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STUDIES ON EXTERIOR WALL AIR TIGHTNESS 
AND AIR INFILTRATION O F  TALL BUILDINGS 

GEORGE T .  TAMUKA,  P E .  CHIA Y. SHAW. P.E 
M e m l ~ t ~ r  , I \ \  I K  .\E 

One o f  t h e  f u n c t i o n s  of t h e  e x t e r i o r  w a l l s  o f  b u i l d i n g s  i s  t o  s e p a r a t e  outdoor  e lements  from t h e  
i n s i d e  environment .  Bui lding envelopes a r e  not normally completely a i r  t i g h t  and t h e y  permit  
some flow of  a i r  i n t o  and ou t  o f  them through j o i n t s  and c racks  i n  t h e  wal l  f a b r i c .  Th i s  leakage 
o f  a i r  c o n t r i b u t e s  t o  h e a t i n g  and c o o l i n g  loads  and must be taken i n t o  account i n  any energy 
a n a l y s i s  o f  b u i l d i n g s  and des ign  o f  HVAC sys tems.  

I n f i l t r a t i o n  r a t e s  depend p r i m a r i l y  on t h e  a i r  leakage c h a r a c t e r i s t i c s  o f  e x t e r i o r  w a l l s  and 
t o  a  l e s s e r  e x t e n t  on those  o f  i n t e r i o r  s e p a r a t i o n s  such a s  f l o o r  c o n s t r u c t i o n ,  i n t e r i o r  p a r t i -  
t i o n s  and v a r i o u s  s e r v i c e  s h a f t s .  A r e l i a b l e  p r e d i c t i o n  o f  t h e  i n f i l t r a t i o n  r a t e s  o f  m u l t i -  
s t o r e y  b u i l d i n g s  i s  hampered, a t  p r e s e n t ,  by t h e  s c a r c i t y  o f  informat ion on t h e  a c t u a l  a i r  l eak-  
age c h a r a c t e r i s t i c s  o f  e x t e r i o r  w a l l s .  

The Nat ional  Research Council o f  Canada has  taken measurements o f  t h e  a i r  leakage c h a r a c t e r -  
i s t i c s  o f  t h e  e x t e r i o r  w a l l s  o f  e i g h t  m u l t i - s t o r e y  o f f i c e  b u i l d i n g s  l o c a t e d  i n  Ottawa, Canada. 
Varying i n  h e i g h t  from 11 t o  2 2  s t o r i e s ,  w i t h  c u r t a i n  wal l  c o n s t r u c t i o n  and f i x e d  g l a z i n g ,  they  
were b u i l t  du r ing  t h e  s i x t i e s  and e a r l y  s e v e n t i e s .  The r e s u l t s  o f  t h e  measurements a r e  r e p o r t e d  
i n  t h i s  p a p e r .  A method f o r  c a l c u l a t i n g  i n f i l t r a t i o n  r a t e s  caused by s t a c k  a c t i o n  h a s  been 
developed and i s  a p p l i e d  t o  h e a t  l o s s  c a l c u l a t i o n s  us ing  t h e  measured wa l l  leakage v a l u e s .  

EXTERIOR WALL MEASUREMENTS 

The r e s u l t s  o f  a i r  leakage measurements o f  t h e  e x t e r i o r  wa l l s  o f  four  m u l t i - s t o r e y  b u i l d i n g s  were 
r e p o r t e d  by Shaw, Sander and ~ a m u r a . ~  This  p r o j e c t  was subsequent ly  expanded t o  i n c l u d e  four  
a d d i t i o n a l  b u i l d i n g s ,  us ing  t h e  same t e s t  method (Table 1 ) .  B r i e f l y ,  i t  involved p r e s s u r i z i n g  
a l l  t y p i c a l  f l o o r  spaces  between t h e  grnund f l o o r  and t h e  top  mechanical f l o o r ,  u s i n g  100% ou t -  
s i d e  a i r  f o r  t h e  c e n t r a l  supply  a i r  systems wi th  r e t u r n  and exhaust  systems shu t  down. Supply 
a i r  r a t e s  were v a r i e d  and t h e  concomitant 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  t h e  p r e s s u r i z e d  e n c l o s u r e  
r e c o r d e d .  To ensure  s t a b l 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  t h e  b u i l d i n g  e n c l o s u r e , t h e  t e s t s  were 
conducted d u r i n g  unoccupied pe r iods  and when t h e r e  was l i t t l e  o r  no wind. 

Under s t e a d y - s t a t e  c o n d i t i o n  the  r a t e  o f  supply  o f  o u t s i d e  a i r  e q u a l s  t h e  sum o f  t h e  a i r  l eak-  
age r a t e s  through t h e  e x t e r i o r  wal ls  o f  t y p i c a l  f l o o r s ,  bottom and t o p  s e p a r a t i o n s  ( F i g .  1 ) .  I t  
can be expressed  a s  f o l l o w s :  
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Qs = t o t a l  o u t d o o r  a i r  s u p p l y  r a t e ,  cfm 

n  = f low c x p o n c n t  

n  
C = f low c o c f f i c i c ~ l t ,  c f m / ( s q  f t ) ( i n .  o f  w a t e r )  

AP = p r e s s u r e  d i f f e r e n c e ,  P .  - P i n .  o f  w a t e r  
1 0 '  

