
Les comparaisons avec  l e s  s t a n d a r d s  c a n a d i e n s ,  a m i r i -  
N a t u r a l  Wind E f f e c t s  on t h e  I n f i l t r a t i o n  c a i n b  e t  s u 6 d o i s  onc f n d i q u i  q u ' f l  f a u t  t e n i r  compte d e  o f  Lov-Rise B u i l d i n a s  - ..................................... p l u s i e u r s  p a r a m e t r e s  pour d i t e m i n e r  l ' i n f i l t r a t i o n  

dans  l e s  b l t i m e n t s  d e  f a i b l e  h a u t e u r .  
D r .  T. S t a t h o p o u l o s ,  Dr. H. H a m a ,  1. I n t r o d u c t i o n  
A s s i s t a n t  P r o f e s s o r  A s a i a t a n c  r r o f r s s o

Vlirreas  c o n s e r v a t i o n  of e n e r g y  is t h e  s u b j e c t  of  c e n t -  
C e n t r e  f o r  B u i l d l n g  S t u d i e s  

Concord ia  U n i v e r s i t y  r a l  i n t e r e s t  i n  t h e  v o r l d  novadays,  n o t  enough in forma-  
M o n t r e a l ,  Quebec t i o n  is a v a i l a b l e  r e g a r d i n g  h e a t  g a i n s  and l o s s e s  from 

Canada 
b u i l d i n g s  and v ind-genera ted  n a t u r a l  v e n t i l a t i o n  o f  

hous ing .  I n  r e a l i t y ,  a  b .ui lding may h a v e  c o n s i d e r a b l e  

i n h e r e n t  l e a k a g e ,  a s  w e l l  a s  t h e  p o t e n t i a l i t y  f o r  l a r g e  

Summary open ings  due  t o  t h e  p resence  o f  d o o r s  o r  v indovs .  As a  
C o n s e r v a t i o n  o f  e n e r g y ,  v e n t i l a t i o n  need and i n s u l a t i o n  r e s u l t .  i n t e r n a l  p r e s s u r e s  a n d  i n f i l t r a t i o n  r a t e s  i n  

e f f e c t i v e n e s s  c o n s i d e r a t i o n s  have i n c r e a s e d  t h e  p u b l i c  v a r i o u s  b u i l d i n g  c o n f i j i u r a t i o n s  due t o  v i n d  a c t i o n  may 

e v a r e n e s s  of t h e  s i g n i f i c a n c e  of  b u i l d i n g  i n f i l t r a t i o n .  va ry  d r a s t i c a l l y .  

The p r e s e n t  paper  examines t h e  e f f e c t  of v ind  p r e s s u r e  Although t h e  s i g n i f i c a n c e  o f  i n t e r n a l  p r e s s u r e s  is 

d i s t r i b u t i o n  on  t h e  i n f i l t r a t i o n  o f  l o v  r e s l d e n t i n l  and v c l l  r e c o g n i z e d ,  n o t  o n l y  f o r  c n e r g y  c o n s i d e r a t i o n s  b u t  

ip s t r i a l  b u i l d i n g s  of  v a r i o u s  g e o m e t r i c a l  c o n f i ~ u r a -  a l s o  f o r  s t r u c t u r a l  a p p l i c a t i o n s  i n  t h e  wind l o a d i n g  

t i u , ~ s ,  v a l l  o p e n i n g s  and permeability:.  I n t e r n a l  p res -  problems,  v e r y  f e v  s t u d i e s  have  d e a l t  w i t h  i t .  Among 
s u r e s  of  s c a l e d  b u i l d i n g  models  h a v e  been measured i n  a  t h o s e  t h a t  have,  o n l y  one o r  two a r e  e i t h e r  f u l l - s c a l e  

boundary l a y e r  v i n d  t u n n e l  f o r  v a r i o u s  wind d i r e c t i o n s  c a s e s  o r  w d e l  c a s e s  i n  a p p r o p r i a t e  a t m o s p h e r i c  s imula -  
and t v o  roughness  c o n d i t i o n s  r e p r e s e n t i n g  a n  open t i o n s .  A s t u d y  [ l ] ; r e c e n c l y  comple ted .  d e a l s  v i t h  t h e  

c o u n t r y  and a  suburban  t e r r a i n .  A computer  Program h a s  d e t e r m i n a t i o n  of  i n t e r n a l  p r e s s u r e s  i n  low r e s i d e n t i a l  
a l s o  been  deve loped ,  which c a l c u l a t e s  i n t e r n a l  p r e s -  and i n d u s t r i a l  b u i l d i n g s  v i t h  v a r i o u s  un i fo rm p o r o s i -  
s u r e s  and i n f i l t r a t i o n  r a t e s  a t  e x t e r n a l  b u i l d i n g  v a i l s ,  ties combined d t h  d i f f e r e n t  -11 openings. ne pre- 
and t h e  r e s u l t s  a g r e e  v i t h  t h e  e x p e r i m e n t a l  measure- s e n t  paper  compares some of t h e  e x p e r i m e n t a l  r e s u l t s  of  
ments r e a s o n a b l y  v e l l .  Air f l o v  r a t e s  have a l s o  been t h i s  s t u d y  v i t h  a n a l y t i c a l l y  p r e d i c t e d  v a l u e s  of i n t e r -  
compared 4 t h  e x p e r i m e n t a l  d a t a  from p r e v i o u s  s t u d i e s .  n a i  p r e s s u r e s ,  and p r o v i d e s  d a t a  of i n f i l t r a t i o n  r a t e s .  
and t h e  impor tance  o f  t h e  u s e  of a  c o r r e c t  wind p r a s -  Due t o  t h e  l a c k  of s u f f i c i e n t  d a t a  on t h e s e  t o p i c s ,  on- 
Sure  d i s t r i b u t i o n  h a s  been shown. Comparisons With t h e  l y  l i m i t e d  comparisons v i t h  o t h e r s '  f i n d i n g s  c a n  b e  made. 
Canadian. American and  S v e d i s h  S t a n d a r d s  have i n d i c a t e d  2 .  fiperimental ~ e t h o d o l o g v ;  ~ ~ i l d i ~ ~  m d e l s  
t h a t  more p a r a m e t e r s  .have  t o  be  i n c o r p o r a t e d  f o r  t h e  The e x p e r i m e n t a l  measurements have  been c a r r i e d  o u t  a t  
d e t e r m i n a t i o n  o f  i n f i l t r a t i o n  o f  l o v - r i s e  b u i l d i n g s .  t h e  Boundary Layer  Wind Tunnel  o f  t h e  U n i v e r s i t y  o f  
Resumi Western O n t a r i o .  The t u n n e l  h a s  a  v o r k i n g  s e c t i o n  

