i c i e n t s  f o r  LBL m o d e l  ( see  
S e c t i o n  5 .1 .1 )  

Shielding Class 

I 

Description 

No obstructions or local shielding 
whatsoever 

Light local shielding with few obstructions 

Moderate local shielding, some obstructions 
within two house heights 

Heavy shielding, obstructions around most 
of perimeter 

Very heavy shioldlng, large obstruction 
surrounding perimeter within two house 
heights 

Caution: Approximate data only .  No r e s p o ~ s i b i l i t y  can be 
accepted f o r  the  use o f  data presented i n  t h i s  
publ icat ion.  See note on page 6 . 8 .  
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6.3 AIR LEAKAGE DATA 

This section of the Guide is devoted to the presentation of 
available leakage data in a format that wi l l  enable the designer 
to aelect appropriate values for inclusion in air infiltration 
models. The data is presented in tabular form, principally in 
terms of leakage characteristics (flow coefficients and exponent 
values). This represents the most general deecription of flow 
performance from which other formats such as equivalent leakage 
area (EM) may be derived. Since there is yet no universally 
accepted definition of ELA, it is thought that the presentation 
of data in thie form should be restricted to country-specific 
supplements. 

The information reproduced in this section is baeed on a survey 
of data published in the literature and, as with the wind 
pressure coefficient data, provides only a very approximate 
guide. Furthermore, there are, as yet, no suitable values for 
many component categories. Where there was sufficient 
information, mean values, the range of data and standard 
deviations are given. 

Since the source data came from many countries and were published 
in many different formats, the harmonising of material proved 
difficult. Essentially the source data could be classified in 
the following categories: 

Case A 
Tabulated test values of pressure differences with corresponding 
leakage rates. 

Case B 
Similar data in the form of a graph. 

Case C 
As ' B t  but plotted on logarithmic scales with a 'beet fit' 
straight line. This assumes a relationship of the formr 

Ln = n LnAp + Ln K 

where Q = leakage flow rate 
K = flow coefficient 

Ap = pressure difference 
n = flow exponent 

Case D 
Tabulated values of K and n for various conditions. 

Case E 
A eingle point value of leakage rate at a reference pressure 
difference. 



Case F 
Values of Equivalent Orifice Area (A) in the relationshipr 

Q = 4000 Cd A (Ap)'I2 (Imperial Units) 

The values of A being quoted for a reference pressure difference 
- generally 0.3 in H20. 
Caee G 
Value8 of Effective Leakage Area (Aeff) in the relationship: 

The values of A e f f  being quoted for a reference pressure 
difference - generally 4 Pa. 

The flow rate Q could be quoted per unit length of crack, per 
unit area of opening or per unit volume of building enclosure. 
For the purpose of this analysis it was decided to attempt to 
relate all data to an exponential law: 

All quantities to be expressed in S1 units. 

A number of assumptions concerning the above Cases have had to 
be made as explained below: 

Case A - A logarithmic regression line was computed and the 
coefficient K and the exponent n determined. 

Case B - Points were taken from the best fit line and treated 
as in Caee A. 

Case C - Value of K and n read from graph. 
Case D - Data in immediately usable form. 
Case E - A value of n was assumed and the value of K determined. 

(Note: K = value of Q for Ap = 1 Pa) 

The value of n choeen: 

Type of opening 

Large openings 
Cracks (doors and windows) 
Porous materials with joints 
Porous materials alone 

n 

0 - 5  
0.66 
0.75 
1 .O 



Case F - Given A and the referenoe pressure difference and 
assuming a coefficient of discharge of 0.6, a 
corresponding value of Q was calculated. This was 
then extrapolated to Pp = 1 to determine K using the 
relationship Q = K(hp) and a value of n as above. 

The relationship for equivalent oriflce area assumes a 
flow exponent of 0.5. Had this been used, different 
values of K would have been obtained. However, it Is 
known that for many openings, say doors and windows, 
the flow exponent is larger than 0.5. 

Case G - The prooedure was similar to Case F. Assumptions 
were sim lar with the addition of air density 3 1.2 kg/m . 

It is to be noted that although a single value of leakage rate 
(quoted at a reference pressure difference) may have been the 
mean of many tests, the extrapolation from it to a reference 
pressure difference of 1 Pa using a standard value exponent 
could result in a value for K very different from that suggested 
by the actual experimental reeults. 





TABLE 6 . 3 . 2  Continued 

(Data expressed for each metre length of joint) 

Item 

Horizontal sliding - double 
Weatherstripped: 

Timber 
Timber olad 
Metal 
Plaatio 

Unweatherstripped~ 
Timber 
Timber olad 
Metal 

Vertical aliding - eingle 
Weatherstrippedr 

Timber 
Timber olad 
Metal 
Plaetio 

Unweatheretripped~ 
Timber 
Timber clad 
Metal 
Plastio 

Vertical slidinn - double 
Weatherstrippedr 

Timber 
Timber clad 
Metal 
Plastic 

Unweatheratripped: 
Timber 
Timber clad 
Metal 
Plastio 

Skylinht 
Weatherstripped: 

Timber 
Timber olad 
Metal 
Plaetio 

Unweatherstripped: 
Timber 
Timber olad 
Metal 
Plae tic 

Flow Coeffioient Flow J!kponent 
(dm3/s.m.Pa2/') 

mean mu. min. s.dev mean max. min. B. dev 

Caution: dppox imace  data only.  No respons ib iZ iSy  can be 
accepted f g r  the  Qse o f  data presented i n  t h i s  
pz4blication. See note  on page 6 .8 .  



