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CALCULATIOH METHOD FOR THE NATURAL VENTILATION OF BUILDINGS. -1 

By W.F. de Gids 

1. I n t r o d u c t i o n  

Even now, most b u i l d i n g s  a r e  s t i l l  n a t u r a l l y  v e n t i l a t e d .  So n a t u r a l  

v e n t i l a t i o n  i s  an  important  f a c t o r .  Never the less  q u a n t i t a t i v e  

v a l u e s  f o r  n a t u r a l  v e n t i l a t i o n  a r e  unknown i n  most c a s e s .  Sometimes 

i t  i s  necessa ry  t o  know t h i s  v e n t i l a t i o n  r a t e  wi th  regard  t o  an  

i n d o o r  environment.  O c  the o t h e r  hand,  v e n t i l a t i o n  i s  a  s o u r c e  of  

h e a t  l o s s .  To make a good energy b a l a n c e  i t  i s  d e s i r a b l e  t o  b e  a b l e  

t o  p r e d i c t  t h e  a i r  f low r a t e  th rough  a  b u i l d i n g  due t o  n a t u r a l  

v e n t i l a t i o n .  As n a t u r a l  v e n t i l a t i o n  depends on so  many v a r i a b l e s  i t  

i s  u n f e a s i b l e  t o  develop a  p r e d i c t i o n  method based  on pure  p h y s i c a l  

phenomena. 

The c a l c ~ l a t i o n  method d e s c r i b e d  can be seen a s  a  r easonab ly  a c c u r a t e  

approach .  The method can be used o n l y  i f  t h e  p r e s s u r e  d i s t r i b u t i o n  

on t h e  o u t s i d e  o f  t h e  b u i l d i n g  i s  known, o r  can be e s t i m a t e d  from 

f i g u r e s  i n  l i t e r a t u r e .  

I n  t h i s  paper  t h e  c a l c u l a t i o n  method developed i s  compared w i t h  t h e  

r e s u l t s  o f  measurements i n  a  Large f a c t o r y  h a l l .  

2 .  N a t u r a l  v e n t i l a t i o n  

The n a t u r a l  v e n t i l a t i o n  of b u i l d i n g s  depends on wind v e l o c i t y ,  

wind d i r e c t i o n ,  t e n p e r a t u r e  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 ,  

t h e  f o m  of t h e  b u i l d i n g  and i t s  s i t u a t i o n ,  t h e  openings i n  t h e  

b u i l d i n g  and l a s t  b u t  not l e a s t  t h e  o c c u p a n t s r  behaviour .  

The r e l a t i o n s h i p  between the  above mentioned v a r i a b l e s  and t h e  

n a t u r a l  v e n t i l a t i o n  i s  s c h e m a t i c a l l y  r e p r e s e n t e d  i n  f i g u r e  1. 
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Hygiene,  P.O. Box 214, D e l f t ,  The Ne ther lands .  



2 .1  P r e s s u r e  d i f f e r e n c e s  due t o  wind 

If t h e r e  i s  a  b u i l d i n g  i n  a  p a r t i c u l a r  s i t u a t i o n ,  t h e  wind causes  

p r e s s u r e  d i f f e r e n c e s .  T h i s  wind p r e s s u r e  d i s t r i b u t i o n  w i l l  depend 

on t h e  i n t e r r e l a t i o n  between t h e  wind v e l o c i t y ,  wind d i r e c t i o n  and 

t h e  exposure ,  and t h e  form and s i t u a t i o n  of  t h e  b u i l d i n g .  

I t  c a n  be e x p r e s s e d  a s :  

bp i  = ki 
Z . 4 p v  where ( 1 )  

Api = p r e s s u r e  d i f f e r e n c e  a c r o s s  an e x t e r n a l  w a l l  o r  a c r o s s  a  

v e n t i l a t i o n  duc t  C Pal 

ki  = dimens ion less  p r e s s u r e  c o e f f i c i e n t  depending on the f o m  

of  t h e  b u i l d i n g  and the  exposure  C - I  

p = a i r  d e n s i t y  c k g k ]  

v = wind v e l o c i t y  C ~ / S  I 

F o r  e a c h  w i n d . d i r e c t i o n  t h e r e  a r e  d i f f e r e n t  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  d i f f e r e n t  w a l l s  ( i ) ,  which we c a l l  the  p r e s s u r e  d i s t r i b u t i o n .  

2.2 S t a c k  e f f e c t  

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  and r e s u l t  i n  p r e s s u r e  d i f f e r e n c e s .  T h i s  c a n  b e  

e x p r e s s e d  a s :  

Ap = (pc - Ow) . g . h  where 

~ p  = p r e s s u r e  d i f f e r e n c e  ( s t a c k  e f f e c t )  

p = a i r  d e n s i t y  

c  = c o l d  a i r  
w = warm a i r .  

g  = g r a v i t a t i o n a l  f o r c e  

h = h e i g h t  between i n l e t  and o u t l e t  openings  

CNlke] 

Cml 



2 . 3  A i r  f low through openings  

I n e v i t a b l e  j o i n t s ,  c racks  and gaps ,  b u t  a l s o  s p e c i a l  v e n t i l a t i o n  

p r o v i s i o n s  such a s  v e n t i l a t i o n  windows, g r i l l e s  o r  d u c t s  a r e  

t h e  cause  of an a i r  f low through t h e  b u i l d i n g .  

The r e l a t i o n  between t h e  i n d i v i d u a l  a i r  f low through any opening 

and t h e  p r e s s u r e  d i f f e r e n c e  a c r o s s  the. l a t t e r  c a n  b.e e x p r e s s e d  a s :  

Qlj = Cj (aj) l / n  j where ( 3 )  

4 = volume f low r a t e  of a i r  
j 

\ 

C = a i r  f low c o e f f i c i e n t ,  d e f i n e d  a s  the volume f low r a t e  of 
j  

a i r  a t  a  p r e s s u r e  d i f f e r e n c e  of 1 Pa [ m 3 / s ' a t  1 pa 

Ap .= p r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  opening [Pal  
3 

n = an exponen t ,  be tween 1 and 2 ,  depending on the  c h a r a c t e r  of 

t h e  f low.  C -  I 

n= 1 f o r  pure l aminar  f low 

n= 2 f o r  pure t u r b u l e n t  f low 

See f i g u r e  2 

Measurements on windows i n  e x i s t i n g  d ~ ~ e l l i n g s  and a t  the  l a b o r a t o r y  

i n d i c a t e  t h a t  f o r  most window c r a c k s  t h e  v a l u e  of n  v a r i e s  between 

1,4 and 1,7. 

The e q u a t i o n  (3)  i s  based  on exper imenta l  d a t a .  The Reynolds  number 

w i l l  i n f l u e n c e  t h e  v a l u e s  o f  bo th  C and n .  

I n  c a s e  of  n a t u r a l  v e n t i l a t i o n  we a r e  d e a l i n g  w i t h  f lows  due t o  

p r e s s u r e  d i f f e r e n c e s  between about 1 t o  100 Pa.  

Taking t h i s  i n t o  c o n s i d e r a t i o n ,  t o g e t h e r  wi th  t h e  e x p e r i m e n t a l  

d a t a , t h e  e m p i r i c a l  e q u a t i o n  ( 3 )  i s  a c c e p t a b l e  f o r  f low t h r o u g h  openings .  

F o r  c a l c u l a t i o n  of C v a l u e s  see  appendix 2 .  



2.4 Occupan t s '  Behav iou r  

An i m p o r t a n t  f a c t o r  f o r  t h e  n a t u r a l  v e n t i l a t i o n  i s  t h e  u s e  made o f  t h e  

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

The o c c u p a n t s '  c o n t r o l  o r  i n f l u e n c e  on t h e  a c t u a l  v e n t i l a t i o n  r a t e  

b y  open ing  o r  c l o s i n g  windows d o o r s  v e n t i l a t i o n g r i l l e s  e t c .  

About t h i s  o c c u p a n t s '  b e h a v i o u r  v e r y  few s t u d i e s  a r e  known. 

More s t u d i e s  i n  t h i s  f i e l d  must  be c a r r i e d  o u t  t o  g i v e  u s a b l e  

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

The model o f  t h e  v e n t i l a t i o n  t h r o u g h  a b u i l d i n g ,  

A b u i l d i n g  u s u a l l y  c o n s i s t s  o f  e x t e r n a l  and i n t e r n a l  w a l l s  and  a  

r o o f .  These  p a r t s  o f  t h e  b u i l d i n g  v e r y  o f t e n  have  v e n t i l a t i o n  

o p e n i n g s .  Through t h e s e  open ings  t h e  a i r  p a s s e s  i n  and  o u t  o f  t h e  b u i l d i n g .  

See  f i g u r e  3. 

F i g u r e  4 shows a  v e n t i l a t i o n  model o f  a  b u i l d i n g .  A t  any  p l a c e ,  i n  t h e  

p l a n  o f  t h e  b u i l d i n g  where a i r  f l o w s  th rough  open ings  a n  a i r  Leakage 

component w i t h  t h e  sign[-] i s  p l a c e d  i n  f i g u r e  4. F o r  e a c h  

component e q u a t i o n  ( 3 )  can  b e  a p p l i e d .  

It  i s  i n t e r e s t i n g  t o  i n v e s t i g a t e  how such models  can be  s i m p l i f i e d *  

I f  t h i s  i s  g e n e r a l l y  p o s s i b l e ,  we would be a b l e  t o  d e r i v e  some 

f i g u r e s  which c a n  be  used  i n  many c a s e s .  

F i g u r e  4 shows p a r a l l e l  and s e r i e s  c o n n e c t i o n s  from i n s i d e  t o  o u t s i d e  

t h e  b u i l d i n g .  

