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IKTRODUCTION 

.4ir i n f i l t r a t i o n  i s  a n  i m p o r t a n t  component of  e n e r g y  l o s s  i n  a l l  h e a t e d  b u i l d i n g s .  The q u e s t i o n  
of how t o  e v a l u a t e  t h e  m a g n i t u d e  of a i r  i n f i l t r a t i o n  i n  a  g i v e n  b u i l d i n g  i s  a  v i t a l  p a r t  of  any 
encrgXT a s d i t .  f . i r r , ; : l i f i a l  methods  t h a t  p r o v i d e  an a c c u r a t e  e v a l u a t i o n  of  t h i s  o f t e n  e l u s i v e  en- 
ergy l o s s  component c o u l d  p l a y  a n  i m p o r t a n t  r o l e  i n  any n a t i o n a l  e n e r g y  a u d i t  o r  e v e n  i n  t h e  ap- 
p r o a c h  t a k e n  by a  l o c a l  r e t r o f i t  c o n t r a c t o r .  

I n  t h i s  p a p e r  t h e  p a r a v c t e r s  g o v e r n i n g  a i r  i n f i l t r a t i o n  a r e  o u t l i n e d .  Prob lem a r e a s  of 
house- to -house  c o m p a r i s o n s  of  a i r  leakag:  a r e  d i s c u s s e d .  The methods p r i m a r i l y  d e a l t  w i t h  h e r e  
a r e  t h e  t r a c e r  g a s - d i l u t i o n  method a s  compared t o  t h e  pressurization/depressurization a p p r o a c h .  
The t e s t i n g  t s k e s  p l a c e  i n  townhouses of  r e c e n t  c o n s t r u c t i o n  a s  w e l l  a s  i n  a  number of o l d e r  
homes of v a r i e d  d e s i g n .  A r o o f t o p  l a b o r a t o r y  t e s t  chamber is  used  t o  c l a r i f y  t h e  i m p o r t a n t  quan-  
t i t y  of t h e  p lacement  of o p e n i n g s  i n  t h e  h o u s e  e n v e l o p e .  Wind t u n n e l  r e s u l t s  a r e  u s e d  t o  pro-, 
v i d e  o t h e r  i m p o r t a n t  d a t a  on p r e s s u r e  d i s t r i b u t i o n s  a r o u n d  t h e  test h o u s e s .  A l l  o f  t h e s e  f a c -  
t o r s  h e l p  t o  c l a r i f y  t h e  p rob lems  and t h e  p o t e n t i a l  f o r  e v a l u a t i o n  o f  a i r  i n f i l t r a t i o n  i n  b u i l d -  
i n g s .  Both e n e r g y  r e l a t e d  and i n t e r n a l  a i r  q u a l i t y  i s s u e s  a r e  i n v o l v e d  i n  t h e  l e v e l  of  a i r  ex- 
change  r a t e  f  i n a l l v  a c h i e v e d .  

A .  F.ICTORS AFFECTING INFILTRATION 

I t  i s  i m p o r t a n t  t o  r e v i e w  t h e  f a c t o r s  affecting a i r  i n f i l t r a t i o n .  I n  a n  o r d i n a r y  h o u s e  t h e  a i r  
l e a k a g e  t h r o u g h  c r a c k s  and  c r e v i c e s  i n  t h e  b u i l d i n g  m y e l o p e  t y p i c a l l y  a c c o u n t s  f o r  a  t h i r d  o r  
more of t h e  e n e r g y  l o s s e s .  Ti l is  l e a k a g e  i s  s t rongZj l  ? i n k e d  t o  t h e  w z a t h e r  a t  t h e  s i t e .  However, 
many f a c t o r s  o f  h o u s e  d e s i g n  and i c c a t i o n  must a l s o  b e  taken i n t o  a c c o u n t .  

i i e a t h e r  c a n  c a u s e  a i r  i n f i l t r a t i o n  by two s e p a r a t e  r h y s i c a l  mechanisms ,  wind a n d  tempera-  
t u r e - i n d u c e d  c o n v e c t i o n  ( s t a c k  e f f e c t ) .  U n f o r t u a a t e ' y ,  t b e s e  mechanisms do n o t  a c t  i n d e p e n d e n t -  
l y ;  i . e . ,  t h e  e f f e c t s  c a n n o t  b e  s i m p l y  a d d e d . l  The ~ n l y  s t o t e m c n t  t h a t  c a n  b e  made i n  g e n e r a l  
i s  t h a t  t h e  sum of  t h e  s e p a r a t e  e f f e c t s  (NT + NW) I s  g r e a t e r  t h a n  t h e  a c t u a l  combined e f f e c t  ( K ) .  
The d r i v i n g  f o r c e  b e h i n d  t h e  a i r  l e a k a g e  i n  b u i l d i n g s  i s  t h e  i n s i i l - - t o - o u t s i d e  p r e s s u r e  d i f f e r -  
e n c e  c s u ~ c d  by t h e s e  two mechanisms. 

V i n d  e f f e c t s ,  based on mean wind s g a o d  o v e r  rind a r o u n d  a  b u i l d t n g ,  c a u s e  a  p r e s s u r e  d i f f e r -  
e n c e  from i n s i d e  t o  o u t s i r i s .  T h t s  s . i i ld > > r r s s u r i  $ 5  fn9.1nd t o  v a r y  o v e r  t h e  s u r f a c e  of t h e  b u i l d -  
i n g  e n v e l o p ? .  For e v e r y  y c i n t  t h e  s i a s n 3 ~ i a n  w i a J  p r - § s u r e  on a  b u i l d i n g  can  b e  e v p r e s s r d  a s : 2  

A P ~  = ci 112 o v2 ( P a l  
w h e r e :  

C .  = d i n t e n s i o n l e s s  p r c s s u r e  c o e f f i c i e n t  d e p c n l i n ~  on he fo rm o f  t h e  b u i l d i n g  and  t h e  ex-  
3. p o s u r e  

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

V = wind v e l o c i t y  measured  a t  a  ! ) e i g h t  e q u a l  t o  t h a t  of  t h e  b u i l d i n g  (rn/s) 
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The wind d i r e c t i o n  i s  an  i m p o r t a n t ' f a c t o r ,  when C a l ~ u l a t i n g  a i r  i n f i l t r a t i o n  i n t o  a b u i l d i n g .  
A wind approaching p rependfcu la r  t o  t h e  f r o n t  w a l l  o f  a b u i l d i n g  i s n ' t  n e c e s s a r i l y  t h a t  which 
r e s u l t s  i n  t h e  h i g h e s t  l eakage .3  

The mean wind speed v a r i e s  w i t h  h e i g h t ,  and t h e  v e r t i c a l  p r o f i l e s  of wind v e l o c i t y  va ry  wi th  
t h e  roughness of t e r r a i n  over, which t h e  wind i s  pass ing .  Local topograph ica l  f e a t u r e s  such a s  
h i l l s  and v a l l e y s  can g r e a t l y  i n f l u e n c e  wind p r o f i l e s .  For d i f f e r e n t  t y p e s  of t e r r a i n  a  s imple  
formula can b e  used t o  d e s c r i b e  t h e  wind speed v a r i a t i o n  a s  a power-law p r ~ f i l e . ~  

.l! (see  Table  1 )  
"m 

where : 

V = wind speed (m/s) 

Vm = 
wind speed a t  h e i g h t  equ iva len t  t o  1 0  m (m/s) 

K = c o e f f i c i e n t  

Z = he igh t  (m) 

a  = exponent 

A second type  of wind induced v e n t i l a t i o n  through an opening i s  due t o  f l u c t u a t i n g  e x t e r n a l  
a i r  v e l o c i t y .  Th i s  f a c t o r  i s  very complex. The low-frequency con ten t  of t h e  f l u c t u a t i n g  velo-  
c i t y  w i l l  produce a  p u l s a t i n g  f low through t h e  opening which w i l l  depend on t h e  c o m p r e s s i b i l i t y  
of t h e  a i r  i n  t h e  e n c l o s u r e ,  i . e . ,  t h e  s i z e  of t h e  enc losure .  The high-frequency f l u c t u a t i o n s  
w i l l  produce a  t u r b u l e n t  d i f f u s i o n  of a i r  through t h e  opening, l e s s  dependent e n  c o m p r e s s i b i l i t y .  
For a  n e t  exchange of a i r  r o  t ake  p l a c e ,  some f r a c t i o n  of t h e  f l u c t u a t i n g  a i r f l o w  pass ing  through 
t h e  opening must be mixed wi th  t h e  a i r  i n s i d e  t h e  e n c l o s u r e ,  t h e  remainder pass ing  back out  v i t h -  
ou t  mixing. 