P .  = i n s i d e  p r e s s u r e ,  i n ,  o f  w a t e r  
1 

Po = outside p r e s s u r e ,  i n .  o f  w a t e r  

A = a r e a ,  s q  f t  

N = t o t a l  number o f  f l o o r s  w i t h  t y p i c a l  w a l l  c o n s t r u c t i o n  

s u b s c r i p t s  

w = e x t e r i o r  w a l l  

b  = b o t t o m  s e p a r a t i o n  

t = t o p  s e p a r a t i o n  

The v a l u e s  o f  Qs, APw, AP and Apt c a n  b e  m e a s u r e d .  By o b t a i n i n g  s e v e r a l  s e t s  o f  t h e s e  v a l u e s  
b  

i t  i s  p o s s i b l e  t o  d e t e r m i n e  t h e  v a l u e s  o f  f low c o e f f i c i e n t s  Cw, C and C and  t h e  f l o w  e x p o n e n t s  b  t 
n  nb a n d  n  d e f i n i n g  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  o f  t h e  t h r e e  s e p a r a t i o n s .  D e t a i l s  o f  t e s t  w ' t ' 
m e t h o d s  a n d  d a t a  a n a l y s i s  a r e  g i v e n  i n  Ref 1 .  

TEST RESULTS 

T h e  v a l u e s  o f  f l o w  c o e f f i c i e n t  and e x p o n e n t ,  a s  d e f i n e d  i n  Eq 1 f o r  t h e  e i g h t  t e s t  b u i l d i n g s ,  
a r e  g i v e n  i n  T a b l e  2 .  U s i n g  t h e s e  v a l u e s ,  t h e  o v e r - a l l  a i r  l e a k a g e  r a t e s  i n  t e r m s  o f  cfm p e r  
s q  f t  o f  o u t s i d e  w a l l  a r e a  v s  p r e s s u r e  d i f f e r e n c e  were  p l o t t e d  on F i g .  2 .  These  v a l u e s ,  which  
i n c l u d e  t h e  a i r  l e a k a g e  r a t e s  t h r o u g h  t h e  t o p  and  b o t t o m  a s  w e l l  a s  t h r o u g h  t h e  e x t e r i o r  w a l l s ,  
a r e  u s e f u l  i n  e s t i m a t i n g  t h e  s u p p l y  a i r  r a t e s  r e q u i r e d  f o r  p r e s s u r i z i n g  a  b u i l d i n g .  I t  s h o u l d  b e  
n o t e d  t h a t  l e a k a g e  v a l u e s  o f  t h e  t o p  s e p a r a t i o n , g i v e n  i n  T a b l e  2, i n c l u d e  l e a k a g e  f l o w s  t h r o u g h  
t h e  c l o s e d  e x h a u s t  dampers  a t  t h e  t o p  o f  t h e  r e t u r n  and  e x h a u s t  s y s t e m s  ( s h u t  down d u r i n g  t h e  
t e s t s ) .  

The  d e p e n d e n c e  o f  t h e  e x t e r i o r  w a l l  a i r  l e a k a g e  r a t e s  on p r e s s u r e  d i f f e r e n c e  i s  shown i n  F i g .  
3 .  T h e s e  a i r  l e a k a g e  r a t e s  v a r i e d  from 0 . 1 2  t o  0 . 3 8  cfm p e r  s q  f t  o f  w a l l  a r e a  a t  a  p r e s s u r e  
d i f f e r e n c e  o f  0 . 3 0  i n .  o f  w a t e r  p r e s s u r e  and c o n s t i t u t e d  f r o m  20 t o  55% o f  t h e  o v e r - a l l  a i r  l e a k -  
a g e  r a t e s  o f  t h e  t e s t  b u i l d i n g s .  T h e s e  v a l u e s  a r e  w e l l  a b o v e  t h e  s t a n d a r d  s p e c i f i e d  by t h e  
N a t i o n a l  A s s o c i a t i o n  o f  A r c h i t e c t u r a l  M e t a l  M a n u f a c t u r e r s  (NAAMM): 0 . 0 6  cfm p e r  .sq f t  o f  w a l l  
a r e a  a t  t h e  same p r e s s u r e  d i f f e r e n c e .  The e x t e r i o r  f a c a d e s  o f  t h r e e  o f  t h e  t e s t  b u i l d i n g s ,  D ,  E 
a n d  ti, w e r e  c o n s t r u c t e d  o f  m e t a l  p a n e l s ;  t h o s e  o f  t h e  r e m a i n i n g  t e s t  b u i l d i n g s  w e r e  o f  p r e c a s t  
c o n c r e t e  p a n e l s .  A s  t h e  w a l l  m a t e r i a l s  a r e  r e l a t i v e l y  impermeable  t o  a i r ,  i t  i s  p r o b a b l e  t h a t  
t h e  a i r  l e a k a g e  r a t e s  depended  m a i n l y  on t h e  d e s i g n  o f  w a l l  j o i n t s  and  t h e  way t h e y  w e r e  p u t  t o -  
g e t h e r .  B u i l d i n g s  F  a n d  H ,  which were  c o n s t r u c t e d  w i t h  c l o s e  s u p e r v i s i o n  o f  workmanship on w a l l  
j o i n t i n g  t o  m i n i m i z e  a i r  i n f i l t r a t i o n ,  gave  t h e  l o w e s t  l e a k a g e  r a t e s ;  and where j o i n t  s e a l s  
a p p e a r e d  i n a d e q u a t e ,  r e m e d i a l  measures  were  t a k e n .  