TABLE 6 . 3 . 3  A I R  LEAKAGE DATA - WallfWindow Frames and Door Frames 
. - 

(Data expressed for each metre length of joint) 

Item 
Wall 

Mater ia l  

$;%y br i ck  

Caulked 
Uncaulked 

E;anz br iok 

Caulked 
Uncaulked 

%;ay br i ck  

Caulked 
Unoaulked 

Concrete 
Caulked 
Uncaulked 

Concrete 
Caulked 
Unoaulked 

Concrete 
Caulked 
Uncaulked 

Timber 
Caulked 
Unoaulked 

Timber 
Caulked 
Unoaulked 

Timber 
Caulked 
Uncaulked 

Timber/Maeonry 
Caulked 
Uncaulked 

Timber/Masonry 
Caulked 
Unoaulked 

Timber/Maeonry 
Caulked 
Uncaulked 

Flov Coeff io ient  Flov Exponent 
Frame (dm'/a.m.Pa2 " )  

Mater ia l  mean max. min. m. dev mean max. min. 8. dev 

Timber 

0.0014 0.6 

P l a s t i c  

Timber 

Metal 

P l a s t i c  

Timber 

0.05 0.06 0.05 0.66 

Metal 

P l a s t i c  

Timber 

P l a s t i c  

Caution: Approzdrnate data ozLy. No responsEbiZCtg can be 
a c c e p t e d f ~ r  the  m e  o f  da t c  prcser?$ed ?n this 
p b l i c a t d m .  See note  m page 6 . 5 .  



TABLE 6 . 3 . 1  A I R  LEAKAGE DATA - T i m b e r  Doors 

(data expressed for each metre length of joint) 

I tem Flow Coefficient Flow Exponent 
(dm3/s.m.Pa2 - )  

mean max. min. 8 .  dev mean max. min. s.dev 
Single aide hung - timber 
keatherstrippedr 

Internal 1.45 2.57 0.81 0.54 0.6 0.7 0.5 0.05 
External 0.96 1.24 0.7 0.24 0.64 0.05 
Firedoor 

Unweatherstripped~ 
Internal 1.58 3.38 0.49 0.67 0.59 0.79 0.51 0.05 
External 1.32 3.52 0.79 0.55 0.59 0.71 0.50 0.05 
Firedoor 1.71 0.58 

Single side hung - metal 
Weatherstri~~edr 

~ntarnal" 
External 
Firedoor 

Unweathoratrippedt 
Internal 0.038 
Ekternal 0.038 
Firedoor 

Double side hung - timber 
Weatherstrippedr 

~nternal- 
External 
Firedoor 

Unveatherstrippedr 
Internal 
Ekternal 
Firedoor 

Slldina door - tw 
Weatherstrippedr 

Internal 
External 

Unwaatherstrippedr 
Internal 
External 

Caution: Approximate data only.  No r e s p o n s i b t t i t y  can be 
accepted for the  use o f  data presented i n  t h i s  
pubZication. See xo te  on page 6 . 8 .  
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TABLE 6 . 3 . 2  A I R  LEAKAGE DATA - Windows 

(Data expreseed for each metre length of joint) 

Item Flow Coeffioi nt Flow Exponent 
(dln3/s.m.Pa2>) 

mean m m .  min. E. dev. mean max. min. a .  dev. 
Caeement - eide hung 
Weatherdtrippedr 

Timber 0.03 0.1 0.01 0.03 0.66 
Timber olad 0.17 0.01 0.66 
Metal 0.27 0.29 0.14 0.03 0.66 
Plamtio 

Unveatheretrippedr 
Timber 0.23 1.19 0.04 0.2 0.66 0.85 0.50 0.1 
Timber olad 
Metal 
Plastio 

Caeement - top hung 
Weatherntrippadr 

Timber 
Timber olad 
Metal 
Plantio 

Unweatherstrippedr 
Timber 
Timber clad 
Metal 
Plartio 

Casement - 
central pivot vertical 
Weatherntrippodr 

Timber 
Timber olad 
Metal 
Plastio 

Unweatherstrippedr 
Timber 
Timbr olad 
Metal 
Plaetio 

Casement - 
central pivot horisontal 
Weathermtrippedr 

- - 

Timber 
Timber olad 
Metal 
Plastio 

Unveatheretrippedr 
Timber 0.8 1.25 0.04 0.4 0.6 0.9 0.53 0.1 
Timber clad 
Metal 
Plantio 

Horisontal nlidina - sinale 
Weatheretrippodr 

Timber 0.05 0.03 0.66 
Timber olad 0.06 0.01 0.66 
Metal 0.08 0.18 0.05 0.05 0.66 
Plaetio 

Unveatheratrlppedr 
Timber 0.13 
Timber olad 
Hatal 
Plmstio 

Caution: Approximate data only .  No r e s p o n s i b i l i t y  can be 
uccepted for the  use o f  data presented i n  t h i s  
publ icat ion.  See note on page 6 . 8 .  



TABLE 6 . 3 . 4  A I R  LEAKAGE DATA - WallIFloor Joints 

(Data expressed f o r  each metre length of j o i n t )  

Item Flow Coeff ic ient  Flow Exponent 
Wall Bottom (dm3/s.m.Pa2") 

Material (Foundation) mean m u .  min. 8 .  dev mean max. min. 8. dev 
Material 

Caulked 
Unoaullced 

Caulked 
Uncaulked 

Caulked 
Uncaulked 

Caulked 
Unoaulked 

Timber frame 

Caulked 0.08 0.12 0.04 0.66 
Unoaulked 0 4  0.1 0.66 

Timber frame Chipboard 
p 0 1  (p las ter  

Caulked 
Unoaulked 

Tlmber frame Briok+DPC 

ii%k5P Caulked 

Unoaulked 

Timber frame Conorete m- 
Caulked 
Unoaulked 

Caution: Approximate data only .  No r e s p o n s i b i l i t y  can be 
accepted fo r  the  use of  data presented i n  t h i s  
pkbl ica t ion .  See note on page 6 . 8 .  



