
A METHOD FOR PRED 
ON RATES FOR A TALL BU 

SURROUNDED BY LOWER STRUCWURES 
FORM HE 

C.V. SHAW 

\ \ i t11 t h e  r a l ~ i i l l \ '  r i s i n g  energy  c o s t s  ;incl a growing ncccl t o  co~isc r .vc  e n e r g y ,  IIIOI.L, : I I I ~  I I I O I . ~  

i ~ u i  l'di nss a r c  b e i n g  a n a l y z e d  f o r  c n c r g y  e f f c c t i v e n e s s  u s i n g  s o p h i s t  i c:ctecl cor~~l) i l tc l .  ~~r'oi:r;ilr~.;. 
One ~ ~ ~ - o l ) l c l r ~  i i l l i c rcn t  i n  t h c s e  programs i s  t h e  l a c k  o f  ; i r i  a c c u r a t e  I I L I ~  si11111lc 1i1i.tlio(I For 
cstir11:ltirig a i r -  i n f i l t r a t i o n  r a t e ,  w l ~ i c h  i s  known t o  I>c n sis11if ' ic : lnt  corlll>orici)t oi' tlicy CII~I . ! : ) ,  
I S I I I ~  1 L '1'0 dcvc lo l>  sucll ;I ~ i i e t l l o ~ l ,  a corriputcr stilcl>. of' ; I  i r  l i . ; ~  hagc c11;ir:lc ti.1-I s I c:; \;a:; 111;1dc 
ffor t : ~  l l Ilui l ~ l i n g s   sing s u r f a c c  \<incl p r c s s u r c  d a t ; ~  o i ) ta  inccl ill ;i i)o~in~I:ii-!. l i i>.~,r .  i licl t ~ 1 1 i n i ~ 1  . 
.]'tic r c s u l t s  f o r  a f u l l y  cxl~osecl  t a l l  I ~ u i l d i n g  i n  a S L I ~ > L I ~ ~ > ; I I ~  ni-c.,i \b,rr-c r.c,l>ortcil 1,) .  : i l r ; i : .  :l110 
' I ' ; I I I ~ L I ~ : I  ( l ) .  'l 'llis I>al>er  I ~ ~ - c < c n t s  nrw d a t a  on pressure c i i s t r i l l ~ l t i o l ~ s  o v e r  t l i e  t":iccs o f  ;I t : l i I  
l i ~ ~ i l l l i ~ i s  s l i r roundcd  l>y lower structures o f  ~1ni for111  l i e i g t i t .  'l'lie h u i l d i n g  anti t i le surro~lriiiilr;! 
';l 1 . i 1 i ~ t 1 1 1 . c ~  :I I .C S C I > : I ~ ; I  ~ C C I  f  ro111 C:IC/I  o t h e r  11)' 3 cl i s t a n c e  ccl~ii v;i lcr l t  t o  t11;it o f  :I s t r c c t  ; i r l r l  

s idc \ \ ' ; r l  h s .  

I.quat ioils f o r  ~ > r c d i c t i n g  a i r  i n f i l t r a t  ion r a t e  have hccn dcr- ivcd u s i n g  b:~sic.;il  1). t h i .  S : I I I~C  

111rrIio~1 ; I S  i n  tlic p: l l>cr  f o r  f u l l y  c s l > o s c d  t a l l  I ~ u i l d i n g s  ( 1 ) .  l ' l l c s ~  c c l ~ l a t i o n s  a r c  s t r i l r t l ) .  i ; l i i t l  

O I I  l \ ,  ~ C J I .  , I  t ; I \  l I ) I I  i l c l i  11s s ~ i r i ~ ( > i ~ ~ i i l c d  11). Io\ \ ,cr  strut t11rcs o f  ~ ~ ~ ) I . ~ X ~ I I I ' I  t e l  y CCIO:I  l lir i yI1t , 'l'l:(:;< 111:iy 
; : c ~ I I L * I ~ ; I ~  i :cc1 Sor- ;I t ; i l  l l ~ o i  lcIi11g 11:1rt i :1l ly  1)rotcctccI  l )y  :111ot1icr 1211 l I)ui 1cIi11,t: I I I I ~ C : , : ;  L I I C  

I i i i i  l i i  in!:!; . I [ - r  s u f f i  c icnt l ! ,  f a r  : ] p a r t .  

) \ i  I. i 1 1 t . 1  l t r : t  t ioii i 5 t l ic l c : ~ k i ~ g c  a i r  tI11-ougll c t - :~cks  : I I I C I  o p e n i n g s  t l i :~ t  e x i s t  i 11 ; I  I I L I ~  lclil l t ;  
c ~ i v c . l i > p c ~ .  I t s  iuagliitutlc cnri Ilc c a l c u l a t c c l  fror11 

C : .  = lcah:l>:c c o c f f i c i c n t  of  a b u i l d i n g  conlponent p e r  uri i t  R T C 3  
.i 

!'!l'. = p r c s s u r c  i l i f f c r c r l c c  a c r o s s  an o l ~ c n i n g  
.l 

P\. = a r e a  o f  t i le  I ~ u i l d i n g  corril>orierit 
.i 

'lllc 1cah:lgc c o c f f  i c i e n t  f o r  i i  I ~ u i l c i i r i g  can  b e  h e s t  e s t i r n n t c d  from t i le  results of'  : i i r  1e;lhaj:c 
rnc; lsul-cr~~cnts  c ' o n c l ~ ~ c t c d  on s ini i  l a r  t!'l>c h u i  l c l i n g s ,  [ ' o r  t n l  l  bui  l c l i ~ i g s ,  t l ic s u g g r s t c t l  v n l u c s  a r c  
g i v c n  i n  'fal3le .\ ( 2 ,  3 ,  4). 

