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SO MMAIRE 

Etant donne l'augmentation rapide du coot de l'energie et le besoin 

pressant d'une utilisation rationnelle, de nombreux edifices sont 

analyses en fonction de leur efficacite energetique au moyen de 

programmes informatiques sophistiques. Un des problPmes inherents 

a ces programmes est l'absence d'une methode precise mais simple pour 
evaluer le taux d'infiltration d'air, qui est un des facteur importants 

de la consommation d'energie. Afin de mettre au point une telle methode, 

l'auteur a effectue une etude informatiaue des carac$eristiaues de fuite 
..2':@ - *  

d'air des edifices en hauteur a 1 'aide de doRdPes sur la nression du 

vent en surface obtenues dans une soufflerie (couche limite). L'auteur 

presente de nouvelles donnees de distribution de la pression sur les 

faces d'un edifice en hauteur entoure de constructions t~lus basses de 

hauteur uniforme. L'edifice etudie et les construction avoisinantes 

sont separes par l'equivalent d'une rue avec trottoirs. 

Des equations pour la predirtion du taux d'infiltration de l'air ont ete 

derivees. Ces Gquat'qnr ;:;. sont valables strictement que pour les edifices 

en hauteur entoures de constructions plus basses,de hauteur a peu prPs 
uniforme. Les equations ne peuvent etre generalisees pour un grand 

edifices* protege par un autre grand edifice a moins sue ceux-ci ne soient 
assez eloignes 1 'un de 1 'autre. 
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INTRODUCTION 

With t h e  r a p i d l y  r i s i n g  energy c o s t s  and a  growing need t o  conserve energy,  more and more 
b u i l d i n g s  a r e  b e i n g  ana lyzed  f o r  energy e f f e c t i v e n e s s  u s i n g  s o p h i s t i c a t e d  computer programs. 
One problem i n h e r e n t  i n  t h e s e  programs i s  t h e  l a c k  o f  a n  a c c u r a t e  b u t  s imple  method f o r  
e s t i m a t i n g  a i r  i n f i l t r a t i o n  r a t e ,  which i s  known t o  b e  a  s i g n i f i c a n t  component o f  t h e  energy 
consumption. To develop such a  method, a  computer s t u d y  of a i r  leakage c h a r a c t e r i s t i c s  was made 
f o r  t a l l  b u i l d i n g s  u s i n g  s u r f a c e  wind p r e s s u r e  d a t a  o b t a i n e d  i n  a  boundary l a y e r  wind t u n n e l .  
The r e s u l t s  f o r  a  f u l l y  exposed t a l l  b u i l d i n g  i n  a  suburban a r e a  were r e p o r t e d  by Shaw and 
Tamura ( 1 ) .  T h i s  paper  p r e s e n t s  new d a t a  on p r e s s u r e  d i s t r i b u t i o n s  over  t h e  f a c e s  o f  a  t a l l  
b u i l d i n g  surrounded by lower s t r u c t u r e s  o f  uniform h e i g h t .  The b u i l d i n g  and t h e  surrounding 
s t r u c t u r e s  a r e  s e p a r a t e d  from each o t h e r  by a  d i s t a n c e  e q u i v a l e n t  t o  t h a t  o f  a  s t r e e t  and 
s idewalks .  

Equat ions  f o r  p r e d i c t i n g  a i r  i n f i l t r a t i o n  r a t e  have been de r ived  us ing  b a s i c a l l y  t h e  same 
method a s  i n  t h e  paper  f o r  f u l l y  exposed t a l l  b u i l d i n g s  ( 1 ) .  These equa t ions  a r e  s t r i c t l y  v a l i d  
o n l y  f o r  a  t a l l  b u i l d i n g  surrounded b y  lower s t r u c t u r e s  o f  approximately  equal  h e i g h t .  They may 
n o t  b e  g e n e r a l i z e d  f o r  a  t a l l  b u i l d i n g  p a r t i a l l y  p r o t e c t e d  b y  ano the r  t a l l  b u i l d i n g  u n l e s s  t h e  
b u i l d i n g s  a r e  s u f f i c i e n t l y  f a r  a p a r t .  

FACTORS GOVERNING AIR INFILTRATION 

A i r  i n f i l t r a t i o n  i s  t h e  leakage o f  a i r  through c r a c k s  and  openings t h a t  e x i s t  i n  a  b u i l d i n g  
envelope.  I t s  magnitude can b e  c a l c u l a t e d  from 

Q = C.  A. ( A P . )  
0.65 

J J  1 

where 

Q = a i r  leakage r a t e  

C . = leakage c o e f f i c i e n t  of a  b u i l d i n g  component p e r  u n i t  a r e a  
J 

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  an opening 
J 

A. = a r e a  o f  t h e  b u i l d i n g  component 
J 

The leakage c o e f f i c i e n t  f o r  a  b u i l d i n g  can b e  b e s t  e s t i m a t e d  from t h e  r e s u l t s  o f  a i r  l eakage  
measurements conducted on s i m i l a f  t y p e  b u i l d i n g s .  For t a l l  b u i l d i n g s ,  t h e  sugges ted  v a l u e s  a r e  
g iven i n  Table  1 ( 2 ,  3 ,  4 ) .  