3.1 S e r i e s  c o n n e c t i o n s  

The scheme i s  a s  fo l loT. rs :  



The e q u a t i o n s  f o r  s e r i e s  connec t ions  a r e :  

APtot = Ap 
1 + AP2 

S u b s t i t u t i n g  ( 5 )  a n d ' ( 6 )  i n  ( 4 ) :  

The f l o w  ( O ) ,  C1, n l ,  C 2 ,  n2 b e i n g  known, one can c a l c u l a t e  t h e  

p r e s s u r e  d i f f e r e n c e .  

If t h e  p r e s s u r e  d i f f e r e n c e  i s  g iven ,  t h e  f l o w  can be  c a l c u l a t e d  by 

i t e r a t i o n  on ly ,  because of t h e  n o n l i n e a r i t y  of e q u a t i o n  ( 7 ) .  

3 . 2  Para: l e  1 connec t ions  

S c h e m a t i c a l l y  represen ted  by:  

The e q u a t i o n s  f o r  p a r a l l e l  connec t ions  a r e :  

S u b s t i t u t i n g  ( 9 )  and (10) i n  ( 8 ) :  

- @ t o t  - C I  (Ap) l i n l  + c:, (Ap) (11) 

The p r e s s u r e  d i f f e r e n c e  ( ~ p ) ,  C l ,  C 2 ,  nl and n2 be ing  known, i t  i s  

p o s s i b l e  t o  c a l c u l a t e  t h e  f lows.  



G r a p h i c a l l y  t h i s  can be  seen from f i g u r e  5. 

The q u e s t i o n  a r i s e s ,  i s  i t  p o s s i b l e  t o  r e p l a c e  s e r i e s  and 

p a r a l l e l  c o n n e c t i o n s  b y  one s i n g l e  a i r  leakage component of  

t h e  Eorm: 

where 

r = r e p l a c e d  component 

From f i g u r e  5 and t h e  e q u a t i o n s  ( 7 )  and ( 1 1 )  i t  can be s e e n  t h a t ,  

m a t h e m a t i c a l l y ,  t h i s  i s  i m p o s s i b l e .  

Tak ing  i n t o  c o n s i d e r 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  range f rom abou t  

1 t o  100 Pa and r e a l  n  v a l u e s  of 1 , 4  t o  2 ,  f i g u r e  6 shows 

t h a t  t h e  approximate  e q u a t i o n  ( 1 2 )  can  be used.  

I n  t h i s  p r e s s u r e  d i f f e r e n c e  range t h e  inaccuracy  of t h i s  approximat ion 

i s  up t o  abou t  4%. I n  most c a s e s ,  however, i t  i s  l e s s  than  2%. 

Equa t ions  can  be g i v e n  t o  c a l c u l a t e  t h e  C and n  v a l u e s  f o r  t h e  

approximate  e q u a t i o n .  

They a r e  beyond t h e  scope o f  t h i s  paper .  

I n  most  c a s e s  i t  seems t o  be  p o s s i b l e  t o  s i m p l i f y  t h e  model 

t o  two-junction models ( s e e  f i g u r e  7 ) ,  i n  many c a s e s  even t o  one-  

j u n c t i o n  models ( s e e  f i g u r e  8 ) .  

4. C a l c u l a t i o n s  w i t h  a  one- i u n c t i o n  model 

4 , l  C a l c u l a t i o n  method 

With a  simple computer program, f o r  5 r a t i o s  of C-values and p a r t i c u l a r  n-  

v a l u e s ,  c a l c u l a t i o n s  have been  made t o  so lve  t h e  e q u a t i o n :  

(13) 
i f  p4 - p i  < 0 t h e n  C i  becomes -Ci 

I n  t h i s  e q u a t i o n  p 4  i s  t h e  o n l y  unknown v a r i a b l e .  The s o l u t i o n  can  be 

found by i t e r a t i o n  o n l y .  



4.2 C a l c u l a t i o n  r e s u l t s  

F i g u r e  9 shows a  s o l u t i o n  of p4, p l o t t e d  a g a i n s t  p3, w i t h  p2 a s  a  

v a r i a b l e .  I n  t h e  diagrams p l  = 0. The r a t i o  of C l : C 2 : C 3 =  1:0,75:2 

and n l  = n2 = 1 , 5 ,  n3 = 2 .  

On t h e  v e r t i c a l  a x i s  t h e  s o l u t i o n  of p4 i n  a  p a r t i c u l a r  c a s e  i s  

found. Knowing p4 it i s  e a s y  t o  c a l c u l a t e  t h e  f lows.  The r e s u l t s  

of t h e s e  c a l c u l a t i o n s  a r e  p l o t t e d  i n  f i g u r e  10. With t h e  s o l u t i o n  

f o r  p4 on t h e  h o r i z o n t a l  a x i s  and p2, the  o t h e r  v a r i a b l e ,  one 

can f i n d  on t h e  v e r t i c a l  a x i s  Q t o t  , re l  

= t h e  t o t a l  r e l a t i v e  a i r  f low r a t e  through t h e  model 
' t o t . r e 1 .  

I f  C1 i s  n o t  1 b u t  f o r  i n s t a n c e  X ,  one h a s  t o  m u l t i p l y  @tot . re l  
b y  X t o  g e t  t h e  t o t a l  a i r  volume f low r a t e  through t h e  b u i l d i n g .  

F i g u r e s  9 and 10 can be combined ( s e e  f i g u r e  11)  

I n  appendix 1 t h e  r e s u l t s  of c a l c u l a t i o n s  wi th  5 C-value r a t i o s  

f o r  n l  = n2 = 1,s and n = 2 a r e  g iven .  
3  

The C-value r a t i o s  a r e :  

4.3 Discuss ion  and remarks on the  diagrams 

- The l i n e s  p l o t t e d  i n  t h e  diagrams of  appendix 1, have d i f f e r e n t  

bend ing-po in t s .  A l l  t h e s e  p o i n t s  can  be p r e d i c t e d .  Any p a r t  of a  l i n e  

between two bend ing-po in t s  g i v e s  a  p a r t i c u l a r  f l o w  d i r e c t i o n  i n  t h e  

t h r e e  b r a n c h e s  of t h e  one- junct ion model. F o r  i n s t a n c e  i f  p 3  = p 4  

then  t h e  f l o w  i n  t h e  branch of component 3 ( ~ 3 )  must be ze ro .  



B e f o r e  t h a t  p o i n t  i . e .  p4 > p3 t h e  d i r e c t i o n  o f  t h e  f l o w  i s  f rom 

i n s i d e  t o  o u t s i d e ;  i E  p 4 <  p3 t h e n  t h e  f l o w  d i r e c t i o n  i n  b r a n c h  3  

i s  e x a c t l y  t h e  o p p o s i t e .  

- The chosen  n - v a l u e s  seem t o  be  u s e f u l  f o r  window and d o o r  c r a c k s ,  

w i t h  a  mean v a l u e  o f  1.5. 

F o r  v e n t i l a t i o n  g r i l l e s  and d u c t s  n=2 can be  u s e d .  

5 ,  A p p l i c a t i o n  and compar ison  

\ 7 
I n  a  f a c t o r y  h a l l ,  w i t h  a  c a p a c i t y  of  about  87 000 m' 

( s e e  f i g u r e  1 2 )  a  l a r g e  number o f  measurements  h a s  been  done ,  t o  f i n d  

t h e  r e  l a t i o n  be tween  a i r  f l o w  p ~ t c e z n ,  t empera tu re  d i s t r i b u t i o n  and 

s p r e a d  of  d u s t .  C 6 I 

I n  t h i s  f a c t o r y  h a l l  t h e  a i r  v e l o c i t y  i n  e v e r y  opening  was 

measu red  d u r i n g  p e r i o d s  of a b o u t  f o u r  hour s .  I n  t o t a l  some hundreds  

o f  a i r  v e l o c i t i e s  have  been  measured .  From t h e s e  v e l o c i t i e s  and t h e  

n e t  a r e a  of  t h e  openings ,  t5e  mass f l o w  through t h e  f a c t o r y  h a l l  cou'ld 

b e  computed.  

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  o p e n i n g s  have  b e e n  measured  w i t h  t h e  

a i d  o f  f i v e  d i f f e r e n t i a l  low p r e s s u r e  t r a n s d u c e r s .  Also, t h e  mass 

f l o w  h a s  been  computed from t h e s e  d a t a .  A t  l e a s t  t h e  d i f f e r e n t  

mass f l o w s  and t h e  r e s u l t i n g  a i r  change  r a t e  w i t h  t h e  

c a l c u l a t i o n  method d e s c r i b e d  have  b e e n  p r e d i c t e d .  

I n  f i g u r e  1 3  t h e  model  of  t h e  f a c t o r y  h a l l  and t h e  c o n d i t i o n s  i n  t h e  

h a l l  a r e  s h o r n .  From t a b l e  1 can  b e  s e e n  t h a t  t h e  measured  and t h e  

c a l c u l a t e d  v a l u e s  a g r e e  r a t h e r  w e l l .  

T a b l e  2 shows v a l u e s  c a l c u l a t e d  w i t h  t h e  n e t h o d  d e s c r i b e d  above 

e s p e c i a l l y  f o r  t h e  e n g i n e e r i n g  depa r tmen t  of t h e  f a c t o r y .  

The a i r  change r a t e  ( h - I )  i s  gLven a s  a  f u n c t i o n  o f :  

- wind v e l o c i t y  

- wind d i r e c t i o n  

- p o s i t i o n  o f  t h e  v e n t i l a t i o n  openings  



6 .  Conc lus ions  

6 . 1 .  - I t  seems t o  be  p o s s i b l e  t o  s i m p l i f y  p a r a l l e l  and s e r i e s  c o n n e c t i o n s  

( w i t h  a n  i n a c c u r a c y  of l e s s  than 4%) i n  a  network of a  v e n t i l a t i o n  

mode 1. 

