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STUDIES ON EXTERIOR WALL AIR TIGHTNESS 

AND AIR INFILTRATION OF TALL BUILDINGS 

G E O R G E  T. TAMURA,  P.E. CH lA  Y. SHAW. P.E 

Member ASHRAE 

One o f  t h e  f u n c t i o n s  o f  t h e  e x t e r i o r  wa 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  elements from t h e  
i n s i d e  environment.  Bui lding envelopes a r e  no t  normally complete ly  a i r  t i g h t  and they  permit  
some flow of  a i r  i n t o  and o u 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 .  This  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 t aken  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 systems. 

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  in fo rmat ion  on t h e  a c t u a l  a i r  leak-  
a g ~ ~ 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 -  7 
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 ,  wi th  c u r t a i n  w a l l  c o n s t r u c t i o n  and f i x e d  g laz ing ,  they  
were b u i l t  dur 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  paper .  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  has  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  u s i n g  t h e  measured wal l  leakage v a l u e s .  /i 

/ 

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  w a l l s  o f  f o u r  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 .  l This  p r o j e c t  was subsequent ly  expanded t o  i n c l u d e  f o u r  
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 ,  it 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  ground f l o o r  and t h e  top  mechanical f l o o r ,  us ing  100% o u 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 with  r e t u r n  and exhaust  systems s h u 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  
recorded .  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 dur ing  unoccupied p e r i o d s  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  t h e  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  w a l l s  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 ig .  1 ) .  I t  
can be expressed  a s  fo l lows :  

G.T. Tamura, Div i s ion  o f  Bui lding Research, Nat ional  Research Council  o f  Canada, Ottawa, Canada. 
C . Y .  Shaw, Div i s ion  o f  Bui lding Research, Nat ional  Research Council  o f  Canada, Ottawa, Canada. 



where  -- 

Qs = t o t a l  ou tdoor  a i r  supp ly  r a t e ,  cfm 

n  = flow exponent 

n  
C = flow c o e f f i c i e n t ,  c fm/(sq  f t )  ( i n .  o f  wa te 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  wa te r  
1 

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

A = a r e a ,  sq  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  wa l l  

b  = bottom 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  Q APw, AP and AP can be  measured. 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  
s' b  t 

i t  i s  p o s s i b l e  t o  de te rmine  t h e  v a l u e s  o f  flow c o e f f i c i e n t s  Cw, C and C and t h e  flow exponents  
b  t 

n  nb and n  d e f i n i n g  a i r  l eakage  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 ' 

methods and d a t a  a n a l y s i s  a r e  g iven  i n  Ref 1 .  

TEST RESULTS 

The v a l u e s  o f  flow c o e f f i c i e n t  and exponent ,  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  Tab le  2. Using 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 eakage  r a t e s  i n  terms o f  cfm p e r  
s q  f t  o f  o u t s i d e  wa l l  a r e a  vs  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 Fig .  2. These v a l u e s ,  which 

i n c l u d e  t h e  a i r  l eakage  r a t e s  through t h e  t o p  and bottom a s  w e l l  a s  through 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  supp ly  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  should  be  

n o t e d  t h a t  l eakage  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  Tab le  2, i n c l u d e  l eakage  f lows through 
t h e  c l o s e d  exhaus t  dampers a t  t h e  t o p  o f  t h e  r e t u r n  and exhaus t  sys tems ( s h u t  down d u r i n g  t h e  
t e s t s ) .  

The dependence o f  t h e  e x t e r i o r  wa l l  a i r  l eakage  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 ig .  
3 .  These a i r  l eakage  r a t e s  v a r i e d  from 0.12 t o  0.48 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  0.30 i n .  o f  wa te r  p r e s s u r e  and c o n s t i t u t e d  from 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 .  These v a l u e s  a r e  we l l  above 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  Metal  Manufacturers  (NAAMM): 0.06 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 acades  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 

and  H ,  were c o n s t r u c t e d  o f  me ta l  p a n e l s ;  t h o s e  o f  t h e  remaining t e s t  b u i l d i n g s  were of 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  wa 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 ,  it i s  p r o b a b l e  t h a t  
t h e  a i r  l eakage  r a t e s  depended mainly on t h e  des ign  o f  w a l l  j o i n t s  and t h e  way t h e y  were p u t  t o -  
g e t h e r .  Bu i ld ings  F and 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  minimize a i r  i n f i l t r a t i o n ,  gave t h e  lowes t  l eakage  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  inadequa te ,  r emed ia l  measures were t aken .  