5 Cockroft  and Kobertson show i n  t h e i r  s t u d y  t h a t  a s  t h e  a i r  v e l o c i t y  ( t u r b u l e n t  wind) in -  
c r e a s e s  from ze ro ,  t h e  measured v e n t i l a t i o n  r a t e  ( i n  a  t e s t  box wi th  only  one opening) i n c r e a s e s  
q u i t e  r a p i d l y .  A t  very  high v e l o c i t i e s  t h e r e  is a  l e v e l l i n g - o f f  e f f e c t .  Their  s tudy  p rov ides  
some i n d i c a t i o n  of t h e  magnitudes of v e n t i l a t i n g  a i r f l o w s  which may be  generated by t u r b u l e n t  
wind. 

Temperature d i f f e r e n c e s  between i n s i d e  and o u t s i d e  cause  d i f f e r e n c e s  i n  a i r  d e n s i t y .  This  
l e a d s  t o  p r e s s u r e  d i f f e r e n c e s  and can be expressed a s : 2  

AP = (po - Pi) gh (Pal 

where : 

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

o = o u t s i d e  

i ii7side 
2 g = g r a v i t a t i o n a l  f o r c e  (m/s ) 

h h e i g h t  between i n l e t  and o u t l e t  openings (m) 

The a i r  f low hroug t~  any kind of opening can be  expressed a s  a  f u n c t i o n  of t h e  p r e s s u r e  
a c r o s s  t h e  l a t t e r ;  'i 

B 
@$ = (bpi) i 

where : 
3 @i = volume f low r a t e  of a i r  (m / h )  

= a i r f l o w  c o e f f i c i e n t ,  d e f i n e d  as the vo1r;me f low r a t e  of a i r  a t  a  pressrare d i f f e r e n c e  

AP p r e s s u r e  d i f f e r e n c e  a c r o e s  t h e  opening (Pa 

Bi E 
f low exponent ,  depending on t h e  c h a r a c t e r  of t h e  flow 



Bi = 1 / 2  f o r  p u r e  t u r b u l e n t  f low 

Bi 1 f o r  pure  l m i n a r  f low 

 his e m p i r i c a l  equa t ion  i s  a c c e p t a b l e  f o r  f low through openings  w i t h  p r e s s u r e  d i f f e r e n c e s  jn  the  
range of 1 t o  100 Pa. 

I f  a  b u i l d i n g  i s  cons ide red  a s  having a  c e r t a i n  p o r o s i t y  w i t h  a n  o v e r a l l  l e a k i n e s s  (us ing 
p r e s s u r i z a t i o n ,  s e e  s e c t i o n  B) of t h e  form: 

where : 3 2 
Q = volume flow r a t e  (m /m h )  

then t h e  n a t u r a l  v e n t i l a t i o n  could be c a l c u l a t e d  a s : 6  

where : 

/ Qin  = sum of a i r  f low i n t o  t h e  b u i l d i n g  
A : Q o u t  = sum of a i r  f low out  of t h e  b u i l d i n g  

A = b u i l d i n g  l eakage  envelope 

The p r e s s u r e  d i f f e r e n c e ,  used i n  t h e  formula above,  i s  t h e  p r e s s u r e  d i f f e r e n c e  from wind and 
temperature  c a l c u l a t e d  a s  s t a t e d  e a r l i e r .  The r e s u l t i n g  i n t e r i o r  p r e s s u r e  i s  based on t h e  f a c t  
t h a t  t h e  average  a i r  f low i n t o  and o u t  of t h e  b u i l d i n g  must be equa l .  To perform such a  ca icu-  
l a t i o n  t h e  p r e s s u r e  d i f f e r e n c e  and i t s  d i s t r i b u t i o n  ove r  t h e  b u i l d i n g  envelope,  a s  w e l l  a s  t h e  
o v e r a l l  l e a k n e s s ,  must be known. The c a l c u l a t i o n  w i l l ,  i n  many c a s e s ,  g i v e  an  a i r  exchange r a t e  
f o r  t h e  n a t u r a l  v e n t i l a t i o n  t h a t  is up t o  100% t o o  h igh  ( s e e  s e c t i o n  E d e s c r i b i n g  c a l c u l a t i o n  of 
n a t u r a l  v e n t i l a t i o n ) .  * This  i s  due t o  a  number of f a c t o r s  which must be taken i n t o  accoun t .  
These i n c l u d e :  

(1) microc l ima te  ( p r o t e c t i o n  o f f e r e d  by t e r r a i n  e t c .  

( 2 )  d i f f e r e n c e s  i n  wind p r e s s u r e  d i s t r i b u t i o n  depending on b u i l d i n g  shape 

(3)  l o c a t i o n  of openings 

( 4 )  bypasses  i n s i d e  t h e  b u i l d i n g  ( s h a f t s  e t c .  ) 

( 5 )  i n t e r n a l  f low r e s i s t a n c e  

As mentioned e a r l i e r  t h e  v e r t i c a l  p r o f i l e  of wind v e l o c i t y  v a r i e s  wi th  t h e  roughness of t h e  
t e r r a i n .  I n  a d d i t i o n ,  t h e  wind p r e s s u r e  d i s t r i b u t i o n  i s  changed and t h e  a b s o l u t e  l e v e l  of t h e  
p r e s s u r e  i s  dec reased  on t h e  b u i l d i n g  i f  t h e r e  a r e  o b s t a c l e s  upwind w i t h i n  a  few b u i l d i n g  l e n g t h s .  
For example, i t  has  been shown t h a t  t r e e s  r educe  a i r  i n f i l t r a t i o n  i n  housing by conver t ing  d i -  
r e c t e d  k i n e t i c  energy i n  t h e  approaching wind i n t o  random t u r b u l e n t  energy by pass ing  a i r  through 
t o r t u o u s  p a t h s  i n  t h e i r  crowns. These t r e e s  must be  p r o p e r l y  p laced .on t h e  windward s i d e  t o  g i v e  
t h e  maximum r e d u c t i o n  i n  a i r  i n f i l t r a t i o n .  T rees  p laced on t h e  windward s i d e  of o the rwise  un- 
p r o t e c t e d  b u i l d i n g s  can g i v e  up t o  45% r e d u c t i o n  i c  t h e  n a t u r a l  a i r  i n f i l t r a t i o n . '  

The b u i l d i n g  shape i n f l u e n c e s  t h e  wind p r e s s u r e  d i s t r i b u t i o n  and t h e r e f o r e  t h e  a r e a  exposed 
t o  t h e  wind should be  minimized. P r e f e r a b l y  t h e  r e l a t i o n  between b u i l d i n g  envelope and vol-me 
should be a s  sma l l  a s  p o s s i b l e .  The h i g h e r  t h e  b u i l d i n g ,  t h e  s t r o n g e r  t h e  s t a c k  e f f e c t .  Thus 
i f  one i s  c o n s t r u c t i n g  an  energy e f f i c i e n t  h i g h - r i s e  b u i l d i n g  i t  should  i n c o r p o r a t e  a  number of 
r e l a t i v e l y  t i g h t  zones i n  t h e  d e s i g n  i n  o r d e r  t o  d imin i sh  t h e  s t a c k  e f f e c t  produced a i r  i n f i l -  
t r a  t i o n .  

*Bilsborrow made t h e  same c a l c u l a t i c n t  o r  a t e s t  box i n  a wind tunne l  and came up wi th  numbers 
that were 30% t o o  hlgh.19 



A t h e o r e t i c a l  model confirmed by l ? d t e 8  t e s t i n g ,  rhwo that f o r  a  f i s d  o v e r a l l  l e a k i n e s s  
(based upon t h e  t o t a l  of l eakage  p a t h s  t ixsugh  :hs b u i l d i n g  envelope) t h e  actual. Locaticn rrf 
openings,  us ing  reasonab le  assumptions ,  cuaPd s f f s c t  ~ l t u h ~ i  \ ~ e ~ i t i l a t i o n  r s t e o  by a  f a c t o r  of 
two o r  more. T h i s  s u b j e c t  is d i scussed  f u r t h e r  i n  S e c t i o n  F. 