6 . 2 .  - V e n t i l a t i o n  models of b u i l d i n g s  can o f t e n  b e  s i m p l i f i e d  t o  one- 

j u n c t i o n  models.  

6 . 3 .  - I n  t h a t  c a s e ,  i f  t h e  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 eakage  

c o e f f i c i e n t s  of t h e  openings i n  t h e  b u i l d i n g  a r e  given,or can  

be c a l c u l a t e d ,  one can p r e d i c t  t h e  a i r  f low through a  b u i l d i n g  

u s i n g  appendix :. 1. 

6 . 4 .  - I n  more compl ica ted  s i t u a t i o n s  a d i g i t a l  computer program 

can p r e d i c t  t h e  a i r .  f l o w  through b u i l d i n g s .  

6 . 5 .  - Comparison o f  p r e d i c t e d  and measured v a l u e s  seems t o  show a 

r e a s o n a b l e  agreement.  ( see  a l s o  r e f .  C 5 1) 
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8. Nomenclature 

A = Area of  v e n t i l a t i o n  opening  

C = A i r  f l o w  c o e f f i c i e n t  

c  = s p e c i f i c  a i r  f l o w  c o e f f i c i e n t  

d  = d i a m e t e r  

g = g r a v i t a t i o n a l  f o r c e  

h = h e i g h t  

K = d i m e n s i o n l e s s  p r e s s u r e  c o e f f i c i e n t  

1 = l e n g t h  

n  = a n  exponen t ,  be tween 1 and 2 ,  depending  on 
the c h a r a c t e r  o f  t he  f l o w  

2 
C m  I  

3 C m  / s  at- tPa I 

3 C m  / s  m c r a c k  Length a t  1Pa 1 

C m l  

C m l  

p  = p r e s s u r e  

Ap= p r e s s u r e  d i f f e r e n c e  

AT= temperature d i f f e r e n c e  

v  = wind v e l o c i t y  

w = w i d t h  

a =  wind d i r e c t i o n  

< =  v e l o c i t y  p r s s u r e  f a c t o r  

A =  f r i c t i o n  c o e f f i c i e n t  

p =  c o n s t r i c t i o n  f a c t o r  

p = a i r  d e n s i t y  

0 = f l o w  (mass o r  volume) 

Sub s c r i p t s  

1, 2 . . . 4 i d e n t i f i c a t i o n  number o f  a  v a r i a b l e  

i ,  j unknown numbers o f  v a r i a b l e s  

c c o l d  a i r  

w warm a i r  

r r e p l a c e d  

t o t .  t o t a l  

t o t .  r e l .  t o t a l  r e l a t i v e  

C - I  

C m l  

c 4 

C - I  



Appendix 1 

Diagrams 

C -value r a t i o  
- - - - - - - - - - - -a 

Appendix 2 

Calcu la t ion  of a i r  leakage c o e f f i c i e n t s  ....................................... 

2. I .  Open windows and doors 

2 . 2 .  Ducts, g r i l l e s  e t c .  

2.3. Cracks, gaps, j o i n t s  e t c .  



Appendix 2 

2.1.  C a l c u l a t i o n  O F  a i r  leakage c o e f f i c i e n t s  --------------------------------------- 

Open windows and doors  ---------------------- 

F o r  t h e  c a l c u l a t i o n  o f  the  t u r b u l e n t  f low through t h e s e  v e n t i l a t i o n  

open ings  the  fo l lowing  e q u a t i o n s  can b e  used.  

where C = a i r  leakage c o e f f i c i e n t  

A = a r e a  of t h e  v e n t i l a t i o n  opening 

P =  c o n s t r i c t i o n  f a c t o r  (0 .67)  

P = a i r  d e n s i t y  

C - I  

C kglm3 I] 

2.2. Duc t s ,  g r i l l e s  e t c .  ------------------- 

As t h e  f low i n  p r a c t i c e  w i l l  i n  most  c a s e s  b e  t u r b u l e n t  the  C-value 

can  b e  c a l c u l a t e d  from t h e  r e l a t i o n  

A =  f r i c t i o n  c o e f f i c i e n t  

1 = l e n g t h  of  t h e  d u c t  

d  = diamete r  of t h e  d u c t  

5 =  v e l o c i t y  p r e s s u r e  f a c t o r  

C - I  

F o r  X and 5 see  handbooks C41 C71 



2.3. C r a c k s ,  gaps and j o i n t s  .................... 

From exper imenta l  d a t a  the  C v a l u e s  can be  c a l c u l a t e d f r o m :  

C = c .1  ( 1 6 )  

c  = s p e c i f i c  a i r  leakage c o e f f i c i e n t  [rn3/s . rn c r a c k  Length a t  1 Pa : 

1 = l e n g t h  of  t h e  l f c r a c k s u  Cm I 

F o r  c a l c u l a t i o n s  t h e  fo l lowing  c  v a l u e s  can be  used.  

window c r a c k s  good 

moderate 

bad 

d o o r s  



F i g .  1 Scheme o f  n a t u r a l  v e n t i l a t i o n  

F i g .  2 C h a r a c t e r i s t i c  of  a i r  l e a k a g e  components 

F i g .  3 A i r  volume f lows  th rough  a  b u i l d i n g  

F i g .  4 A v e n t i l a t i o n  model o f  a b u i l d i n g  

F i g .  5 P a r a l l e l  and  s e r i e s  c o n n e c t i o n s  o f  a i r  l e a k a g e  components  

F i g .  6 S e e F i g .  5 

F i g .  7 Two- j u n c t i o n  v e n t i l a t i o n  models  

F i g .  8 One- junc t ion  v e n t i l a t i o n  model  

F i g .  9 Diagram f o r  t h e  s o l u t i o n  of  p 4  

F i g .  10 Diagram f o r  t h e  t o t a l  r e l a t i v e  volume f l o w  r a t e  ( a  
t o t . r e 1 .  1 

F i g .  11 Diagram f o r  p4 and 

F i g .  1 2  Cross  s e c t i o n  o f  l a r g e  f a c t o r y  h a l l  

F i g .  1 3  V e n t i l a t i o n  model o f  t h e  f a c t o r y  h a l l  



veloc i ty  
TEMPERATURE 

d i rect ion DIFFERENCE 

OBJECT SURROUNDINGS 

bu i l d i ng  roughness 
i 

I I 

c r a c k s  
OCCUPANT 

gaps 
windows BEHAVIOUR 

d u c t s  

AIR 

FLOWS 1 
AIR CHANGE 

RATE 













2 JUNCTION MODELS 



PRESSURE 

C3 VENTILATION OPENINGS 
AIR LEAKAGE ir IN THE ROOF (DUCTS ) 
COMPONENTS 
IN THE W A L L S ~  

PRESSURE 
ON FASADE 

INTERNAL 
PRESSURE 

PRESSURE 
ON FASADE 









( e x t r a c t e d  f r o m  

W l N D  V E L O C I T Y  A B O U T  9 m/s 

W l N D  D I R E C T I O N  S O U T H  

TEMP. D I F F .  ABOUT 8 K  

process ) 
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EFFECT OF FLUCTUATING 
WIND PRESSURES 
ON NATURAL VENTILATION RATES 

I. NlGEL POTTER 

Natural  Venti l a t i o n  r e sea rch  has been con t inu ing  ove r  many yea r s  a t  t h e  3 u i l d i n g  Se rv ices  
Research and Informat ion Associa t ion and s t a r t e d  wi th  developing computer programs t o  p r e d i 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  in  b u i l d i n g s .  The e a r l i e r  work concen t ra t ed  on p r e d i c t i n g  the  
n a t u r a l  v e n t i l a t i o n  performance of  l a r g e  h o s p i t a l s  w h i l s t  they were s t i l l  a t  t h e  des ign s t a g e  

The Assoc ia t ion  was, more r e c e n t l y ,  involved i n  a  c o n t r a c t  from t h e  Bui ld inq Research 
Establ ishment  t o  measure t h e  n a t u r a l  v e n t i l a t i o n  performance of fou r t een  nodern domestic 
dwe l l ings  in  England and Wales. The a i r  change r a t e s ,  t empera tu res ,  wind speed and d i r e c t i o n s ,  
a i r  leakage c h a r a c t e r i s t i c s  of windows, doors and rooms were measured i n  each house f o r ,  on 
ave rage ,  f i v e  week p e r i o d s .  I f  t h e  a i r  leakage c h a r a c t e r i s t i c s  of  the  windows and doors were 
used i n  t h e  computer model t h e  c o r r e l a t i o n  between measured and g r e d i c t e d  v e n t i l a t i o n  - a t e s  
was n o t a s  load asmay be expected.  One major source  of  e r r o r  'was the  l a r q e  ' background '  a i r  
l eakage  c h a r a c t e r i s t i c  of t h e  b u i l d i n g  she1 1 .  

This background leakage was measured in  some of the  t e s t  houszs by t h e  Bu i ld ing  %sea rch  
Es tab l i shment  b u t  t h i s  does no t  provide  d a t a  on where the  a i r  na ths  90 t o ,  which i s  a  necessa ry  

. i n p u t  t o  the  computer model. However, cornDuter p r e d i c t i o n s  t ak ing  account  of  t h e  bazkground 
leakage of t h e  s h e l l  s t i l l  d id  n o t  g ive  an adequa te  c o r r e l a t i o n  wi th  neasured v a l u e s ( l j .  