CALCULATION OF INFILTRATION RATE CAUSED BY STACK .ACTION 

A i r  i n f i l t r a t i o n  i n  a  b u i l d i n g  i s  c a u s e d  by b o t h  wind and  s t a c k  a c t i o n .  The c a l c u l a t i o n  o f  i n f i l -  
t r a t i o n  r a t e s  c a u s e d  by  wind  i s  q u i t e  complex,  f o r  t h e  wind  p r e s s u r e  d i s t r i b u t i o n  o v e r  t h e  s u r -  
f a c e  o f  a  b u i l d i n g  d e p e n d s  on wind s p e c d  and d i r e c t i o n ,  b u i l d i n g  s h a p e  and  t h e  n a t u r e  o f  t h e  
s u r r o u n d i n g  t e r r a i n ,  i n c l u d i n g  a d j a c e n t  b u i l d i n g s .  The l i t e r a t u r e  on wind p r e s s u r e s  on a c t u a l  
a n d  model b u i l d i n g s  i n  b o u n d a r y - l a y e r  wind  t u n n e l s  i s  e x t e n s i v e .  P r e s s u r e  measurements  h a v e  b e e n  
made p r i m a r i l y  t o  d e v e l o p  d a t a  f o r  s t r u c t u r a l  l o a d  c a l c u l a t i o n s  a n d  n o t  f o 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 ,  w h i c h  r e q u i r e  more d e t a i l e d  d a t a  on wind p r e s s u r e s  b o t h  h o r i z o n t a l l y  and v e r t i c a l l y .  I f  
w i n d  p r e s s u r e  d a t a  f o r  a  b u i l d i n g  a r e  a v a i l a b l e ,  i n f i l t r a t i o n  r a t e s  c a u s e d  by  b o t h  wind  and  s t a c k  



a c t i o n  can be c a l c u l a t e d  wi th  t h e  a i d  o f  a  d i g i t a l  computer and an a p p r o p r i a t e  mathemat ica l  
model . 3 j 4 7 5  

The i n f i l t r a t i o n  r a t e s  caused by s t a c k  a c t i o n  a l o n e ,  which t ends  t o  govern t h e  i n f i l t r a t i o n  
r a t e  o f  a  m u l t i - s t o r e y  b u i l d i n g  dur ing  c o l d  wea the r ,  can be c a l c u l a t e d  r e l a t i v e l y  e a s i l y .  The 
d e r i v a t i o n  o f  t h e  equa t ion  i s  a s  fo l lows :  
T h e o r e t i c 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  e x t e r i o r  w a l l s  caused by s t a c k  e f f e c t  i s  g iven  b y  " 

where 

p  = baromet r i c  p r e s s u r e ,  l b / s q  i n .  

h  = v e r t i c a l  d i s t a n c e  from n e u t r a l  zone,  f t  

p o s i t i v e  s i g n  above n e u t r a l  zone 

n e g a t i v e  s i g n  below n e u t r a l  zone 

AT = t empera tu re  d i f f e r e n c e ,  T.  - T  F 
1 0 '  

T .  = a b s o l u t e  t empera tu re  i n s i d e ,  R 
1 

T  = a b s o l u t e  t empera tu re  o u t s i d e ,  R . 
0 

The n e u t r a l  zone i s  t h e  l e v e l  a t  which i n s i d e  and o u t s i d e  p r e s s u r e s  a r e  e q u a l .  E q  2 i n d i -  
c a t e s  t h a t  AP and AT have t h e  same s i g n s  f o r  a l l  l o c a t i o n s  above t h e  n e u t r a l  zone and,  conver se ly ,  
o p p o s i t e  s i g n s  below t h e  n e u t r a l  zone. Thus t h e r e  w i l l  be i n f i l t r a t i o n  through t h e  w a l l s  of  t h e  
lower s t o r e y s  and e x f i l t r a t i o n  through t h e  w a l l s  o f  t h e  upper s t o r e y s  when t h e  t e m p e r a t u r e  i n -  
s i d e  t h e  b u i l d i n g  i s  h i g h e r  than  t h e  a i r  t empera tu re  o u t s i d e .  Th i s  means t h a t  a i r  f lows upward 
w i t h i n  t h e  b u i l d i n g  d u r i n g  t h e  w i n t e r  months. The flow p a t t e r n  i s  r e v e r s e d  dur ing  t h e  summer 
months when t h e  a i r  t empera tu re  o u t s i d e  i s  h i g h e r  than t h a t  i n s i d e .  

Ac tua l  p r e s s u r e  d i f f e r e n c e  depends on t h e  r e s i s t a n c e s  t o  flow o f  both t h e  e x t e r i o r  and i n t e -  
r i o r  s e p a r a t i o n s .  I t  i s  l e s s  than t h e  t h e o r e t i c a l  p r e s s u r e  d i f f e r e n c e  i n d i c a t e d  by E q  2 
because  o f  t h e  r e s i s t a n c e  t o  a i r  movement a s s o c i a t e d  w i t h  i n t e r i o r  components such a s  p a r t i t i o n s ,  
f l o o r  c o n s t r u c t i o n s  and w a l l s  of  v e r t i c a l  s h a f t s .  The upward flow caused by s t a c k  a c t i o n  dur ing  
c o l d  wea the r  t a k e s  p l a c e  from f l o o r  t o  f l o o r  through openings  i n  t h e  f l o o r  c o n s t r u c t i o n  and 
th rough  v e r t i c a l  s h a f t s .  I t  can be expec ted  t h a t  most upward flow w i l l  occur  i n  t h e  v e r t i c a l  
s h a f t s  because  t h e i r  r e s i s t a n c e  ( f r i c t i o n  l o s s e s )  w i l l  be c o n s i d e r a b l y  l e s s  than t h a t  a s s o c i a t e d  
w i t h  f l o o r s ,  which a c t  a s  r e s i s t a n c e s  i n  s e r i e s .  For t h i s  d i s c u s s i o n ,  t h e r e f o r e ,  t h e  f l o o r  con- 
s t r u c t i o n  i s  cons ide red  t o  be a i r  t i g h t .  