C . Y .  Shaw i s  Research O f f i c e r ,  Energy and S e r v i c e s  S e c t i o n ,  Div i s ion  o f  Bu i ld ing  Research,  
Na t iona l  Research Counci l  o f  Canada, Ottawa, K1A 0R6. 



TABLE 1 

Leakage Coe f f i c i en t s  f o r  Building Components 

The pressure  d i f f e r ence  ac ros s  a  bu i l d ing  envelope depends on ins ide-outs ide  temperature 
d i f f e r ence ,  amount of  p r e s su r i za t i on  produced by HVAC systems and wind pressures  on e x t e r i o r  
wa l l s .  The f i r s t  two f a c t o r s  can always be  est imated bu t  t h e  t h i r d  one, a t  p resen t ,  can only 
be obtained experimental ly .  To provide t he  necessary wind pressure  da ta  f o r  t h i s  study, t he  
National Aeronaut ical  Establishment of t he  National Research Council o f  Canada (NRCC) conducted 
an extensive wind pressure  measurement on a  t a l l  bu i l d ing  model i n  a  boundary layer  wind tunne l  
( 5 ) .  A b r i e f  de sc r ip t i on  of the  method used f o r  t he  pressure  measurement i s  given below. 

Wind Pressure D i s t r i bu t i on  on Building Envelope 

Correct ion Factor  f o r  C 
W 

a. w = Cw/ (CwIavg 

1/ 3 

1 

2 

Cur ta in  
Wall 

Tight  

Average 

Loose 

Floor 

Average 

Sha f t /S to ry  

Eleva tor  

S t a i r  

Wind pressure  measurements were made on the  wa l l s  of a  t a l l  bu i ld ing  model i n  an urban 
boundary l aye r  which was produced i n  a 1 . 8  m by 2 .7  m wind tunne l .  The boundary l a y e r  was 
produced us ing  an a r r ay  of 1 . 2  m high s p i r e s  ac ros s  the  entrance t o  t h e  working s e c t i o n  
followed by 8 rows of 0 . 3  m cubes a t  0 . 3  m c en t e r s .  The depth of t he  boundary l aye r  was about 
1.14 m which i nd i ca t ed  a  c o r r e c t  model s c a l e  of 1/400 t o  achieve a  f u l l - s c a l e  urban boundary 
layer  of 457 m cha rac t e r i zed  by the measured ve loc i t y  p r o f i l e  

Leakage Coef f ic ien ts  

3  0.65 cW, m i s * m 2 * ~ a  

0.31 x 

0.93 x 

1 .83  x 

3 0.5 
Cf, m / s * m 2 * ~ a  

5 . 3  

3 
C / c a r ,  0.075 m /s*Pa 

0.5 
S 

3  0.5 
Cs/shaft ,  0.03 m / soPa  

where 
V = wind v e l o c i t y  a t  he igh t  z above ground 

z  

K = constant  

Accordingly, t he  bu i l d ing  model which had p lan  dimensions of 7.6 cm by 11.4 cm (width/length = 
1/1.5)  was b u i l t  t o  a  s ca l e  of  1/400 t o  f i t  t he  modeled atmospheric flow s c a l i n g .  I t  was made 
up of two 3.8 cm and two 7 .6  cm modules, so t h a t  four  bu i l d ing  he ights  (22.9, 15.2,  7.6, and 
3.8 cm) were achieved using d i f f e r e n t  module combinations a s  shown i n  Fig. 1 .  The pressure  
t aps  were d r i l l e d  normal t o  t he  sur face  on a l l  four  wa l l s  o f  each module. The holes ,  a s  shown 
i n  Fig. 1, were pos i t ioned  i n  i d e n t i c a l  v e r t i c a l  rows bu t  t he  number of hor izonta l  rows var ied  
between modules, so t h a t  measurements could be  concentrated i n  regions where the  pressure  
v a r i a t i o n  was l a r g e .  



Tne model bu i l d ing  was mounted a t  t h e  cen t e r  of a  t u rn t ab l e  and it was surrounded by a  number 
o f  3.8 cm high blocks of t h e  same plan dimensions a s  the  model bu i l d ing  t o  s imulate  t h e  high 
dens i ty  urban a r e a .  The d i s t ance  between two ad jacent  blocks was about 7.6 cm which represen ted  
a  30 m wide road allowance i n  ac tua l  condit ion.  The major i ty  of  these  blocks turned with the  
bu i ld ing  model. 