( N B  The a i r  pa ths  were a p p r o x i n a t e l y  i d e n t i f i e d  from t h e  a i r  leakage of the  i n d i v i d u a l  rooms 
and t h e  whole house.  Some p ropor t ion ing  was necessa ry  t 3  take  account of a i r  leakape 3a ths  
between rooms o t h e r  than v ia  d o o r s ,  ha tches ,  e t c . )  

I t  was subsequen t ly  decided t o  i n v e s t i q a t e  t h e  dynamics of na tu ra l  v e n t i l a t i o n ,  a t  l e a s t  
f o r  a  simple c a s e ,  wi th  suppor t  from t h e  Department of Health and Socia l  S e c u r i t y  f o r  
l a b o r a t o r y  t r i a l s  and from t h e  Bui ld inq Research Establ ishment  f o r  t h e  s i t e  t r i a l s ,  on which 
t h i s  paper i s  based.  

In the  computer model t h e  wind p r e s s u r e s  a c t i n g  on t h e  bu i ld ing  a r e  assumed t o  be s t e a d y  
and a r e  ncrmally de r ived  from time averaged p r e s s u r e s  a c t i n g  on a  wind tunnel model. 

The ?ur?ose  of  t h i s  r e s e a r c h  was, t h e r e f o r e ,  t o  q u a n t i f y  the  d i f f e r e n c e  between ac tua l  
dynamic v e n t i l a t i o n  r a t e s  anc t h e  na tu ra l  ven t i  i a t i o n  r a t e s  which uould be p r e d i c t e d  u s i n q  3 
s t eady  s t a t e  model. 

Tes ts  were conducted i n  a  s i n g l e  room with  winrloi.is in oppos i t e  w a l l s .  The t e s t  room wds 
l o c a t e d  on the  f i r s t  f l o o r  of a  t h r e e - s t o r y  dwe l l ing  s i t u a t e d  on a  new housing E s t a t e  in  
Brackne l l .  

I . N . P o t t e r ,  Leader of V e n t i l a t i o n / S p e c i a l  P r o j e c t s  S e c t i o n ,  B u i l d i n n  S e r v i c e s  Research and 
Information A s s o c i a t i o n ,  i3racknel1, Erlqlar,l.  

THIS PREPRINT FOR DISCUSSION PURPOSES ONLY. FOR INCLUSION IN ASHRAE TRANSACTIONS 1979, 
Val. 85, Pad 2. Not to be reprinted in whole or in part without written permission of the American Society of 
Heating, Refrigerating and Air.Conditioning Engineers, Inc., 345 East 47th Street, New York, NY 10017. Any 
opinions, findings, conclusions, or recommendations expressed in this paper ar8 those of the authods) and do 
not necessarily reflect the views of ASHRAE. 



T h i s  p a p e r  d e t a i l s  c u r r e n t  s t e a d y  s t a t e  p r e d i c t i o n  p r o c e d u r e s ,  t h e  new t e c h n i q u e s  
d e v e l o p e d  f o r  dynamic n a t u r a l  v e n t i l a t i o n  r a t e  measurement  and t h e  a n a l y s i s  p r o c e d u r e s .  
Compar isons  a r e  made o f  p r e d i c t e d  and  a c t u a l  v e n t i l a t i o n  r a t e s  a l o n g  w i t h  a t t e m p t s  t o  
c o r r e l a t e  d i f f e r e n c e s  as a  f u n c t i o n  o f  w i n d  speeds,  w i n d  d i r e c t i o n s ,  f l o w  r e v e r s a l ,  e t c .  

Even t h o u g h  t h e  scope o f  t h i s  p r o j e c t  was l i m i t e d ,  i n d i c a t i o n s  a r e  t h a t  s i g n i f i c a n t  u n d e r -  
e s t i m a t e s  o f  t h e  v e n t i l a t i o n  r a t e s  a r e  i n c u r r e d  b y  assuming  a  s t e a d y  s t a t e  p r e d i c t i o n  mode l .  

CURRENT STEADY/STATE PREDICTION METHODS 

The BSRIA d e v e l o p e d  CRKFLO p r o l r a m  (') r e p r e s e n t s  a ' s t e a d y  s t a t e 1  p r o c e d u r e  f o r  t h e  p r e d i c -  
t i o n  o f  n a t u r a l  v e n t i l a t i o n  r a t e s  i n  b u i l d i n g s .  D a t a  r e q u i r e d  f o r  t h e  p r o c e d u r e s  c o n s i s t  o f  
room volumes,  m e c h a n i c a l  v e n t i l a t i o n  r a t e s ,  a i r  l e a k a g e  c h a r a c t e r i s t i c s  o f  t h e  components and  
p r e d i c t e d  s t e a d y  s t a t e  p r e s s u r e s  due t o  s t a c k  e f f e c t  and w i n d .  

The w i n d  p r e s s u r e s  a r e  n o r m a l l y  d e r i v e d  f r o m  measurements made u s i n g  w i n d  t u n n e l  m o d e l s .  
W i t h  t h e  model s e t  a t  v a r i o u s  o r i e n t a t i o n s  t o  t h e  a i r  f l o w ,  p r e s s u r e  measurements a r e  made a t  
s e l e c t e d  p o i n t s  on t h e  s u r f a c e  o f  t h e  b u i l d i n g  mode l .  These measured  p r e s s u r e s  a r e  n o r m a l l y  
t i m e - a v e r a g e d  and t h e  c o r r e s p o n d i n g  p r e s s u r e  c o e f f i c i e n t s  c a l c u l a t e d  u s i n g  t h e  e q u a t i o n  

\where 
Cp = w i n d  p r e s s u r e  c o e f f i c i e n t  

Px = t i m e - a v e r a g e d  p r e s s u r e  

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

f r e e  a i r  s t r e a m  

U s i n g  t h e  Cp v a l u e s  t h e  w i n d  p r e s s u r e  a t  t h e  c o r r e s p o n d i n g  l o c a t i o n  on t h e  r e a l  b u i l d i n g  
c i n  be p r e d i c t e d  f o r  t h e  r e l e v a n t  w i n d  d i r e c t i o n  and  any s e l e c t e d  w i n d  speed. The w i n d  
p r e s s u r e s  so d e r i v e d  a r e  used  i n  c a l c u l a t i o n  o f  v e n t i l a t i o n  r a t e s  on t h e  a s s u m ~ t i o n  t h a t  t h e y  
r e m a i n  s t e a d y  a t  t h e  p r e d i c t e d  v a l u e s .  

Yowever, i n  r e a l i t y  t h e  w i n d  p r e s s u r e s  on a  b u i l d i n g  a r e  c o n t i n u o u s l y  v a r y i n g .  These 
v a r i a t i o n s  a r e  caused  by  l o c a l l y  g e n e r a t e d  t u r b u l e n c e  and  by  o v e r a l l  changes i n  w i n d  v e l o c i t y .  
T h e r e  a r e  many p a r a m e t e r s  w h i c h  a r e  l i k e l y  t o  g e n e r a t e  o r  a f f e c t  t h e  s u r f a c e  p r e s s u r e  
v a r i a t i o n s  i n c l u d i n g  t h e  b u i l d i n g  s i z e  and shape, n e a r b y  b u i l d i n g s  and  t o n o q r a p h i c a l  f e a t u r e s  
a n d  t h e  t y p e  o f  t e r r a i n  o v e r  w h i c h  t h e  w i n d  has passed.  

The way i n  w h i c h  t h e s e  complex  p r e s s u r e  v a r i a t i o n s  w i l l  i n f l u e n c e  t h e  n a t u r a l  v e n t i l a t i o n  
p r o c e s s  i s  d i f f i c u l t  t o  p r e d i c t .  C o n s i d e r i n g  t h e  f o l l o w i n g  s i m p l e  examp!e, i t  i s  e v i d e n t  t h a t  
t h e  e f f e c t  i s  l i k e l y  t o  be s i q n i f i c a n t .  

The example chosen i s  a  r e c t a n g u l a r  p l a n  b u i l d i n g  w i t h  one o p e n i n g  c e n t r a l l y  l o c a t e d  i n  
e a c h  o f  two o p p o s i t e  s i d e s .  When t h e  w i n d  d i r e c t i o n  i s  para1  l e l  t o  t h e  f a c e s  o f  t h e  b u i l d i n g  
w h i c h  c o n t a i n  t h e  o p e n i n g ,  it w o u l d  be e x p e c t e d  t h a t  t h e  t i m e - a v e r a g e d  p r e s s u r e s  on t h e s e  f a c e s  
w o u l d  be n e g a t i v e  and  o f  t h e  same m a g n i t u d e .  Thus t h e  average  p r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  
two o p e n i n g s  w o u l d  be z e r o  and hence  t h e  n e t  p r e d i c t e d  v e n t i l a t i o n  r a t e  w o u l d  a l s o  be z e r o .  
I n  f a c t  t h e  s u r f a c e  p r e s s u r e s  w o u l d  be f l u c t u a t i n g  and  i n s t a n t a n e o u s  p r e s s u r e  d i f f e r e n c e s  
w o u l d  r e s u l t ,  t h u s  p r o d u c i n g  a  v e n t i l a t i o n  r a t e .  T h i s  e f f e c t  was i l l u s t r a t e d  b y  t h e  3 r i t i s h  
Gas Researcn  on f u l l - s c a l e  and w i n d  t u n n e l  model t e s t s  i n  a  F o r t a k a b i n  ( R e f . 3 ) .  The v e n t i l a -  
t i o n  r a t e s  measured w i t h  t a n g e n t i a l  w i n d  d i r e c t i o n s  were o n l y  j u s t  u n d e r  h a l f  t h e  r a t e  a t  
n o r m a l  w i n d  d i r e c t i o n s .  