Bypasses, unsuspected a i r  f low r o u t e s  through t h e  s t r u c t u r e ,  can make important  c o n t r i b u t i o n s  
t o  t h e  n a t u r a l  v e n t i l a t i o n .  I n  Twin g i v e r s  townhouses,two of t h e  more 0bv10:ls bgpnsses8 a r e  
openings a long  t h e  p a r t y  w a l l  and t h e  opening around t h e  f l u e  which p rov ides  a f r e e  pa th  from 
t h e  basement up i n t o  t h e  a t t i c .  These have been l a r g e l y  e l imina ted  by packing them with  f i b e r -  
g l a s s .  T h i s  r e t r o f i t  t o g e t h e r  w i t h  s e a l i n g  pl*~mbing and w i r i n g  by a s s e s  reduced t h e  a i r  leakage 
a t  50 Pa. by 35% i n  one townhouse unde; s tudy  ( f r m  13.3  t o  8.7 h-!; Bee P ig .  1 ) .  

The i n t e r n a i  f low r e s i s t a n c e  is supposedly IOW I n  a me-family  hsuas .  The c o m u n i c a t i o n  be- 
tween d i f f e r e n t  f l o o r s  i s  normally q u i t e  g o s d , f ~ r  exa.11ple,flow through t h e  s t a i r c a s e  Dpening. 

B. DESCRIPTION i3P TEST METHODS 

In  o r d e r  t o  t e s t  f o r  t h e  n a t u r a l r y  occur ing  a i r  i a f i l . t r ~ t i o n  i n  p. b u i l d i n g  and t o  e v a l u a t e  a i r  
leakage l e v e l s ,  s e v e r a l  approaches can be used. 

The t e s t  methods employed i n  t h i s  paper are t h e  t r a c e r  g a s - f i i l l c t t o n  method and t h e  p resL  
surization-depressurization technique.  I n  t h e  l a t e r  procedure  b o t h  t h e  o v e r a l l  house and ind i -  
v i d u a l  components, such a s  windows, m y  be t e s t e d .  

a )  r r a c e r  g a s - d i l u t i o n  method 

The t r a c e r  g a s  d i l u t i o n  method and t h e  a s s o c i a t e d  automated a i r  i n f i l t r a t i o n  u n i t  (MIU) 
have been used many t imes  i n  t h e  p a s t  by our r e s e a r c h  group.9-11 The equipment i s  shown i n  F ig ,  
2 .  The method i s  based upon t h e  use  of a  t r a c e r  gas ,  i n  t h i s  c a s e  su lphur  h e x a f l u o r i d e  (SF ) ,  
which i s  i n j e c t e d  i n t o  t h e  warm a i r  d u c t  system. The amount of gas  and t h e  method of i n j e c e i o n  
a r e  c a r e f u l l y  c o n t r o l l e d  t o  prov ide  rap id  mixing and t o  rchis?rc c o n c e n t r a t i o n  l e v e l s  of approxi-  
mately 40 p a r t s  p e r  b i l i i s ~ l  (ppb) w i t b : ~  t h e  house under s t u d y ,  With t h e  p a r t i c u l a r  AAIU deploy- 
ed f o r  t h e s e  t e s t s ,  measureiitents of CO: 2 e n t r e t i o n  v e r e  made every f i v e  min. us ing  t h e  e l e c t r o n  
cap tu re  d e t e c t o r  a n t  g a s  chrotnatograph & i c h  are part  of t h e  MIU. The d a t a  were s t o r e d  on mag- 
n e ~ i c  t a p e  c a s s e t t e s .  Tape c e s f i e t t e s  cou ld  s t o r e  t h e  d a t a  f a r  one week bu t  were normally chang- 
ed on a  f o u r  o r  f i v e  day schedule .  

Each AAIU has  a  s l i g h t l y  d i f f e r e n t  c a l i b r a t i o n  f a c t o r  and t h e  u n i t s  were r e c a l i b r a t e d  p e r i -  
o d i c a l l y .  The g e n e r a l  f o r e  of t h e  governing r e l a t i o n s h i p  i s  based upon Beers law: 

where : 

1 i s  t h e  c u r r e n t  r ead ing  f o r  t h e  53: c o n c e n t r a t i o n  p r e s e n t  6 
I. i s  t h e  s tar ld ing c u r r e n t  ( i . e . ,  s t e a d y - s t a t e  r ead ing  p r i o r  t o  sampling) 

k i s  a  c o n s t a n t  

C i s  t h e  c o n c e n t r a t i o n  

and 
B i s  t h e  c o n c e n t r a t i o 3  exponent which i s  t h e  i t em checked i n  t h e  c a l i b r a t i o n  procedure .  

I n  de te rmin ing  a i r  exchange r a t e s ,  one measures c o n c e n t r a t i o n s  a t  two t imes ,  C and C + A t ,  
where A t  i s  t h e  t ime between t e s t s .  I n  t h i s  c a l c u l r t ~ . n n  t h e  a i r  i n f i l t r a t i o n  r a t e  is simpfy 

CL 

and t h e  k f a c t o r  c a n c e l s  ou t .  

& 
Throughout t h e  t e s t  p e r i c d ,  i n  a  warm e.lr beabcd home, t h e  CLAIU vns placed next  t o  t h e  fu r -  

nace i n  t h e  basement,  monitorZr,e t h e  d u c t  81s. The samples a r e  made upst ream of t h e  SF6 i n j c c -  
t i o n  p o i n t  w i t h  t h e  f u r n a c e  blower o p e r a t i n g  throughout t h e  t e s t s  t o  i n s u r e  complete mixing. 
Such mixing i s  normal ly  completed i n  l e s s  tban  1 5  min. sf rer i n j e c t i o n .  

*Limited s t u d i e s  have been m&e i n  h y d r 0 r . i ~  and e l e c t r i c a l l y  heated homes where a u x i l i  ar:7 f a n s  
a r e  r e q u i r e d  f o r  t r a c e r  gas mixing. 



One v e r s i a n  of  t h i s  method12~"in-mlves c o l l e c t i n g  i n d i v i d u a l  bag samples a t  s e l e c t e d  t imes  
a f t e r  i n j e c t i o n  of t h e  t r a c e r  gas ,  I n  t h i s  way inexpeneive ,  remote t e s t i n g  can be performed and 
t h e  bags  sampled and t h e  i n f  i l t r a t i o n  r a t e s  determined under l a b o r a t o r y  cond i t ions .  

(b) P r e s s u r i z a  t i o n / d e p r e s s u r i z a t i o n  

Using a blower door  d e v i c e ,  developed as p a r t  of our home energy a u d i t  procedure ,13 t h e  en- 
t i r e  t e s t  house can be  p r e s s u r i z e d  and d e p r e s s u r i z e d  according t o  we l l - e s t ab l i shed  methods.14-15 
The blower door i s  shown i n  Pig .  3 and i s  des igned t o  f i t  t i g h t l y  i n t o  a wide v a r i e t y  of door 
frames.  The procedure  i s  then  t b ~  p rov ide  a d i f f e r e n t i a l  p r e s s u r e  between i n s i d e  and o u t s i d e  t h e  
house under t e s t .  T h i s  p r e s s u r e  d i f f e r e n c e *  i s  complete ly  a d j u s t a b l e  us ing a var iable-speed 
a x i a l  f a n  motor (d .c .  motor and s o l i d - s t a t e  c o n t r o l ) .  I n  t h e  step-by-step changes i n  d i f f e r e n -  
t t a l  p r e s s u r e  t h e  f a n  speed 1s r ~ . a d  s imul t aneous ly .  Within a m a t t e r  of minutes  a pressure-f low 
r a t e  p r o f i l e  i s  e s t a b l i s h e d  f o r  t h e  house.  The f low i s  determined from prev ious  l a b o r a t o r y  c a l i -  
b r a t i o n s  of t h e  f a n  speed and f low r a t e .  The t echn ique  used a l s o  a l lowed i n t e r n a l  door c l o s u r e  
t o  p rov ide  an  a d d i t i o n a l  p l o t  of p r e s s u r e  v s  f low r a t e  and i s o l a t i o n  of l eakage  s i t e s .  