TABLE 6 .3 .5  A I R  LEAKAGE DATA - Wall/Ceiling J o i n t s  

(Data expreesed for each metre length of joint) 

I tom 
Wall 

Mater ia l  

br lok  

Caulked 
Unoaulked 

;;hy brlok 

Caulked 
Unaaulked 

E ; ; Y  br i ck  

Caulked 
Unoaulked 

Timber frame 

Caulked 
Unoaulked 

Timber frame 

Caulked 
Unoaulked 

Timber frame 

Caulked 
Uncaulked 

S t e e l  beam 
Caulked 
Unoaulked 

S t e e l  beam 
Caulked 
Unoaulked 

S t e e l  beam 
Caulked 
Unoaulked 

Flow Coeff lo ient  Flow Exponent 
Ce i l i ng  ( d m ' / s . m . ~ a ~ / ~ )  

Mater ia l  mean max. min. B .  dev mean max. min. 8 .  dev 

S t e e l  beam 

Fibreboard 

Plas terboard  

S t e e l  beam 

Fibreboard 

0.03 0.26 0.01 0.66 

Plaeterboard  

S t e e l  beam 

Fibreboard 

Plas terboard  

0.05 

Caution: Approximate data only.  1Vo r e s p o n s i b i l t t y  can 3e 
accepted ,'or t h e  tlse of  data presenked i n  t h i s  
uubl ica t ion .  See note on page 6.8.  



TABLE 6 . 3 . 6  A I R  LEAKAGE DATA - Wall/Wall J o i n t s  

( ~ a t a  expressed for each metre length of joint) 

Item Flow Coeff ic ient  Flow Exponent 
(dm'/e.m.~a"~) 

mean max. min. s .  dev mean max. min. s .  dev 

Timber frame panel t o  timber 
frame pane11 

Caulked 
Unoaulked 0.002 0.008 0.001 0.002 0.66 

Timber frame panel t o  masonry 
briok/blookr 

Caulked 
Unoaulked 

Masonry briok/blook t o  timber 

=%E%' 

Masonry briok/block t o  
masonry briok/blockr 

Caulked 
Uncaulked 

Caution: Approximate data o ~ Z y .  No r e s p o n s i b i i i t ~  can be 
accepted ,"or t h e  use o f  dc$a r e s e n t e d  i n  t h i s  
publicat ian.  See nata on page 6 .8 .  



TABLE 6 . 3 . 7  AIR LEAKAGE DATA - Roofs (including joints) 
2 

(Data expreseed for each m of surface) 

Item Flov Coeffioient Flow Ekponent 
(dm3/s  . m 2 .  ~ a ' / ' ~ )  

mean m u .  min. e. dev mean max. min. 8. dev 

Aebeetoe oement rhingleet 

m 
Not veatheretripped 1 .08 
Weatherstripped 0.7 

Asbestor cement ehlngles: 

d-w-w-b 
Not veatheretripped 0.6 

TABLE 6 . 3 . 8  AIR LEAKAGE DATA - Exterior Walls (includinn ioints) 
Timber Frame 

2 
(Data expressed for each m of surface) 

Iappad veatherboardat 
Coated alkyd paint, 18mm 

Rusticated vsathrrbQprga8 
Unpninted, 18m thiok 

Timbmr frame panels, 
fibreboard sheathing, 
raineoreen oladding, 
plaeterboard lining 

Flow Coegfioient Flow Exponent 
(dm3/s.m .I'eu3 ) 

mean max. min. 8. dev mean max. lain. a. dev 

Caution: Approximate data onZy. No r e s p o n s i b i l i t y  can be 
accepted f'or t h e  use o f  data presented i n  t h i s  
publ ica t ion .  See note  on page 6 .8 .  



TABLE 6 .3 .9  A I R  LEAKAGE DATA - E x t e r i o r  Walls ( inc luding  j o i n t s )  
Bricks 

(Data expressed f o r  each m* of eu r f ace )  

I tem Flow Coef f io i en t  Flow Exponent 
(d~n~/s.m~.~a~'~) 

mean m. min. s .  dev mean max. min. 8. dev 

r i o k ,  unvonted, oav i ty  
wlth expanded mioa 

i n e u l a t i m t  
Bare su r f ace  0.024 
3 coa t e  p l a s t e r  on ine ide  

eurfaoe  0.0014 

Clay br iok,  unvented, oav i ty  
f i l l e d  wlth granula ted  
mineral  y o d t  

Bare surfaoe  0.02L 
3 ooa t s  p l a s t e r  on i n s i d e  

eurface  0.0034 

Briok, v e n t i l a t e d  cav i ty ,  
g laee  f i b r e  i neu la t ion .  
vapour b a r r i e r ,  wallboard 
ilARkb 0.18 

D i t t o  but oav l ty  a i r  vented 0.01 0.87 

TABLE 6.3.10 A I R  LEAKAGE DATA - Exte r io r  Walls ( inc luding  j o i n t s )  
Concrete Blocks 

(~ata expressed f o r  each m2 o f  eu r f ace )  

Item 

mean 

Expanded o l ay  aggregate  
blooke, hollowe empty: 