THIS PREPRINT FOR DISCUSSION PURPOSES ONLY. FOR INCLUSION I N  ASHRAE TRANSACTIONS 
1979,Vol. 85, Part 1.  Not to be reprinted in whole or in part without written permission of the American Society 
of Heating, Refrigerating and Air-Conditioning Engineers, Inc., 345 East 47th Street,  New Y o r k ,  N Y  70617. Any 
opinions, findings, conclusions,  or rt.commondatlons oxpressod in this paper are thoso o f  tha aulhor(s)  and do 
not necessarily reflect the views of A S H R A E .  



TABI,II 1 

1.eakage C o e f f i c i e n t s  f o r  B u i l d i n g  Components 

'I'lic p r e s s u r e  d i f f e r e n c e  a c r o s s  a  b u i l d i n g  e n v c l o p c  t l cpc~ids  on i n s i d e - o u t s i ~ l c  t c n l p c r n t u r c  
~ l i f ' f c r c n c c ,  amount o f  ~ ) r c s s u r i z a t i o n  produced  by  Ill'AC s y s t e m s  a n d  wincl p r e s s u r e s  on c x t c r i o r  
\<a1 I s .  .l'lic f i r s t  two f a c t o r s  c a n  a l w a y s  b e  e s t i m a t e d  b u t  t h e  t h i r d  o n e ,  a t  p r e s e n t ,  can o n l y  
11c ol,t;l i~iccl cs~)c~ . i i i i c r i t ; i l  l y .  To ~ i r o v i c l c  t h c  n c c e s s i i r y  w irid p r e s s u r e  d a t a  f o r  t h i s  s t u i l y ,  t l i c  
N:it ior>;i I ,Acronaiit i c a  l  Lls t a b  l i  sllnlent o f  t h e  N a t i o n a l  R e s e a r c h  Courici l o f  Canada (NIICC) c o n d u c t e d  
:l11 c ~ s t c ~ i s i v c  \,,irici l i r c s s u r c  nicasurcnicnt on a  t a l l  b u i l d i n g  r~iodel i n  n I,oundury l a y e r  \ i i  ncl t u n n c l  
( 5 ) .  ,\ l i t - ief  description o f  t h e  method u s e d  f o r  t h e  p r e s s u r e  mcasrlrcmcrit i s  g i v e n  I>elo\ , f .  

I\'ind I ' r c s s ~ i r c  I ) i s t r i b u t i o n  on B u i l d i n g  Enve lope  
.. . . -- -- 

\\'incl p r e s s u r e  rncasurements  were  made on t h e  w a l l s  o f  a  t a l l  b u i l d i n g  modcl i n  an urban  
I ~ o ~ ~ ~ i c l ; i r y  l a y e r  \<hicl]  was ~ ~ r o d u c e d  i n  a  1  .8 m by 2 .  7 ni wind t u r i n c l .  l 'hc 1)o~inclar'y l a y c r  was 
~ i r o d ~ i c c ~ l  L I S ~ I - ~ g  an a r r a y  o f  1 . 2  m h i g h  s p i r e s  a c r o s s  t h e  e n t r a n c e  t o  t h e  work ing  s e c t i o n  
f o l l o r r ~ e d  by S rows o f  0 . 3  m c u b e s  a t  0 . 3  m c e n t e r s .  The d e p t h  o f  t h e  boundary  l a y e r  \\.as a b o u t  
1.1.1 rli whicll i n t i i c a t e d  a  c o r r e c t  model s c a l e  o f  1/400 t o  a c h i e v e  a  f u l l - s c a l c  ~ ~ r i ~ n n  h o u n ~ l a r y  
l i iycr  o f  457 m characterized by t h e  measured v e l o c i t y  p r o f i l e  

V Z  = wind  v e l o c i t y  a t  h e i g h t  z above  ground  

h: = c o n s t a n t  

, A c c o r d i n g l y ,  t h c  b u i l d i n g  model which had p l a n  d i ~ ~ i e n s i o n s  o f  1 . 2  cm by  1 . 8  cm ( w i d t h / l e n g t h  = 
1 / 1 . 5 )  \\.as b u i l t  t o  a  s c a l e  o f  1 / 4 0 0  t o  f i t  t h e  rnodeled a t m o s p h e r i c  f low s c a l i n g .  I t  was made 
1117 L > F  tlio 5.8 c111 and  two 7.6 cm modules ,  so  t h a t  f o u r  b u i l d i n g  h e i g h t s  ( 2 2 . 9 ,  1 5 . 2 ,  7 . 6 ,  and 
3 . 8  cm) were a c h i e v e d  u s i n g  d i f f e r e n t  rnodcllo c o m b i n a t i o n s  a s  shown i n  F i g .  1 .  'Phc p r e s s u r c  
t a p w w c r c  d r i l l e d  normal t o  t i le  s u r f a c e  on a l l  f o u r  w a l l s  o f  e a c h  n i o d ~ i l c .  711e I l o l c s ,  a s  shown 
i n  F i g .  1 ,  i ~ , c r e  ~ ~ o s i t i o n e t l  i n  i d e n t i c a l  v e r t i c a l  rows b u t  t h e  n~inr l~er  o f  h o r i z o n t a l  rows v a r i e d  
1)ctiiccri ~ l ioc l l~ lcs ,  s o  t h a t  ~ r i c n s ~ i r e i ~ ~ c n t s  c o u l d  b e  c o n c e n t r a t e d  i n  r c g l o n s  wlicrc t h c  j)ressLlre 
v ; i r i a t l o r i  was l a r g e .  