With t h i s  assumpt ion,  t h e  t h e o r e t i c a l  p r e s s u r e  d i f f e r e n c e  g iven by Eq 2 i s  t h a t  between ou t -  
s i d e  t h e  b u i l d i n g  and i n s i d e  a  s h a f t  a t  t h e  same l e v e l .  I t  i s  d i s t r i b u t e d  a c r o s s  t h e  e x t e r i o r  
w a l l s ,  i n t e r i o r  p a r t i t i o n s  and t h e  w a l l s  o f  v e r t i c a l  s h a f t s .  The manner o f  d i s t r i b u t i o n  depends 
upon t h e  r e s i s t a n c e  o f  each o f  t h e s e  s e p a r a t i o n s  i n  r e l a t i o n  t o  t h a t  of  t h e  combined r e s i s t a n c e s  
a t  t h e  same l e v e l .  I f  t h e  r e s i s t a n c e s  o f  t h e  e x t e r i o r  and i n t e r i o r  s e p a r a t i o n s  a r e  uni form from 
f l o o r  t o  f l o o r ,  t h e  r a t i o  o f  a c t u a l  ( e x t e r i o r  w a l l s )  t o  t h e o r e t i c a l  p r e s s u r e  d i f f e r e n c e s  w i l l  be 
c o n s t a n t  f o r  t h e  whole h e i g h t  o f  a  b u i l d i n g .  

E q  2 can be  modif ied  t o  t a k e  t h i s  i n t o  account  

where 

Y = r a t i o  o f  a c t u a l  t o  t h e o r e t i c a l  p r e s s u r e  d i f f e r e n c e .  

I f  t h e  e x t e r i o r  wa l l  i s  much t i g h t e r  than t h e  i n t e r i o r  s e p a r a t i o n s , t h e  va lue  of  y w i l l  
approach u n i t y ;  i f  i t  is much l o o s e r ,  t h e  va lue  of  y w i l l  approach ze ro .  The va lues  f o r  y d e t e r -  
mined e x p e r i m e n t a l l y  f o r  a  few m u l t i - s t o r e y  o f f i c e  b u i l d i n g s  ranged from 0 . 6 3  t o  0 .88 .  



The r a t e  o f  a i r f l o w  th rough  an i n f i n i t e s i m a l  a r e a  o f  t h e  e x t e r i o r  wa l l  i s  givcn by 
n  

dQw = CwdAw ( A P )  
w 

where 

dQw = a i r  leakage  r a t e  t h rough  an a r e a  dA of  t h e  e x t e r i o r  w a l l ,  cfm 
w " 

w 
Cw = flow c o e f f i c i e n t ,  c fm/(sq  f t )  ( i n .  o f  wa te r )  

n  = flow exponent  
w 

Combining E q  3 and 4 g i v e s  

where 

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

For a  b u i l d i n g  wi th  a  c o n s t a n t  c r o s s - s e c t i o n a l  a r e a  and a  uniform d i s t r i b u t i o n  o f  l eakage  
openings  wi th  h e i g h t ,  an e q u a t i o n  f o r  t h e  t o t a l  a i r  i n f i l t r a t i o n  r a t e  can be o b t a i n e d  by i n t e g r a -  
t i n g  E q  5  from t h e  ground l e v e l  t o  t h e  n e u t r a l  zone. The n e u t r a l  zone l e v e l  can be  e x p r e s s e d  
a s  BH where 6 i s  t h e  r a t i o  o f  t h e  h e i g h t  o f  t h e  n e u t r a l  zone and t h e  b u i l d i n g  h e i g h t  H i n  f t .  

Thus,  

where 

Qw i s  t h e  t o t a l  r a t e  o f  i n f i l t r a t i o n  f o r  t h e  whole b u i l d i n g .  

As t h i s  e q u a t i o n  assumes a  wa l l  w i t h  a  uniform a i r  l e a k a g e  c h a r a c t e r i s t i c ,  a  s e p a r a t e  
i n f i l t r a t i o n  h e a t  l o s s  c a l c u l a t i o n  u s i n g  Eq 3  and 4 s h o u l d  be made f a r  t h e  e x t e r i o r  w a l l s  o f  
t h e  ground f l o o r  s i n c e  t h e i r  a i r  l eakage  va lues  t e n d  t o  be h i g h e r  t h a n  t h o s e  o f  o t h e r  f l o o r s .  