I n  t h e  c a s e  of  i n d i v i d u a l  housc envelope co rponen t s ,  such aa  doors  and windows, t h e  depres- 
s u r i z a t i o n  t echn ique  can be  used t o g e t h e r  wi th  n p l a s t i c  cover  t i g h t l y  t aped  t o  t h e  window o r  
door frame ( see  Fig.  4 ) .  Depressu r i za t ion  i s  accomplished wi th  a vacuum c l e a n e r ( s u c t i o n  s i d e )  
and t h e  f low i s  measured wi th  6 s e n s i t i v e  pas f low meter  over  a timed p e r i o d .  The d i f f e r e n t i a l  
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p r e s s u r e  was measured a s  i n  t h e  house t e s t s  us ing  a s e n s i t i v e  p r e s s u r e  gauge. I n  o r d e r  t o  mini- 
mize t h e  chance f o r  any l eakage ,  o t h e r  than through t h e  house compcnent under t e s t ,  t h e  p r e s s u r e  
i n  t h e  house was lowered t o  t h e  component p r e s s u r e  l e v e l  us ing t h e  blower door.  I n  t h i s  proce- 
dure no d i f f e r e n t i a l  p r e s s u r e  e x i s t e d  between component and house i n t e r i o r ;  hence ,  even i f  a smal l  
opening developed a l o n g  t h e  taped p l a s t i c  a t  t h e  window frame edge o r  h o s e s ,  t h e  l eakage  would be 
n e g l i g i b l e .  See Refs 1 6  h 20 f o r  d e t a i l s  of o f h e r  s i m i l a r  s t u d i e s .  

HOUSE COMF'LEXITIES AND PRESSURIZATION TESTS c .  -- 

~ l s i n g  t h e  p r e s s u r i z a t i o n  method, one is conf ron ted  wi th  t h e  problem of comparing l e a k i n e s s  from 
one house t o  t h e  n e x t .  ~ r o n v a l l l ~  a t t empted  t o  make such comparisons f o r  a number of  Swedish 
houses us ing  t h e  parameter  Q / A  ( f l o w / s u r f a c e  a r e a ) ,  and then  de r ived  a r e l a t i o n s h i p  between pres-  
s u r i z a t i o n  t e s t s  and n a t u r a l  a i r  i n f i l t r a t i o n .  One f a c t o r  h e l p i n g  t h o s e  comparisons was t h e  high 
degree of s i m i l a r i t y  of newer Swedish homes a s  compared t o  t h o s e  encountered i n  t h e  United ~ t a t e s ! 7  
For example, i t  i s  impor tant  t o  cons ide r  t h e  b a s i s  f o r  c a l c u l a t i o n  of r e p r e s e n t a t i v e  s u r f a c e  a r e a  
and how zones communicate. 

One f a c t o r  t h a t  compl ica te s  house-to-house comparisons i s  t h e  v a r i e t y  of h e a t i n g  methods. 
The use  of d u c t i n g  i n  warm a i r  sys tems t ends  t o  p rov ide  a good means of communication between 
f l o o r s  and o f t e n  p rov ides  a flow pa th  t o  t h e  basement ( o r  a t t i c )  depending on t h e  a c t u a l  duct  
r o u t i n g  i n  t h e  house .  The o l d e r  f l o o r  f u r n a c e  r e p r e s e n t s  an  even more s e v e r e  c a s e  of zone-to- 
zone communication. I n  c o n t r a s t ,  e l e c t r i c a l  r e s i s t a n c e  h e a t i n g  t ends  t o  p rov ide  t h e  l e a s t  flow 
communication between d i f f e r e n t  zones. Hydronic sys tems cover a middle ground, b u t  i f  p i p e s  f i t  
t i g h t l y  through f l o o r s  and w a l l s ,  t i g h t n e s s  can approach t h e  e l e c t r i c a l l y  hea ted  house.  

The q u e s t i o n  of  s u r f a c e  a r e a  can be q u i t e  complex i n  t h e  v a r i e t y  of homes found i n  t h e  United 
S t a t e s .  I n  t h e  Sou theas t  and West one f i n d s  a h igh pe rcen tage  of s l a b  c o n s t r u c t i o n ; l 7  hence ,  t h e  
l eakage  s u r f a c e  i s  cons ide red  t o  be  simply t h e  w a l l s  and c e i l i n g  above t h e  s l a b  ( t y p i c a l  of Ref 
14 and 1 5 ) .  Other a r e a s  of t h e  country  p r e f e r  basements ,  c rawlspaces  o r  a mix tu re  of t h e  two 
scjrnetimes with s l a b  c o n s t r u c t i o n  involved a s  we l l .  This  compl ica te s  m a t t e r s .  

These c o n s t r u c t i o n  f e a t u r e s ,  h e a t i n g  methods and basement t r e a t m e n t s  a r e  f u r t h e r  compl ica ted  
by s i d e  wa l l  c o r . s t r u c t i o n .  During much of  America's h i s t o r y ,  braced frame and ba l loon- type  con- 
s t r u c t i o n  p reva i l ed .17  I n  many v e r s i o n s  of t h e s e  d e s i g n s  t h e  w a l l s  a r e  e s s e n t i a l l y  open from base- 
ment t o  a t t i c .  Thus, when p r e s s u r i z i n g  o r  d e p r e s s u r i z i n g  such a house l a r g e  volumes of  a i r  a r e  
drawn i n t o  t h e  basement through t h e s e  pa ths .  Depending upon t h e  degree  of conmunication between 
basement and l i v i n g  space ,  t h e  a i r  i n f i l t r a t i o n  can b e  d i r e c t l y  a f f e c t e d .  Refe r  t o  Table  2 and 
Fig.  5 f o r  i l l u s t r a t i o n s  of  t h e  v a r i o u s  e f f e c t s .  Looking f i r s t  a t  t h e  a i r  excbange r a t e  i n  Fig- 
u r e s  5a and 5b,  t h e  i n c l u s i o n  of t h e  basement i s  shown t o  improve t h e  l e a k a g e  performance of t h e  
warm a i r  hea ted  homes (Fe,  Ha, TR(2) and La)  and dec rease  performance i n  t h e  hydron ic  h e a t i n g  

" '  home (Cr ) ,  The l a t t e r  o c c u r s  because  t h e  Cr house h a s  l i m i t e d  communication wi th  t h e  basement 

*Tests a r e  made ove r  a range of p r e s s u r e s  up t b  50 Pa o r  eomewhat h i e h e r .  Ou t s ide  weather  f ~ f l u -  
ences  a r e  ev iden t  a t  t h e  lower p r e s s u r e s ,  Q 10 Pa,  making comparisons d i f f i c u l t  a t  such p r e s s u r e s  
which a c t u a l l y  correspond more c l o s e l y  t o  t h e  n a t u r a l  p r e s s u r e  d i f f e r e n c e s .  



and was shown t o  ga in  more i n  a i r  changes than bee  o f f s e t  by added volume. Tki? warn a i r  heated 
homes a l r e a d y  c o m u n i c a t e d  w e l l  wi th  t h e  basement s o  t h a t  t h e  a d d i t i o n a l  volume served t o  provide  
a lower a i r  exchange r a t e .  

When comparisons a r e  made us ing  t h e  leakage parameter Q/A ( t h e  volume divided by, envelope 
a r e a )  t h e  r e l a t i v e  p o s i t i o n s  of t h e  houses  is seen t o  change cons ide rab ly  ( see  Fig .  5 c , d ) .  
Whether t h e  Twin Rivers  townhouse is conei.lered a s  an i n t e r i o r  u n i t  o r  as a detached house ,  where 
t h e  p a r t y  w a l l s  counted as p a r t  of t h e  envelope,  almost. m k e s  t h i s  i d e n t i c a l  f l o o r  space  and vol-  
ume house t h e  b e s t  o r  t h e  worst  on t h e  graph. I n  t h e  c a s e  of house Cr, i f  t h e  leakage were based 
upon t h e  same envelope bu t  t h e  basement door were c l o s e d ,  then t h i s  house would f a l l  t o  11.3h-I a t  
50 Pa,  by f a r  t h e  b e s t  i n  t h e  group. The q u e s t i o n  then  becomes: should  t h e  envelope be  c e i l i n g  
p l u s  w a l l s  down t o  t h e  ground, o r  s i n c e  t h e  basement h a s  been l a r g e l y  excluded by c l o s i n g  t h e  
basement door ( i n  some c a s e s  i t  was even taped c losed)  should t h e  f l o o r  s u r f a c e  then  be  included? 
Applied t o  house C r  t h e  v a l u e  would f a l l  t o  8 .3  ( i f  t aped) .  J u s t  by us ing  t h i s  house a s  an  ex- 
ample, i t  i s  easy t o  s e e  some of t h e  s o u r c e s  of confusion - confus ion  t h a t  would n o t  be p r e s e n t  
us ing s l a b  cons t ruc t ion .14  and 1 5  

D. PRESSURI7ATION TEST RESULTS VS SWEDEN 

A  ample, i n c l u d i n g  t e n  Twin Rivers  townhouses and f i v e  detached hatlses,  has  been t e s t e d  u s i n g  
t h e  d e p r e s s u r i z a t i o n  technique.  (See Table  2.) 