Les c o n s i d i r a t i o n s  s u r  l a  c o n s e r v a t i o n  d e  l ' k n e r g i e ,  l a  about 80 f t ' l o n g ,  e f t  v i d e  and 7 f t  h i g h .  nost o f  t h i s  
nq s i t 6  d e  v e n t i l a t i o n  e t  1 ' E f f i c a c i t i  d e  l ' i s o l a t i o n  f e t c h  is r e q u i r e d  f o r  the  n a t u r a l  p r o d u c t i o n  o f  a  boun- 
o n t  a c c r u  l a  c o n s c i e n c e  du p u b l i c  s u r  l a  S f k V i f i c a t i o n  dary  l a y e r  vh ich  grovs i n  a nmnner p a r a l l e l i n g  t h e  a t -  
d e  l ' i n f i l t r a t i o n  d a n s  les G t i m c n t s .  C e t  a r t i c l e  mospheric  p r o c e s s  under  n e u t r a l  c o n d i t i o n s .  h e  s u r f a -  

6 t u d i e  l ' e f f e t  d e  l a  d i s t r i b u t i o n  d e  l a  p r e s s i o n  du c e s  i n  t h e  v i n d  t u n n e l  c a n  be  changed t o  r e p r e s e n t  d i f -  

v e n t  s u r  l ' i n f i l t r a t i o n  dans  d e s  b a s  b f t i m e n t s  r b s i d e n -  f e r e n t  t e r r a i n s .  For t h e  tests r e p o r t e d  h e r e .  tw t e r -  

t i e l s  e t  i n d u s t r i e l s  a y a n t  d i f f i r e n t e s  c o n f i g u r a t i o n s  r a i n  models have been used  r e p r e s e n t i n g  open c o u n t r y  

g i o ~ r & t r i q u e s ,  o u v e r t u r e s  d e  murs e t  p e m i a b i l i t i e .  Les and suburban c o n d i t i o n s .  A  p i c t u r e  o f  t h e  v i n d  t u n n e l  

p r e s s i o n s  i n t i r i e u r e s  d e s  q u c l q u e s  b l t i m e n t s  modeles  w i t h  a  model p laced  a t  t h e  t e s t  s e c t i o n  is  shown i n  

o n t  6 t i  m e s u r i e s  e n  s o u f f l e r i e  s i m u l a n t  l e  v e n t  n a t u r e 1  

dans  d i f f z r e n t e s  d i r e c r i o n s . d e  v e n t  e t  dans  deux con- 

d i t i o n s  t u r b u l e n t e s  r e p r i s e n t a n t  un t e r r a i n  o u v e r t  e t  

un t e r r a i n  s u b u r b a i n .  Un programme a u  c a l c u l a t e u r  a  

a u s s i  i t 6  d i v e l o p p i ,  q u i  c a l c u l e  l e s  p r e s s i o n s  i n t i r i -  

e u r s  e t  l e s  v i t e s s e s  d ' i n f i l t r a t i o n  aux  murs e x t i r i e u r s  

des  b l t i m e n t s .  e t  les r i s u l t a t s  c o i n c i d e n t  a s s e z  b i e n  

avec  l e a  e x p i r i w n t s .  Les v i t e s s e s  d e  coulement  d e  

l ' a i r  o n t  d t i  a u s s i  compar6es a v e c  l e a  d o n n i e s  e x p d r i -  

mentaux o b t e n u u r  d a n a  d e s  r e c h e r c h e 8  a n t i r i e u r e s  e t  

aus'si a  i t 6  demoncrde l ' i m p o r t a n c e  d e  l ' u t i l i s a t i o n  

d 'une d i s t r i b u t i o n  c o r r e c t e  d e  1s p r c s a i o n  du v e n t .  

T i g .  1. 
Three  b a s i c  1:25U s c a l e  mode ls  v e r e  c o n s t r u c t e d ,  a l l  

p r o v i d i n g  v a r i a b l e  side-11 and end-wall open ings  and 

t h r e e  background p o r o s i t i e s  o f  0%. 0.5% and 3 1  of  t h e  

t o t a l  s u r f a c e  a r e a .  A l l  models  a r e  s e a l e d  u n d e r n e a t h .  