INFILTRATION HEAT LOSSES CAUSED BY STACK ACTION 

From F i g .  3 , a i r  l eakage  v a l u e s  f o r  a  t i g h t ,  average  and l o o s e  w a l l  were a s s i g n e d  a r b i t r a r i l y  f o r  
h e a t  l o s s  c a l c u l a t i o n .  A flow exponent ,  n  o f  0 .65  was assumed f o r  t h e s e  w a l l s  ( i t  v a r i e d  from w '  
0 .50  t o  0 .75  f o r  t h e  t e s t  b u i l d i n g s ) .  The f low c o e f f i c i e n t s  were assumed a s  f o l l o w s :  

A i r  Leakage Rate,  Flow C o e f f i c i e n t ,  C 
W 

Wall cfm/sq f t  
T i g h t n e s s  a t  0 . 3  i n .  wa te r  cfm/ (sq  f t )  ( i n .  wa te r )  

0 . 6 5  

NMMM 0 .06  0 . 1 3  

t i g h t  0 .10  0 .22  

ave rage  0 .30  0 .66  

l o o s e  0 .60  1 . 3 0  

These v a l u e s  wil l  p r o b a b l y  apply  t o  e x t e r i o r  w a l l s  o f  c u r t a i n  wa l l  c o n s t r u c t i o n  w i t h  f i x e d  g l a z i n g  
b u t  n o t  t o  e x t e r i o r  w a l l s  of  masonry c o n s t r u c t i o n .  Measurements on one b u i l d i n g  8 o f  t h e  l a t t e r  
c o n s t r u c t i o n  i n d i c a t e d  t h a t  i t s  l eakage  r a t e s  a r e  c o n s i d e r a b l y  h i g h e r  t h a n  t h o s e  shown on F i g .  3 .  

The e q u a t i o n  f o r  i n f i l t r a t i o n  r a t e ,  E q  6 ,  can be s i m p l i f i e d  f o r  p r a c t i c a l  pu rposes  by 
assuming t h e  f o l l o w i n g :  y = 0 .80 ,  p  = 11.7  p s i a ,  T. = 530R, n  = 0 .65 ,  B = 0 .50 .  S u b s t i t u t i n g  

1 W 
t h e s e  v a l u e s  i n  E a  6  



The s e n s i b l e  hea t  load  due t o  i n f i l t r a t i o n  i s  g iven by * 
Y = 1 .08  QwAT 

where 

Y = s e n s i b l e  h e a t  l o s s ,  Btu/hr 

S u b s t i t u t i n g  Eq 7  i n  Eq 8  g ives  

Y = 0.0106 CwS ( [AT] H) 
' 65 

The l a t e n t  h e a t  l o s s  when indoor  humidi ty  r a t i o  i s  t o  be maintained a t  a  c o n s t a n t  l e v e l  i s  
g iven by 

where 

Z = h e a t  r e q u i r e d  t o  i n c r e a s e  mois tu re  con ten t  o f  i n f i l t r a t i o n  a i r  from W t o  W .  Btu/hr  
0 1' 

W .  = humidi ty  r a t i o  o f  indoor  a i r ,  pounds of water  pe r  pound o f  d ry  a i r  
1 

W = humidi ty  r a t i o  o f  outdoor  a i r ,  pounds o f  wa te r  p e r  pound o f  d r y  a i r  
0 

S u b s t i t u t i n g  Eq 7  i n  Eq 10 g i v e s  

I n f i l t r a t i o n  r a t e s  were c a l c u l a t e d  f o r  t h e  f o u r  a i r  leakage va lues  and v a r i o u s  b u i l d i n g  
h e i g h t s  u s i n g  Eq 7 ,  expressed  i n  a i r  changes p e r  hour and assuming a  f l o o r  p lan  150 f t  s q .  A 
t empera tu re  d i f f e r e n c e  o f  70 F  was assumed between indoor  and outdoor  a i r .  The r e s u l t s  o f  these  
c a l c u l a t i o n s  ( F i g .  4) i n d i c a t e d  t h a t  a i r  change r a t e s  i n c r e a s e  wi th  b u i l d i n g  he igh t  a s  we l l  a s  
wi th  i n c r e a s i n g  wa l l  leakage v a l u e s .  

These v a l u e s  may be  compared wi th  t h e  outdoor  a i r  requirement  f o r  v e n t i l a t i o n .  ASHRAE 
STANDARD 62-73 l o  g i v e s  t h e  min imy r e q u i r e d  v e n t i l a t i o n  a i r  wi thout  temperidg o r  f i l t e r i n g  
a s  15 cfm p e r  person f o r  genera l  o f f i c e  space  (0 .15 cfm p e r  sq f t ,  based on 10 pe r sons  p e r  1000 
sq  f t  o f  f l o o r  a r e a ) .  T h i s  r e p r e s e n t s  0.9 a i r  change p e r  hour .  As t h i s  va lue  i s  much h i g h e r  
than  t h e  v a l u e s  shown on Fig .  4 ,  i t  appears  t h a t  a i r  i n f i l t r a t i o n  by i t s e l f  w i l l  no t  u s u a l l y  
s a t i s f y  t h e  v e n t i l a t i o n  requirement .  

The s e n s i b l e  and l a t e n t  i n f i l t r a t i o n  h e a t  l o s s e s  were c a l c u l a t e d  us ing  Eq 9  and 11,  assum- 
i n g  an indoor-outdoor  t empera tu re  d i f f e r e n c e  o f  70 F, a  humidity r a t i o  f o r  indoors  o f  0 .0047 l b  
o f  wa te r  pe r  l b  o f  d ry  a i r  (70 F, 30% RH) and one f o r  outdoors  o f  0.0006 l b  o f  water  p e r  l b  o f  
dry  a i r  ( 0  F, 80% RH) . The r e s u l t s  o f  t h e  c a l c u l a t i o n  given i n  Btu p e r  hour p e r  square  f o o t  of 
wal l  a r e a  a r e  shown i n  F i g .  5  f o r  v a r i o u s  b u i l d i n g  h e i g h t s .  For t h i s  example, t h e  l a t e n t  hea t  
l o s s e s  a r e  28% of  t h e  s e n s i b l e  h e a t  l o s s e s .  