Bare surfaoe  
2 ooats  p a i n t  on i n s i d e  

eu r f ace  
D i t t o  + 2 ooate e tucco 

and 1 ooat p a i n t  on 
ou t s ide  surfaoe  

Expanded a l a y  aggregate 
blocks,  hollowe f i l l e d  with 
voloanio d u s t  

Expanded a l a g  a g a e g a t e  
blooks. hollows f i l l e d  v l t h  
expanded d o a t  

Bare surfaoe  
3 ooa t s  stuooo on ou t s ide  

eurface  

Sand and g rave l  blooks, 
hollows f i l l e d  with expanded 
mi>t 

Bare surfaoe  
1 c o a t  l a t e x  p a l n t  on 

ine ide  su r f aoe  

Flow Coeffioieft Flow Exponent 
(dm'/s.m2.~oz 3 ,  

max. min. e. dov mean max. min. 8. dev 

Caution: Approximate data on Zy . Io  respons ib i  l i t y  can be 
accepted for t he  use o f  data presented i n  t h i s  
publ ica t ion .  See note on page 6 . 8 .  



TABLE 6.3.11 A I R  LEAKAGE DATA - Exterior Walls (including joints) 
Miscellaneous 

(Data expressed for each m2 of surface) 

Item Flow Coef f io i en t  Flow Exponent 
( d m 3 / r  . r n 2 . ~ a 2  '3) 

mean max. m i n .  s .  dev mean max. min. 8. dev 

Preoas t  oonorete panels,  
p a k e t  j o i n t s ,  p las terboard  
l i n i n ~  0.026 

P r o f i l e d  aluminium c l add ing  
v i t h  bonded oompoeite 
i n s u l a t i o n  and l i n i n g  0.u 

Pro f i l ed  e t e e l  c ladding v i t h  
s epa ra t e  q u i l t  i n s u l a t i o n  
and d a e t e r b o a r d  l i n i n e  0.26 

Multi-storey c u r t a i n  vall  0.19 0.23 0.14 0.75 

Multi-etorey ooncre te  o r  
metal  panel 0.08 0.14 0.03 0.75 

Timber frame and rendered 
0.03 0.75 

m b e r  frame and b r lok  only 0.19 0.23 0.15 0.75 

TABLE 6.3.12 A I R  LEAKAGE DATA - Miscellaneous Components 

(Values expressed as a typical value for each component) 

Chimney 

Flow Coeff io lent  Flov Exponent 
(dm3/t3. ?<l2' ' )  

mean max. min. e. dev mean mm. min. a .  dev 

Open f i r e p l a c e ,  b r i c k  
chimney 17.0 

Fi rep lace  with 100mm 
diameter f l u e  6.2 

Fi rep lace  without i n s e r t :  
Damper open 45.2 L9.0 41 .O 0.5 
Damper c losed 8.9 10.8 7.0 0.5 

Fireplaoe  with i n a e r t r  
Damper open 8.4 11.6 5.2 0 .5  
Damper closed 4.7 5.9 3.4 0.5 

Fireplaoe ,  damper closed 8.3 17.9 1.9 0.5 

Mail e l o t  0.2 0.5 

Cahtion: Approximate dc ta  on ly .  No r e s p o n s i b i l i t y  can be 
accepted for  t h e  use o f  data prese~l ted  i n  t h i s  
publ ica t ion .  See note on page 6 .8 .  



TABLE 6.3.13 A I R  LEAKAGE DATA - P e n e t r a t i o n s  - Ducts 
(values expressed as a typical value for each component) 

I ten Flow Coef f i c i en t  Flow Exponent 
(dm'/e. p.3' ' )  

mean max. min. 8. dev mean max. min. B .  dev 

h c t  through e x t e r i o r  wal l  2.5 

h c t  t b o u g h  l n t e r n a l  wal l  0.44 

Flue vent through c e i l i n g  3 - 0  

S p i r a l  duct ,  '80mm diameter: 
Poor s e a l  0.44 
n'ell sea led  wlth 

polyurethane foam 0.01 5 

TABLE 6.3.14 A I R  LEAKAGE DATA - P e n e t r a t i o n s  - Pipes 

(Values expressed as a typical value for each component) 

Item Flow Coef f i c i en t  Flow Exponent 
(dEt'/8.1JU2 3 )  

mean max. min. s .  dev mean max. min. a. dev 

Conduit, l5mm diameter:  
Well sea led  0.0 
Through moss-cute  i n  

vapour b a r r i e r  0.19 

Pipe through wall 0.62 0.66 

Opening f o r  p ipe  o r  duct t  
Caulked 0.06 
Not caulked 0.31 

Plumbina t o  bath 

38mm diameter 

Ccktion: Approximate d a ~ a  only .  No r e s p o n s i b i l i t y  can be 
accepted for t h e  kse of data presented i n  t h i s  
p b l i c a t i o n .  See note on page 6 . 8 .  



TABLE 6 . 3 . 1 5  A I R  LEAKAGE DATA - penetrations - Elec tr i ca l  Outlets 

(Valuea expressed a8 a typical value for each component) 

Item 

f&otrioal van outlet  

Electrical wall outlet ,  
oarefully f i t ted:  

Cable holes open 
Cable holea plugged 

Electrical s d t o h  

Eleatrloal box i n  e x t e ~ i o r  
U l  

With ganket 
Without gasket 

Recessed l ight  f i t t i n g :  
Unoaulked 
Caulked round edge8 

Reoessed epotlight 

Side mounted l l ~ h t  

Ceiling mounted l ight8 

Flow Coeffioient Flow Exponent 
(dm3/s.~aZ") 

mean max. m i n .  m .  dev mean max. m i n .  a. dev 

0.25 0.46 0.66 

Cautim: Approximate dcta only. Xo r e s p o n s i 3 i l i t ~  can be 
accepted fcr t he  Ltse of data presented i l z  t h i s  
ptcblication. See n ~ t e  on a g e  6.8. 