,l'llc inodcl I ~ u i l d i n g  was m ~ l n t c d  a t  t h e  c e n t e r  o f  a  t u r n t a l ~ l c  and i t  was sur rour~dec l  I)y a  number 
o f  3 . 8  cnl h i g h  b l o c k s  o f  t h e  same p l a n  d i rnens ions  a s  t h e  mode! b u i l d i n g  t o  s i m u l a t c  t h e  liigli 
t l c n s i t y  u r b a n  a r e a .  The d i s t a n c c  I ~ e t w e e n  t\rlo a d j a c e n t  b l o c k s  was a b o u t  7 . 6  cm which r e j ~ r c s c n t e d  
; I  > O  111 ~ ~ , i t l c  ro;iil : l l lowancc  i l l  : ic t~i : l l  coridi t i o n .  ' l ' h ~  111;1 j0r i ty  o f  t l i e s c  I ) l o c k s  t ~ r r l e c l  w i  tli t l l ~  
I J L I  i l  cl i  11s 111oc1c I . 

Kind p r e s s u r e  nlcasurements  werc  ta l i en  a t  t h e  f o l  loi,,ing w intl a n g l e s  rne~isured c o u n t e r c  locl , :~; isc  
froin t i le  normal t o  S i d e  1  : 0 ,  S ,  1 0 ,  1 5 ,  30,  :\S, 00, 7 5 ,  and  90 d e g .  Tllc p r e s s u r e s  o f  e a c h  roiJ 
wcrc ; ivcragct l  ~ l s i r i g  n \ , ' c i g h t i n ~  f a c t - o r  t l m t  was c : ~ l c ~ l l : l t e d  on t h e  h: ls is  of  t i l e  arcrl s u r r c ~ ~ ~ n t l i  nfi 
c r ~ c h  t a l l .  'l'he r e s u l t s  werc c s l l r c s s c d  i n  tor'rns o f  ri w e j g h t c d  illcall p r e s s u r e  c o c r ' f i c i e n t  a t  
Ilciglit :, C 1'' ' 

1 ' -  = ~ i c i g l l t c d  rnc;ln 11res.iure a t  h e i g h t  I r e l a t i v e  t o  s t a t i c  p r e s s u r e  a t  roof  l c v c l  ( s t a t i c  
p r c s s ~ ~ r c  a t  r o o f  l e v e l  was n l c n s ~ ~ r e d  i n  t i le f r e e  strc:inl) 

p = a i l -  d e n s i t y  

\ ' t  = I I I C ; I I ~  wiiid S I ) C ; I C I  a t  r o o f  l c v c l  

lol- c o n v e n l c n c c ,  t h e  nlcarl \ \ l n d  spced  a t  tl lc r o o f  l e v e l  i d 3 5  c o n ~ e r t c d  t o  t h a t  mcasured 10 111 above 
g r o t ~ ~ i ~ l  . ~ t  3 1 1 1 c t c o ~ o l o g i c ~ ~ 1  s t : l t i o n  11) t l ic f o l l o w ~ n g  cclunt lon ( 1 )  

' = I1,ic:rn \ i i ~ \ J  s l~ccc l  l i ~ c ; ~ s i ~ r c r I  a t  a  r n c t c o r o l o g i c a l  s t a t i o n ,  111/s 
5 

In t l c r i v i l i g  l i ( l  4, i t  \<as assuinccl t h a t  tl ic g r - a d i c n t  h e i g h t s  o v e r  t h c  t ~ o  s i t e s  \;.ere 77.5 ni f o r  
tl ic 111etco1-o1ogic:il s t a t i o n  ( ( I )  and  4 5 7  m f o r  t h e  u r l ~ a n  a r e a .  F i n a l l ) . ,  s u 1 ) s t i t u t i n g  I:({  4 i n  

l ( ,  5 ; 1 1 1 t l  ; I < < S I I I I I ~  I)!: ;I  v:) l IIL, 01. l ,  2 k!:/111' I-nr ;li r clcr~~s i t y ,  O I I P  oI>t;ii  11s 

'l'llc I I IC: I I I  ~ ~ r i . s s ~ i ~ . e  coe l ' f i  c i  e n t s  so c111 t:linctl a r c  i:i ven i n  l : i  g .  2 [ a )  , ( , \ I )  :i11cI 5 [ a )  , [l]) . 