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  caused by bo th  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  caused 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  depends on wind speed and d i r e c t i o n ,  b u i l d i n g  shape and t h e  n a t u r e  of 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  boundary - l aye 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 have been 

made p r i m a r i l y  t o  deve lop  d a t a  f o r  s t r u c t u r a l  l oad  c a l c u l a t i o n s  and 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 ,  which 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  bo th  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  

wind 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  caused by bo th  wind and s t a c k  



ac t i on  can be ca lcu la ted  with t h e  a i d  of a  d i g i t a l  computer and an appropr ia te  mathematical 
m ~ d e l . ~ ~ ~ , ~  

The i n f i l t r a t i o n  r a t e s  caused by s t ack  ac t ion  alone,  which tends t o  govern t h e  i n f i l t r a t i o n  

r a t e  of a  mul t i - s torey  bui ld ing  during cold weather,  can be ca l cu l a t ed  r e l a t i v e l y  e a s i l y .  The 
de r iva t i on  of  t he  equation i s  a s  fol lows:  

Theore t ica l  p ressure  d i f f e r ence  across  e x t e r i o r  wal l s  caused by s tack  e f f e c t  i s  given by 

where 

y = r a t i o  of  a c tua l  t o  t h e o r e t i c a l  p ressure  d i f f e r ence .  

I f  t he  e x t e r i o r  wall i s  much t i g h t e r  than t h e  i n t e r i o r  s epa ra t i ons , t he  value of  y w i l l  

approach u n i t y ;  i f  i t  i s  much looser ,  t he  value of y w i l l  approach zero. The values f o r  y de t e r -  

mined experimentally f o r  a  few mul t i - s torey  o f f i c e  bu i ld ings  ranged from 0.63 t o  0.88. 

where 

p = barometric pressure ,  lb / sq  i n .  

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

p o s i t i v e  s i gn  above neu t r a l  zone 

nebat ive s i gn  below neu t r a l  zone 

AT = temperature d i f f e r ence ,  T. - T F 
1 0' 

T. = absolu te  temperature i n s ide ,  R 
1 

T = absolu te  temperature ou t s ide ,  R . 
0 

The neu t r a l  zone i s  t he  l eve l  a t  which i n s ide  and outs ide  pressures  a r e  equal.  Eq 2 i n d i -  
c a t e s  t h a t  AP and AT have t he  same s igns  f o r  a l l  loca t ions  above t h e  neu t r a l  zone and, conversely, 

oppos i te  s i gns  below the  neu t r a l  zone. Thus t he r e  w i l l  be i n f i l t r a t i o n  through the  wal l s  of t he  

lower s t o r eys  and e x f i l t r a t i o n  through t h e  wal l s  of t he  upper s t o r eys  when the temperature i n -  
s i d e  t h e  bu i ld ing  i s  higher  than t he  a i r  temperature ou t s ide .  This means t h a t  a i r  flows upward 

wi th in  t he  bu i l d ing  during t he  win te r  months. The flow p a t t e r n  i s  reversed during t he  summer 

months when the  a i r  temperature ou t s ide  i s  h igher  than t h a t  i n s i d e .  

Actual p ressure  d i f f e r ence  depends on t he  r e s i s t a n c e s  t o  flow of both t he  e x t e r i o r  and i n t e -  
r i o r  separa t ions .  I t  i s  l e s s  than t he  t h e o r e t i c a l  p ressure  d i f f e r ence  ind ica ted  by E q  2 

because of  t he  r e s i s t a n c e  t o  a i r  movement assoc ia ted  with 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  cons t ruc t ions  and wal l s  of v e r t i c a l  s h a f t s .  The upward flow caused by s tack  ac t ion  during 

co ld  weather takes  p lace  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  cons t ruc t ion  and 
through v e r t i c a l  s h a f t s .  I t  can be expected t h a t  most upward flow w i l l  occur i n  t he  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 se s )  w i l l  be considerably l e s s  than t h a t  assoc ia ted  

with f l o o r s ,  which a c t  a s  r e s i s t ances  i n  s e r i e s .  For t h i s  d i scuss ion ,  t he r e fo re ,  t he  f l oo r  con- 
s t r u c t i o n  i s  considered t o  be a i r  t i g h t .  