Fig.  1 i n d i c a t e s  t h a t  t h e  townhouses t e s t e d  a t  50 Pa exper ienced a Q 1 2 . 2  exchange r a t e  per  
hour and detached houses % 13.3. These a i r  exchange r a t e s  a r e  very  h i g h  compared t o  what can be 
achieved i n  modem housing us ing  we l l - sea led  windows and doors  and a cont inuous  p l a s t i c  vapor bar- 
r i e r .  Swedish t r a c t  housing b u i l t  d u r i n  the  s e v e n t i e s  and employing p l a s t i c  vapor  b a r r i e r s  were 
found t o  p rov ide  exchange r a t e s  of 1-6.1p The everage v a l u e  was 4.5 h-', o r  approximately  one 
t h i r d  t h e  va lue  found i n  t h e  U.S. housing t e s t e d  i n  t h i s  r e sea rch .  

0 I f  t h e  l eakage  i s  r e l a t e d  t o  t h e  bui ld i .ng envelope,  -i- , i n s t e a d  of t h e  volume, t h e  d i f f e r e n c e  
between t h e  t e s t e d  houses  and modern housing i n  Sweden i snst i l l  g r e a t e r .  The average v a l u e  f o r  
t h e  Swedish houses  i s  6 . 3  m3/m2/h, which i r ~  only  one q u a r t e r  of the  same measurement i n  Ameri- 
can housing 25.3 m 3/m 2h (average detached house i n  t h e s e  t e s t s ) .  A Twin River s  townhouse l e a k s  
30.4 m3/m2h (or  22.8  m3/m2h i f  p a r t y  waJ.1~ a r e  inc luded) .  

However, i t  has  been shown i n  two l e a k y  houses  t h a t  i t  i s  o f t e n  q u i t e  s imple  t o  d r a s t i c a l l y  
reduce t h e  a i r  l eakage  w h i l e  d e p r e s s u r i z i n g  i s  i n  p rogress .  The reason  i s  t h a t  i n  a leaky house 
t h e r e  a r e  o f t e n  a number o f  l a r g e r  openings ,  vh ich  a r e  easy t o  f i n d  d u r i n g  a d e p r e s s u r i z a t i o n  
t e s t .  Normally, t h e s e  a r e  s imple  t o  b lock o f f .  For example, t h e  f i r s t  house i n  which t h i s  de- 
p r e s s u r t z a t i o n  r e t r o f i t  was employed was t h e  Twin l i v e r s  townhouse. P r i o r  t o  c o r r e c t i v e  a c t i o n ,  
t h e  house l eaked  a t  a r a t e  of 13.3  a i r  exchange€ p e r  hour a t  50 Pa ( s e e  Fig.  1 Sa-house). The 
house was examined under d e p r e s s u r i z a t i o n  and e f f o r t s  were concen t ra ted  on plugging a l l  basement 
openings a s s o c i a t e d  w i t h  bypass  r o u t e s  l e a d i n g  up i n t o  t h e  a t t i c .  The post t e s t  r ead ing  was 8.7 
h-I a t  50 Pa. T h i s  was a 35% reduc t ion  i n  a i r  l eakage ,  which should result i n  a major r e d u c t i o n  
i n  t h e  n a t u r a l  a i r  i n f i l t r a t i o n .  * 

I n  s e v e r a l  townhouses t h e  l eakage  s i t e s  had e a r l i e r  been blocked o f f  i n  a s tep-by-s tep pro- 
c e s s ,  wi thou t  a c c e s s  t o  a blower u n i t .  Four of those  housa t  were depressur i zed  a f t e r  t h e  r e t r o -  
f i t  was done and t h e i r  average l eakage  r a t e  (%12h-l) was then ' 40% h i g h e r  than t h e  leakage r a t e  
of t h e  Sa-house. I t  h a s  t o  b e  mentioncd i n  t h i s  c o n t e x t  t h a t  those  s i x  houses ,  wi th  t h e i r  average 
leakage r a t e  of 12,  have an average n a t u r a l  v e n t i l a t i o n  of 0.4 h-l .  Before  r e t r o f i t  t h e  average 
v e n t i l a t i o n  was 0.7 h- l .  

The second r e t r o f i t t e d  dwel l ing  was an  apar tment .  The b e f o r e  r e t r o f i t  number was 24.4 h-' 
( see  Fig.  7) .  The same procedure  a s  i n  t h e  Sa townhouse vas - fpp l i ed .  Clos ing a bathroom c l o s e t  
door and cover  ng a f i r e p l a c e  reduced t h e  a i r  f low t o  19.7  h . Taping vindows changed t h e  l eak-  - f *age t o  17.4 h . Taping t h e  j o i n t  on bathroom c l o s e s  door gave a n  a d d i t i o n a l  r e d u c t i o n  t o  15.3.  
The l a s t  s t e p  was t a p i c e  the wate r  manifold  door and t h e  en8 r e s u l t  was 14.4 h-l. Thi; I s  a re -  
duc t ion  from 24.4 t o  1 4 . 4  h - l ,  o r  a 40% r e d u c t i o n .  The conclusion i s  t h a t  t h e  r a t e  o f  e l s  exchange, 
a s  measured by depressur i z s t io r . ,  An a l eaky  house can reaCi ly  b e  reduced 30-SO%, (wi th in  t h e  p e r i o d  
of an hour  i f  one were t o  judge by t h e s e  t e s t s ) .  T h i s  l e a k i n e s s  l e v e l  m t i l l  f a l l s  s h o r t  of such 
codes a s  t h e  c u r r e n t  Swedish s t andard(3 .0  h'l f o r  detached houses a f t e r  J u l y  1978) and a l s o  b r i n g s  

*A c a l c u l a t i o n .  u s i n g  t h e  d e l  i n  S e c t i a  E was made which shoved a 50% ( r a t h e r  than  35%) reduc- 
t i o n  i n  n a t u r a l  v e n t i l a t i o n .  This  was because  of t h e  change i n  t h e  f low exponent,  .68 t o  .72.  
Thic c a l c u l a t i o n  was m d o  assuming t h e  oame d i e t r i b u t i o n  of openings b e f o r e  and a f t e r  r e t r o f i t t -  
i n g  which js always open t o  q u e s t i o n .  



.one face- to-face  w i t h  t h e  quer t i o n  af how t t g h t  I s  t o o  t i g h t ,  based upon i n t e r n a l  a i r  q u a l i t y .  

E. CALCULATION OF NATURAL VENTILATION FOR TR-HOUSES 

I n  f o u r  r e t r o f i t t e d  townhouses clt Twin Rive r s  t h e  a i r  i n f i l t r a t i o n  has  been measured wi th  both 
t h e  p r e s s u r i z a t i o n  t echn ique  and t h e  t r a c e r  gas  technique.  * Data from t r a c e r  gas measurements3 
was used t o  determine t h e  n a t u r a l  v e n t i i a t i o n .  This  was done f o r  a  t y p i c a l  w in te r  day i n  New 
Je r sey  ( t i  = + 20°C, to = + ' ~ O C ,  wind a t  10 me te r s  h e i g h t  L 4 mls ) .  P r e s s u r i z a t i o n  t e s t s  were 
used t o  c a l c u l a t e  t h e  a i r  l eakage  c h a r a c t e r i s t i c .  The houses had an  average  o v e r a l l  l e a k i n e s s  
of 11.8  a i r  changes p e r  hour a t  a  50 Pa p r e s s u r e  d i f f e r e n c e  i n s i d e - o u t s i d e .  The a i r  leakage 
f o r  a  v a r i e t y  of  p r e s s u r e  d i f f e r e n c e s  was p l o t t e u  f o r  every house .  Th i s  gave a s  a  r e s u l t  an 
equa t ion  of t h e  form: 

Wind p r e s s u r e  was c a l c u l a t e d  from wind tunnel  t e s t  r e s u l t s  (Sect ion A). This  was done f o r  a  wind 
speed of 4  m / s  a t  10  m h e i g h t .  A c o r r e c t i o n  was made f o r  h e i g h t ,  i . e . ,  t h e  wind speed a t  a  h e i g h t  
equal  t o  t h a t  of  t h e  b u i l d i n g  (7.25 m) was used.  The t e r r a i n  was regarded a s  "country wi th  s c a t -  
t e r e d  windbreaksu4 o r  "urban" depending on t h e  l o c a t i o n  of t h e  house compared t o  o t h e r  houses a t  
Twin Rivers .  I n  a d d i t i o n  t o  t h e  c a l c u l a t e d  wind p r e s s u r e  t h e  p r e s s u r e  caused by t h e  temperature  
d i f f e r e n c e  was taken i n t o  accoun t .  Th i s  combined p r e s s u r e  d i f f e r e n c e  was then used t o  c a l c u l a t e  
t h e  n a t u r a l  v e n t i l a t i o n  f o r  t h e  f o u r  t ~ w n h o u s e s . ~  The openings were assumed t o  be  evenly  d i s t r i -  
buted around t h e  e n t i r e  house except  on t h e  p a r t y  w a l l s  which were assumed t o  have no openings.  
A l l  f ou r  townhouses were i n t e r i o r  u n i t s .  