Il~iclcr s t c : i ~ l y - s t a t c  concli t i o n s ,  a i r  i n f l o i ~ l s  ancl outf1oi i .s  a r c  ccl~ial f o r  n  con1l):lrtmcnt such a s  x  
non-11;lrti t ionecl  f l o o r  s p a c e  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  o f  rrriss f l o \ ~ ,  ha la r icc  
cc lu ; l t ions ,  o n e  f o r  e a c h  coml)ar tmcnt ,  can  I)c s e t  u p  f o r  :I h u i l c l i n g  motlel. ' fhcsc ccluritions 
t o g c t l i e r  wit11 Eci l and t h e  rlieasured l e a k a g e  c o e f f i c i e n t s  can  b e  u s e d  t o  s o l v e  f o r  t h e  a i r  
Ic:~l\:i>:c I':\ t c s  f o r  t l lc  coni l~:~ 1.t incnt ~ i n t l ~ ~ r  ;I given wintl :111cI tc\lnpcr:it Lire condi  t  i 011.  Thc corrr[~~it e r  
~ > I ' o ~ I ' : ~ I ~ I  f o r  s o l v i n g  t h e s e  c t l ~ r a t i o n s  i s  i l e s c r i h c d  i n  clctzii l i 11 Ilcf 7. 'l'he b ~ ~ i l i l i r l f i  nlotlcl 11sct1 
I l t L l i s .  l )  I i t  l  t o  l I i I l I , I t  1 .e l~rcsc11tc i l  :In o l , c > l i . - f i o o ~  oi'1'ic.c. 
1 ~ 1 1 i l t l i i l g  I l :~i , i l lg  ] ) Inn  dirrlension:; o f  45 In 11. 30 m .  7hc conlp:~rtmcnts a r c  f l o o r  yllaccs ;incl a 
v e r t i c a l  . ; i l i ~ f t .  'l'hc 111i1jor s c l ~ ; ~ r a t i o r ~ s  :ire c s t c r i o r  i ~ ' a l l s ,  wcills o f  v c i - t i c a l  sllaf't ;111cl I ' loor ' l ; .  
The l c ; ~ l , a g e  c o e f f i c i e n t s  o f  t h e  ninjor  s c l ~ a r n t i o n s  ( F i g .  -11, wcre  c a l c ~ l l n t e d  fronl t h c  t l a ta  g i v e n  
i  11 '1':111 l  c  l . 



C a l c u l a t i o n s  o f  a i r  l e a k a g e  r a t e s  were  made f o r  b u i l d i n g s  o f  5 ,  1 0 ,  20,  3 0 ,  and 40 s t o r i e s  
~ i n ~ l c r  v ; i r i o u s  c o n i l ~ l n a t i o n s  o f  wind s p e e d ,  wind d i r e c t i o n  and  s t a c k  a c t i o n .  The c f f c c t  on a i r  
i n f i l t r a t i o n  due t o  s u r r o u n d i n g  lower  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  was i n v e s t i g a t e d  f o r  wlnd 
a n g l e s  o f  0 ,  30 and 45 deg .  

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

For :I wind a p p r o a c h i n g  a t  D d e g . ,  F i g .  5 shows t h e  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  p e r  a,, 
I ' C , ~  " ! \ i t  a r c a  o f  t l lc  long wa i l  (S idc  1 )  wit\? wind s p c c d s  ancl b u i l d i n g  I l c i p l l t s .  ' 1 ' 1 1 ~  values o f  u, 
a r e  g i v e n  i n  T a b l e  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  o f  w a l l  a i r  t i g h t n e s s .  The wind s p e e d  shown 
i n  F i g .  5  i s  t h e  mean wind speed measured 10 m above ground a t  a  m e t e o r o l o g i c a l  s t a t i o n .  

I 'ciuations f o r  C n l c u l a t i n r !  A i r  I n f i l t r a t i o n  Caused bv  Wind 

For d c t a i  l e d  c o m p u t a t i o n s ,  i t  i s  d e s i r a b l e  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  r a t e  u s i n g  s i n g l e  
e q u a t i o n s .  A i r  l e a k a g e  r a t e  c a u s e d  b y  wind c a n  b e  c a l c u l a t e d  from Eq  1  i f  t h e  p r e s s u r e  
d i f f e r e n c e s  a c r o s s  e x t e r i o r  w a l l s  a r e  known. Al though  t h 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  an  
c x t c r i o r  i . - a l l  v a r i e s  w i t h  h e i g h t ,  a  u n i f o r m  e q u i v a l e n t  p r c s s u r e  d i f f e r e n c e  f o r  t h c  whole w a l l  
can b e  cst ininteci  from t h c  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  g i v e n  i n  F i g .  5 by u s i n g  [iq 1 .  7'11is 
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  was shown t o  b e  r e l a t e d  t o  wind s p e e d  and  b u i . l d i n g  h e i g h t  
by t h c  f o l l o w i n g  c q ~ l n t i o n  ( l )  

( C  ) .  = 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  
(11' 1 

( A I '  1 .  = ~ ~ n i f o r m  c c l 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  a c r o s s  t h e  it11 \ , ' a l l ,  Pa 
U I 