The t v o  "small"  models r e p r e s e n t  8 0  x  1 2 5  f t  b u i l d i n g s  

w i t h  1:12 and 4:12 roof  s l o p e s .  The " l a r g e "  model. 

shown' i n  F i g .  2  d i a g r a m n a t i c a l l y .  r e p r e s e n t s  a b u i l d i n g  

g e o m e t r i c a l l y  s i m i l a r  i n  p l a n  and h a v i n g  2.5 t imes  t h e  

p l a n  dimensions.  The s m a l l  mode ls  c o u l d  b e  t e s t e d  a t  

16. 24 and 32 i t  eave  h e i g h t s ,  whereas  t h e  l a r g e  model 

cou ld  h e  t e s t e d  o n l y  f o r  n 32 f t  eave  I t e f ~ h t .  The 



background p o r o s i t y  o r  p v m c a b i l i t y  of t h e  envelopes of 

models was a c h i e v e d  by t w e l v e  r o v s  of  c i r c u l n r  h o l e s  of  

two d i f f e r e n t  s i z e s .  nie.qe ~m111 and l a r g e  h o l e s  v r r e  

e v e n l y  d i s t r i b u t e d  i n  t h r e e  zones ( a t  t h e  midd le  and 

b o t h  ends  o f  each  w a l l  and t h e  r o o f )  and were l e f t  opcn 

o r  c l o s e d  i n  v a r i o u s  s y c m e t r i c a l  combina t ions  s o  t h a t  

F i g .  1. The Boundary L a y e r  Wind Tunnel  of  t n e  U n i v e r s i -  
t y  o f  Western O n t a r i o  v i t h  t h e  Small Hodel a t  t h e  T e s t  
S e c t i o n .  - 
a  un i fo rm p e r m e a b i l i t y  c o u l d  b e  a t t a i n e d .  Although 

t h i s  s i m u l a t e s  p o r o s i t y  i n  a  manncr somcvhat d i f f e r e n t  

t o  r e a l i t y ,  l o c a l  e f f e c t s  v e r e  found t o  be s m a l l ,  and 

hence  f o r  pressur 'e  measurements  a t  l o c a t i o n s ,  a  r ea -  

s o n a b l e  d i s t a n c e  from t h e  h o l e s ,  t h e  d i f f e r e n c e  is no t  

l i k e l y  t o  b e  s i g n i f i c a n t .  The chascn  v a l u e s  of back- 

ground p o r o s i t y  r a t i o s  (0-32) a p p e a r  t o  i n c l u d e  most 

c a s e s  of p r a c t i c a l  i n t e r e s t .  

A l l  models  a r e  equ ipped  v i t h  p r e s s u r e  t a p s  on  b o t h  

t h e  i n t e r n a l  and e x t e r n a l  s u r f a c e s .  Each t a p  is con- 

n e c t e d  t o  a  p r e s s u r e  t r a n s d u c e r  th rough  a  l e n g t h  of  

p l a s t i c  t u b i n g  1 /16"  I.D.. v h i c h  c o n t a i n s  a  r e s t r i c t o r  

t o  o p t i m i z e  i t s  f r e q u e n c y  r e s p o n s e  c h a r a c t e r i s t i c s .  

S c a l i n g  and  s i m i l a r i t y  r e q u i r e m e n t s  f o r  wind t u n n e l  de- 

t e r m i n a t i o n  of e x t e r n a l  and  i n t e r n n l  prrnnurecl have 

been d i s c u s s e d  i n  d e t a i l  i n  r e f e r e n c e s  1  rind 2. Such 

s i m i l a r i t y  c o n s i d e r a r i o n s  l e a d  t o  t h e  d e t e r m i n a t i o n '  of  

v e l o c i t y  and t ime  n c a l e s  o f  t h e  0rdc.r of  1:10 and 1:100 

r e s p e c t i v e l y ,  f o r  t y p i c a l  f u l l - s c a l e  d e s i ~ n  speeds .  The 

$ 200'- 
' . EXTERIOR TAP + INTERIOR TAP 

F i g .  2 .  Exploded P l a n  Viev o f  t h e  Large Yodel Shoving 
t h e  P o s i t i o n  of P r e s s u r e  Taps.  

a i r  speed  i n  t h e  wind-tunnel  above t h e  boundary Sayer  is 

ahout  4 5  f t / s e c .  

1. A n a l y t i c a l  F r e d i c t i o n s  

Under s t e a d y  c o n d i t i o n s  of  e x t e r n a l  p r e s s u r e s  a c t i n g  on 

t h e  b u i l d i n g  enve lope .  t h e  a i r  e n t e r i n s  a  b u i l d i n g  

shou ld  ba lance  t h e  a i r  l e a v i n g  t h e  b u i l d i n g .  Thus. in -  

t e r n a l  p r e s s u r e s  depend on t h e  e x t e r n a l  p r e s s u r e  d i s -  

t r i b u t i o n  and t h e  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  of  a  

b u i l d i n g .  I n t e r n a l  p r e s s u r e s  f o r  a l l  b u i l d i n g  c o n f i g u -  

r a t i o n s  of  c h i s  s t u d y  have  been  c a l c u l a t e d  a s  f o l l o w s  : 

Each of  t h e  s i x  f a c e s  of  t h e  b u i l d i n g  e n v e l o p e  (Four 

v a l l s ,  v i n d v a r d  roof  s i d e  and l eeward  r o o f  s i d e )  h a s  

been d i v i d e d  i n t o  t h r e e  p a r t s ,  f o r  each  o f  v h i c h  t h e  

a i r - l e a k a g e  e q u a t i o n  [3] c a n  be  v r i t t e n  a s  : 