The average  n a t u r a l  v e n t i l a t i o n  f o r  t h e  f o u r  townhouses was c a l c u l a t e d  t o  be a .88  h - l ,  or  
2 . 4  t imes  t h e  average  measured va lue  (0.37h-l) us ing t r a c e r  gas .  Seve ra l  r easons  can be s i t e d  
f o r  t h i s  occurance.  One is  t h a t  t h e  openings i n  any r e a l  house a r e  d i s t r i b u t e d  i n  a  d i f f e r e n t  
manner t h a n  t h e  uniform d i s t r i b u t i o n  assumed h e r e  and t h a t  fur thermore  no a t t e n t i o n  has  been pa id  
t o  bypasses  going from t h e  basement up i n t o  t h e  a t t i c .  Another impor tant  f a c t o r  i s  t h a t  t h e  m i -  
c r o c l i m a t e ,  wind speed and temperature  a t  t h e  house,  i s n ' t  known a c c u r a t e l y  enough f o r  these  com- 
p u t e r  c a l c u l a t i o n s  which were based upon 36 s u r f a c e  l o c a t i o n s  on t h e  wind tunne l  house model. I n  
a l l ,  t h e  fo l lowing  d a t a  had t o  be  s u p p l i e d  t o  t h e  computer i n  o r d e r  t o  c a l c u l a t e  t h e  a i r  i n f i l t r a -  
t i o n  r a t e  from d e p r e s s u r i z a t i o n  d a t a :  ( l )  t h e  p r e s s u r e  d i s t r i b u t i o n  a s  determined from wind tun-  
n e l  t e s t s ,  ( 2 )  m a t r i x  s i z e ,  (3) dimensions of t h e  townhouse (4)  wind speed (5) temperature  d i f -  
f e rence  i n s i d e - o u t s i d e  (6)  a i r  flow when depressurizing/pressurizing a t  50 Pa ,  and ( 7 )  average  
flow exponent f o r  t h e  e n t i r e  b u i l d i n g  envelope.  

One po in t  has  t o  be made i n  t h i s  c o n t e x t ,  t o  mention only  t h e  a i r  l eakage  a t  50 Pa a s  char-  
a c t e r i z a t i o n  of  a  house i s n ' t  s u f f i c i e n t .  The flow exponent has  t o  be s p e c i f i e d  as  w e l l .  For 
t h e  townhouses, t h e  exponent i s  i n  t h e  range 0.59 - 0 .72 .  F ig .  8 i l l u s t r a t e s  t h e  a i r  leakage 
c h a r a c t e r i s t i c  f o r  t h r e e  houses ,  a l l  w i th  t h e  same l eakage  a t  50 Pa,  bu t  w i t h  d i r f e r e n t  f low ex- 
ponents .  For an unpro tec ted  t o ~ n h o u s e  under ave rage  N.J. w i n t e r  c o n d i t i o n s , t h e  c a l c u l a t e d  p r e s s u r e  
d i f f e r e n c e  i s  approximate ly  5  Pa .  The ave rage  v a l u e  f o r  t h e  c a l c u l a t e d  houses  is'% 4 Pa .  I f  
t h i s  p r e s s u r e  va lue  is  used,  t h e  n a t u r a l  v e n t i l a t i o n  would i n c r e a s e  by (1.25 - 0.8)/O.R = 552 
i n  changing t h e  flow exponent from 0.7 t o  0.5. However, t h e s e  two houses  have the 'bame a i r  leak- 
age a t  50 Pa. The f low exponent d i f f e r e n c e s  a r e  an a r e a  of c u r r e n t  i n v e s t i g a t i o n .  

F. IMPORTANCE OF LOCATION OF OPENINGS 

To f i n d  ou t  how t h e  n a t u r a l  v e n t i l a t i o n  changes when openings  a r e  moved from t h e  top  t o  the  bot-  
tom and f ipm t h e  f r o n t  s i d e  t o  t h e  back s i d e  on a  house ,  a  p re l imina ry  t e s t  s e r i e s  was run i n  a  
t e s t -box .  The box (2.4 X 2.4 X 3.8 m) was b u i l t  on top  of a  f l a t  roof  of a  2-s tory  b u i l d i n g .  
Four "windows", each c o n s i s t i n g  of s i x  l - in . -d iameter  openings ,  were b u i l t  i n t o  t h e  t e s t -box ,  
two on t h e  f r o n t  s i d e  and two on t h e  back s i d e .  The n a t u r a l  v e n t i l a t i o n  was measured wi th  twelve 
of 24 v e n t s  open.*** 

The h i g h e s t  v e n t i l a t i o n  was achieved wi th  openings low on t h e  windward s i d e  and h igh  on t h e  
leeward s i d e  ( f o r  numbers, s e e  Table  2 ) .  Both wind e f f e c t s  and t h e  s t a c k  e f f e c t s  a i d  ir ,  v e n t i l a t -  
i n g  t h e  box i n  t h i s  case .  V e n t i l a t i o n  d r i v e n  by t empera tu re  d i f f e r e n c e s  causes  t h e  a i r  t o  cone 

- .  i n  through t h e  lower openings  of t h e  w a l l  and l e a v e  through t h e  h ighe r  openings .  I n  c a s e  two t h e  

* These townhouses a r e  l i s t e d  i n  Fig .  1. 

**Final weather me te r ing  equipment had n o t  been i n s t a l l e d  a t  t h e  t ime of t h e  t e s t s .  

*** I n  t h i s  s i m u l a t i o n ,  bnscd upon ~ r e s s u r i z a t i o n ,  t h e  t e s t  box was o p e r a t e d  wi th  50% leakage 
through t h e  12 v e n t s ,  25% l e a k a g e  around t h e  door ,  and t h e  remainder through smll openings  i n  
t h e  box envelope.  



s t ack  i n t ake  is on t he  windward s i d e ,  &irh means t ha t  the wind e f f e c t  i s  helping the  tempera- 
t u r e  ef f e c t  i n  d r iv ing  the  a i r  I n to  the brx. On :he leeward s i d e  t he  tw.peratute  and the  wind 
ef f e c t  together suck a i r  out of the  box. 

The lowest v e n t i l a t i o n  was achieved with (ill openings on t he  windward a ide  (case four ) .  I n  
t h i s  case  the  wind t r i e s  to push a i r  i n  rhrough a l l  openings. There is, however, no o u t l e t  f o r  
the a i r .  And depending upQa the evennees of t he  p r e a ~ u r e ,  the wind e f f e c t  can cancel out.  The 
temperature w i l l  thus  be the  mein dr iv ing  fo r ce  ir. t h i s  case. 

The o the r  cases  l i e  between those men t io~ed  above. For the case u i t h  openings high on t he  
windward s i d e  and low on the leeward s i d e  (case 3) ,  t he r e  can be a s e t  of weather condit ions 
where the  e f f e c t s  e s s e n t i a l l y  cancel each o the r  ou t  and hence t he  v e n t i l a t i o n  w i l l  be very 1ow.l 

The test-box study can be used to  explain "airiug", i . e . ,  t o  expla in  what happens when you 
open var ious  windows i n  an ac tua l  house. Natural  v e n t i l a t l o a  has been aeasured f o r  d i f f e r en t  
window openings i n  an instr-unencoS Twin g ive r s  tounhouee ( i n t e r i o r  u n i t ) .  Pig. 9 S ~ C J W S  t he  nat- 
u ra l  v e n t i l a t i o n  if only window5 on the 1st f l o o r  [5 [  or only windows on the 2nd f lsor [6] a r e  
open. This  gives a r e l a t i v e l y  law v e n t i l a t i o n ,  -which correspoada t c  the r e s u l t s  i n  the  test box. 
I f  one window on t he  1st f l o o r  end one window on t h e  2nd f l o o r  were open [3]  na tu ra l  v e n t i l a t i o n  
i s  increased,  a s  was shown i n  the t e s t  'box. Windows open on e l l  f l o o r s  [ l ]  give much higher 
v e n t i l a t i o n ;  however, t h i s  was no t  shown i n  t he  box s ince ,  un l ike  the  house, t o t a l  open a r ea  re -  
mained f ixed .  