In F i g .  6 , t h e  i n f i l t r a t i o n  hea t  l o s s e s  ( s e n s i b l e  p l u s  l a t e n t )  a r e  compared w i t h  t h e  t o t a l  hea t  
l o s s e s  through t h e  e x t e r i o r  wa l l s  ( i n f i l t r a t i o n  p l u s  t r a n s m i s s i o n ) .  The o v e r - a l l  U v a l u e  was 
assumed t o  be 0 .30 ,  wi th  v a l u e s  o f  0.15 f o r  t h e  i n s u l a t e d  w a l l s  and 0.55 f o r  doub le -g lazed  win- 
dows, which c o n s t i t u t e d  40% of  the  t o t a l  wa l l  a r e a .  Transmiss ion h e a t  l o s s  was 21.0  B t u / ( h r )  
( sq  f t )  a t  a  t empera tu re  d i f f e r e n c e  o f  70 F. For a  b u i l d i n g  wi th  an average wa l l  l eakage  value ,  
t h e  p e r c e n t a g e  o f  t o t a l  h e a t  l o s s  c o n t r i b u t e d  by a i r  i n f i l t r a t i o n  v a r i e d  from 22 t o  46% f o r  
b u i l d i n g  h e i g h t s  o f  200 t o  1000 f t ,  r e s p e c t i v e l y ;  t h e s e  v a l u e s  a r e  reduced t o  9  t o  22% f o r  
b u i l d i n g s  wi th  r e l a t i v e l y  a i r - t i g h t  w a l l s .  A s  i n f i l t r a t i o n  h e a t  l o s s e s  i n c r e a s e  w i t h  b u i l d i n g  
h e i g h t ,  t h e  s i g n i f i c a n c e  o f  a i r  t i g h t n e s s  f o r  w a l l s  o f  t a l l  b u i l d i n g s  i s  a p p a r e n t .  

The v e n t i l a t i o n  requirement  f o r  genera l  o f f i c e  space  o f  15 cfm of  outdoor  a i r  p e r  person 
demands an outdoor  a i r  supply  o f  0.56 cfm p e r  sq  f t  o f  o u t s i d e  wal l  area ,assuming a  f l o o r  
dimension o f  150 by 150 f t  and f l o o r  h e i g h t  o f  10 f t .  Using Eq 8  and 10, t h e  h e a t  l o s s  
( s e n s i b l e  p l u s  l a t e n t )  was 5 3 . 6  B t u / ( h r )  ( sq  f t )  o f  wa l l  a r e a  a t  a  temperature  d i f f e r e n c e  o f  i O  F 
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and humidity r a t i o ,  i n d o o r s ,  o f  0:0047 l b  o f  wa te r  p e r  l b  o f  d ry  a i r  and, outdoors ,  o f  0.0006 l b  
o f  water  p e r  l b  o f  d ry  a i r .  This  h e a t i n g  load  imposed by v e n t i l a t i o n  a i r  has been compared wi th  
t h o s e  o f  t r a n s m i s s i o n  and j n f i l t r a t i o n  through a  wal l  o f  average a i r  t i g h t n e s s  i n  F i g .  7 .  I t  
may be seen t h a t  t h e  v e n t i l a t i o n  h e a t i n g  load  i s  t h e  l a r g e s t  component o f  t h e  t o t a l  h e a t i n g  load 
( i n f i l t r a t i o n  p l u s  t r ansmiss ion  p l u s  v e n t i l a t i o n ) .  For a  200-f t  h igh b u i l d i n g  i t  c o n s t i t u t e s  
67% of  t h e  t o t a l  h e a t i n g  load ,  whereas i n f i l t r a t i o n  h e a t i n g  load  i s  on ly  7%. ASHRAE Standard  
62-73 pe rmi t s  r e d u c t i o n  i n  t h e  v e n t i l a t i o n  a i r  t o  5  cfm p e r  person (0 .05  cfm p e r  sq  f t  o f  f l o o r  
a r e a )  i f  t h e  a i r  i s  tempered and f i l t e r e d .  This  r educ t ion  i n  v e n t i l a t i o n  a i r  r e s u l t s  i n  h e a t  
l o s s e s  due t o  v e n t i l a t i o n  and i n f i l t r a t i o n  o f  40 a n d l 2 %  of  t h e  t o t a l  h e a t  l o s s ,  r e s p e c t i v e l y .  
During unoccupied p e r i o d s  wi th  no v e n t i l a t i o n  a i r ,  t h e  i n f i l t r a t i o n  h e a t  l o s s  i s  22% of t h e  t o t a l  
<or  w a l l s  o f  average a i r  t i g h t n e s s  and 9% f o r  t i g h t  w a l l s .  

These c a l c u l a t i o n s  recognized s t a c k  a c t i o n  a lone  a t  a  given i n s i d e - o u t s i d e  temperature  d i f -  
f e r e n c e .  I t  i s  p robab le  t h a t  i n f i l t r a t i o n  r a t e s  o f  t a l l  b u i l d i n g s  depend p r i m a r i l y  on s t a c k  
a c t i o n  dur ing  c o l d  weather  and average wind v e l o c i t y .  The i n f i l t r a t i o n  r a t e s  c a l c u l a t e d  i n  t h e  
: ) revious  examples would have been somewhat h i g h e r  i f  wind a c t i o n  had a l s o  been cons ide red .  A 
complete a n a l y s i s  would invo lve  i n t e g r a t i o n  of h e a t  l o s s e s  over  t h e  seasons ,  t a k i n g  i n t o  account 
bo th  wind and s t a c k  a c t i o n .  