5 
( 1 )  

i n  which q is t h e  a i r  l e a k a g e  p e r  u n i t  t ime  f o r  t h e  
t h  1 

j p a r t ;  C I s  a  c o n s t a n t  of p r o p o r t i o n a l i t y ;  A i s  

t h e  open a r e a  of t h e  j th  s e c t i o n ;  e.3 i n  t h e  mean u- 

t e r n a l  p r e s s u r e  a t  t h e  j t h  p a r t ;  i s  t h e  mean in -  

t e r n a l  p r e s s u r e :  and n is t h e  f low exponen t .  The 

s i g n  i n  t h e  r igh t -hand  s i d e  o f  Eq. 1 i n d i c a t e s  t h e  d i -  

r e c t i o n  o f  t h e  f l o v .  A p o s i t i v e  s i o  h a s  b e a n  used f o r  

inwnrd a i r  l e a k a g c .  

In  t h e  fu l ly -dcvc lopcd  t u r b u l e n t  flow. a  v a l u e  o f  0 .6  

i s  commonly used  f o r  t h e  p r o p o r t i o n a l i t y  c o n s t a n t  C, 

and a v a l u e  o f  0 . 5  f o r  t h e  f low exponen t .  As t h e  f low 

becomes l e s s  t u r b u l e n t ,  b o t h  C and n i n c r e a s e  and 



a p ~ r o a c h  u n i t y  i n  t h e  c a s e  of  l a m i n a r  f l o u .  Ft111-scale  

taeasureeun:s i n  b u i l d i n g s  [ 4 , 5 ]  i n d i c a t e  v a l u e s  of  n 
rang ing  b e t v e e n  0 .5  and 0 .8 .  I n  t h e  p r e s e n t  v o r k ,  

t h r e e  combina t tons  o f  v a l u e s  f o r  C  and n p a r a m e t e r s  

have been used ,  namely : 

The a i r  b a l a n c e  e q u a t i o n  

t4, = 0 
3 

h a s  t h e n  b e e n  f o r m u l a t e d  b y  u s i n g  e x t e r n a l  p r e s s u r e  mea- 

n r u e n t  r e s u l t s  and has  been  s o l v e d  n u m e r i c a l l y  th rough  - 
a  c o t p u t e r  program t o  y i e l d  t h e  i n t e r n a l  p r e s s u r e  P i  
f o r  e a c h  b u i l d i n g  c o n f i g u r a t i o n  and t e r r a i n  roughness .  

A f t e r  t h i s  c a l c u l a t i o n ,  e q u a t i o n  1 v a s  used t o  d e r i v e  

t h e  a i r  l e a k a g e  p e r  u n i t  t ime  f o r  each s e c t i o n .  The 

t a l  b u i l d i n g  i n f i l t r a t i o n  r a t e  v a s  t h e n  found by 

c o n s i d e r i n g  t h e  a l g e b r a i c  sum o f  a l l  p a r t i a l  a i r  l eak-  

a g e s .  R e s u l t s  have  been e x p r e s s e d  i n  t h e  ve l l -knovn  

a i r  change number form by d i v i d i n g  t h e  t o t a l  a i r  l e a k -  

a g e  v i c h  t h e  b u i l d i n g  volume f o r  each  c a s e .  

6. R e s u l t s  and D i s c u s s i o n  
P r e s s u r e  meanurenent  and c a l c u l a t i o n  r e s u l t s  t ~ n v e  been 

cxpreseed  i n  c o e f f i c i e n t  form a s  : 

i n  wnich Pe and Fi a r e  mean e x t e r n a l  and i n t e r n a l  

p r e s s u r e s  r e s p e c t i v e l y ;  P, is  t h e  s t a t i c  p r e s s u r e  of  

t h e  f r e e  s t r e a m  o u t s i d e  t h e  boundary l a y e r  h e i g h t ;  vE 
i s  t h e  mean v i n d  speed  a t  eave  h e i g h t ;  and o i s  t h e  

a i r  d e n s i t y .  

The p r i n c i p a l  h i g h l i g h t s  of  t h e  e x p e r i m e n t a l  measure- 

t s  and a n a l y t i c a l  r e s u l t s  c a n  be  surrnnarized a s  f o l -  

W S  : 

i )  E x t e r n a l  p r e s s u r e  c o e f f i c i e n t s  have been found 

i n s e n s i t i v e  t o  b o t h  background p o r o s i t i e s  and 

v a l l - o p e n i n g  r a t i o s .  It is e x p e c t e d ,  hovever ,  

t h a t  e x t e r n a l  p r e s s u r e  d i s t r i b u t i o n  v i l l  be  a f -  

f e c t e d  i n  c a s e s  f o r  which t h e  c o n f i g u r a t i o n  o f  

t h e  o p e n i n g s  p e r m i t s  l a r g e  f l w s  th rough  t h e  

b u i l d i n g .  

i i )  I n t e r n a l  p r e s s u r e s  f l u c t u a t e  s i g n i f i c a n t l y ,  b u t  
t h e i r  o v e r a l l  magni tudes  a r e  g e n e r a l l y  l e s s  t h a n  

t h a t  o f  t h e  l o c a l  e x t e r n a l  p r e s s u r e s .  The a v e r -  

a l l  g u s t  f a c t o r  - t h e  r a t i o  of  peak p r e s s u r e  t o  

t h e  n e a n  - i s  r o u g h l y  two i n  open c o u n t r y  expo- 

s u r e .  