Wind pressure  measurements were taken a t  t he  following wind angles  measured counterclockwise 
from the  normal t o  S ide  1: 0, 5 ,  10, 15,  30, 45, 60, 75, and 90 deg. The pressures  of each row 
were averaged using a  weighting f a c t o r  t h a t  was ca l cu l a t ed  on t he  b a s i s  of t h e  a r ea  surrounding 
each t ap .  The r e s u l t s  were expressed i n  terms of  a  weighted mean pressure  c o e f f i c i e n t  a t  
height  z ,  C 

P Z '  

where 

PZ = weighted mean pressure  a t  he igh t  z r e l a t i v e  t o  s t a t i c  p ressure  a t  roof l eve l  ( s t a t i c  
p ressure  a t  roof  l eve l  was measured i n  t he  f r e e  stream) 

p = a i r  dens i t y  

V = mean wind spead a t  roof l e v e l  
t 

For convenience, the mean wind speed a t  t he  roof  l eve l  was converted t o  t h a t  measured 10 m above 
ground a t  a  meteorological s t a t i o n  by t he  following equat ion (1) 

where 

V = mean wind speed measured a t  a  meteorological s t a t i o n ,  m/s 
s 

H = bui ld ing  he ight ,  m 

In  der iv ing  Eq 4, it was assumed t h a t  the  grad ien t  he ights  over t he  two s i t e s  were 275 m f o r  
t h e  meteorological  s t a t i o n  (6) and 457 m f o r  t he  urban a r ea .  F ina l l y ,  s u b s t i t u t i n g  E q  4 i n  
Eq 3 and assuming a  va lue  of 1 . 2  kg/m3 f o r  a i r  densi ty ,  one ob ta ins  

P is  i n  pa sca l s ,  H is  i n  metres,  and V i s  i n  metres per  second. 
z S 

The mean p re s su re  c o e f f i c i e n t s  so obtained a r e  given i n  Fig. 2 ( a ) ,  (b) and 3 (a ) ,  ( b ) .  

CALCULATION OF AIR INFILTRATION RATES 

Under s t e a d y - s t a t e  condi t ions ,  a i r  inf lows and outflows a r e  equal f o r  a  compartment such a s  a  
non-par t i t ioned  f l o o r  space o r  a  v e r t i c a l  s h a f t .  On t h i s  b a s i s ,  a  s e t  of mass flow balance 
equat ions,  one f o r  each compartment, can be s e t  up f o r  a  bu i l d ing  model. These equat ions 
toge ther  wi th  E q  1  and t h e  measured leakage c o e f f i c i e n t s  can be  used t o  so lve  f o r  t h e  a i r  
leakage r a t e s  f o r  t he  compartment under a  given wind and temperature condi t ion .  The computer 
program f o r  so lv ing  these equat ions i s  described i n  d e t a i l  i n  Ref 7. The bui ld ing  model used 
i n  t h i s  s tudy (F ig .  4) was i d e n t i c a l  t o  t h a t  i n  Ref 1. I t  represen ted  an open-f loor  o f f i c e  
bu i l d ing  having plan dimensions of 45 m by 30 m .  The compartments a r e  f l o o r  spaces and a  
v e r t i c a l  s h a f t .  The major separa t ions  a r e  e x t e r i o r  wal l s ,  wa l l s  o f  v e r t i c a l  s h a f t  and f l o o r s .  
The leakage c o e f f i c i e n t s  of t he  major separa t ions  (Fig.  4 ) ,  were ca l cu l a t ed  from the  d a t a  given 
i n  Table 1. 



Calcula t ions  of a i r  leakage r a t e s  were made f o r  bu i ld ings  of 5,  10,  20, 30, and 40 s t o r i e s  
under var ious combinations o f  wind speed, wind d i r e c t i o n  and s tack  ac t i on .  The e f f e c t  on a i r  
i n f i l t r a t i o n  due t o  surrounding lower s t r u c t u r e s  of uniform he ight  was inves t iga ted  f o r  wind 
angles  of  0, 30 and 45 deg. 

A i r  I n f i l t r a t i o n  Due t o  Wind 

For a  wind approaching a t  0  deg.,  Fig.  5  shows the  v a r i a t i o n  o f  a i r  i n f i l t r a t i o n  r a t e s  
per  u n i t  area of t h e  long wall  (Side 1) wi th  wind speeds and bui ld ing  he igh t s .  The va lues  of  aw 
a r e  given i n  Table 1  f o r  d i f f e r e n t  c l a s s i f i c a t i o n s  of wal l  a i r  t i g h t n e s s .  The wind speed shown 
i n  Fig.  5 i s  the  mean wind speed measured 10 m above ground a t  a  meteorological  s t a t i o n .  