'l'lle rnnsimum 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  f o r  a l l  b u i l d i n g  l ~ e i g h t s  was 
0 . 7 5 ;  i t  was found  a t  t h e  windward w a l l  when t h e  wind approached a t  6 d e g .  W i t 1 1  t h i s  \ ~ a l u e  a s  a  
common d e n o m i n a t o r ,  t h e  v a l u e s  o f  Cdl, f o r  t h e  f o u r  e x t e r i o r  w a l l s  were n o n - d i m e n s i o n a l i z e d  and 
t h e  r e s u l t s  I\Icre p l o t t e d  a g a i n s t  wind a n g l e  i n  F i g .  6 .  The n o n - d i m c n s i o n a l i z e d  Cdp c a n  a l s o  b e  
c s t i ~ n n t c t l  from t h e  f o l l o w i n g  c q ~ ~ n t i o n s  o b t a i n e d  h y  c u r v c  f i t t i n g  

(Are)  0 ,  0 . 0 1 2 8  + l f o r  O < A < 4 5  -. -. 
( ~ i ) ~ )  0 . 0 1 6 0  + 1 . 2  ~ ~ S < O C ~ O  -. 



S u l ~ s t i  t u t i n g  l i c l  h i n  I Iq  1  and n o t i n g  t h a t  ( C  ) = 0.75, o r ~ c  o b t a i n s  
dp 01 

3 0.65 C = l e a k a g e  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  p e r  u n i t  w a l l  a r c a ,  m /s .m-.Pa 
\i' 
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Nc;l I-lj!, s t  r a c t i l r c s  can  a f l ' c c t  t i le  \ \ ' incl- induced a i r  f low 1xittcr.n arourid :I l>ui lcli rig and iicrl<:c 
tlic a i r  ini ' i  l t r : i t i o n  r a t e s .  At p r c s c n t ,  p h y s i c a l  111otlc1 ills scclns t o  he  t h e  o n l y  11ract ic: i l  nlctilod 
f o r  ~ l c t c ~ . r ~ i i r i : ~ t i c l ~ ~  o f  a i r  f'low 11; i t ter11 f o r  :I I ~ u i l d i ~ l g  ( I O ~ I ~ S ~ : I - C ; I I I I  o f  ~ t l l e r  s ~ ~ . u c t ~ ~ r c : ; .  I1oii,cv~r., 
dtlc l o t l ~ i '  ! : I . ~ ; I  t l f : l r i  c.ty o r  1 ) 1 1 i  l t l i  nl: s  i t c s ,  a systcln:] t i c  s t t ~ t l ) ,  o f  t l ~ c  ~ ~ r o l ) l c r ~ ~  0 1 '  :;l1 i c  l t l  i I)!: i s  
rlot t ' c ; ~ s i l ~ I c .  I n  o r d e r  t o  provide d a t a  f o r  gcr lc ra l  d e s i g n  ~ ~ i r r l ~ o s c s ,  2111 iclr;~! I ~ ~ ~ i l ~ l i ~ i f i  s i t e ,  a 
t a l  l I J t l i  l ~ l i ~ i g  sur rou~l r lcc l  I)!. l owcr  s t r t ~ c t u r - c s  o f  ~1rlifo1.111 I le if i l l t ,  t+'ns consirli .rccl.  ' I ' l~us,  L : ; I I C L I I ~ I -  
t i o n s  o f  a i r  l e a k a g e  r a t e s  \ \ ~ c r c  made u s i n g  t h e  measured w i n d  p r e s s u r c  c l ; ~ t ; l  co r rcs l )on t l ing  t o  
v a r i o u s  Ilc.igl~t I - a t i o s  o f  t h e  : ~ d j a c c r ~ t  s t r u c t u r e s  t o  t h e  I ~ u i l t l i n g ,  1 1 / 1 1 .  'l'llc res i l l  t s  ( I : i g .  8) 
i r idicntc .  t h a t ,  1 - c g a r d l e s s  o f  x i n d  ~ l i r c c t i o n ,  t h c  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 gi\ren h/li 
t o  t l ~ x t  f o r  1 1 / 1 1  = l / ( )  ticcl'c:iscs c ~ x ] ~ o n c ~ > t i a l  l y  ns t h e  v ; i l t ~ c  o f  h/i! i n c r c a s r s .  3:lscil U I I  thc: 
~ . c s i ~ i t s ,  n n  rcl lmtion f o r  c s t  illlnt i ng t h e  c o r r e c t i o n  f a c t o r  o f  s l l i e l d i n g  \,:as o l j t n i n c d  t ~ y  c i l rvc  
f i t t i n g  
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s 11 
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l 1  = h e i g h t  o f  builclin!: 



I t  s h o u l d  11e p o i n t e d  o u t  t h a t  a s h  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  b y  
a n  a d j a c e n t  t a l l  b u i l d i n g .  . 

Air I n f i l t r a t i o n  C;iuscd b v  Combined Wind a n d  S t a c k  A c t i o n  

F i g .  9 ( a )  a n d  9 ( b )  sho\fl t h e  r e l a t i o n s h i p  b e t w e e n  &,s /Qlrg  a n d  Q s m l / Q l r g  w h e r e  Qsml o r  Ql rg  i s  
t h e  s m a l l e r  o r  l a r g c 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  d u e  t o  w i n d  o r  s t a c k  a c t i o n ,  a n d  
(hjs i s  t h a t  d u e  t o  t h c  conh ine t l  a c t i o n  o f  t h e  t w o  f o r c e s .  T h e  r e l a t i o n s h i p  c a n  a l s o  b e  
a { q 1 r o s i m a t c l y  e x l ) r c s s c d  b y  t h e  f o l l o w i n g  e q u a t i o n s :  

f o r  

' 1 0  a l ~ p l } '  1.q l ?  i t  1 s  n e c e s s a r y  t o  hnow t h e  a i r  infiltration r a t e  d u e  t o  s t a c k  a c t i o n ,  Qs. T o r  
t a l l  t ) u i l d ~ n g s ,  t l ~ c  e q u a t i o n  f o r  e s t i m a t i n g  QS a s  g i v e n  i n  Ref 1  t a k e s  t h e  f o r m  