An add i t i ona l  survey6 was made using the  ca l cu l a t i on  model of a TR-house, mentioned e a r l i e r .  
In  a l l  c a l cu l a t i ons  f o r  a TR-house i t  was assumed t h a t  t he  number of openings was constant .  The 
only d i f f e r ence  between the  cases  is  t h a t  t he  openings a r e  located i n  d i f f e r e n t  ways. A l l  stud- 
ied cases  would give exac t ly  the same a i r  leakage c h a r a c t e r i s t i c  when using t he  blower-unit. The 
overa l l  leakage was assumed t o  he the fo l lov ing:  Q/A = 1.07 + Ap O a 7  which g ives  29 m3/h in2 a t  
50 Pa. Tn each case,  t h r ee  wind-t~mpcrat- i re  condit ions a r e  considered: (1) a wind of 4m/s per- 
pendica!ar t o  the  f r o n t  s i d e  and an i n s ide  temperature of -+ 20°C, and an ou t s ide  temperature of 
+ 3 O C ;  ( 2 )  t h e  qime wind with zero temperature d i f f e r e n c e ;  (3) the  same temperature d i f f e r ence  
with zEro wind. 

Six d i f f e r e n t  pa t t e rn s  of opsnbngs were s tudied (sec Fig. 10) : 

(1) Openings evenly located around the  whole house . 
( 2 )  Openings evenly located on the  f r o n t  and t he  back s i d e  and roof abso lu te ly  t i g h t .  

( 3 )  Openings only on t he  lower p a r t  of the  wal l s  and on a l imi ted  a r ea  a t  the  center  of 
the roof .  

(4 )  Openings evenly around the whole house, except t h a t  t he r e  a r e  no openings i n  the  a rea  
between 1.2 m and 4.2 m on the  f ron t  s i de .  

( 5 )  Openings only on t he  lower p a r t  of t he  f r o n t  wa1.l and on the  upper p a r t  of the  back 
wal l .  

(6)  The same a s  ( 5 )  but with the  wind coming from the  backside. 

When considering t he  combined e f f e c t  of wind anf temperature d i f f e r e n c e ,  t he  h ighes t  ven t i -  
l a t i o n  i s  f o r  cases  ( 2 )  (1.29 h - l )  a ~ d  (S)* (1.30 h- ) ;  t he  lowest v e n t i l a t i o n  is fo r  case ( 4 )  
(0.70 h- l) .  This is  assumed t o  be t he  most r e a l i s t i c  case.  

The cases  with v e n t i l a t i o n  caused only by wind show a WIX~ZDUUI of 1.35 h-' f o r  case  (6) and 
a minimum of 0.6 h-l f o r  cases(3)  and ( h ) .  This l a t t e r  r e s u l t  toay seem su rp r i s i ng  s ince  one 
might expect a s t rong  Bernoull i  suc ion a t  t he  peak of the  roof .  The case  assumed t o  be the i r e a l i s t i c  case (case 5 )  has 0.93 h' . 

The l a s t  cases  37s thsae  v i t h  v e n t i l a t i o n  caused only by t e  e r a tu r e .  The maximum vent i la -  
t i o n  1s 0.52 h-l f o r  case  (3) and t h e  minimum v e n t i l a t i o n  0.30 h3 f o r  u s e s  (2) .  (5) arid (6) .  
Case (1) has 0.38 h-I, 

The r e l a t i o n s  Se:?~ecn maximum and minimum v e n t i l a t i o n  f o r  t he  t h r ee  wind-temperature condi- 
t i o n s  a r e  a s  fol lows:  1.30 / 0.70 - 1.87, 1.35 / 0.60 = 2.25, and 0.52 / 0.30 = 1.73. The re-  
s u l t s  a l s c  show t h a t  t he  wind is a dominant f a c t o r  under t e a t  condi t ions  such a s  t he  ones used 
here (see case ( 2 )  wnd case (6) ,  Fig. 10) .  Again, renember t h a t  a l l  of the  mdeled  houses would 
give the qame air leakage jf t ~ ~ t e d  wi th  a blower-unit. The model tests made here  confirm t h a t  
t he  case with c?eni , rg~ only oa the l ove r  p a r t  of the ~ v a l l s  and on t he  Pop of t h e  roof has the  

* Which corresponds t o  t he  r e s u l t e  i n  t h e  t e s t  box. 



h i g h e s t  v e n t i l a t i o n  caused by temperature ,  and t h a t  t h e  case  wi th  openings only  on t h e  windward 
an? t h e  leeward s i d e  h a s  t h e  h i g h e s t  v e n t i l a t i o n  caused by wind. I n  one case  t h e  v e n t i l a t i o n  
caused by wind was h i g h e r  than t h e  v e n t i l a t i o n  caused by t h e  combination of wind and temperature ;  
i . e . ,  t h e  two e f f e c t s  coun te rac t  each o t h e r  ( s e e  c a s e  (6) F ig .  20). 

A l l  c a l c u l a t i o n s  show t h a t  t he  l o c a t i o n  of openings could be of g r e a t  importance. There- 
f o r e ,  such c a l c u l a t i o n s  should be d ~ n e  f o r  d i f f e r e n t  houses ,  temperatures ,  winds and flow expo- 
nen t s .  wi th  s u f f i c i e n t  b t a , o n  t g p i c a l  homes one could sea rch  f o r  t h e  model of openings which 
is c l o s e s t  t o  a  r e a l  house. The r e t r o f i t  exper ience  a t  Twin Rivers  viewed from i n f i l t r a t i o n  re -  
s u l t s  would tend t o  i n d i c a t e  a  p r e f e r e n c e  t o  models which emphasize openings high and low i n  the  
townhouse ( 310  For a f i x e d  o v e r a l l  l e a k i n e s s  ( a s  measured by a  blower u n i t )  i t  appears  t h a t  
the  l o c a t i o n  of openings,  under r easonab le  assumptions,  could a f f e c t  n a t u r a l  v e n t i l a t i o n  r a t e s  

. by a  f a c t o r  of two c r  more. Th i s  i s  shown by t h e  TR-model and t h e  t e s t  box. 

Tl-c r e s u l t s  mentioned h e r e  i n d i c a t e  t h a t  when a  house i s  t o  be t i g h t e n e d ,  i t  i s  q u i t e  im- 
.portar,t where t h i s  i s  done on t h e  b u i l d i n g  envelope.  Th i s  q u e s t i o n  was s t u d i e d  i n  a  1940 ' s  house 
(see  Tsb lc  2 ,  Fe house).  Windows were weather  s t r i p p e d  which reduced t h e  average n a t u r a l  ven t i -  
l a t i o n  under w i a t e r  c o n d i t i o n s  by 10% ( t r a c e r  g a s  r e s t ) .  The house l e a k i n e s s  (us ing t h e  blower 

. _ d o o r ) ,  however, was reduced 9 15%. The house i n  q u e s t i o n  i s  f a i r l y  we l l  p r o t e c t e d ,  which impl ies  

. V t h a t  the  main d r i v i n g  f o r c e  f o r  t h e  v e n t i l a t i o n  i s  the  temperature  d i f f e r e n c e .  Important f o r  t h e  
r educ t ion  i n  n a t u r a l  v e n t i l a t i o n  i s  then how c l o s e  t o  t h e  n e u t r a l  zone t h e  t igh tened  openings a r e  
loca ted .  

I n  t h i s  c a s e ,  i t  should  be  p o s s i b l e  t o  regard t h e  weather s t r i p p e d  windows a s  being c l o s e  
t o  t h e  n a t r a l  zone,  which means t h a t  windows a r e  l e s s  important  than what a  blower t e s t  i n d i c a t e s .  