i f f )  The f l u c t u a t i o n s  i n  i n t e r n a l  p r e s s u r e  shov  l i t t l e  

o r  no s p a t i a l  v a r i a t i o n ,  a c e p t  i n  r e g i o n s  c l o s e  

t o  d m i n a n t  o p e n i n g s .  T h i s  i s  i l l u s t r a t e d  i n  

P i g .  3 & e r e  t y p i c a l  t h e  t r a c e s  of  p r e n s u r e s  

from tvo  i n t e r n a l  t a p s  l o c a t e d  a t  o p p o n i t e  ends  

of t h e  l a r g e  b u i l d i n g  a r e  shovn .  m e  t r a c e s  a r e  

v i r t u a l l y  i d e n t i c a l .  T h i s  c h a r a c t e r i s t i c  i s  

q u i t e  g e n e r a l  f o r  a l l  v a r i o u s  c o n f i g u r a t i o n s  ex- 

amined and l e a d s  t o  t h e  c o n c l u s i o n  . t h a t  p r o p e r -  

t i e s  of t h e  i n t e r n a l  p r e s s u r e  c a n  b e  g i v e n  v i t h -  

o u t  r e f e r e n c e  t o  t h e  p a t t i c u l a r  l o c a t i o n  v i t h i n  

t h e  b u i l d i n p .  
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EXPOSURE WEN C W R Y  
AZIMUTH. 0. 
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I TAP 13 TAPS AT OPPOSITE 
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-F ig .  3. Simultaneous T ine  T r a c e s  of  I n t e r n a l  P r e s s u r e s  
f o r  Xro D i f f e r e n t  Taps. 

i v )  A h i g h  c o r r e l a t i o n  b e t v e e n  e x t e r n a l  and i n t e r n a l  

p r e s s u r e s  has  hzen found i n  a l l  c a s e s .  

v )  L . ~ ~ P . P R ~  i n t r r ~ r ? l  p r r s s u r e f i  occur  vhen t h e  v i n d  

d i r e c t i o n  is p e r p e n d i c u l a r  t o  t h e  v a l l  v i t h  domi- 

n a n t  open ings .  

v i )  For  v indvard  o p e n i n g s ,  a l t h o u g h  i n t e r n a l  p r e s s u r e  

c o e f f f c i e n c s  a r e  g e n e r a l l y  p o s i t i v e ,  c a s e s  v i t h  

h i g h  background p o r o s i t y  combined w i t h  s m a l l  ope- 

n i n g s  produce z e r o ,  o r  s l i g h t l y  n e g a t i v e  c o e f f i -  

c i e n t s .  T y p i c a l  r e s u l t s  of measured and a n a l y t i -  

t i c a l l y  p r e d i c t e d  mean i n t e r n a l  p r e s s u r e  c o e f f i -  

c i e n t s  a r e  shcvn i n  F i g .  4 f o r  b o t h  l a r g e r  and 

s n a l l e r  b u i l d i n g  models .  It  c a n  be  s e e n  t h a t  f o r  

wl l  open ings  o f  s i z n i f i c a n t  s i z e  (more t h a n  50% 

of  t h e  v a l l  a r e a )  t h e  i n t e r n a l  p r e s s u r e  c o e f f i -  

c i e n t s  become e s s e n : i a l l y  independen t  of t h e  back- 

ground p r o s i t ) ' .  Thc l o v e r  t h e  background poro- 

s i t y ,  t h e  s m a l l e r  t h e  n e c e s s a r y  s i z e  of  t h e  v a l l  

open ing  needed t o  ~ a k e  t h e  i n t e r n a l  p r e s s u r e  coe- 

f f i c i e n t s  i n s e n s i t i v e  t o  f u r t h e r  i n c r e a s e s  of  t h e  

v a l l  opening.  

The a n a l y t i c a l l y  p r e d i c t e d  v a l u e s  of  c ; ~ ,  shovn 

a l s o  i n  F i g .  4 ,  a g r e e  v c l l  w i t h  t h e  e x p e r i m e n t a l  

r e s u l t s .  Ca icu laced  i n t e r n a l  p r e s s u r e  c o e f f i -  

c i e n t s  have been found by u s i n g  C  = 0 .8  and Q 

0.667. Very s h i l a r  r e s u l t s .  hovever .  have been 

o b t a i n e d  by u s i n g  o t h e r  combina t ions  of C  and 

n v a l u e s  r e f e r r e d  t o  i n  s e c t i o n  3. For  i n s t a n c e ,  

i n  t h e '  c a s e  of  f u l l y  t u r b u l e n t  f low.  cpi v a l u e s  

v e r e  found s l i g h t l y  h i g h e r ,  t h e  l a r g e s t  d i f f e r e n c e  

be ing  0.02;  i n  t h e  c a s e  o f  l a m i n a r  f low c i f  va- 

l u e ~  v c r e  n  l l t c l r  l o v e r ,  t h r  l n r g c s t  d l l f e r c n c e  
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F i g .  4. Measured and P r e d i c t e d  Hean I n t e r n a l  P r e s s u r e  
C o e f f i c i e n t s  f o r  V a r i o u s  S i d e  K a l l  Openings and Back- 
gro~.?d P o r o s i t i e s  - No End Wall Opening,  1 :12  Roof 
S l o p e ,  Open Count ry  Exposure,  0' Azimuth. 

found was 0 .0b .  The above compar i sons  show t h a t  

model b u i l d i n g  i n t e r n a l  f l o w s  have a  r a t h e r  do- 

minant  t u r b u l e n t  c h a r a c t e r .  