With t h i s  assumption, t h e  t h e o r e t i c a l  p ressure  d i f f e r ence  given by Eq 2 i s  t h a t  between out-  
s i d e  t h e  bu i ld ing  and i n s ide  a  s h a f t  a t  t he  same l eve l .  I t  i s  d i s t r i b u t e d  across  the  e x t e r i o r  

wa l l s ,  i n t e r i o r  p a r t i t i o n s  and t he  wal l s  o f  v e r t i c a l  s h a f t s .  The manner of  d i s t r i b u t i o n  depends 
upon the  r e s i s t a n c e  of each of  these  separa t ions  i n  r e l a t i o n  t o  t h a t  of t he  combined r e s i s t ances  
a t  t he  same l eve l .  I f  t he  r e s i s t ances  of t he  e x t e r i o r  and i n t e r i o r  separa t ions  a r e  uniform from 

f l o o r  t o  f l o o r ,  t he  r a t i o  of  a c tua l  ( e x t e r i o r  wal l s )  t o  t h e o r e t i c a l  p ressure  d i f f e r ences  w i l l  be 
cons tan t  f o r  t he  whole he ight  o f  a  bui lding.  

Eq 2 can be modified t o  take  t h i s  i n t o  account 

AP = 0.52 y p h  

I 



i 

I 

The r a t e  of a i r f l o w  through 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  wal l  i s  given by 

n  
d\ = CwdA (AP) 

W 

where 

dQw = a i r  leakage r a t e  through an a r e a  dA o f  t h e  e x t e r i o r  w a l l ,  cfm 
W 

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

W 

n  = flow exponent 
W 

Combining Eq 3  and 4  g ives  

dQw = Cw [0.52 y p  h  [T:T) - lnW S  dh 

where 

S  = per imete 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  with  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  leakage 

openings wi th  h e i g h t ,  an equa t ion  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  ob ta ined  by i n t e g r a -  l 

t i n g  Eq 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 expressed 
a s  6H where 6  i s  t h e  r a t i o  of  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, 
n  + 1  

W 

Qw = CwS [0.52 y  p  - "w (6H) 
[T::,I 1 -- n  + 1  (6) 

W 

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 .  

A s  t h i s  equa t ion  assumes a  w a l l  wi th  a  uniform a i r  leakage 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 should be made f o 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  leakage va lues  t end  t o  be h igher  than  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 Fig .  3 , a i r  leakage va lues  f o r  a  t i g h t ,  average and loose  w a l l  were ass igned  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  of 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 flow c o e f f i c i e n t s  were assumed a s  fo l lows :  

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

Wall cfm/sq f t  
T igh tness  a t  0 . 3  i n .  water  cfm/ (sq f t )  ( i n .  water)  

0.65 

NAAMM 0.06 0 .13 

t i g h t  0 .10 0.22 

average 0.30 0.66 

loose  0.60 1 .30  

These va lues  w i l l  probably 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  wal l  c o n s t r u c t i o n  with  f i x e d  g l a z i n g  

bu t  no t  t o  e x t e r i o r  w a l l s  o f  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  leakage r a t e s  a r e  cons ide rab ly  h i g h e r  than  those  shown on F ig .  3.  

The equa t ion  f o r  i n f i l t r a t i o n  r a t e ,  Eq 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  purposes by 

assuming t h e  fol lowing:  y = 0.80,  p  = 14.7 p s i a ,  T. = 530R, n  = 0.65, 6  = 0.50. S u b s t i t u t i n g  
1 W 

t h e s e  va lues  i n  Eq 6  

Qw = 0.00974 C S  - 
w 

(H) (7) 



The sens ib l e  heat  load due t o  i n f i l t r a t i o n  i s  given by 

Y = 1.08 QwAT 

where 

Y = sens ib l e  hea t  l o s s ,  Btu/hr 

Subs t i t u t i ng  Eq 7 in  Eq 8 g ives  

The l a t e n t  hea t  l o s s  when indoor humidity r a t i o  i s  t o  be maintained a t  a cons tan t  l eve l  i s  

given by 

where 

i Z = hea t  required t o  increase  moisture content  o f  i n f i l t r a t i o n  a i r  from W t o  W i ,  Btu/hr 
0 

W. = humidity r a t i o  of indoor a i r ,  pounds of water per  pound of dry a i r  
1 

W = humidity r a t i o  of  outdoor a i r ,  pounds of water per  pound of  dry  a i r  
0 

Subs t i t u t i ng  Eq 7 i n  Eq 10 gives 

I n f i l t r a t i o n  r a t e s  were ca lcu la ted  f o r  t he  four  a i r  leakage values and various bu i ld ing  
he ights  using Eq 7, expressed i n  a i r  changes pe r  hour and assuming a f l o o r  plan 150 f t  sq.  A 

temperature d i f f e r ence  of 70 F was assumed between indoor and outdoor a i r .  The r e s u l t s  of these  

ca l cu l a t i ons  (Fig.  4) ind ica ted  t h a t  a i r  change r a t e s  increase  with bu i ld ing  height  a s  wel l  a s  
with increas ing  wall leakage va lues .  