~ j i ! i ? j 7 2  S i s  t h e  b u i l d i n g  p e r i m e t e r  i n  m e t r e s ,  AT i s  t h e  i n s i d e - o u t s i d e  t e m p e r a t u r e  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  t e m p e r a t u r e  i n  k e l v i n s .  

r o c c d u r c  o f  Air I n f i l t r a t i o n  C a l c u l a t i o n  
-----W- 

'I'hc s ~ ~ g g c s t c d  rncthod 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  s ~ ~ r r o u n d c d  ily l o w e r  
: ; t l . t ~ i  t ~ ~ r c s  o f  u n i  for111 h e i g h t  c a n  b e  s u l i ~ n ~ a r i z c d  a s  f o l  lo\fls:  

1 .  C : i l c ~ ~ l : i t c  a i r  i i ~ t ' i  l t r n t i o l i  r a t e  c a u s e d  b y  s t a c k  ; i c t i o n , u s i n g  Er1 1 3  

2 ,  t l s t i m a t c  a i r  i n f i l t r a t i o n  c a u s e d  l)y w i n d , u s i n g  t h e  f o l l o i d i n g  e q u a t i o n  o b t a i n e d  b y  
c.ornl>ining l : ( ]  9 a n d  P:cl 1 1 ,  o r  u s i n g  F i g .  5 ,  7 ancl 8 :  

3 .  I l c t e r m l n e  Qsl,,l a n d  Q l r g  f r o r  t h e  c a l c u l a t e d  Qs and  Q, a n d ,  f r o m  L q  1 2 ,  c a l c u l a t e  a i r  
~ n f i  l t r a t i o n  c a u s e d  b y  t h e  c o m b i n e d  w l n d  a n d  s t a c k  a c t l o n ,  o r  u s e  F l g .  9 ( a )  a n d  9 ( b )  

I I I  t h e  :~l)o\sc equations, C i s  g i v e n  i n  T a b l e  1 ;  O o i  a n d  a c a n  b e  calculated f r o m  Eq 7 and  
W 

I ( (  1 1 .  
s h  

I )  ISCLISSION 

'I'he ~ > r o p o s e d  me thod  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  
Ijui I ~ l i l l g  s u r ~ . o u l l J c t i  b y  lower s t r r ~ c  t u r c s  o f  u n i f o r m  I l e ig l I t  h c c n u s c  o f  t h e  wind  p r e s s u r e  
c o c f f i c i r n t s  w e d .  I t  nlay n o t  b e  g e n e r a l i z e d  t o  a p p l y  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  1 : r o t e c t e d  



1) ) .  a n o t h e r  t i l l 1  b u i l d i n g  u n l c s s  t h e y  a r c  s u f f i c i e n t l y  f a r  : i p : ~ r t .  l i : ~ s c d  on t h e  mcils~ii-cr~icrles 
rr~adc 1,). B a i l e y  a n d  V i n c e n t  ( 8 1 ,  t h e  miriinlurn d i s t a n c e  f o r  w l l i c l ~  t h e  e f f e c t  o f  all a d j a c e n t  t a l l  
b u i l d i n g  may b e  n e g l e c t e d  i s  e s t i m a t e d  t o  b e  a b o u t  8 b u i l i i i n g  w i d t h s .  

F i g .  ? ( a ) ,  [l?) a n d  ~ ( L I ) ,  ( b )  i n d i c a t e  th : l t  t h e  mcnn p r c s s l ~ r c  c o c f f i c i c r i t  or) t l i c  h8indi~ar . i i  rial l  
t i e c r c a s c s  a s  t h e  wind  a n g l e  d e v i a t e s  f rom t h e  n o r m a l  t o  t11:lt w a l l  ancl a s  t h e  h e i g h t  o f  a d j a c c n t  
s t r u c t ~ ~ r c s  i n c r e a s e 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  u s e d  t o  o b t a i n  Cl,, was 3 . 8  cm iv,t l ich 
r e p r e s e n t e d  a  5 - s t o r l -  b u i l d i n g  i n  f u l l  s c a l e .  T h i s  h e i g h t  was  c h o s e n  b e c a u s e  i t  was 
a l '1) roxinra tc ly  e q u a l  t o  t h e  a v e r a g c  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  s u c h  a s  Tor -on to .  