Equations f o r  Calcu la t ing  A i r  I n f i l t r a t i o n  Caused by Wind 

For de t a i l ed  computations, it i s  de s i r ab l e  t o  est imate a i r  i n f i l t r a t i o n  r a t e  using s ing l e  
equat ions.  A i r  leakage r a t e  caused by wind can be ca lcu la ted  from E q  1  i f  t he  pressure  
d i f f e r ences  ac ros s  e x t e r i o r  wa l l s  a r e  known. Although the  pressure  d i f f e r ence  across  an 
e x t e r i o r  wall v a r i e s  with he ight ,  a  uniform equiva len t  p r e s su re  d i f f e r ence  f o r  t h e  whole wall 
can be  est imated from the  t o t a l  a i r  i n f i l t r a t i o n  r a t e s  given i n  Fig.  5 by using E q  1 .  This 
uniform equiva len t  p ressure  d i f f e r ence  was shown to  be r e l a t e d  t o  wind speed and bu i ld ing  he ight  
by t he  following equat ion (1) 

where 

( C  ) .  = uniform equiva len t  p ressure  d i f f e r ence  c o e f f i c i e n t  
dp 1 

(AP ) . = uniform equiva len t  p ressure  d i f f e r ence  ac ros s  t he  i t h  wa l l ,  Pa 
e  i 

The maximum uniform equiva len t  p ressure  d i f f e r ence  c o e f f i c i e n t  f o r  a l l  bu i ld ing  he ights  was 
0.75; it was found a t  t he  windward wall when the wind approached a t  0 deg. With t h i s  value a s  a  
common denominator, t he  va lues  of  Cd f o r  t he  four  e x t e r i o r  wa l l s  were non-dimensionalized and 
t h e  r e s u l t s  were p l o t t e d  a g a i n s t  wing angle i n  Fig.  6 .  The non-dimensionalized Cdp can a l s o  be  
est imated from the  fol lowing equat ions obtained by curve f i t t i n g  

0.0128 + 1 f o r  0<8<45 
0.0168 + 1 . 2  4570790 - - 



S u b s t i t u t i n g  E q  6  i n  E q  1 and n o t i n g  t h a t  (C ) = 0 . 7 5 ,  one o b t a i n s  
dp 01 

where 

3 
C = l eakage  c o e f f i c i e n t  f o r  e x t e r i o r  w a l l s  pe r  u n i t  wal l  a r e a ,  m / s*m2*pa 

0 .65  
W 

3 
Qwo = a i r  i n f i l t r a t i o n  due t o  wind a t  0  d e g . ,  m / s  

A = a r e a  of long w a l l  (S ide  1) , m 
2  

1  

Likewise,  s u b s t i t u t i n g  E q  6  and E q  7  i n  E q  1 ,  one o b t a i n s  

where 
5 Re = a i r  i n f i l t r a t i o n  due t o  wind a t  0 ,  m / s  

A .  = a r e a  of w a l l  i; i = 1 ,  2, 3 ,  4 
1 

F i n a l l y ,  d i v i d i n g  E q  9 by  E q  8  one has  t h e  c o r r e c t i o n  f a c t o r ,  a f o r  wind d i r e c t i o n  
0' 

a i s  p l o t t e d  i n  F i g .  7  f o r  v a r i o u s  wind d i r e c t i o n s  
0  

Neark~y s t r u c t u r e s  can a f f e c t  t h e  wind-induced a i r  f low p a t t e r n  around a  b u i l d i n g  and hence 
t h e  a i r  i n f i l t r a t i o n  r a t e s .  A t  p r e s e n t ,  p h y s i c a l  modeling seems t o  b e  t h e  o n l y  p r a c t i c a l  method 
f o r  de te rmina t ion  of  a i r  f low p a t t e r n  f o r  a  b u i l d i n g  downstream o f  o t h e r  s t r u c t u r e s .  However, 
due t o  t h e  g r e a t  v a r i e t y  of  b u i l d i n g  s i t e s ,  a s y s t e m a t i c  s tudy  o f  t h e  problem of s h i e l d i n g  i s  
n o t  f e a s i b l e .  I n  o r d e r  t o  provide d a t a  f o r  genera l  des ign  purposes ,  a n  i d e a l  b u i l d i n g  s i t e ,  a  
t a l l  b u i l d i n g  surrounded by  lower s t r u c t u r e s  of  uniform h e i g h t ,  was cons ide red .  Thus, c a l c u l a -  
t i o n s  of  a i r  leakage r a t e s  were made us ing  t h e  measured wind p r e s s u r e  d a t a  corresponding t o  
v a r i o u s  h e i g h t  r a t i o s  o f  t h e  a d j a c e n t  s t r u c t u r e s  t o  t h e  b u i l d i n g ,  h/H. The r e s u l t s  (F ig .  8)  
i n d i c a t e  t h a t ,  r e g a r d l e s s  of  wind d i r e c t i o n ,  t h e  r a t i o  o f  a i r  i n f i l t r a t i o n  r a t e s  f o r  a  given h/H 
t o  t h a t  f o r  h/H = 1/6 d e c r e a s e s  e x p o n e n t i a l l y  a s  t h e  va lue  of h/H i n c r e a s e s .  Based on t h e  
r e s u l t s ,  an  equa t ion  f o r  e s t i m a t i n g  t h e  c o r r e c t i o n  f a c t o r  o f  s h i e l d i n g  was o b t a i n e d  by  curve  
f i t t i n g  