6.4 GLOSSARY 

adventitious opening 
An opening in the building envelope whioh is unintentional. 

air change 
A quantity of fresh air equal to the volume of the room 
(building) being ventilated. (S1 unit m3 ) . 

air change rate 
The ratio of the volumetric rate at which air enters (or 
leaves) a room divided by the volume of the room. Usually 
th 8 ie expressed in air changes per hour (ach). (S1 unit t h- 1. 

air distribution 
The delivery of outdoor or conditioned air to various 
spaces In a building, usually by mechanical means. 

air exchange 
see "air change" 

air flow 
The mass/volume transport of air between two points. Flow 
is usually further oategorieed by whether it ie laminar or 
turbulent. 

air flow rate 
The maee/volume of air moved in unit of time.  h he 
transport may be within an enclosure or through an 
enclosing envelope). 
(S1 units: kg/s - mass flow rate, m318 - volume flow rate) 

air infiltration 
The uncontrolled inward air leakage through cracks and 
interstices in any building element and around windows and 
doors of a building, caused by the pressure effects of the 
wind and/or the effect of differences in the indoor and 
outdoor air density. 

air infiltration characteristic 
The relationship between the flow rate of air infiltration 
into a bullding and the parameters which cause the movement. 

air inlet 
Opening in a building envelope or room wall for the 
provision of outdoor or conditioned air. 

air leakage 
The flow of air through a component of the building 
envelope, or the building envelope itself, when a 
pressure difference is applied across the component. 



air leakage characteristic 
An expression which describes the air leakage rate of a 
building or component. This may be: 
(a) the air leakage flow rate at a reference pressure 

difference across the component or building envelope. 
(b) the relationehip between flow rate and pressure 

difference across the building envelope or component 
(c) the Equivalent Leakage Area at a reference pressure 

difference across the component or building envelope. 

air outlet 
Opening in a building envelope or shaft through which 
vitiated air is expelled to the outside. 

air renewal 
The process of replacing vitiated indoor air by outdoor 
or oonditioned air. 

air quality (indoor) 
The time-weighted mean concentration of airborne pollutants. 
Note: The time period is normally 8, 24 or 40 houre and 

must be stated. 
(SI unit pg/m3). 

airtightness 
A general descriptive term for the leakage characteristioe 
of a building. 
Note: The smaller the leakage rate at a given preseure 

difference across a building envelope, the greater 
the nairtightnessn. 

airtight building 
A building which is (relatively), (a) impervloue to air, 
(b) reeistant to penetration by air. 

air-to-air heat recovery 
The process by which heat from outgoing warm vitiated air 
is transferred to incoming oool outdoor air with minimal 
mixing between the two air streams. 

airtightness standard 
Standard value of building or component air leakage 
correeponding to a reference pressure difference acroee the 
building envelope or component. Standard valuee may be 
expressed in terme of air change rate, flow rate per unit 
area of opening, or flow rate per unit length of orack. 

baokdraughting 
The reverse flow of polluted air (or flue gaeee) in a 
chimney, flue or other air outlet. 



blower door 
A device that fits into a doorway for supplying or 
extracting a measured flow rate of air to or from 
a building. It is normally used for testing for air 
leakage by pressurization or depressurization. 

building envelope 
The total of the boundary surfaces of a building through 
which heat (or air) ie transferred between the internal 
spaces and the outside environment. 

caulking 
To make a joint airtight by applying a eealing material. 
A form of weatherstripping. See also "weatherstripping". 

commercial building 
A functional classification term for buildings. A general 
term for buildings whose primary purpose is to provide 
apace for commercial rather than domestic activity. 

component leakage 
The leakage of air through the building envelope which is 
directly attributable to flow through cracks around doors, 
windows, etc. 

component opening 
Crack, vent or other opening formed in the building 
envelope which is directly attributable to particular 
components such as doors, windows, ventilation bricks, etc. 

constant concentration measurement 
See "tracer gas (constant concentration method) ". 

constant flow meaeurement 
See "tracer gas (conetant flow (emission) method)". 

conetant emleeion measurement 
See "tracer gas (constant flow (emieeion) method)". 

contaminant 
An unwanted airborne constituent that may reduce 
the acceptability of the air. 

cost effectiveness 
Consideration of the finanoial gaine, aesessed over an 
agreed period, effected by a ohange compared with the 
expense of achieving the proposed change. A change is aaid 
to be cost effective if the financial gaine exceed the 
expense. 

cross contamination (of air) 
The contamination of one stream (or mass) of air by 
pollutants in another due to air movement between the two 
etreams (or masses). 



decay method 
See "tracer gas (rate of decay method) ". 

degree day 
The number of degrees of temperature difference on any one 
day between a given base temperature and the 24-hour mean 
outside air temperature for the particular location. 

depressurisation 
The term used in connection with building/component air 
leakage tests when the pressure inside a building (or on the 
indoor surface of a component) is maintained at a level 
lower than the pressure outside (or on the outside surface 
of a component). 

discharge coefficient 
A dimensionless coefficient relating the mean flow rate 
through an opening to an area and the corresponding preaaure 
difference across the opening. 

draught 
Excessive air movement in an occupied enclosure causing 
discomfort. 