These values may be compared with t he  outdoor a i r  requirement f o r  v e n t i l a t i o n .  ASHRAE 

STANDARD 62-73 gives the  minim? requi red  v e n t i l a t i o n  a i r  without temperirig o r  f i l t e r i n g  

a s  15 cfm per  person f o r  general  o f f i c e  space (0.15 cfm pe r  sq f t ,  based on 10 persons per  1000 
sq  f t  of f l o o r  a r e a ) .  This r ep re sen t s  0.9 a i r  change pe r  hour. As t h i s  value is  much higher  
than t he  values shown on Fig. 4,  it 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  not  usua l ly  
s a t i s f y  t he  v e n t i l a t i o n  requirement.  

The s ens ib l e  and l a t e n t  i n f i l t r a t i o n  heat  l o s se s  were ca l cu l a t ed  using Eq 9 and 11, assum- 
i n g  an indoor-outdoor temperature d i f f e r ence  o f  70 F, a humidity r a t i o  f o r  indoors of  0.0047 l b  

o f  water per l b  of  dry a i r  (70 F, 30% RH) and one f o r  outdoors of  0.0006 l b  of  water per  Ib of  

dry a i r  (0 F, 80% RH). The r e s u l t s  o f  t he  ca l cu l a t i on  given i n  Btu per  hour per  square foo t  of 
wall a r ea  a r e  shown i n  Fig.  5 f o r  var ious bu i ld ing  he ights .  For t h i s  example, t he  l a t e n t  hea t  
l o s se s  a r e  28% of t he  s ens ib l e  hea t  l o s se s .  

In F ig .  6 , t he  i n f i l t r a t i o n  heat  l o s se s  ( s ens ib l e  p lus  l a t e n t )  a r e  compared with the  t o t a l  hea t  
l o s se s  through the  e x t e r i o r  wal ls  ( i n f i l t r a t i o n  plus  t ransmiss ion) .  The ove r - a l l  U value was 
assumed t o  be 0.30, with values of  0.15 f o r  t h e  i n su l a t ed  wal l s  and 0.55 f o r  double-glazed win- 
dows, which cons t i t u t ed  40% of  the  t o t a l  wal l  area.  Transmission hea t  l o s s  was 21.0 Btu/(hr)  
(sq f t )  a t  a temperature d i f f e r ence  of  70 F. For a bu i l d ing  with an average wall  leakage value, 

t he  percentage o f  t o t a l  hea t  l o s s  cont r ibu ted  by a i r  i n f i l t r a t i o n  var ied  from 22 t o  46% f o r  
bu i ld ing  he igh t s  of 200 t o  1000 f t ,  r e spec t i ve ly ;  these  values a r e  reduced t o  9 t o  22% f o r  
bu i ld ings  with r e l a t i v e l y  a i r - t i g h t  wal l s .  As i n f i l t r a t i o n  heat  l o s se s  increase  with bu i l d ing  
he ight ,  t he  s i gn i f i c ance  of a i r  t i gh tnes s  f o r  wal ls  of t a l l  bu i ld ings  is apparent .  

The v e n t i l a t i o n  requirement f o r  general o f f i c e  space o f  15 cfm of outdoor a i r  per  person 
demands an outdoor a i r  supply of  0.56 cfm p e r  sq f t  o f  ou ts ide  wall area,asswning a f l o o r  
dimension of  150 by 150 f t  and f l o o r  he ight  of 10 f t .  Using Eq 8 and 10, t he  hea t  l o s s  
( s ens ib l e  p lu s  l a t e n t )  was 53.6 Btu/(hr)  (sq f t )  of wal l  a r e a  a t  a temperature d i f f e r ence  of 70 F 



and humidity ratio, indoors, of 0s.0047 lb of water per lb of dry air and, outdoors, of 0.0006 lb 

of water per lb of dry air. This heating load imposed by ventilation air has been compared with 
those of transmission and jnfiltration through a wall of average air tightness in Fig. 7. It 

I 
may be seen that the ventilation heating load is the largest component of the total heating load I 

(infiltration plus transmission plus ventilation). For a 200-ft high building it constitutes 
I 