a = ( R ) ~ / H  = 1 . 1 5  exp (-0.85 h/H) 
Sh (%) i / 6  

where 

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

\ = a i r  i n f i l t r a t i o n  r a t e  due t o  wind 

h  = average  h e i g h t  o f  a d j a c e n t  s t r u c t u r e s  

H = h e i g h t  o f  b u i l d i n g  



I t  should b e  po in ted  o u t  t h a t  ash i s  n o t  v a l i d  f o r  t h e  c a s e  o f  a  b u i l d i n g  p a r t i a l l y  p r o t e c t e d  by 
a n  a d j a c e n t  t a l l  b u i l d i n g .  

A i r  I n f i l t r a t i o n  Caused bv Combined Wind and S tack  Act ion 

F i g .  9 ( a )  and 9 (b)  show t h e  r e l a t i o n s h i p  between &rs /Ql rg  and Qsml/Qlrg where Qsml o r  Qlrg i s  
t h e  s m a l l e r  o r  l a r g e r  v a l u e ,  r e s p e c t i v e l y , o f  a i r  i n f i l t r a t i o n  due t o  wind o r  s t a c k  a c t i o n ,  and 
QWS i s  t h a t  due t o  t h e  combined a c t i o n  of t h e  two f o r c e s .  The r e l a t i o n s h i p  can a l s o  b e  
approximately  expressed  by  t h e  fo l lowing  equa t ions :  

3.6 

*[-D.D074@ +0.39)  [el + 1 f o r  0<0<45 - - 

To apply Eq 12 i t  i s  necessa ry  t o  know t h e  a i r  i n f i l t r a t i o n  r a t e  due t o  s t a c k  a c t i o n ,  Qs.  For 
t a l l  b u i l d i n g s ,  t h e  equa t ion  f o r  e s t i m a t i n g  Qs a s  given i n  Ref 1 t a k e s  t h e  form 

where S  i s  t h e  b u i l d i n g  pe r imete r  i n  metres ,  AT i s  t h e  i n s i d e - o u t s i d e  t empera tu re  d i f f e r e n c e  i n  
k e l v i n s  and To i s  t h e  o u t s i d e  a i r  temperature  i n  k e l v i n s .  

Summary o f  Procedure o f  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  

The suggested method f o r  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  f o r  a  t a l l  b u i l d i n g  surrounded by  lower 
s t r u c t u r e s  o f  uniform h e i g h t  can b e  summarized a s  fo l lows :  

1. C a l c u l a t e  a i r  i n f i l t r a t i o n  r a t e  caused by  s t a c k  a c t i o n , u s i n g  Eq 1 3  

2. Est imate  a i r  i n f i l t r a t i o n  caused by  wind,using t h e  fo l lowing  equa t ion  o b t a i n e d  by 
combining Eq 9 and Eq 11, o r  u s i n g  F ig .  5, 7 and 8:  

3.  Determine Qsml and Qlrg from t h e  c a l c u l a t e d  Qs and Qw and, from Eq 12, c a l c u l a t e  a i r  
i n f i l t r a t i o n  caused by  t h e  combined wind and s t a c k  a c t i o n ,  o r  u s e  F i g .  9 (a )  and 9  (b) 

In  t h e  above equa t ions ,  C i s  g iven  i n  Table  1; B O i  and a can b e  c a l c u l a t e d  from Eq 7 and 
Eq 11. w s h  