equivalent leakage area (ELA) 
The equivalent amount of orifice area that would paas the 
same quantity of air as would pass collectively through the 
building envelope at a specified reference pressure 
difference. 

exfiltration 
The uncontrolled flow of air out of a building. 

extract air 
exhauet air that is discharged to the atmosphere from a 
building. 

flow characteristic 
A term embracing the various relevant constants, 
coefficients and exponents in an expression governing flow. 

flow coefficient (k) 
Parameter used in conjunction with the "flow exponentn to 
quantify flow through an opening. 

flow equation 
Equation describing the air flow rate through a building 
(or component) in reeponee to the pressure difference acroes 
the building (or component). 

flow exponent (n) 
Parameter characterising the type of flow through a 
component. (nal represents laminar flow, n=O. 5 represents 
turbulent flow). For many openinga, n takes a value between 
them extremes. 



flow (laminar) 
Flow in which fluid moves smoothly. In thie flow form, 
cross stream momentum transfer takes place by viscous 
action alone and mixing between flow strata does not 
occur. 

flow (mass balance) 
Equilibrium condition in which mass flow Into a space 
balances that which is leaving. 

flow network 
A network of zones or cells of differing pressure connected 
by a series of flow paths. 

flow (orifice) 
Flow through an opening which may be considered to conform 
to the laws governing fully turbulent flow through an 
orif ice. 

flow (piston) 
See "flow (plug)" 

flow (plug) 
The type of flow in which fluid is displaced without mixing 
e.g. the displacement of contaminated air by fresh air. 

flow (turbulent) 
Flow in which cross-stream momentum transfer is dominated 
by bulk motion of the fluid in the form of random eddies. 

fresh air 
See "outdoor airn. 

gap leakage 
See "component leakage". 

heat exchanger (air-to-air) 
A device designed to transfer heat from two physically 
separated fluid streams. In buildings, it is generally used 
to transfer heat from exhaust warm air to incoming cooler 
outdoor air. 
See "air-to-air heat recoveryn 

heat pump (air-to-air) 
A device operating on a refrigeration cycle in which both 
evaporator and condenser are refrigerant/air heat 
exchangers. As a heating season heat recovery device, the 
evaporator transfers heat from the exhaust warm air to the 
refrigerant and the condenser transfers heat from the 
refrigerant to incoming cooler outdoor air. Arrangements 
are often made to allow the refrigerant flow to be reversed 
making the condenser the evaporator and vice versa - thus 
heat may be recovered in the cooling season. 



heat pump (air-to-water) 
A device operating on a refrigeration cycle in which the 
evaporator is a water/refrigerant heat exchanger and the 
condenser a refrigerant/air heat exchanger. The circuit 
normally includes an arrangement which allows the 
refrigerant flow to be reversed thus allowing heat to be 
transfered In either direction. In one system, a number 
of small air/water heat pumps installed in various zones 
around a building are used to transfer heat into or from 
a common water circuit. Thus heat unwanted in one zone may 
be transferred to another where it is needed. 

heat pump (exhaust air) 
See "heat pump (air-to-air) 

heat recovery 
See "heat exchangern and "air-to-air heat recoveryn 

heat recovery effectiveness 
See "heat recovery efficiencyn. 

heat recovery efficiency 
The proportion, normally expressed as a percentage, of 
heat recovered from otherwise "waste heatn, passing 
through a heat recovery system. 

indoor climate 
The synthesis of day-to-day values of physical variables in 
a building, e.g. temperature, humidity, air movement and air 
quality, etc., which affect the health and/or comfort of the 
occupants. 

industrial building 
A functional classification term for buildings of which the 
main purpose is to provide space for manufacturing and 
assembly processes. These are characterised by high levels 
of aotivity, both mechanical and human, and often by 
generation of internal pollution. 

infiltration degree day 
A measure of severity of the climate as It relates to air 
infiltration. 

infiltration heat loss 
Heat loss from a building which is directly attributable 
to the effects of cooler outside air leaking into a building 
and of warm air leaking out. 

intentional opening 
See npurpose provided openingv. 

iterative method 
Method of computation in which a solution compatible with 
the known facts emerges following a series of calculations 
made by asoribing values, successively changed by small 
etepe, to the unknown variable(8). This method, often too 
tedious to undertake manually, becomes practicable using 
computers. 



leakage (area) 
The actual open area of a hole or gap. 

leakage (background) 
Leakage of air through a building envelope which is & 
accounted for by obvious measurable gaps, i.e. component 
or purpose provided openings. 

leakage ( components ) 
See "component leakagen. 

leakage distribution 
The apportionment of air leakage through the openings 
(flow paths) comprising the flow network. 

leakage (fabric) 
See "leakage (background)". 

mixing (imperfect) 
The combining of two or more substances such that the parts 
of one are unevenly distributed among the parts of another. 

mixing (perfect) 
See "mixing (uniform) ". 

mixing (uniform) 
The combining of two or more substances such that the parts 
of one are wholly diffused throughout the parts of another. 

multizone 
A building or part of a building comprising a number of 
zones or cells. 

network model 
See "theoretical model (network method). 

network technique 
Theoretical method for estimating the magnitude of air 
infiltration and interzone air movement using a model which 
considers a building to comprise a number of enclosed spaces 
each at its own internal pressure. 

network technique (single cell) 
Theoretical method for estimating the magnitude of air 
infiltration, using a model which considere a building as a 
single enclosed space at a single internal pressure. 

neutral pressure plane 
A horizontal plane where no (mean) pressure difference 
exists between the inside and outside of a building. 



occupancy 
The time during which occupants are in a building 
(generally expressed as hours per day). 