DESCRIPTION OF TEST HOUSE 

A  t h r e e - s t o r y  house i n  B r a c k n e l l  was chosen because i t  c o n t a i n e d  a  t h r o u g h  room w i t h  an o p e n a b l e  
window i n  o p p o s i t e  w a l l s  o f  t h e  h o u s e .  T h i s  rocm c o u l d  be s e a l e d  f r o m  t h e  r e s t  o f  t h e  house 
and t h u s  be t r e a t e d  as a  s i m p l e  n a t u r a l l y  v e n t i l a t ? d  e n c l o s u r e .  

The house was s i t u a t e d  on t h e  edqe o f  a  h o u s i n g  e s t a t ?  w i t h  some open l a n d  and a  r o a d  t o  
t h e  s o u t h  w i t h  'woodland beyond .  The s l r r r o u n d i n g  i i o i ~ s s s  a r e  shoivn on t h e  r i g h t  o f  F i g . 3 .  



The b l o c k  o f  houses  i n c l u d i n g  t h e  t e s t  house was o n  s l i g h t l y  h i q h e r  g r o u n d  t h a n  t h o s e  t o  t h e  
n o r t h .  A f i v e  f o o t  h i g h  w a l l  s u r r o u n d e d  t h e  s m a l l  g a r d e n s  t o  t h e  s o u t h  o f  t h e  h o u s i n g  b l o c k .  

The t e s t  room was s i t u a t e d  on t h e  f i r s t  f l o o r  and  w o u l d  n o r m 1  l y  be used  as  a  l o u n g e .  
The o p e n a b l e  w indows were t o p - h u n g  wooden f ramed.  T h e r e  were a l s o  t h r e e  f i x e d  windows t o  t h e  
r e a r  o f  t h e  house and  one s m a l l  f i x e d  window a t  t h e  f r o n t .  

The c e n t r a l  h e a t i n g  was gas f i r e d  s e r v i n g  r a d i a t o r s .  The t e s t  room c o n t a i n e d  two 
r a d i a t o r s  and  t h e  t h e r m o s t a t ,  t h u s  p r o v i d i n g  t e m p e r a t u r e  c o n t r o l  i n  t h e  t e s t  room. 

MEASUREMENT OF AIR, LEAKAGE CHARACTERISTICS 

I n  a  r e a l  b u i l d i n g  a i r  i n f i l t r a t i o n  t a k e s  p l a c e  n o t  o n l y  t h r o u g h  gaps a r o u n d  windows and d o o r s ,  
b u t  a l s o  t h r o u g h  c l a d d i n g  components,  c r a c k s  i n  t h e  w a l l s  and c e i l i n g  and  e v e n  t h r o u g h  
e l e c t r i c a l  c o n d u i t s  and  a r o u n d  c e n t r a l  h e a t i n g  p i p e s .  F o r  t h i s  r e s e a r c h  i t  was n e c e s s a r y  t o  
t a k e  a c c o u n t  o f  a1 1 t h e  a i r  l e a k a g e  p a t h s  i n  t h e  t e s t  room. F o r  p r a c t i c a l  r e a s o n s ,  i t  was 
o n l y  p o s s i b l e  t o  s t u d y  t h e  a i r  l e a k a g e  t h r o u g h  t h e  o p e n a b l e  windows so a l l  o f  t h e  o t h e r  l e a k a g e  
p a t h s  were s e a l e d  u s i n g  p l a s t i c  s h e e t i n g ,  a d h e s i v e  t a p e  and v a r i o u s  f i l l e r s  as  a p p r o p r i a t e .  
The a i r  t i g h t n e s s  o f  t h e  room was measured b y  t h e  p r e s s u r i s a t i o n  t e c h n i q u e  w i t h  t h e  windows 
s e a l e d  o f f .  

The a i r  l e a k a g e  c h a r a c t e r i s t i c s  o f  t h e  o p e n a b l e  windows were measured b y  t a p i n g  p l a s t i c  
s h e e t  a r o u n d  t h e  window t o  f o r m  a  s e a l e d  s h r o u d .  A i r  was e x t r a c t e d  o r  s u p p l i e d  t o  t h e  s h r o u d  
and  t h e  p r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  window was measured  w i t h  an e l e c t r o n i c  m ic romanometer .  
Depend ing  on i t s  m a g n i t u d e ,  t h e  a i r  f l o w  r a t e  was measured  u s i n g  e i t h e r  a  c a l i b r a t e d  n o z z l e  
o r  a  l a m i n a r  f l o w  e l e m e n t  Graphs were t h e n  p l o t t e d  o f  p r e s s u r e  d i f f e r e n c e  v e r s u s  a i r  f l o w  
r a t e  and  t h u s  t h e  c h a r a c t e r i s t i c  c o n s t a n t s ,  K and  n  were  c a l c u l a t e d  f o r  b o t h  windows and f o r  
b o t h  i n w a r d  and  o u t w a r d  a i r  f l o w .  

PRESSURE MEASUREMENT 

The p r e s s u r e s  measured  on  a w i n d  t u n n e l  model a r e  p r e s s u r e  d i f f e r e n c e s  b e t w e e q  t h e  p a r t i c u l a r  
s u r f a c e  and t h e  f r e e  s t r e a m  s t a t i c  p r e s s u r e .  On s i t e  i t  i s  i m n o s s i b l e  t o  measure  p r e s s u r e s  
w i t h  r e s p e c t  t o  t h e  e x t e r n a l  f r e e  s t r e a m  s t a t i c  p r e s s u r e .  The a1 t e r n a t i v e  o f  s e t t i n g  up a 
r e f e r e n c e  i n v a r i a n t  s t a t i c  p r e s s u r e  s o u r c e  i s  a l s o  v e r y  l i f f i c u l t .  dence o n l y  l o c a l  p r e s s u r e  
d i f f e r e n c e s  can  be a c c u r a t e l y  measured.  

However ,  s u c h  measurements can  r e a d i l y  b e  r e l a t e d  t o  9 r e d i c t e d  v a l u e s  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  p r e s s u r e  c o e f f i c i e n t s  a t  t n e  r e l e v a n t  b u i l d i n g  s u r f a c e s .  

Thus f o r  c o m p a r a t i v e  p u r p o s e s  t h e  2 r e s s u r e  d i f f e r e n c s  a c r o s s  t h e  w h o l e  house  was measured  
t o g e t h e r  w i t h  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  i n d i v i d u a l  windows.  

The e x t e r n a l  p r e s s u r e s  w e r e  sensed  t h r o u g h  f o u r  p r e s s u r e  t a p p i n g s  d r i l l e d  i n t o  each 
window pane and  c o n n e c t e d  by  t u b i n g  t o  a  m a n i f o l d .  The p r e s s u r e  d i f f e r e n t i a l s  were measured  
w i t h  s e n s i t i v e  e l e c t r o n i c  m ic romanometers ,  t h e  o u t p u t  s i g n a l s  f r o m  w h i c h  were  t r a n s m i t t e d  t o  
an ana logue  t a p e  r e c o r d e r .  

MEASUREMENT OF AIR FLOW RATES 

A i r  Chanqe Rate  !*!easurenent 

The a i r  chanqe r a t e  was n e a s u r e d  by m o n i t o r i n g  t h e  i e c a y  i n  c o n c e n t r a t i a n  o f  N O, 
p r e v i o u s l y  i n j e c t e d  i n t o  t h e  t e s t  room. The c o n c e n t r a t i o n  was n e a s u r e d  w i t h  an i n f r a - r e d  gas  
a n a l y s e r  and t h e  o u t p u t  s i g n a l  was r e c o r d e d  on  a  c h a r t  r e c o r d e r .  

Twe lve  s a m p l i n g  p o i n t s  were  e q u a l l y  spaced i n  t h e  t e s t  r-001rl and  c o n n e c t e d  b y  t u b i n g  t o  a  
m a n i f o l d  and  t h e n  t o  t h e  a n a l y s e r ,  t h u s  e n s u r i n g  a  r e p r e s s n t a t i v e  sample o f  t h e  room a i r .  
F o u r  s m a l l  fans w e r e  a l s o  i n s t a l l e d  i n  t h e  t e s t  room t o  , rov i r i?  arle!:uate m i : i i n q  o f  t h e  t e s t  
room a i r / t r a c e r  gas m i x t u r e .  I t  had  Seen found  i n  t h e  : .?bora to r -y  t h a t  t h e s e  two p r e c a u t i o n s  
e n a b l e d  c o n s i s t e n t l y  a c c u r a t e  r e s u l t s  t o  be a c h i e v e d .  

The t h e o r e t i c a l  decay o f  c o n c e n t r a t i o n  i s  r e l a t e d  e \ ? o n e f i t i a l l y  and  i s  r e p r e s e n t e d  b y  



where 

Cf = f i na l  concentrat ion,  ppm 

Ci = i n i t i a l  concentrat ion,  ppm 

N = a i r  change r a t e ,  hr-' 

t = elapsed t ime,  hr 

The a i r  change r a t e  derived from the  concentrat ion decay measurement was t?en used 
c a l c u l a t e  the  time-averaged flow r a t e ,  Q m ,  through the t e s t  room. 

Flow Rate From Power Law Converted Pressures  

Air change r a t e  measurements do not provide information on the d i r e c t i o n  of flow th ro .  
the  windows. I t  was t he r e fo re ,  necessary t o  devise a  method f o r  quant i fy ing  the vec to r  oL 
flow r a t e  and d i r ec t i on .  During each t e s t  period the pressure d i f f e r ence  across  t he  winac 
was cont inuously monitored. The a i r  leakage c h a r a c t e r i s t i c  was known and obeyed t he  re la :  

7 
I 

Q = K ( A P )  I n ,  down to  very low flow r a t e s .  An e l ec t ron i c  instrument was developed which 
1  

waul d r a i s e  continuously the  measured pressure d i f fe rence  t o  the power 'n , thus providing a r  
output  1  i nea r l  y proportional to  flow r a t e .  