I n  t h e  c a s e  o f  0 %  background p o r o s i t y ,  e x p e r f -  

m e n t a l  measurements  show t h a t  i n t e r n a l  p r e s s u r e  

c o e f f i c i e n t s  have a  c o n s t a n t  v a l u e ,  t h a t  of ex- 

t e r n a l  w a l l  p r e s s u r e  c o e f f i c i e n t  f o r  a l l  d i f -  

f e r e n t  s i d e  v a l l  o p e n i n g s .  Some i n c r e a s e  o f  

cPi v a l u e s  a p p e a r s  f o r  v e r y  m a l l  w a l l  open ings .  

b u t  c h i s  i s  p e r h a p s  d u e  t o  e x p e r i m e n t a l  ineccu-  

r a c i e s  s i n c e  t h e  s l i g h t e s t  l e a k a g e  between t h e  

model and t h e  o u t s i d e  of t h e  wind tunnc.1 may 

c o n t a m i n a t e  t h e  d a t a  u n d e r  c o d i t i o n s  approach-  
ing  nominal  b u i l d i n g  i m p e r m e a b i l i t y .  Experimen- 

t a l  r e s u l t s  from a  s t u d y  c a r r i e d  o u t  by Kramer 

e t  a 1  [6] f o r  a n  impermeable model b u i l d i n g  w i t h  

20% s i d e  v a l l  o p e n i n g  a g r e e  v e r y  w e l l  v i t h  t h e  

p r e s e n t  d a t a .  No s i g n i f i c a n t  d i f f e r e n c e  h a s  been 

n o t i c e d  a s  f a r  a s  t h e  i n t e r n a l  p r e s s u r e  c o c f f i -  

c i e n c s  measured o r  c a l c u l a t e d  f o r  t h e  l a r g e r  and 

s m a l l e r  b u i l d i n g s .  

v i i )  When t h e  dominant  o p e n i n g s  a r e  a t  t h e  r e a r  of  t h e  

b u i l d i n g ,  and t h e  vLndvard n l l  is c l o s e d  (az imuth  

180") .  t h e  i n t e r n a l  p r e s s u r e s  a r e  g e n e r a l l y  nega- 

t i v e  and a r e  n o t  v e r y  s e n s i t i v e  t o  t h e  s i z e  o f  

w a l l  o p e n i n g s  o r  t o  t h e  background p o r o s i t y .  Ty- 

p i c a l  r e s u l t s  a r e  p r e s e n t e d  i n  F i g .  5 f o r  measured 

and c a l c u l a t e d  cPi v a l u e s  f o r  a l l  c o n f i g u r a t i o n s  

of t h e  t e s t e d  l a r g e  b u i l d i n g .  The l a r g e s t  nega- 

t i v e  C; 's a r e  a l m o s t  e q u a l  t o  t h e  e x t e r n a l  p r e s -  i 
s u r e  c o e f f i c i e n t s  measured o n  t h e  l e e v a r d  w a l l s .  

Again,  a  good agreement b e t v e e n  measured and c a l -  

c u l a t e d  v a l u e s  is  a p p a r e n t .  

v i i i )  I n f i l t r a t i o n  r a t e s  have  been  found v e r y  s e n s i t i v e  
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F i g .  5. neasured  and P r e d i c t e d  Hean I n t e r n a l  P r e s s u r e  
C ~ ~ f f f c i e n t s  f o r  Var ious  S i d e  Wall Openings and Beck- 
ground P o r o s i t i e s  - Xo End Wall Opening, Open Count ry  
Exposure,  180' Az inu th .  

t o  I n t e r n a l  p r e s s u r e  v a r i a t i o n . .  A i r  change  num- 

b e r s  have been c a l c u l a t e d  by u s i n g  t h e  i n t e r n a l  

p r e s s u r e  p r e d i c t e d  and t h e  p o c e d u r e  e x p l a i n e d  i n  

s e c t i o n  3 .  R e s u l t s  a r e  p r c s e n t e d  i n  F i g .  6 f o r  

tvo backgrcund p o r o s i t i e s  and both O e  and 180" 

az imuths  f c r  a  mean wind speed of  10 Ct / sec  a t  

b u i l d i n g  cave  h e i g h t .  I n  c a s e  of  v indvard  open- 
i n g s ,  t h e  h i g h e r  t h e  background p o r o s i t y ,  t h e  h igh-  

e r  t h e  n e c e s s a r y  opening r a t i o  t o  make t h e  a i r  . 
change nunber i n s c n s i t ~ v c  t o  f u r t h e r  i n c r e a s e  of  

o p e n i n g s .  In c o n t r a s t ,  f o r  leeward o p e n i n g s ,  t h e  

a i r  change number remains a lmos t  c o n s t a n t  f o r  e a c h  

permectbilit:;  r e n n r d l e s s  of  t h e  w a l l  open ing .  The 

l a t t e r  h.as heen p r e d i c t e d  s i n c e  i n t e r n a l  p r e s s u r e s  

have v a l u e s  v e r y  s i m i l a r  t o  t h e  e x t e r n a l  v i n d  

p r e s s u r e s  on t h e  leeward v a l l  f o r  a l l  open ing  r a t i o s .  - 0. AZHUTH YE = 10 k / . c  ---- W e  A Z W M  
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F i g .  6 .  A i r  Chanpe h b e r  P r r d i c t e d  f d r  V a r i w s  S i d e  
P a l l  Openings and Aacknrosnd P o r o s i t i e s  - No End Wall  
Opening.  Large B u i l d i n g ,  Open Country Exposure.  