occupancy pattern 
The form and type of activity of occupants whilst in a 
building. 

open area 
The actual physical area of an opening in a building. 

opening (large) 
Opening (hole, gap) in a building envelope which is 
generally purpose made, e.g. door, window, vent, etc. 

opening (orif ice) 
That size of opening in the form of a single orifice which 
would be required to represent the sum of all leakage 
openings in a building envelope such that, for a given 
applied pressure difference across it, the rate of air flow 
through the orifice would be identical to that applicable to 
the building itself for the same pressure difference. 

outdoor air 
Air from free atmosphere that is generally assumed to be 
sufficiently uncontaminated to be used for ventilation. 

payback 
The financial gain, accumulated over a period, arising from 
the introduction of a certain measure after deducting the 
initial cost of the measure and all operating and 
maintenance costs attributable to it over the same period. 
In making the comparison, account is taken of interest 
rates, inflation rate, energy cost inflation (aa 
appropriate) and all costs and savings discounted to adjust 
them to a common date (generally the present day). 

pollutant concentration 
The concentration in air of contaminants such as noxious 
gases or dust particles. 
Note: Concentrations are often expressed as time weighted 

values over 24 hours, a working day or working week. 
(S1 unit pgIm3 . 

power law equation 
The relationship governing the air flow rate through a 
building or component which is expressed in the form of 
a power law. 

pressure coefficient 
A dimensionless coefficient relating the velocity pressure 
on the outer surface of a building to the velocity pressure 
derived from the mean wind velocity at a reference point. 



pressure distribution (internal) 
The pattern of static pressure variation at various points 
inside a building due to variations in air density and air 
flow into and out of the building. 

pressure distribution (surface) 
The pattern of positive (or negative) pressure relative to 
the static pressure of the prevailing free wind, at varioua 
points on the external surface of a building, caused by the 
flow of the wind onto or around a building. 

pressure (stack) 
Pressure differential acroee a building caused by 
differences in the density of the air due to an 
indoor-outdoor temperature difference. 

pressure (static) 
The pressure exerted on its surroundings by a volume of 
f hid. 
(S1 unit Pa). 

pressure (total) 
The algebra10 sum of the static preesure and the velocity 
pressure at a point. 

pressurisation 
A method of testing for air leakage of a building or 
component by installing a fan in the building envelope, 
e.g. through a door or window, and creating a static 
pressure excess ineide the building. The flow rate through 
the fan and pressure difference across the envelope are 
measured and air leakage assessed. 

purpose provided opening 
Opening in the building envelope for the specific purpose 
of supplying ventilation air, i.e. air bricks, vents, 
extractor fane, intake and exhaust for HVAC systems, 
chimneys, etc. 

quadrature 
The name given to the arithmetical process whereby the sum 
of two values is given by the square root of the sum of the 
squares of the two values. 

reference pressure 
A specified preesure to which pressure dependent quantities 
may be adjusted to facilitate comparison of magnitudee. 
Note: (a) The CIBSE reference absolute pressure for air 

is 101.325 kPa. 
(b) Flow coefficients in the exponential form of the 

leakage equation are usually flow rates at a 
reference pressure difference of 1 Pa. 



regression method 
Method of investigating the functional dependence of 
variables on each other. It conelets of estimating 
regression coefficients applied to the various terms 
in the empirical equation approximating the functional 
relationship. 

retrofit 
The process of reducing energy loss in an existing building 
by physical means, e . g .  reducing excess air infiltration 
by obstructing flow through cracks and openings. 

roughness (terrain) 
See "terrain roughnessn. 

shelter belt 
See nwindbreakn. 

shielding 
The degree of proteotion from wind offered to a building 
by upstream obstacles. These may be vindbreaks, shelter 
belt, or another building. It may be negative where 
eddy reinforcement takes place between large buildings. 

ehielding class 
Classification for the degree of shielding by local 
obstacles, ranging from Class I (shielding coefficient 0.34) 
to Class V (shielding coefficient 0.11). 

shielding coefficient 
The ratio of average total exterior wind preesure to the 
etagnation preseure at ceiling height. 

short circuiting 
Direct flow between an inlet and outlet, i.e. along 
shortest path, without mixing 

single zone 
A building or part of a building comprising one zone 
of uniform pressure. 

specific leakage area 
Leakage area expressed per unit floor area. 

stack 
A single ohimney/flue or a cluster of chimneys/flues. 

stack effeot 
The pressure differential across a building oaused by 
differences in the density of the air due to an 
indoor-outdoor temperature differenoe. 
See npreesure (stack) ". 



stack infiltration 
Infiltration driven by stack effect. 

stack preesure 
See npreesure (stack) ". 

stagnation pressure (at ceiling height) 
The sum of the velocity pressure due to the wind and the 
absolute pressure if there were no wind. 
Note: The velocity pressure to be used is that calculated 

using the wind speed at ceiling height, which would 
be meaeured if the structure was not present. 

stratification 
The formation of layers of different density in a body of 
fluid which is not well mixed. In the case of a fluid 
within an enclosure, the variation in density may be due 
to difference of temperature. The term "thermal 
stratificationn Is often ascribed to this condition. 

supply air 
Air introduced into a treated space by a ventilation system. 

terrain class 
Measure of surface roughness. 

terrain effect 
The effect of the landecape surrounding a building on the 
wind speed and direction, and thus on the surface pressure 
distribution on the building envelope. 

terrain roughness 
The character of the terrain over which wind passes 
upstream of a building causing the wind velocity to be 
modified. It is common practice to classify terrain 
according to roughness and express the variation in terms 
of roughness constants. 