The device has been ca l l ed  a  power law converter  ( P . L . C ) ,  and the exponent n may be 
ad jus ted  t o  any value between 1  and 2 .  idhen the  pressure d i f fe rence  goes negative ji . e .  , 
the d i r e c t i o n  of flow changes) the  co r r ec t  negat ive flow r a t e  was a l so  ou tput .  Thus i n t e -  
g ra t ion  of the  pos i t i ve  and negative output  components produced time averaged flow r a t e s ,  

-' ' IP .L .c ,  over the  s p e c i f i c  t e s t  period. 

The t o t a l  inflow O I N  i n t o  the t e s t  room was then ca lcu la ted  from the inflow component of 

the back window Q P . L , C . b  plus  the inflow component of the f r o n t  window, ? P . L . C . f .  S imi l a r l y  

the time averaged out-flow r a t e ,  Q O U T ,  was ca l cu l a t ed .  

Flow Rates Derived From Averaged Pressures 

The pressure  d i f fe rence  across  each window and the  house were i n t eg ra t ed  over the t e s t  
period and the  average pressures  calculated.  These pressures a r e  r ep re sen t a t i ve  of the  
s teady s t a t e  model. From these pressures the  corresponding flow r a t e s  were derived from the  
back window, C,, , the f ron t  window, 0.- and across  the house 0.i5h. These flow r a t e s  a r e  
anal agous t o  t 5 P s  teady s t a t e  Predi  ctetiPbi t- flow r a t e s .  

- 

A N C I L L A R Y  MEASUREME!ITS 

The wind speed and d i r ec t i on  were measured with an anemometer and windvane mounted on a  19 m 
te lescopic  mast s i t u a t e d  in  the back garden of the  house. The wind speed and d i r ec t i on  were 
recorded on an anemograph. To allow de ta i led  a n a l y s i s ,  the wind speed was a l s o  recorded on an 
analogue tape recorder .  

Temperatures were measured wi t h  shielded copper-cons tantan t he r~ocoup l  es and recorded 
automati cal l y .  The external  temperature was measured w i  th the thermocouple placed ins ide  a 
Stevenson screen ,  s i t u a t e d  i n  the back garden. 

Hence a l l  measurements were recorded e i t h e r  on an analogue fourteen-channel magnetic tape 
recorder  o r  on cha r t  recorders .  The data records were analyserl in the labora tory .  

ANALYSIS P R O C E D U R E  

Sixty t e s t s  were conducted with pressure t races and were f ippro~ina te ly  o i  one hours durat ion 
a1 though a fu r the r  f o r t y  t e s t s  were conducted to measure vent i la t ion  r a t e s ,  windsneeds 3 n d  



t e m p e r a t u r e s  o n l y .  However, n o t  a l l  o f  t h e  d a t a  was a n a l y s e d .  
e 

The d a t a  t a p e s  were p r o c e s s e d  u s i n g  a n a l y s i s  i n s t r u m e n t a t i o n  c0nS i  S t i  ng o f  a  1 4 - c h a n n e l  
t a p e  r e c o r d e r  ( s i m i l a r  t o  t h e  u n i t  on s i t e )  , d i g i  t a l  v o l t m e t e r s  f o r  c a l i b r a t i o n  p u r p o s e s ,  t h r e e  
d i g i t a l  i n t e g r a t o r s ,  t h e  Power Taw c o n v e r t e r  and a  U.V. r e c o r d e r .  There was a l s o  a  f r e q u e n c y  
s p e c t r u m  a n a l y s e r  s y s t e m  c o n s i s t i n g  o f  a  c o r r e l a t o r  and  s p e c t r u m  d i s p l a y  module.  

D a t a  r e t r i e v e d  when t h e  t a p e s  were p r o c e s s e d  c o n s i s t e d  o f :  

1. I n t e g r a 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  f r o n t  and back window o v e r  t h e  t e s t  
p e r i o d .  

2. I n t e g r a 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  house  o v e r  t h e  t e s t  p e r i o d .  

3. I n t e g r a t i o n  o f  p o s i t i v e  and  n e g a t i v e  f l o w  r a t e s  f r o m  P.L.C. t h r o u g h  t h e  f r o n t  window. 

4. I n t e g r a t i o n  o f  p o s i t i v e  and  n e g a t i v e  f l o w  r a t e s  f r o m  P.L.C. t h r o u g h  t h e  back  window. 

5. I n t e g r a t i o n  o f  w i n d  speed o v e r  t e s t  p e r i o d .  

I n  t h e  c a s e  o f  3 and  4  t h e  P,L.C. was l i n k e d  be tween t h e  t a p e  channe l  o u t p u t  and  t h e  
i n t e g r a t o r s .  

The t a p e  p l a y b a c k  amp1 i f i e r  c a r d s  u e r e  c a l i b r a t e d  b e f o r e  each  r u n .  F o r  a  window f l o w  
i n t e g r a t i o n ,  two  n o r m a l l y  z e r o e d  i n t e g r a t o r s  were  used ,  one f o r  p o s i t i v e  and one f o r  n e g a t i v e  
f l o w  r a t e s .  F o r  a  window o r  house p r e s s u r e  d i f f e r e n c e  i n t e g r a t i o n ,  one h a l f  s c a l e  z e r o e d  
i n t e g r a t o r  was used .  Thus t h e  h a l f  s c a l e  z e r o e d  i n t e g r a t o r  c o v e r e d  t h e  f u l l  p o s i t i v e  ana 
f u l l  n e g a t i v e  p r e s s u r e  r a n g e .  C o r r e c t i o n  f o r  t h e  o f f s e t  was made. The w indspeed  i n t e c r - 3 -  
t i o n  was used  t o  g i v e  an a v e r a g e  o f  t h e  w indspeed  o v e r  t h e  t e s t  p e r i o d .  

RESULTS 

Measured ;racer Gas V e n t i l a t i o n  Rates as a  F u n c t i o n  o f  'A ind Speed and D i r e c t i o n  

A p l o t  o f  r e s u l t s  o f  t h e  a i r  c h a n l e  r a t e  measurements a g a i n s t  w i n d  speed i s  shown on 
F i g . 1 .  T h e r e  i s  an e v i d e n t  t r e n d  o f  h i g h e r  v e n t i l a t i o n  r a t e s  a t  t h e  h i g h  w i n d  speeds b u t  
o t h e r  f a c t o r s  such as w i n d  d i r e c t i o n  and i n d o o r  t o  o u t d o o r  t e m p e r a t u r e  d i f f e r e n c e s  g i v e  r i s e  

; t o  t h e  s i g n i f i c a n t  s c a t t e r  o f  p o i n t s .  

The e f f e c t  o f  i n d o o r  t o  o u t d o o r  t e m p e r a t u r e  d i f f e r e n c e s  w i l l  be nuch  more p ronouncec  a t  
l o w  w i n d  speeds so  t o  a s s e s s  t h e  d i r e c t i o n a l  e f f e c t s  a  p o l a r  p l o t  has been made o f  t h o s e  
r e s u l t s  a t  w i n d  speeds above 2.5 m/s ( F i g . 2 ) .  F o r  t h i s  p l o t  t h e  n e a s u r e d  v e n t i l a t i o n  r a t e  
has been d i v i d e d  b y  t h e  w i n d  speed because t h i s  r a t i o  may be e x p e c t e d  t o  be c o n s t a n t  a t  a n y  
g i v e n  w i n d  d i r e c t i o n  based  on t h e  s t e a d y  s t a t e  f l o w  c h a r a c t e r i s t i c s  o f  t h e  t e s t  room w indows,  
( s i n c e  f l o w  r a t e  t h r o u g h  t h e  windows was a p p r o x i m a t e l y  p r o p o r t i o n a l  t o  t h e  s q u a r e  r o o t  o f  t h e  
p r e s s u r e  d i f f e r e n c e  and t h e  p r e s s u r e  d i f f e r e n c e  i s  p r o p o r t i o n a l  t o  t h e  square  o f  t h e  w i n d  
speed,  t h e  f l o w  r a t e  d i v i d e d  b y  w i n d  speed s h o u l d  be c o n s t a n t  i n  t h e  absence o f  s t a c k  e f f e c t  
f o r  a  g i v e n  w i n d  d i r e c t i o n ) .  U s i n g  c l a s s i c a l  s t e a d y  s t a t e  p r e d i c t i o n s  ( s e e  s e c t i o n  on 
C u r r e n t  S t e a d y  S t a t e  P r e d i c t i o n  Methods)  t h e  v e n t i l a t i o n  r a t e s  a t  7 0 0  and 2 5 0 0  ( p a r a l l e l  t o  
window s u r f a c e s )  w o u l d  b e  e x p e c t e d  t o  be z e r o ,  w h i l e  norma l  w i n d  d i r e c t i o n s  w o u l d  y i e l d  h i g h  
v e n t i l a t i o n  r a t e s .  