HEAT LOSSES CAUSED BY BUILDING PRESSURIZATION . . . . 

HVAC sys tems a r e  sometimes designed and opera ted  t o  minimize a i r  i n f i l t r a t i o n ,  p a r t i c u l a r l y  a t  
t h e  e n t r a n c e  l e v e l ,  by means o f  b u i l d i n g  p r e s s u r i z a t i o n .  I t s  e f f e c t  i s  t o  i n c r e a s e  t h e  i n s i d e  
p r e s s u r e s  and t h e r e b y  lower t h e  l e v e l  o f  t h e  n e u t r a l  zone. I f  t h e  n e u t r a l  zone i s  lowered t o  
ground l e v e l ,  a i r  i n f i l t r a t i o n  i s  e l i m i n a t e d  bu t  a i r  e x f i l t r a t i o n  i s  inc reased .  The r e q u i r e d  
r a t e  o f  supply  o f  o u t s i d e  a i r  t o  ach ieve  t h i s  can be c a l c u l a t e d  from Eq 6  ; f o r  t h i s ,  t h e  va lue  
o f  B ,  t h e  r a t i o  o f  t h e  n e u t r a l  zone h e i g h t  t o  b u i l d i n g  h e i g h t ,  i s  t aken  a s  u n i f y .  The r a t i o  of 
t o t a l  e x f i l t r a t i o n  r a t e  w i t h  p r e s s u r i z a t i o n  (B = 1.0)  t o  i n f i l t r a t i o n  r a t e  wi thout  p r e s s u r i z a t i o n  
( B  = 0.5) i s  about  3 .2 ;  i . e . ,  t h e  o u t s i d e  supply  a i r  r a t e  r e q u i r e d  t o  p r e s s u r i z e  a  b u i l d i n g  f u l l y  
i s  3.2 t imes  t h e  i n f i l t r a t i o n  r a t e .  T h i s  va lue  would be g r e a t e r  i f  t h e  e x f i l t r a t i o n  r a t e  through 
t h e  t o p  o f  t h e  b u i l d i n g  were a l s o  cons ide red .  Reducing i n f i l t r a t i o n  r a t e  by p r e s s u r i z a t i o n  i n -  
c u r s  a  h i g h  h e a t i n g  c o s t  p e n a l t y .  I t  i s  more economical t o  p r e s s u r i z e  t h e  ground f l o o r  on ly ,  
p rov ided  t h e  ground f l o o r  enc losure  i s  reasonab ly  a i r  t i g h t .  

CONCLUSIONS 

1 .  The a i r  leakage r a t e s  o f  t h e  e x t e r i o r  w a l l s  of e i g h t  t e s t  b u i l d i n g s  va r i ed  c o n s i d e r a b l y ,  
wi th  v a l u e s  o f  0 .12  t o  0 .48 cfm p e r  sq f t  o f  wa l l  a r e a  a t  a  p r e s s u r e  d i f f e r e n c e  of 0 . 3 0  i n .  o f  
wa te r .  They were much above t h a t  s p e c i f i e d  by an i n d u s t r y  s t a n d a r d  o f  0.06 cfm p e r  s q  f t  of wa l l  
a r e a  a t  t h e  same p r e s s u r e  d i f f e r e n c e .  

2.  For a  wa l l  w i t h  ave rage  a i r  t i g h t n e s s  and U va lue  of 0 .30 Btu/ ( h r )  (sq  f t )  (F) , t h e  pe rcen tage  
o f  t o t a l  h e a t  l o s s  through t h e  w a l l s  c o n t r i b u t e d  by i n f i l t r a t i o n  d u r i n g  co ld  weather v a r i e d  from 
22 t o  46% f o r  b u i l d i n g  h e i g h t s  of 200 t o  1000 f t ,  r e s p e c t i v e l y ;  t h e s e  va lues  a r e  reduced t o  9 t o  
22% f o r  b u i l d i n g s  w i t h  r e l a t i v e l y  a i r - t i g h t  w a l l s .  They i n d i c a t e  t h e  n e c e s s i t y  o f  a s s u r i n g  r e -  
l a t i v e l y  a i r - t i g h t  w a l l s  f o r  t a l l  b u i l d i n g s .  

3. A i r  i n f i l t r a t i o n  a l o n e  cannot be r e l i e d  upon t o  p rov ide  an adequate  amount o f  ou tdoor  a i r  
f o r  v e n t i l a t i o n  o f  b u i l d i n g s  wi th  c u r t a i n  wal l  c o n s t r u c t i o n  and f i x e d  g laz ing .  The h e a t i n g  load 
caused by v e n t i l a t i o n  a i r  was found t o  be  a  major component o f  t h e  t o t a l  h e a t i n g  l o a d .  

4 .  Reducing a i r  i n f i l t r a t i o n  by mechanical ly  p r e s s u r i z i n g  a  b u i l d i n g  can mean a  h i g h  h e a t i n g  
c o s t  p e n a l t y .  
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DISCUSSION 

D A V I D  T. HARRJE, S e n i o r  Research Engineer  and L e c t u r e r ,  P r i n c e t o n  Univ.,  
P r i n c e t o n ,  N J :  Has t h e r e  been any a t t e m p t  t o  u se  t h e  c e n t r a l  s h a f t  w i t h  blowing 
downward a t  t h e  n e u t r a l  l i n e  t o  a t t e m p t  t o  b e n e f i t  bo th  t h e  upper and lower  por- 
t i o n s  o f  t h e  b u i l d i n g  through reduced a i r  i n f i l t r a t i o n ?  