Fx) For  h i g h e r  v a l u e s  of background p o r o s i t y ,  t h e  a i r  

change number v a r i e s  d r a s t i c a l l y  v i t h  v ind  speed  

v a r i a t i o n ,  v h e r e a s  f o r  s m a l l  b u i l d i n g  p e r m e a b i l i -  

t i e s  a i r  change n m b e r  remains  a lmos t  c o n s t a n t .  

F i g u r e  7 shows t h e  v a r i a t i o n  of a i r  change number 

i n  t i le  c a s e  of l a r g e  b u i l d i n g  v i t h  no w a l l  open- 

i n g s .  Data have been c a l c u l a t e d  f o r  v a r i o u s  pe r -  

m e a b i l i t i e s  r a n g i n g  from 0 .01% t o  0 . 5 I  and f o r  

wind speeds  a t  eave  h e i g h t  up co 40 f t l s e c ,  s i n c e  

t h e s e  a r e  t h e  c a s e s  of main p r a c t i c a l  i n t e r e s t .  

For  t y p i c a l  p e r m e a b i l i t y  v a l u e s  of v e l l - i n s u l a t e d  
b u i l d i n g s ,  t h e  a i r  change number is v e r y  low. 

x )  Although  i n t e r n a l  p r e s s u r e  c o e f f i c i e n t s  have  been 

found s i g n i f i c a n t l y  h i g h e r  f o r  t h e  suburban  expo- 

s u r e ,  t h e  a c t u a l  i n t e r n a l  p r e s s u r e s  and ,  conse-  

q u e n t l y ,  i n f i l t r a t i o n  r a t e s  a r e  no t  ve ry  d i f f e r e n t  



F i g .  7 .  Background P o r o s i t y  E f f e c t  on A i r  Change Nimber- 
Xo Wall Opening, L a r g e  B u i l d i n g ,  Open Count ry  Fxposurc ,  
0' A z h u t h .  

from t h o s e  c a l c u l a t e d  f o r  t h e  open c o u n t r y  expo- 

s u r e .  T h i s  i s  due  t o  t h e  r e f e r e n c e  v e l o c i t y  a t  

e a v e  h e i g h t  v h i c h  is  s i g n i f i c a n t l y  l o v e r  i n  t h e  

c a s e  of  suburban  exposure .  As a  r e s u l t ,  a i r  

change numbers g i v e n  i n  t h i s  p a p e r  c a n  b e  c o n s i -  

d e r e d  r e p r e s e n t a t i v e  of  v a r i o u s  t e r r a i n  roughnes-  

ses. 

5, Applicat lorq-  - C m p a r l s o n s  v i t h  C o d s a n a  S t a n d a r d s  

Roofs of l o v - r i s e  b u i l d i n g s  have ,  i n  g e n e r a l ,  l a r g e r  a -  

r e a s  t h a n  e x t e r n a l  v a l l s .  Given t h a t  t h e  h ig l res t  v i n d  

s u c t i o n s  domina te  on f l a t  o r  lov-s loped  r o o f s ,  s i g n i f i -  

c a n t  a i r  e x f i l t r a t i o n  may t a k e  p l a c e  th rough  s m a l l  

c r a c k s ,  s k y l i g h t s ,  e t c .  t h e r e .  I t  has  been found t h a t  

i n  c a s e s  of  m s u f f i c i e n t  o p e n i n g s  i n  t h e  v i n d v a r d  v a l l ,  

i n f i l t r a t i o n  may o c c u r  i n  t h e  l eeward  v a l l  of  a  l o v  

h . . i ld ing .  i h e  l a t t e r  is n o r m a l l y  n e g l e c t e d  i n  most 

s - a n d a r d s ,  b u t  i t  may a f f e c t  t h e  h e a t i n g  and a i r - c o n d i -  

t i o n i n g  l o a d  of  l e e v a r d  s p a c e s  o f  l o v  b u i l d i n g s .  

A d i r e c t  c o c p a r i s o n  b e m e e n  s t a n d a r d s ,  codes of  p rac -  

t i c e  of  d i f f e r e n t  c o u n t r i e s  and t h e  p r e s e n t  r e s u l t s  can-  

n o t  be  c a r r i e d  o u t  s i n c e  i n f i l t r a t i o n  r a t e s  depend n o t  

o n l y  o n  t h e  wind a c t i o n  b u t  a l s o  o n  t e m p e r a t u r e  d i f f e r -  

e n c e s  ( s t a c k  o r  buoyancy e f f e c t )  . T h e  Canadian Code [ 7 ]  

s u g g e s t s  f o r  m e c h a n i c a l l y  v e n t i l a t e d  r e s i d e n t i a l  b u i l d -  

i n g s  a  minimum of 1 a c l h r ,  v h e r e a s  S v e d i s h  s p a i f i c a -  

t i o n s  r e c m e n d  a  minimum o f  0 .5  a c / h r  [a ] .  American 

s t a n d a r d s  [3]  s p e c i f y  minimum and recommended v a l u e s  

( t h e . l a t t e r  a r e  a b o u t  SOX h i g h e r  t h a n  t h e  fo rmer )  f o r  

b u i l d i n g s  s e r v i n g  d i f f e r e n t  p u r p o s e s .  Minimum v a l u e s ,  

h w e v e r ,  r a n g e  up t o  1 0  a c l h r .  I f  t h e  Canadian r e q u i r e -  

ment h a s  t o  b e  s a t i s f i e d  o n l y  by d n d - c a u s e d  n a t u r a l  

v e n t i l a t i o n  F i g .  7  shows t h a t  f o r  v i n d  speed  of  1 0  f t / s e c  

a t  eave  h e i g h t ,  a  p o r o s i t y  h i g h e r  t h a n  0.5X vould  be 

needed (assuming t h a t  a l l  o p e n i n g s  a r e  c l o s e d ) .   his 
is a  r a t h e r  h i g h  v a l u e  when compared t o  p e r m e a b i l i t y  

measurements  of  t y p i c a l  Canad ian  h o u s e s  c a r r i e d  o u t  by 