I t  i s  e v i d e n t  f rom i i g . 2  however ,  t h a t  t h ?  n e a s u r e d  v e n t i l a t i o n  r a t e s  show no c l e a r  
dependence on w i n d  d i r e c t i o n ,  a1 though  i t  may be c o n c l u d e d  t h a t  t h e  v e n t i l a t i o n  r a t e s  a r e  
ssmewhat l o w e r  f o r  w i n d  d i r e c t i o n s  n e a r  700  and  250°; i . e . ,  w inds  a p p r o a c h i n g  t h e  w indow/  
w a l l s  a t  t a n g e n t i s l  a n g l e s .  I t  i s  a l s o  n o t e d  t h a t  t h e  v e n t i l a t i o n  r a t e  i s  much h i g h e r  
w i t h  a  w i n d  d i r e c t i o n  a b o u t  250' t h a n  a t  700; i t  i s  t h o u g h t  t h a t  t h i s  was due t o  t h e  
s h e l t e r i n g  e f f e c t  o f  o t h e r  g r o u p s  o f  houses t o  t h e  e a s t  o f  t h e  t e s t  house and t h e  c a t c h m e n r  
e f f e c t  on s o u t h w e s t e r l y  w i n d s  o f  t h e  w a l l  o f  t h e  a d j a c e n t  house.  

O t h e r  f a c t o r s  w h i c h  r e d u c e  t h e  d i  r e c t i o n a l  e f f e c t s  i q c l  ude t h e  v a r i a t i o n  o f  d i r e c t ' c n  
a b o u t  t h e  nean and  t h e  f l u c t u a t i o n s  o f  p r e s s u r e  w h i c h  g i v e  r i s e  t o  f l o w  o s c i l l a t i o n .  

Compar ison o f  F l o w  Rates  D e r i v e d  From ?ower LJW Conver te r -  A n a l y s i s  3nd Those : leasured  5:) :he 
T r a c e r  Gas T e c n n i q u e  

The agreement  be tween t h e  f l o w r a t e s  i n  2nd o u t  o f  t h e  t e s t  room d e r i v e d  f r o m  t h e  pC,ner 



1  aw c o n v e r t e r  a n a l y s i s  o f  t h e  p r e s s u r e  d i f f e r e n t i a l  r e c o r d i n g s  was g e n e r a l l y  good. 

D i s c r e p a n c i e s  i n  t h e  i n f l o w  and o u t f l o w  were assumed t o  be due t o  i n s t r u m e n t  e r r o r ,  and  
where t h e  v a l u e s  d i d  n o t  a g r e e  t o  w i t h i n  10% t h e s e  t e s t  r e s u l t s  were  d i s c o u n t e d ,  a l t h o u g h  
o t h e r  p h y s i c a l  f a c t o r s  may be r e s p o n s i b l e  and w i l l  b e  d i s c u s s e d  l a t e r .  

The mean o f  t h e  i n f l o w  and o u t f l o w  f rom t h e  P.L.C. was t a k e n  t o  be v e n t i l a t i o n  r a t e  i n  
l i t r e s  p e r  second.  I t  i s  c a l l e d  t h e  dynamic d e t e r m i n a t i o n  o f  t h e  v e n t i l a t i o n  r a t e .  The 
r e l a t i o n s h i p  be tween t h i s  dynamic d e t e r m i n a t i o n  and  t h e  r a t e s  o b t a i n e d  f rom t h e  t r a c e r  gas 
measurements i s  shown i n  F i g . 3 .  

There  i s  f a i r l y  good agreement  between t h e  two s e t s  o f  d a t a  a l t h o u g h  e x p r e s s e d  i n  
p e r c e n t a g e  te rms t h e  e r r o r s  a r e  much h i g h e r  a t  l o w  v e n t i l a t i o n  r a t e s ;  i .e . ,  l e s s  t h a n  9 11s 
s 0.66 a i r  c h a n g e s / h r .  I n  t h e  m a j o r i t y  o f  t e s t s  t h e  dynamic d e t e r m i n a t i o n  o f  v e n t i l a t i o n  
r a t e  was l o w e r  t h a n  t h e  r a t e  measured by t h e  t r a c e r  gas t e c h n i q u e .  

However some d i s c r e p a n c i e s  w i l l  a r i s e  between t h e  dynamic  d e t e r m i n a t i o n  o f  t h e  
v e n t i l a t i o n  r a t e  and  t h e  measured v a l u e s  because t h e  p r e s s u r e  d i s t r i b u t i o n  a r o u n d  t h e  e n t i r e  
c r a c k  l e n g t h  i s  assumed t o  be u n i f o r m  i n  t h e  dynamic  d e t e r m i n a t i o n .  E s p e c i a l l y  a t  l o w  f l o w  
r a t e s ,  s t a c k  e f f e c t  w i l l  m o d i f y  t h e  v e r t i c a l  p r e s s u r e  d i s t r i b u t i o n  and  g i v e  r i s e  t o  t h e  h i g h  
d i s c r e p a n c i e s  a t  l o w  f l o w  r a t e s .  Second ly  t h e  p r e s s u r e  a t  t h e  c r a c k  i t s e l f  may be s l i g h t l y  
d i f f e r e n t  f r o m  t h e  p r e s s u r e  measured a t  t h e  window pane. T h i s  d i f f e r e n c e  w o u l d  be e x p e c t e d  
t o  be p r o m i n e n t  a t  t a n g e n t i a l  w i n d  d i r e c t i o n s  s i n c e  t h e  f rame p r o t r u d e s  o u t  f rom t h e  g l a s s .  
T h e r e  i s  i n  f a c t  a  f a i r  c o r r e l a t i o n  between t h e  p e r c e n t a g e  d i f f e r e n c e  between t h e  measured 
v e n t i l a t i o n  r a t e  and  t h e  dynamic d e t e r m i n a t i o n  as a  f u n c t i o n  o f  w i n d  d i r e c t i o n ,  as i l l u s t r a t e d  
i n  F i g . 4 .  

F i n a l l y ,  d i s c r e p a n c i e s  may c c c u r  because t h e  window c r a c k  has a  f i n i t e  l e n g t h  and  n o t  a l l  
t h e  a i r  w h i c h  i s  i n d i c a t e d  as a  f l o w r a t e  by  t h e  P.L .C.  a c t u a l l y  p e n e t r a t e s  i n t o  t h e  r c c n .  
T h i s  e f f e c t  may p r e d o m i n a t e  i n  h i g h  f l o w  r e v e r s a l  c o n d i t i o n s  i n  w h i c h  t h e  dynamic d e t e r m i n a -  
t i o n  may be h i g h e r  t h a n  t h e  measured f l o w  r a t e .  

T h i s  c o m p a r i s o n  i s  fundamenta l  t o  t h e  dynamics o f  n a t u r a l  v e n t i l a t i o n .  The same 
p r e s s u r e  r e c o r d i n g  o n  t h e  t a p e  was a n a l y s e d  i n  two d i f f e r e n t  ways. The t i m e  a v e r a g e d  
p r e s s u r e  was d e r i v e d  and i s  ana lagous  t o  a  w i n d  t u n n e l  a v e r a g e  p r e s s u r e  r e c o r d i n g .  T h i s  
s t e a d y  s t a t e  p r e s s u r e  was t h e n  c o n v e r t e d  i n t o  a  f l o w  r a t e .  T h i s  was t h e n  compared w i t h  t h e  
dynamic d e t e r m i n a t i o n  o f  t h e  v e n t i l a t i o n  r a t e  u s i n g  t h e  power l a w  c o n v e r t e r .  

The c o m p a r i s o n s  o f  t h e s e  two d e r i v e d  f l o w  r a t e s  a r e  g i v e n  i n  F ig .5  f o r  t h e  f r o n t  and 
back windows.  The p e r c e n t a g e  e r r o r  between t h e  t i m e  a v e r a g e d  p r e s s u r e  f l o w  r a t e  was be tween 
20 - 30% l e s s  t h a n  t h e  dynamic p r e d i c t i o n  method f o r  h i g h  f l o w  r a t e s  and up t o z 8 0 4  d u r i n g  
l o w  f l o w  r a t e  c o n d i t i o n s .  

I 

T h i s  h i g h l i g h t s  t h e  m a g n i t u d e s  o f  t n e  p o t e n t i a l  e r r o r s  i n v o l v e 4  i n  y s i n g  t h e  p r e s e n t  
s t e a d y  s t a t e  p r e d i c t i o n  methods.  

V e n t i l a t i o n  o f  t h e  Whole Room Compared W i t h  C u r r e n t  ' S t e a d y  S t a t e '  P r e d i c t i o n s  

As o u t l i n e d  p r e v i o u s l y  t h e  c u r r e n t  p r e d i c t i o n  method  i s  based on t h e  a s s u m p t i o n  o f  
s t e a d y  t i m e - a v e r a g e d  p r e s s u r e s  a n d a  k n o w l e d g e o f t h e  a i r  l e a k a g e l p r e s s u r e  c h a r a c t e r i s t i c s  o f  
windows and d o o r s  e t c .  

T h i s  method was a p p l i e d  t o  t h e  p r e s s n t  t e s t s  by  d e r i v i n g  t h e  mean p r e s s u r e  d i f f e r e n c e  
a c r o s s  t h e  house o v e r  t h e  t e s t  p e r i o d  and u s i n g  t h a t  v a l u e  i n  d e t e r m i n i n g  t h e  l e a k a 9 e  t h r o u g h  
t h e  two windows i n  s e r i e s  based on t h e i r  measured l e a k a g e  c h a r a c t e r i s t i c ; .  

! 
These s t e a d y  s t a t e  p r e d i c t i o n s  were compared w i t h  t h e  measured vent l i  l a t i o n  r a t e s  ( t r a c e r  

gas t e c h n i q u e )  and  t h e  r e s u l t i n g  e r r o r  ? l o t  i s  shown nn  F i g . 6 .  T h i s  i n d i c a t e s  t h a t  t h e  
measured v a l u e s  were  a l w a y s  ( w i t h  j u s t  one e x c e p t i o n )  h i ~ ~ h e r  t h a n  t h e  p r e d i c t e d  v a l u e s ,  b y  
a b o u t  255 a t  f l o w  r a t e s  above 10  11s and r i s i n g  t o  n e a r l y  80': a t  l o w e r  f l o w  r a t e s .  T h i s  
a g a i n  h i g h l i g h t s  t h e  degree  o f  u n d e r e s t i m a t i o n  r e s u l t i n g  f r o m  t h e  c u r r e n t  p r e d i c t i o n  method.  