CONCLUSIONS 

' Ibis paper o u t l i n e s  what problems one might have i n  t r y i n g  t o  e s t i m a t e  t h e  n a t u r a l  v e n t i l a t i o n  
knowing t h e  a i r  leakage c h a r a c t e r i s t i c s  a s  measured by t h e  p r e s s u r i z a t i o n  method, e.g.  us ing the  
blower door. The p h y s i c a l  mechanisms f o r  v e n t i l a t i o n ,  which a r e  t h e  b a s i s  f o r  the a n a l y s i s ,  a r e  
wind and temperature  ( s t a c k - e f f e c t ) .  The b a s i c  equa t ion  used i n  the  c a l c u l a t i o n s  i s  t h e  equa t ion  
f o r  a i r  f low through a n  opening d r i v e n  by a  p r e s s u r e  d i f f e r e n c e .  A computer model was der ived 
f o r  i n f i l t r a t i o n  p r e d i c t i o n  of t h e  whole house.  The i n p u t  d a t a  were: a i r  leakage c h a r a c t e r i s t i c  
a s  measured by a  blower u n i t ,  temperature ,  wind speed ( c o r r e c t i o n s  were made f o r  t h e  roughness 
of t h e  t e r r a i n )  and wind p r e s s u r e  c o e f f i c i e n t s  a s  measured i n  a  wind tunne l .  The c a l c u l a t e d  val -  
ues of a i r  i n f i l t r a t i o n  f o r  each of four  Twin Rivers  townhouses were shown t o  be  2.4 t imes higher  
than t h a t  measured. The most l i k e l y  sources  of e r r o r  a r e  a l a c k  of knowledge o r  account ing f o r  
t h e  fo l lowing  f a c t o r s :  

microcl imate  
b u i l d i n g  p r o p o r t i o n s  
l o c a t i o n  of openings 
bypasses  
i n t e r n a l  f low r e s i s t a n c e  

For example, a  change i n  t h e  l o c a t i o n  of openings was shown t o  be a b l e  t o  i n c r e a s e  t h e  n a t u r a l  
v e n t i l a t i o n  by 100% o r  more. These conc lus ions  were t h e  r e s u l t  of measurements i n  a  t e s t  box 
and computer c a l c u l a t i o n s  f o r  a  Twin Rive r s  townhouse. An analogy w i t h  t h e  t e s t  box s tudy was 
made wi th  the  opening and c l o s i n g  of d i f f e r e n t  windows i n  an  instrumented house which b a s i c a l l y  
showed the  same r e s u l t s .  

I n  t h e  a c t u a l  l eakage  measurements, t h e  t r a c e r  g a s  technique and t h e  p r e s s u r i z a t i o n  techni-  
que f o r  whole b u i l d i n g s  and i n d i v i d u a l  components were used. When e v a l u a t i n g  t h e  r e s u l t s  from a  
p r e s s u r i z a t i o n  t e s t  t h e  q u e s t i o n  a r i s e s  how t o  normal ize  t h e s e  r e s u l t s .  Should basement o r  crawl 
space  be  inc luded  i n  t h e  volume when us ing  t h i s  f a c t o r  f o r  normal iza t ion?  What should be consi -  
dered a s  t h e  b u i l d i n g  envelope when r e l a t i n g  t h e  a i r  f low t o  t h i s  f a c t o r ?  Depending on how t h i s  
i s  done, t h e  houses  w i l l  have a  d i f f e r e n t  a i r  l eakage  c h a r a c t e r i s t i c  r e l a t i v e  t o  each o t h e r .  

A major d i f f e r e n c e  i n  house l e a k i n e s s ,  a s  determined by t h e  p r e s s u r i z a t i o n  t echn ique ,  was 
shown t o  e x i s t  between modern Swedish hous ing  and American housing r e p r e s e n t e d  by W i n  Rivers  

. townhouses and a  v a r i e t y  of o l d e r  homes. Th i s  d i f f e r e n c e  was found t o  be  of t h e  o r d e r  of 3 o r  4 
t imes .  However, i t  was shown i n  two houses  t h a t  i t  i s  f a i r l y  easy t o  accomplish major t igh ten-  
i n g  by b lock ing  o f f  openings i n  a  leaky house dur ing  d e p r e s s u r i z a t i o n .  I n  t h i s  way t h e  a i r  leak-  
age was reduced by 35-402. I n  one t e s t  house b u i l t  i n  t h e  40 ' s  i t  was ehown t h a t  weather  s t r i p p -  
i n g  reduced t h e  n a t u r a l  v e n t i l a t i o n  by 10% (measured by t r a c e r  gas )  and reduced depressur i zed  a i r  

-exchanges by 15%. Th i s  i s  f u r t h e r  i n d i c e t i o n  t h a t  when r e t r o f i t t i n g  a  house i t  i d  q u i t e  important  



vhere the  house i e  t igh tened ,  and t h a t  a p r ensu r i r a t i on  t e n t  doesn't  neceesari ly  g ive  t he  same 
importance t o  va r i eus  openings and how they inf  lueslce a i r  id11 t r e t  ion under na tura l  conditions. 

More research i s  needed i n  order t o  b e t t e r  underetand such f a c t o r e  a e  t he  microclimate and 
how the  openings a r e  d i s t r i bu t ed  around a bul lding.  Th9a w i l l  make i t  poss ib le  t o  do a more ac- 
cura te  ca l cu l a t i on  of t he  t r u e  v e n t i l a t i o n  in a houec ~xhlch has been aseigaed an a i r  'exchange 
value using t he  pressur iza t ion  technique. 
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Table 1. F a c t o r s  f o r  determining.mean wind speed a t  d i f f e r e n t  
t y p e s  of t e r r a i n  from Meteorological  O f f i c e  wind speed 
Um measured a t  1 0  m i n  open country  ( see  r e f .  4) 

T e r r a i n  

Open f l a t  country  

Country wi th  s c a t t e r e d  
wind b reaks  

Urban 

Ci ty  

--- 
K 

0.68 

0.52 

0.40 

0.31 

C l i 

0.25 

0.33 



m 
CL, " 



Table 3 .  Natural  V e n t i l a t i o n  For A 
Test Box (temperature 
d i f f e r e n c e  i n s i d e / . > u t s i d e ,  
wind speed)  

F i g .  1  Number  o f  a i r  e x c h a n g e s  a t  5 0  P a  
f o r  i n d i v i d u a l  h o u s e s  

F i g .  2 A u t o m a t e d  
a i r  i n f i l t r a t i o n  u n i t  



SEALS 

PLYWOOD 3/4* 

F i g .  3 S l o w e r  d o o r  
a n d  c o n t r o l  p a n e l  

F i g .  4 T e s t  a r r a n g e m e n t  f o r  w i n d o w  
l e a k a g e  m e a s u r e m e n t s  . 

INSIDE n OUTSIDE 

ROOM CONDlTlO 



n o b o b  
F e  l 6 6  
o n o  112 
A Cr 130 

32 
I mu) 1 1  e 
O L O  117 

28 

m n %R, 

o n o  17.3 

F i g .  5 A i r  l e a k a g e  a s  a  f u n 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  

- -number  o f  a i r  e x c h a n g e s  i n c l .  ( a )  and  
e x c l .  (b) b a s e m e n t / c r a w l s p a c e  

- - r e l a t e d  t o  b u i l d i n g  e n v e l o p e  i n c l .  ( c )  
and  f@tml. (cl) B a s e m e n t / c r a w l s p a c e  

,l 



6 A i r  l e a k a g e  a t  5 0  Pa r e l a t e d  t o  b u i l d  
l o p e  ( b a s e m e n t  o r  c r a w l - s p a c e  i n c l u d e d )  

i n q  F 
d 

i q .  7 A i r  l e a k a g e  a s  a  f u n c t i o n  o f  p r e s s u r e  
'i f f e r e n c e  f o r  an a p a r t m e n t  



4 
PRESSURE DIFFERENTIAL 

F i g .  8 R e l a t i v e  n a t u r a l  v e n t i l a t i o n  f o r  
d i f f e r e n t  f l o w  e x p o n e n t s  a s  a  f u n 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  

[5] 0 Pat10 , LR open 
[3] X LR - BR #l open 2 w~ndows 
(61 0 MBR - BR#I opcn E floors 

A MSR- alone 
[I ] + Pot~o,  BR*l, MBR ,a LR open 

2 w~ndows A 
l floor \ :@Ofl~ eC • A A 

Summer data 
I W i n d w  

fr m A 
B 

Wlndows close A -- 
m----- 

Wind Velocity , mph eve 

Fig. 9 Influence o n  air infiltration o f  window openings (house # l )  
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