Tarnura [4] f n d i c a t i n ~  v a l u e s  rang in^ he tvcen  0.025 

and 0.09Z. I t  is i m p o r t a n t ,  however, to  c o n s i d e r  t h e  

s t a c k  e f f e c t  i n  t h e  c a l c u l a t i o n  a s  v e l l .  

A r e c e n t  s t u d y  by P e t e r s o n  [9] Lased on t h e  s t a t i s t i -  

c a l  a n a l y s i s  of  i n f i l t r a t i o n  measurements  f o r  t y p i c a l  Qana-  

d i a n  and American d v e l l i n g s ,  s u g g e s t s  v a l u e s  of 0 . 1  a c /  

h r  f o r  t i g h t l y  c o n s t r u c t e d  houses  and 0.2 a c / h r  f o r  

l o o s e l y  c o n s t r u c t e d  houses .  These v a l u e s  have been  c a l -  

c u l a t e d  f o r  v i n d  speed of  1 0  f t / s e c  a t  eave h e i g h t  un- 

d e r  t h e  assumpt ions  t h a t  a l l  open ings  a r e  c l o s e d  and 

t h a t  i n s i d e  and o u t s i d e  t e m p e r a t u r e s  a r e  e q u a l .  Re- 

s u l t s  o f  t h e  p r e s e n t  s t u d y  f o r  t h e  1 6 '  h igh  mall b u i l d -  

i n g .  v h i c h  c o r r e s p o n d s  t o  t h e  a v e r a g e  geometry of  b u i l d -  

i n g s  c o n s i d e r e d  i n  P r t c r s o n ' s  s t u d y ,  have Icd t o  v a l u e s  

of 0.12 a c / h r  f o r  t i g h t l y  c o n s t r u c t e d  houses and 0 . 4 5  

a c l h r  f o r  l o o s e l y  c o n s t n ~ c t e d  houses .  Again, t h e  s t a c k  

e f f e c t  has  t o  be  c o n s i d e r e d  t o  a t t a i n  v a l u e s  cor respond-  

ing  c l o s e r  t o  r o a l i t y .  

6 .  Conc lus ions  and Recornenda t ions  

I n  summary, t h e  f o l l o v i n g  c o n c l u s i o n s  can  be  made : 
i )  3ean  i n t e r n a l  p r e s s u r e s  measured i n  t h e  v i n d  tun-  

n e l  a g r e e  v e l l  v i t h  a n a l y t i c a l l y  p r e d i c t e d  v a l u e s  

c a l c u l a t e d  by u s i n g  e x t e r n a l  p r e s s u r e s  and t y p i c a l  

a i r  l e a k a g e  c o n s t a n t s .  I n t e r n a l  f l o v  s i o u l a t i o n  

a l s o  a p p e a r s  t o  be  a d e q u a t e .  

i i )  Accura te  e v a l u a t i o n  of i n t e r n a l  p r e s s u r e s  is ne- 

c e s s a r y  t o  c a l c u l a t e  b u i l d i n g  a i r  i n f i l t r a t i o n .  

f i t )  For l o v - r i s e  i n d u s t r i a l  b u i l d i n g s ,  a i r  e x f i l t r a -  

t i o n  from t h e  roof  a p p e a r s  t o  be ve ry  l a r g e  and 

i n f i l t r a t i o n  may o c c u r  through a l l  f o u r  v a l l s .  

I t  i s  s u g g e s t e d  t h a t  f u r t h e r  exper imenta l  w r k  be  c a r -  

r i e d  o u t  by measuring i n t e r n a l  p r e s s u r e s  i n  model b u i l d -  

i n g s  v i t h  h o r i z o n t a l  and v e r t i c a l  p a r t i t i o n s  f o r  t h e  e- 

v a l u a t i o n  of a i r  f l o v  p a t t e r n s  i n s i d e  l o v  b u i l d i n g s .  

These p a t t e r n s  a f f e c t  s t r o n g l y  t h e  v e n t i l a z i o n  e f f t c i e n -  

cy of  t h e s e  b u i l d i n g s .  Also ,  a s  long  a s  t m p e r a t u r e  

s t r a t i f i c a t i o n  i n s i d e  b u i l d i n g s  cannot  be a v o i d e d ,  i t  

a p p e a r s  t h a t  t h e  cncrRv e f f i c i e n c y  of t h e  bui ld!ng de- 

pends no t  o n l y  on t h e  i n f i l t r a t i o n  e f f e c t ,  b u t  a l s o  on 

t h e  t e m p e r a t u r e  of t h e  e x f i l t r a t e d  a i r .  F u r t h e r  s t u d y  

i s  r e q u i r e d  on the  i n t e r a c t i o n  b e t v e e n  vfnd and s t a c k  

a c t i o n  and t h e i r  e f f e c t  on t h e  performance OF mechani- 

c a l  v e n t i l a t i o n  sys tems .  
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