DISCUSSION 

The proposed method f o r  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  r a t e  i s  s t r i c t l y  v a l i d  o n l y  f o r  a  t a l l  
b u i l d i n g  surrounded by lower s t r u c t u r e s  o f  uniform h e i g h t  because  o f  t h e  wind p r e s s u r e  
c o e f f i c i e n t s  used ,  I t  may n o t  b e  g e n e r a l i z e d  t o  app ly  f o r  a  t a l l  b u i l d i n g  p a r t i a l l y  p r o t e c t e d  
by a n o t h e r  t a l l  b u i l d i n g  u n l e s s  they  a r e  s u f f i c i e n t l y  f a r  a p a r t .  Based on t h e  measurements 
made by B a i l e y  and Vincent  ( 8 ) ,  t h e  minimum d i s t a n c e  f o r  which t h e  e f f e c t  o f  a n  a d j a c e n t  t a l l  
b u i l d i n g  may be n e g l e c t e d  i s  e s t i m a t e d  t o  b e  about  8  b u i l d i n g  wid ths .  

F i g .  2 ( a ) ,  (b)  and 3 ( a ) ,  (b)  i n d i c a t e  t h a t  t h e  mean p r e s s u r e  c o e f f i c i e n t  on t h e  windward w a l l  
d e c r e a s e s  a s  t h e  wind a n g l e  d e v i a t e s  from t h e  normal t o  t h a t  w a l l  and a s  t h e  h e i g h t  o f  a d j a c e n t  
s t r u c t u r e s  i n c r e a s e s .  The h e i g h t  o f  a d j a c e n t  s t r u c t u r e s  used t o  o b t a i n  Cpz was 3 . 8  cm which 
r e p r e s e n t e d  a  5 - s t o r y  b u i l d i n g  i n  f u l l  s c a l e .  Th i s  h e i g h t  was chosen because  it was 
approximately  equa l  t o  t h e  average b u i l d i n g  h e i g h t  i n  a  l a r g e  c i t y  such a s  Toronto .  

F i g .  6  shows t h a t  f o r  a  long  w a l l  (S ide  l ) ,  (Cd i s  maximum a t  9 = 0  deg. and it 
decreases  con t inuous ly  t o  ze ro  a s  0  i n c r e a s e s  t o  7! deg.  For a  s h o r t  wa l l  (S ide  2) ,  (Cdp)2 i s  
zero  a t  25 deg. and it i n c r e a s e s  con t inuous ly  wi th  @ t o  a  maximum v a l u e  a t  90 deg.  Thus, a s  t h e  
wind a n g l e ,  0 ,  changes from 0  t o  90 deg . ,  a i r  w i l l  i n f i l t r a t e  a  b u i l d i n g  through s i d e  1 f o r  
8<25 d e g . ,  and through bo th  S i d e s  1 and 2  f o r  8  va ry ing  from 25 t o  75 deg . ,  and f i n a l l y  through 
S i d e  2 f o r  75<0<90 - deg.  S i m i l a r  r e s u l t s  were observed f o r  a  f u l l y  exposed t a l l  b u i l d i n g  i n  t h e  
suburb ( 1 ) .  

F i g .  9 ( a )  and 9 ( b )  i n d i c a t e  t h a t  i f  Qs i s  equa l  t o  Qw, t h e  r e s u l t a n t  a i r  i n f i l t r a t i o n  i s  
abou t  40%, 17% and 6% h i g h e r  than  Qs o r  Qw f o r  wind a n g l e s  o f  0  (Or g o ) ,  30 ( o r  60) and 45 deg. 
r e s p e c t i v e l y .  Thus, t h e  r e s u l t s  appear  t o  sugges t  t h a t  one e f f e c t i v e  way t o  c u t  down h e a t  l o s s  
due t o  i n f i l t r a t i o n  f o r  b u i l d i n g s  under  d e s i g n  i s  t o  o r i e n t  them away from t h e  w i n t e r  p r e v a i l i n g  
wind d i r e c t i o n .  

The f a c t o r  ash f o r  e s t i m a t i n g  Q, was d e r i v e d  f o r  h/H = 1 / 6 .  To i n v e s t i g a t e  t h e  a p p l i c a b i l i t y  
o f  t h i s  f a c t o r  t o  o t h e r  s h i e l d i n g  c o n d i t i o n s ,  F i g .  10 shows t h e  r e l a t i o n s h i p  between 
(Qws /Ql rg  - 1) and Q s m l / Q l r  f o r  v a r i o u s  v a l u e s  o f  h/H and wind a n g l e s .  I t  i s  e v i d e n t  t h a t  
a sh  i s  a  weak f u n c t i o n  o f  h/b e s p e c i a l l y  when t h e  wind d i r e c t i o n  i s  n o t  p e r p e n d i c u l a r  t o  t h e  
w a l l .  Thus, t h e  f a c t o r  a sh  can a l s o  b e  used t o  e s t i m a t e  Qws under t h e  s h i e l d i n g  c o n d i t i o n  
c o n s i d e r e d .  