Effec t  of Flow Reversal 

The flow through the window cracks did not remain in the same d i rec t ion  f o r  the durat ion 
of any t e s t s .  This flow reversal occurs because of the  dynamic behaviour of the w i n d  near 
the house as previously discussed. The output from the  P . L . C  indicated the d i r ec t i on  of 
flow by i t s  s ign (-ve or  t v e ) .  

For each window the percentage flow reversal  was ca lcu la ted  and was expressed as the time 
averaged flow in one d i rec t ion  as a  percentage of the  t o t a l  flow (negat ive plus p o s i t i v e )  and 
t he re fo re  y i e l d s  a  value between 0 and 50%. 

Fig.7 i s  a  p lo t  of the percentage flow reversa l  as  a  function of the percentage e r r o r  
between the flow derived from the  P , L . C ,  Q 

P . L . C  and t he  steady s t a t e  flow r a t e  ca lcu la ted  from 

the time averaged pressure d i f fe rences .  As expec ted ,  the g r ea t e r  the degree of flow reversa l  
the  higher the e r r o r s .  However, i t  was expected from laboratory t r i a l s  t h a t  e r r o r s  of only 
% 10% should occur a t  low flow reversal  condi t ions .  I n  f a c t  e r ro r s  " d 2 0  - 30" a re  apparent 
a t  low flow reversa l  conditions. 

Considering again a  simple symmetrical bui lding with onenings in opposite wall s ,  tne 
highest  degree of flow reversal would be expected a t  wind d i rec t ions  para l le l  t o  those ~ a l l s .  
A t  perpendicular wind d i rec t ions  1 i t t l e  or  no flow reversal  would be expected. 

The d i r ec t i ona l  dependence of flow reversal  in  the present t e s t s  i s  shown in Fig.a .  
These i nd i ca t e  t h a t  g rea te r  flow reversal did occur a t  near 7aral l e l  wind d i r ec t i ons  b u t  
there  a r e  a l so  some low values a t  the same d i r e c t i o n s .  These l a t t e r  r e su l t s  were fo r  average 
t o  high wind speeds and were associated with high ven t i l a t i on  r a t e s .  There was i n s u f f i c i e n t  
t e s t  da ta  t o  pursue an analysis  of the dependence of the  degree of flow reversal  on wind 
speed a t  given wind d i rec t ions .  

Inf luence of Stack Effect  

A temperature difference between t'?e ins ide  and outs ice  s f  're house wil l  produce a  
ven t i l a t i on  r a t e  due to  tne s tack effec:. I f  i n s j z e  o C  :-e r-oom i s  a t  a  higher Tenpera- 
tu re  than the o u t s i d e ,  ? i r  w i l l  tend t 2  leave : b e  *eon 5 s  : C ~  -:zsr edge of the windoivs and 
en t e r  through the  lower edge. The con,;.rse i s  t r u e  f o r  a  . 3 c ~  c s ~ p e r a t u r e  below t h a t  of : ? e  
outs ide  a i r .  Thus there  will  be a  s t x 4  p r e s s ~ r e  across  t7e 3riindow gap which w i l l  vary i n  
magnitude and sign from the top t o  the bottom of the  window. 

Assuming s teady s t a t e  condi t ions ,  :he ven r i l a t i on  f lowrats  3 s e t o  stack e f f e c t  can be 
ca lcu la ted  i f  the  window dimensions, incernal and external  t e n ~ e r a t u r e s  and wind pressures  
a re  known, A dynamic analysis  would have t o  be made to ascer ta in  the t rue cont r ibu t ion  i n  
p r ac t i c e  because of the f l uc tua t i ng  wina pressure .  Such an ana lys i s  i s  beyond the scope of 
the present  s t u d i e s .  However some steady s t a t e  ca l cu l a t i ons  Idere made using mean wind 
pressui.e values and from the r e s u l t s  of these i t  i s  ev iaen t  t na t  the stack e f f e c t  wil l  con- 
t r i b u t e  s i g n i f i c a n t l y  to  the e r r o r  bet:iesn pred ic ted  and t r ace r  gas ven t i l a t i on  r a t e s  when 
the f lowrate  i s  low, but not a t  high fl,?,irates. 

I t  i s  important to  bear i n  mind tha t  i f  f l u c t u a t i n g  f:ows h,ad been considered f o r  the  
whole house the  r e l a t i v e  importance of s tack e f f e c t  would have become more dominant s ince 
s tack e f f e c t  i s  a  function o f  the ve r t i c a l  heiscc bet,deeq o;erin;s. 

The r e l a t i onsh ip  between the measured a i r  c h a n ~ e  r a t e s  and w i n g  sceed broadly followed the  
t h e o r e t i c a l l y  expected trend. For w i n d  speeds g r e a t e r  than 2 . 5  m!s the s tack e f f e c t  was 
expected to  be minimal and a t  the higher :.rind sn teds  t r e  r , j t i o  o C  l en t i l a t i on  r a t e  divided by 
wind speed did have some s l i q h t  direct i :?  ? e>e~ , : ecce .  T i e  : ~ i , e r  /allies c3rresponded to wind 
approaching the windohs;wall s a: t.angep,:'31 d ;  1-=cf ions C~.q:- tlbs ' :~r.tP, East and South Yest.  
The tangent ial  w i n d  dir.er.:i?ns ry;iever. :? Incl,:?:? rll.;:: , c ' :  ; :r. , ~ n t i l a t i o n  r a t e s  and i t  
would be useful  to compare these r e s u l ~ j  ,ri:ri >r-?i,icted : + n - , i l  !!ion races using pr-esjilre Cat3 
derived from (tiind tunnel model t e s t s .  

The power 1 aw converter developen t h i s  a ro je i ' :  :en;.r.~\ I ; /  ,;ioi.kecf we1 1 .  I t  ,,,as hoced 
t h a t  good agreement of the P . L . C .  Flow r-jtes and t r a c e r  ,:A; I l e 3 s  .re': flow r a t e s  coulc be 



achieved and in f a c t  were always within 2 . 5  11s. However a t  low flow r a t e s  t h i s  does 
represent  a  s i g n i f i c a n t  e r r o r  and could ea s i l y  be due t o  the pressure grad ien t  up the  window 
generated by s tack  e f f e c t ,  non-uniformity of the pressure round the e n t i r e  crack length and 
a t  f l o w . r a t e s  below 1.5 l / s ,  the c h a r a c t e r i s t i c  cons tan ts  K and n a r e  no longer accura te .  
The t r a c e r  gas measurement technique i t s e l f  may be responsible  f o r  some of the discrepanc!~. 

Comparing t he  flow r a t e s  predicted from the time-averaged pressure d i f f e r ences  across  
the windows with e i t h e r  the t r a c e r  gas derived flow r a t e s  o r  the P . L . C  derived flow r a t e s  
s i g n i f i c a n t  e r r o r s  were found. Indeed they nearly always exceeded 20aL and rose  t o  80 t 'i a t  
the  lower flow r a t e s  (F ig .5 ) .  These r e su l t s  i d e n t i f y  an e r r o r  in the  present s teady s t a t e  
pred ic t ion  procedures. A1 though these r e su l t s  apply t o  a  s ing le  room in a  house, the  
s i gn i f i c ance  of the  dynamic aspect  of natural venti  l a t i o n  mechani cs i s  evident1 y important and 
warrants f u r t h e r  inves t iga t ion  t o  extend the scope t o  complete bui ldings.  

Some attempt was made t o  c o r r e l a t e  the e r r o r s  with parameters such as percentage flow 
r eve r sa l .  I t  i s  i n t e r e s t i ng  t o  note here t h a t  the  d i r ec t i on  of flow did not remain constant 
f o r  any t e s t  even a t  normal wind d i r ec t i ons .  The percentage e r r o r  between the  s teady s t a t e  
predicted flow r a t e  and the measured flow r a t e  does,  as  expected increase  with a  g r ea t e r  
percentage flow r eve r sa l .  However, even a t  low flow reversal condit ions the e r r o r s  a re  
s t i l l  around 2 5 % .  I t  i s  d i f f i c u l t  t o  explain t h i s  s ince  laboratory t r i a l s  with f l uc tua t i ng  
flows b u t  in a  cons tan t  d i r e c t i o n ,  ra re ly  exceeded an e r r o r  of 10°5. Obviously the  wind could 
not be accura te ly  modelled in the  laboratory and may be responsible  f o r  the apparent  d i f f e r ences .  

Large percentage flow r eve r sa l s  were evident  a t  pa r a l l e l  and impinging angles  u p  t o  40' 
as ind ica ted  in Fig.8. However, there  were t e s t s  a t  near para l le l  directions which contained 
very low flow reversa l  condit ions which was not a ene ra l l y  exoected. 

This p ro j ec t  has thus provided some q u a n t i t a t i v e  data  on the dynamic aspec ts  of natural  
ven t i l a t i on  and t he  e r ro r s  in the  steady s t a t e  pred ic t ion  model have been shown t o  be 
s i g n i f i c a n t .  However not a l l  the  recorded data  has been analysed and i t  has not been 
poss ib le  t o  extend the  t e s t  program to  consider t he  whole house, as was o r i g i n a l l y  intended. 
The i nves t i ga t i on  would a l so  be enhanced by the wind tunnel t e s t i n g  of a  model of the  house 
so t h a t  the  wind pressures  so derived could be compared w i t h  the recorded pressure da t a .  
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