theoretical model (network method) 
Model of a building employed in network method which 
include the parameters: 
- flow path distribution and characteristics. 
- building height. - internallexternal temperature difference. 
- local wind speed and external pressure distribution. 
- characteristics of mechanical ventilation system. 

thermal buoyancy 
The upward force experienced by a body of fluid at a 
higher temperature than the fluid which surrounds it. 

thermal stratification 
See nstratificationw. 



tracer gas 
A gas used with a detection device to determine the rate 
of air interchange with a space. 

tracer gas (constant concentration method) 
A method of measuring ventilation rate whereby an automated 
system injects tracer gas at the rate required to maintain 
the concentration of tracer gas at a fixed, predetermined 
level. The ventilation rate is proportional to the rate at 
which the tracer gas must be injected. 

tracer gas (constant flow/emission method) 
A method of measuring ventilation rate whereby tracer gae is 
emitted continuously at a uniform rate. The equilibrium 
concentration of tracer gas in air is measured. 

tracer gas (rate of decay method) 
A method of measuring ventilation rate whereby a quantity 
of tracer gas is released and the decrease in concentration 
measured as a function of time. 

tracer gas technique 
General term applied to any method employing tracer gases to 
determine air infiltration and ventilation rates. 

tracer gae (transfer index method) 
A method of measuring ventilation rate by determining the 
transfer index between two points. The time integral of 
tracer gas concentration is determined at one point 
following the liberation of a fixed volume of tracer at 
another. Several sample points are usually employed. The 
reciprocal of the transfer index has dimensions of 
ventilation rate. 

turbulent fluctuation 
Fluctuation in wind induced pressures on a building due 
to the variable velocity of atmospheric wind. 

unintentional opening 
See nadventitious openingn. 

vapour barrier 
A moisture-impervious layer applied to the surface8 
enclosing a space or to the external surface of thermal 
insulation to limit moisture migration. 

vent 
A device permitting air flow in order to maintain the 
balance of pressure between the atmosphere and the system. 

ventilation 
The process of supplying and removing air by natural or 
mechanical means to and from any space. 



ventilation effectiveness 
An expression describing the ability of a mechanical (or 
natural) ventilation system to remove pollution originating 
in a space, either of a steady state or transient nature. 

ventilation efficiency (absolute) 
A quantity which expresses the ability of a ventilation 
system to reduce a pollution concentration relative to the 
feasible theoretical maximum performance. 

ventilation efficiency (relative) 
A quantity describing how the ventilation ability of a 
system varies between different parts of a room. 

ventilation heat gain/loss 
The heat gained or lost by virtue of warm and/or humid 
air flowing into or leaking from a space. 

ventilation (intentional) 

a Ventilation provided by mechanical systems or through 
purpose provided openings, e.g. windows, air bricks, etc. 

ventilation (purpose provided) 
Ventilation provided to a apace as the result of specific 
action to ensure its introduction. Such ventilation may 
be provided by natural means through purpose provided 
openings of the required size and position or by mechanical 
means. 

ventilation strategy 
A plan by which ventilation air is purposefully provided to 
a space rather than to rely on the vagariee of adventitious 
ventilation. When such a strategy is employed it is normal 
to take aotion to minimise background leakage. 

ventilation sys tem (balanced aupply/extract ) 
A system in which fans both supply and extract air from the 
enclosed space. Such a system allows air-to-air heat 
recovery. 

ventilation system (mechanical) 
A system in which the motive force needed to introduce air 
to, or extract air from, a space, is provided by one or more 
fans . 

ventilation syatem (mechanical extract) 
A mechanical ventilation system in which air is extracted 
from a space(s) so creating an internal negative pressure. 
Supply air is drawn through adventitious or purpose provided 
openings. Such a system allows heat to be recovered from 
the extracted air. 



ventilation system (mechanical supply) 
A system in which air is supplied to a space(s) so creating 
an internal positive pressure. Air leaves the building 
through adventitious or purpose provided openings. Such 
a system does not allow heat to be recovered from the 
exhausted air. 

ventilation (natural) 
Ventilation using only natural forces such as wind pressure 
or differences in air density. 

weatherstripping 
(a) Fixing a strip of flexible material to seal a joint 

between a moveable component and its seating. The 
strip ie attached to one edge and excludes air by 
pressing tightly against the other. 

(b) Fixing a piece of material to stop a draught passing the 
j oints of a closed component (such as a door or window) . 

windbreak 
A barrier designed to obstruct wind flow and intended for 
protection against excessive wind pressure. An example 
might be a natural or planned barrier of trees or shrubs 
known as a shelter belt. 

wind infiltration 
Infiltration driven purely by wind induced pressure 
differences across a building envelope. 

window ( openable ) 
A glazed opening in a wall to let in light in which all or 
part of the glazing may temporarily be moved to allow the 
passage of air. 

wind regime 
The range of weather conditions for which air infiltration 
is dominated by the effect of wind. 

wind speed (meteorological) 
The wind speed registered at the nearest meteorological 
station to the site of the building, presented as the wind 
speed at a height of 10m in open flat country. (S1 unit 
m/e>. 

wind speed (profile) 
The relationship between wind speed at a reference level, 
measured wind speed at height (h) and terrain roughness. 
Generally stated as a power law. 

wind speed (reference level) 
Wind speed adjusted to a specified height above the ground 
before use in calculations. (In many instances, as in this 
publication, the building height is taken as reference 
level) . 



wind tunnel (environmental) 
A device for simulating the wind speed and turbulence 
profiles in the lower atmospheric boundary layer for 
modelling pressure forces on buildings and the patterns of 
flow around them. 