The p r e d i c t e d  a i r  i n f i l t r a t i o n  r a t e s  u s i n g  t h e  sugges ted  method was compared w i t h  t h o s e  based 
on t h e  computer b u i l d i n g  model under  v a r i o u s  c o n d i t i o n s .  A s  shown i n  F i g .  11, t h e  agreement 
between t h e  two r e s u l t s  i s  w i t h i n  5%.  

CONCLUSIONS 

A method was p r e s e n t e d  f o r  p r e d i c 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  t a l l  b u i l d i n g  (w/l  = 1/1.5)  
surrounded by lower s t r u c t u r e s  o f  uniform h e i g h t  under v a r i o u s  combinat ions  o f  wind speeds ,  wind 
a n g l e s ,  and a i r  t empera tu re .  The method may b e  g e n e r a l i z e d  t o  app ly  f o r  a  t a l l  b u i l d i n g  i n  an 
urban a r e a  i f  t h e  b u i l d i n g  i s  about  8  b u i l d i n g  wid ths  away from o t h e r  t a l l  b u i l d i n g s .  The 
p r e d i c t e d  a i r  i n f i l t r a t i o n  r a t e s  a r e  shown t o  b e  a c c u r a t e  w i t h i n  5% compared w i t h  t h o s e  based on 
t h e  computer b u i l d i n g  model. 

A i r  i n f i l t r a t i o n  caused by wind was found t o  b e  a  s t r o n g  f u n c t i o n  o f  wind d i r e c t i o n .  The 
r e s u l t s  i n d i c a t e d  t h a t  t h e  maximum a i r  i n f i l t r a t i o n  was produced b y  a  wind t h a t  approached a t  
0  deg. and t h e  minimum a i r  i n f i l t r a t i o n  occur red  a t  75 deg. wind a n g l e .  

A i r  i n f i l t r a t i o n  caused by t h e  combination o f  wind and s t a c k  a c t i o n  is dependent on t h e  
magnitude o f  each and t h e  wind d i r e c t i o n .  I f  t h e  a i r  i n f i l t r a t i o n  r a t e s  caused b y  wind o r  
s t a c k  a c t i o n  a c t i n g  s e p a r a t e l y  a r e  e q u a l ,  t h e  a i r  i n f i l t r a t i o n  r a t e  caused b y  t h e  combined 
a c t i o n  i s  h i g h e r  t h a n  t h a t  due t o  each a c t i o n  b y  abou t  40% f o r  wind a n g l e s  o f  0  o r  90  deg. and 
6% f o r  45 deg. 



NOMENCLATURE 

2  
*1 = area  of  long wall (Side 1) , m 

A i 
= a rea  of wal l  i, m2;  i = 1 ,  2, 3 ,  4  

C 
j  

= leakage c o e f f i c i e n t  of bu i ld ing  component; see Table 1  

3 0.65 
cw = leakage c o e f f i c i e n t  f o r  e x t e r i o r  wa l l s  per  u n i t  wal l  a r ea ,  m /s-m2*pa 

C = weighted mean pressure  c o e f f i c i e n t ;  see  Eq 3 
PZ 

(C ) .  = uniform equiva len t  p ressure  d i f f e r ence  c o e f f i c i e n t  o f  wal l  i, i = 1 ,  2, 3 ,  4; see Eq 6  
dp 1 

h = average he ight  of ad jacent  s t r u c t u r e s ,  m 

tI = bui ld ing  he ight ,  m 

K = cons tan t  

A P = pressure  d i f f e r ence  across  an opening, Pa  
j  

= uniform equiva len t  p ressure  d i f f e r ence  across  i t h  wa l l ,  Pa; i = 1,  2, 3, 4 

z  = weighted mean pressure  a t  he igh t  z r e l a t i v e  t o  s t a t i c  p ressure  a t  roof l e v e l ,  Pa 

3 
Q s = a i r  i n f i l t r a t i o n  r a t e  caused by s t ack  ac t i on ,  m /s  

5 = a i r  i n f i l t r a t i o n  r a t e  caused by wind, m / s  

3 
= a i r  i n f i l t r a t i o n  r a t e  caused by wind a t  8 ,  m /s 

3 
= a i r  i n f i l t r a t i o n  r a t e  caused by wind a t  0  deg. ,  m / s  

3 
= a i r  i n f i l t r a t i o n  r a t e  caused by combined wind and s t ack  ac t i on ,  m / s  

3 
= l a rge r  value of Qw and Q m /s s '  

= smal le r  value of \ and Q m s / s  
s '  