1:ig.  b shows t i ~ a t  f o r  a  l o n g  w a l l  ( S i d e  l ) ,  (Cd ) i s  nlaxin~un~ a t  6 = 0 d e g .  and  i t  
d e c r e a s e s  c o n t i n u o u s l y  t o  z e r o  a s  0 i r i c r e a s e s  t o  7 g  d c g ,  F o r  a  s h o r t  w a l l  ( S i d e  2 ( ( : d l r ) L  i s  
z e r o  a t  ?S d e g .  a n d  i t  i n c r e a s e s  c o n t i n u o u s l y  w i t h  8 t o  a  niaxin~unl v a l u e  a t  9 0  d e g .  ' i ' l ~us ,  a s  t h e  
w i n d  ; i n g l c ,  0 ,  cha r lgcs  f r o m  O t o  $10 d e g . ,  a i r  w i l l  i n f i l t r a t e  a I ~ u i l d i n g  t h r o u g h  S i d e  l  f o r  
8<2S d e g . ,  a n d  t h r o u g h  b o t h  S i d e s  1  and 2 f o r  0 v a r y i n g  f rom 25 t o  7 5  d c g . ,  and  f i n a l  l ?  t h rv i igh  
S i d e  2  Tor  75<0<!)0 i l c g .  S i m i l a r  r e s u l t s  w c r c  o l ) s c r v c d  f o r  ;l f - u l l y  cxl)o>;od t a l l  1 ) u i l i l i  r ~ g  i n  t i l t  
su~111rl1 ( l ) .  

F i g .  9 ( a )  a n d  9 ( b )  i n d i c a t e  t h a t  i f  Qs i s  e q u a l  t o  Q,,, t h e  r e s u l t a n t  a i r  i n f i i t r a t i o r i  i s  
a b o u t  40$, 17: a n d  66 h i g h e r  t h a n  Qs o r  Q,, f o r  wind a n g l e s  o f  O [Or  90), 30 ( o r  60) allcl 45 clcg. 
r c s l ~ c c t i v e l y .  T h u s ,  t h e  r e s u l t s  a p p e a r  t o  s u g g e s t  t h a t  o n e  e f f e c t i v e  way t o  c u t  down h c ; ~ t  l o s s  
d u e  t o  i n f  i l t r a t i o r ~  f o r  b u i l d i n g s  u n d e r  d e s i g n  i s  t o  o r i e n t  thcrn ;u%lay I ' ron~ t i l e  \, i r ~ t c r  I l r c v a i  l i n g  
wi  IIC! tl i r c c  t i o n .  

The f a c t o r  a s h  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/ll = l / h .  T o  i n v e s t i g a t e  t h e  a 1 ) p l i c a l l i l i t ; , ~  
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 .  1 0  shows  t h e  r e l a t i o n s h i p  I ~ e t w e e n  
( Q i G s  / ( ) j l . g  - 1)  : I I I ~  QS1lll/(Jll.s f o r  v : i ~ - i o ~ r s  v ; r lues  o f  h/II anti \\rind a n j : l c s .  I t  i s  cv idc r i t  t h : ~ t  
usl, i s  a weak f u n c t i o n  o f  h/fl e s p e c i a l l y  when t h e  wincl t l i r c c t i o n  i s  n o t  p c r 1 ) e n d i c u l a r  t o  t l ~ c  
w a l l .  'l'lilrs, t h e  f n c t o r  as/, c211 a l s o  h e  u s e d  t o  c s t i r i l a t c  ~rrldcr.  t i l e  s l l i e l c l i n g  co r rd i t . i o~ i  
c o n s i d e r e d .  

' / 'he l ? r c d i c t e d  a i r  i n f i l t r a t i o n  r a t c s  u s i n g  t h e  s u g g e s t e t 1  method was  coml~arccl  r%lith t l l o s c  b a s e d  
on t h e  cor l iputer  b ~ ~ i l d i n g  model u n d c r  v a r i o u s  c o n d i t i o n s .  A s  shown i n  1:ig. 11 ,  t h e  n g r c c m c n t  
bcti*rccn t h e  two r e s u l t s  i s  w i t h i n  5%. 

(:OS(:I.IJS IONS 
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,l n~ct l io t l  was  ~ l r c s e n t c d  f o r  p r - e t i i c t i n g  a i r  i n f i l t r x t i o r r  r a t e  f o r  n t a l l  11~1i lc l in i :  ( w / l  = i / i . s )  

: ; ~ ~ r r o c ~ n t l e c l  l )y  l o h ' c 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  u n d e r  v a r i o u s  c o r ~ i l ~ i n a t i o n s  o f  i ~ ~ i n c l  s p c c i l s ,  i<ilili 
, r : l f i l c s .  : ~ r i ~ l  a i r  tciripcratL!rc,. Tlie 111c111clil h e  gcrier: l izc~cI t o  :1])!11y f o r  :I r i l l 1  I ) L I ~ ~ C I L I I ~  i l l  ;l11 

111-11an n re i l  i f  t h e  b u i l c l i n f ;  i s  a b o u t  S b ~ ~ i l t l i n i :  w i c l t l ~ s  :lii:l!r frorn ot1ic:l- t a l  l  1 , u i l d i n g s .  ,l'hc 
1 ) rcd ic t cL l  a i r  i n f i l t r ; ~ t i i o r i  r a t e s  a r c  s11ow11 t o  I I C  ; l c c u r ; i t c  k i t l i i r !  3';) co1111);1r~:d b 8 i t 1 l  t11o~;c  l ~ ; l s i ~ t l  o i l  
tlic. cornj>llt c r  1 1 1 1 i  I t i i  ng ~ r ~ o i l c l  . 