I 
67% of the total heating load, whereas infiltration heating load is only 7%. ASHRAE Standard 
62-73 permits reduction in the ventilation air to 5 cfm per person (0.05 cfm per sq ft of floor I 
area) if the air is tempered and filtered. This reduction in ventilation air results in heat 
losses due to ventilation and infiltration of 40 andl2% of the total heat loss, respectively. 1 
During unoccupied periods with no ventilation air, the infiltration heat loss is 22% of the total 

for walls of average air tightness and 9% for tight walls. i 
These calculations recognized stack action alone at a given inside-outside temperature dif- I 

ference. It is probable that infiltration rates of tall buildings depend primarily on stack 
action during cold weather and average wind velocity. The infiltration rates calculated in the 
previous examples would have been somewhat higher if wind action had also been considered. A 
complete analysis would involve integration of heat losses over the seasons, taking into account 

i 
both wind and stack action. 

HEAT LOSSES CAUSED BY BUILDING PRESSURIZATION . . .- 

HVAC systems are sometimes designed and operated to minimize air infiltration, particularly at 

the entrance level, by means of building pressurization. Its effect is to increase the inside 
pressures and thereby lower the level of the neutral zone. If the neutral zone is lowered to 

ground level, air infiltration is eliminated but air exfiltration is increased. The required 
rate of supply of outside air to achieve this can be calculated from Eq 6 ; for this, the value 
of 6, the ratio of the neutral zone height to building height, is taken as unigy. The ratio of 
total exfiltration rate with pressurization (6 = 1.0) to infiltration rate without pressurization 
(6 = 0.5) is about 3.2; i.e., the outside supply air rate required to pressurize a building fully 

is 3.2 times the infiltration rate. This value would be greater if the exfiltration rate through 
the top of the building were also considered. Reducing infiltration rate by pressurization in- 

I 

curs a high heating cost penalty. It is more economical to pressurize the ground floor only, 
provided the ground floor enclosure is reasonably air tight. 

CONCLUSIONS 

1. The air leakage rates of the exterior walls of eight test buildings varied considerably, 
with values of 0.12 to 0.48 cfm per sq ft of wall area at a pressure difference of 0.30 in. of 

water. They were much above that specified by an industry standard of 0.06 cfm per sq ft of wall 

area at the same pressure difference. 

2. For a wall with average air tightness and U value of 0.30 Btu/(hr) (sq ft)(F),the percentage 
of total heat loss through the walls contributed by infiltration during cold weather varied from 
22 to 46% for building heights of 200 to 1000 ft, respectively; these values are reduced to 9 to 
22% for buildings with relatively air-tight walls. They indicate the necessity of assuring re- 

latively air-tight walls for tall buildings. 

3. Air infiltration alone cannot be relied upon to provide an adequate amount of outdoor air 
for ventilation of buildings with curtain wall construction and fixed glazing. The heating laad 

caused by ventilation air was found to be a major component of the total heating load. 

4. Reducing air infiltration by mechanically pressurizing a building can mean a high heating 

cost penalty. 
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TABLE 2 

Flow Coeff ic ien ts  and Exponents of  Test Buildings 

Outside Wall 

Cw 
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Ct 
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n 

Cw 
i n  cfm/(sq f t  o f  wall a r e a ) ( i n .  of water) w 

Cb i n  cfm/(sq f t  o f  f l o o r  a rea)  ( i n .  o f  waterlnb 

Ct  i n  cfm/(sq f t  o f  f l o o r  area)  ( i n .  o f  water)"t 
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B O T T O M  S E P A R A T I O N  

Q S  = O U T S I D E  S U P P L Y  A I R  

Q W  = 
L E A K A G E  F L O W  T H R O U G H  W A L L S  

Q g  = L E A K A G E  F L O W  T H R O U G H  B O T T O M  
S E P A R A T I O N  

Q T  = L E A K A G E  F L O W  T H R O U G H  T O P  S E P A R A T I O N  
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t e s t s  
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DISCUSSION 

DAVID 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 s e  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  th rough  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  reduce  i n f i l t r a t i o n  a r e  g iven  i n  a  
pape r  e n t i t l e d  "Bu i ld ing  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 .  73, P a r t  II,, 1967) .  
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 i i 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  o f  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  el im- 
i n a t e d  by t h i s  means, t h e n  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  door s .  I t  i s  probab 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  o f  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 t u d y  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  high,  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  d u r i n g  c o l d  weather  and ave rage  wind v e l o c i t y .  I t  i s  
expec ted  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  of  s t a c k  a c t i o n  would 
b e  g r e a t e r  f o r  low-r i se  b u i l d i n g s  than  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 .  
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