= perimeter  of t h e  bu i ld ing ,  m 

= ou t s ide  a i r  temperature, K 

= ins ide-outs ide  temperature d i f f e r ence ,  K 

= mean wind speed measured a t  a  meteorological s t a t i o n ,  m/s 

= mean wind speed a t  roof l e v e l ,  m/s 

= mean wind speed a t  he igh t  z above ground, m/s 

(41 o = - -  - cor rec t ion  f a c t o r  f o r  wind d i r e c t i o n  
')w 0 

- - (%) h / ~  = co r r ec t i on  f a c t o r  f o r  sh i e ld ing  
(%I 1/6 

- '$45 - - =  co r r ec t i on  f ac to r  fo r  combined wind and s t ack  ac t i on  
Q1rg 

= a i r  dens i ty  
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F i g .  1 Dimensions o f  b u i l d i n g  models  
and p o s i t i o n s  o f  p r e s s u r e  t a p s  



F i g .  2a V e r t i c a l  d i s t r i b u t i o n  o f  mean 
wind p r e s s u r e  c o e f f i c i e n t s  of s i d e s  
1 and 2 f o r  h/H = 1/6 

F i g .  2b V e r t i c a l  d i s t r i b u t i o n  o f  mean 
wind p r e s s u r e  c o e f f i c i e n t s  o f  s i d e s  
3 and 4 f o r  h/H = 1 /6  



F i g .  3a V e r t i c a l  d i s t r i b u t i o n  o f  mean wind 
p r e s s s r e  c o e f f i c i e n t s  f o r  0 = O0 and v a r i o u s  
v a l u e s  o f  h / H  

Fig. 3b V e r t i c a l  d i s t r i b u t i o n  o f  mean wind 
p r e s s u r e  c o e f f i c i e n t s  f o r  0 = 45O and v a r i o u s  
v a l u e s  o f  h/H 
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F i g .  4 Computer b u i l d i n g  model 
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F i g .  5 A i r  i n f i l t r a t i o n  r a t e s  caused  b y  wind 
f o r  a t a l l  b u i l d i n g  surrounded b y  l o w e r  s t r u c -  
t u r e s  o f  u n i f o r m  h e i g h t  



F i g .  6 R e l a t i o n s h i p  b e t w e e n  normal-  
i z e d  u n i f o r m  e q u i v a l e n t  p r e s s u r e  
d i f f e r e n c e  c o e f f i c i e n t  and wind 

8 D E G R E E  d i r e c t i  o n  

0 15 30 45 60 75 90 

0 DEGREE 

F i g .  7 F a c t o r  f o r  de t e rmin -  
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  v a r i o u s  wind a n g l e s  

AVERAGE HEIGHT OF ADJACENT STRUCNRES , 1 
BUILDING HEIGHT H 

F i g .  8 R e l a t i o n s h i p  be tween  a i r  
i n f i l t r a t i o n  r a t e s  due  t o  wind 
and average  h e i g h t  o f  a d j a c e n t  
s t r u c t u r e s  



F i g .  9a F a c t o r  f o r  d e t e r m i n i n g  
a i r  i n f i l t r a t i o n  r a t e s  due  t o  
combined a c t i o n  o f  wind and 
s t a c k  a c t i o n  f o r  o O <  0 <  45O - - 

F i g .  10 E f f e c t  o f  a d j a c e n t  s t r u c t u r e s  
on  f a c t o r s  f o r  d e t e r m i n i n g  a i r  i n f i l -  
t r a t i o n  r a t e s  due  t o  combined a c t i o n  
o f  wind and s t a c k  a c t i o n  

F i g .  9b  Fac tor  f o r  d e t e r m i n i n g  
a i r  i n f i l t r a t i o n  r a t e s  due  t o  
combined a c t i o n  o f  wind and 
s t a c k  a c t i o n  f o r  45" < 0 2 90° 
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STACK ACTION (EQ. 13) 
0 W I N D ,  8 =o'(EQ. 8) 
A W I N D ,  8 = 4 5 ' ( ~ ~ .  9) 

- AWIND,8=45qh /H=1 /4 (EQ.14 )  - 

- rJ LINE OF 

- 

AGREEMENT 

- 

0 W l N D  A N D  STACK ACTION,  8 = 0 °  
(EQS. 8, 12 A N D  13) 

I . O  W I N D  A N D  STACK ACTION,  8 = 45O 
(EQS. 9, 12 A N D  13) 

0 W l N D  A N D  STACK ACTION,  8 =  45' 
h/H = 1/4 (EQS. 12, 13 A N D  14) 1 

AIR INFILTRATION RATE FROM COMPUTER MODEL, m3/s 

F i g .  11  Comparison o f  c a l c u l a t e d  a i r  
i n f i l t r a t i o n  r a t e s  w i t h  t h a t  o b t a i n e d  
u s i n g  computer  b u i l d i n g  model 
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