TAMURA: Computer s t u d i e s  on t h i s  approach  t o  r educe  i n f i l t r a t i o n  a r e  g iven  i n  a 
paper  e n t i t l e d  " B u i l d i n g  P r e s s u r e s  Caused by Chimney Act ion  and Mechanical Ven- 
t i l a t i o n "  by A.G.  Wilson and myself  (ASHRAE TRANSACTIONS, v o l .  7 3 ,  P a r t  11, 1 9 6 7 ) .  
The r e d u c t i o n  o f  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  t h e  e x t e r i o r  w a l l s  would depend on 
t h e  r e c i r c u l a t i o n  r a t e  and t h e  i n t e r n a l  r e s i s t e n c e  of  a  b u i l d i n g ;  i n s i d e  p r e s s u r e s  
o f  a  b u i l d i n g  w i t h  a  low i n t e r n a l  r e s i s t a n c e  w i l l  n o t  be a l t e r e d  s i g n i f i c a n t l y  t o  
a f f e c t  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  t h e  e x t e r i o r  w a l l s .  

I t  should  be  r ecogn ized  t h a t  i f  bo th  i n f i l t r a t i o n  and e x f i l t r a t i o n  a r e  e l im- 
i n a t e d  by t h i s  means, t hen  t h e  p r e s s u r e  d i f f e r e n c e s  caused  by s t a c k  a c t i o n  would 
be t r a n s f e r r e d  from t h e  e x t e r i o r  w a l l s  t o  t h e  w a l l s  of v e r t i c a l  s h a f t s  which can 
g i v e  r i s e  t o  d i f f i c u l t i e s  i n  o p e r a t i n g  e l e v a t o r  and s t a i r  doors .  I t  i s  p robab le  
t h a t  e f f e c t i v e  o p e r a t i o n  of t h i s  system w i t h  changing c o n d i t i o n  of  wind and s t a c k  
a c t i o n  would be d i f f i c u l t .  The p r e f e r r e d  approach  t o  minimize i n f i l t r a t i o n  i s  
by c o n t r u c t i n g  o u t s i d e  w a l l s  t h a t  a r e  r e l a t i v e l y  a i r  t i g h t  r a t h e r  t h a n  by u s i n g  
v e n t i l a t i o n  f a n s  a s  sugges t ed  o r  f o r  b u i l d i n g  p r e s s u r i z a t i o n .  

RONALD N .  J E N N E R ,  NASA, Hampton, VA: I n  r e g a r d s  t o  i n f i l t r a t i o n  due t o  wind on 
low- r i s e  b u i l d i n g ,  what does  your  s tudy  show? 

TAMURA: I t  was s t a t e d  t h a t  i n f i l t r a t i o n  r a t e s  of  h igh  r i s e  b u i l d i n g s  depend 
p r i m a r i l y  on s t a c k  a c t i o n  du r ing  c o l d  weather  and ave rage  wind v e l o c i t y .  I t  i s  
expec t ed  t h a t  t h e  e f f e c t  of  wind a c t i o n  compared t o  t h a t  o f  s t a c k  a c t i o n  would 
be  g r e a t e r  f o r  l ow- r i s e  b u i l d i n g s  t han  f o r  h i g h - r i s e  b u i l d i n g s ;  t h a t  due t o  s t a c k  
a c t i o n ,  however, it should  n o t  be n e g l e c t e d  a s  f i e l d  s t u d i e s  i n d i c a t e  t h a t  even 
f o r  houses  i t s  e f f e c t  i s  s i g n i f i c a n t .  



This  publication i s  being d i s t r ibu ted  by the Division of 
Building R e s e a r c h  of the National R e s e a r c h  Council of 
Canada. I t  should not  be  reproduced  i n  whole o r  in  p a r t  
without p e r m i s s i o n  of the or iginal  publ i sher .  The Di- 
vis ion would b e  glad to be  of a s s i s t a n c e  in  obtaining 
such  permiss ion .  

Publicat ions of the  Division m a y  be  obtained by m a i l -  
ing the a p p r o p r i a t e  remi t tance  (a  Bank, E x p r e s s ,  o r  
P o s t  Office Money O r d e r ,  o r  a cheque, m a d e  payable 
to the Rece iver  G e n e r a l  of Canada, c r e d i t  NRC) to the 
National R e s e a r c h  Council of Canada, Ottawa. K1A OR6. 
S tamps  a r e  not accep tab le .  

A l i s t  of a l l  publ icat ions of the Division i s  avai lable  and 
m a y  be  obtained f r o m  the Publicat ions Section, Division 
of Building R e s e a r c h ,  National R e s e a r c h  Council of 
Canada, Ottawa. KIA OR6. 

R e p r i n t e d  f r o m  ASHRAE T R A N S A C T I O N S ,  V o l u m e  8 2 ,  P a r t  1 ,  1 9 7 6 ,  p a g e s  1 2 2 - 1 3 4 ,  
b y  p e r m i s s i o n  o f  t h e  A m e r i c a n  S o c i e t y  o f  H e a t i n g ,  R e f r i g e r a t i n g  a n d  d i r -  
C o n d i t i o n i n g  E n g i n e e r s ,  I n c .  @ C o p y r i g h t  1 9 7 7 .  