Air i r : f i  I t r ~ ~ t  i o n  c a k ~ s c d  1)). wiiid wns fount1 t n  I ) ?  a s t r o n g  f ~ ~ n c t i n r i  o f  \ r 8 i n ~ l  i l i r c c t i o n .  'Illc 
r e s u l t s  i n i l i c a t c i l  t h a t  t h e  n~axi lnun~ a i r  i n f i l t r a t i o n  was  ~ ~ r o d u c e d  11). a  i\ti~icl I l l a t  cip11ro;icliccl a1 

0 i l cg .  :)nil t l i c .  rnini~num a i r  i n f i l t r a t i o n  o c c u r r e d  a t  75 tic-g. ,'incl :rri:lc. 

: \ir i ~ r f i  l  t r a t i o n  c a u s e d  I>y t h c  c o ~ n h i n ~ t i o r i  o f  wind a n d  s t a c k  a c t  iorl i s  c lc j lcni lc i~t  or! :Ii(: 

m a g n i t u i l c  o f  e a c h  a n d  t h e  w i n d  d i r e c t i o r i .  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  c a u s e d  h y  \v i :~t l  o r  
s t a c k  a c t i o ~ i  a c t i n g  s c p n r a t e l y  a r c  e c l u a l ,  t h e  a i r  i n f i l t r a t i o l i  r a t e  causecl  h y  t h e  co r r~ l l i~~cc !  
a c t l o n  1s h l g h c r  t h a n  t h a t  d u e  t o  cncli  a c t l o n  11). n h o u t  '10% f o r  w ind  a n g l e s  o f  0 o r  D(] d c g .  ,111d 
66 f o r  45 d e g .  

= a r e a  o f  l o n g  w a l l  ( S i d e  l ) ,  m 
2 

l  
2 

A .  = a r e a  o f  i d a l l  i ,  111 ; i = 1 ,  2 ,  3 ,  4  
l 

C .  = l c a k a g e  c o c f f i c l c n t  o f  b u l l d i n g  c o m p o n e n t ;  s c c  T a h l c  1  
.l 

C 3 0.65 
= l e a k a g e  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  p e r  u n i t  \ * a l l  a r e a ,  m /S - rnL .pa  

,! 

(-,l: 
= \ i l c i g h t c d  niean p r e s s u r e  c o c f f  i c l c n t ;  s c e  Fci 3 

( C d $ ]  = i i n i fo r rn  e c l ~ ~ i v a l c ~ ~ t  p r e s s a r c  d i f f e r e n c e  c o c f f i c i c n t  o f  :+ta l l  i ,  i  = 1 ,  2 ,  5, .I; L:(i 6 
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F i g .  10 E f f e c t  o f  ~ d j a c e n t  structures 
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K(3?~1TiNC LATU RI-: 

'? 
A 1 = a r e a  o f  long wa l l  (Side  l ) ,  m' 

9 
A .  = 3ren  o f  w a l l  i ,  m - ;  i = 1 ,  2 ,  3 ,  4 
1 

C ;  = lcnkage c o c f f i c i c n t  of bu i l t l ing  component; see Table  1 

= leakage coefficient f o r  ex*-  3 - ~ - l . i o r  i i a l I s  p e r  u n i t  wa l l  a r e a ,  m / s a m 2 * ~ a  0 .65  

C = weighted ncan pressure:  c o e f f i c i e n t ;  s e e  E q  3 z 

(C ' = uniform e q u i v a l e n t  p r e s s u r e  d i f f e r c n c e  c o e f f i c i e n t  o f  w a l l  i ,  i = 1, 2 ,  3, 4; see E q  6 dpJ i 

li  = nvcrzge l i c igh t  of ad jncen"Lsr ruc tu rcs ,  m 

K = c o n s t a n t  

A ? .  = p r c s s u r c  d i f f e r e n c e  a c r o s s  an opening, Pa 
I 

(AP,) = uniform 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  a c r o s s  i t h  w a l l ,  Pa; i = 1,  2 ,  3, 4 

? = h8e i sh tcd  mean p rcss i i r e  a t  h e i g h t  s r e l a t i v e  t o  s t a t i c  p r e s s u r e  a t  roof  l e v e l ,  Pa 
7. 

3 
Qs = 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 ,  ni / S  

3 
9, = 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 
Re = a i r  i n f i l t r a t i o r :  r a t e  caused by wind a t  6 ,  m / S  

3 
&o = 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 d e g . ,  m / S  

3 
R s  = a i r  i n f i i t r a t i o n  r a t e  caused by  combined wind and s t a c k  a c t i o n ,  m / S  

3 
Q!rg = l a r g e r  v a l u e  o f  and Q n / S  

s 9  
3 

Qsmi = s m a l l e r  v a l u e  of Q and Qs , m / S  
h' 

S = p e r i m c t e r  o f  t h c  b u i i d i n g ,  m 

= o u t s i d e  a i r  t e m p e r a t u r e ,  K 

AT = 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 ,  K 

vs = mean wind speed measured a t  a  me teoro log ica l  s t a n i o n ,  m/s 

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

v?_ 
.=  mean wind speed a t  h e i g h t  z above ground, m / s  

- $5 

II 

4q S 
- c o r r e c t i o n  f a c t o r  f o r  combined wind and s t a c k  a c t i o n  

Q!rg 

P = 3ir d e n s i t y  
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