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EFFECT OF FLUCTUATING 
WIND PRESSURES 
ON NATURAL VENTILATION RATES 

I .  NlGEL POTTER 

INTRODUCTION 

N a t u r a l  V e n t i l a t i o n  research  has been c o n t i n u i n g  o v e r  many yea rs  a t  t h e  B u i l d i n g  Serv i ces  
Research and I n f o r m a t i o n  A s s o c i a t i o n  and s t a r t e d  w i t h  d e v e l o p i n g  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  i n  b u i l d i n g s .  The e a r l i e r  work c o n c e n t r a t e d  on p r e d i c t i n g  t h e  
n a t u r a l  v e n t i l a t i o n  performance o f  l a r g e  h o s p i t a l s  w h i l s t  t h e y  were s t i l l  a t  t h e  des ign  s tage.  

The A s s o c i a t i o n  was, more r e c e n t l y ,  i n v o l v e d  i n  a  c o n t r a c t  f r o m  t h e  B u i l d i n g  Research 
Es tab l i shmen t  t o  measure t h e  n a t u r a l  v e n t i l a t i o n  per formance o f  f o u r t e e n  modern domest ic  
d w e l l i n g s  i n  Eng land and Wales. The a i r  change r a t e s ,  temperatures ,  w ind  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  o f  windows, doors  and rooms were measured i n  each house f o r ,  on 
average, 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  o f  t h e  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 p r e d i c t e d  v e n t i l a t i o n  r a t e s  
was n o t a s  good asmay be expected.  One m a j o r  source o f  e r r o r  was t h e  l a r g e  'background '  a i r  
leakage c h a r a c t e r i s t i c  o f  t h e  b u i l d i n g  she1 l. 

T h i s  background leakage was measured i n  some o f  t h e  t e s t  houses by t h e  B u i l d i n g  Research 
Es tab l i shmen t  b u t  t h i s  does n o t  p r o v i d e  da ta  on where t h e  a i r  p a t h s  go t o ,  wh ich i s  a  necessary  

. i n p u t  t o  t h e  computer model. However, computer p r e d i c t i o n s  t a k i n g  account  o f  t h e  background 
leakage o f  t h e  s h e l l  s t i l l  d i d  n o t  g i v e  an adequate c o r r e l a t i o n  w i t h  measured v a l u e s ( l ) .  

(NB The a i r  pa ths  were a p p r o x i m a t e l y  i d e n t i f i e d  f rom t h e  a i r  leakage o f  t h e  i n d i v i d u a l  rooms 
and t h e  whole house. Some p r o p o r t i o n i n g  was necessary  t o  t a k e  account  o f  a i r  leakage paths  
between rooms o t h e r  t h a n  v i a  doors ,  hatches,  e t c . )  

I t  was subsequen t l y  dec ided t o  i n v e s t i g a t e  t h e  dynamics o f  n a t u r a l  v e n t i l a t i o n ,  a t  l e a s t  
f o r  a  s imp le  case, w i t h  suppor t  f rom t h e  Department o f  H e a l t h  and S o c i a 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 f rom t h e  B u i l d i n g  Research Es tab l i shmen t  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. 

I n  t h e  computer model t h e  w i n d  p ressu res  a c t i n g  on t h e  b u i l d i n g  a r e  assumed t o  be s teady 
and a r e  n o r m a l l y  d e r i v e d  f rom t i m e  averaged p ressu res  a c t i n g  on a  w ind  t u n n e l  model. 

The purpose o f  t h i s  resea rch  was, t h e r e f o r e ,  t o  q u a n t i f y  t h e  d i f f e r e n c e  between a c t u a l  
dynamic v e n t i l a t i o n  r a t e s  and t h e  n a t u r a l  v e n t i l a t i o n  r a t e s  which would be p r e d i c t e d  u s i n g  a  
s teady s t a t e  model. 

Tests  were conducted i n  a  s i n g l e  room w i t h  windows i n  o p p o s i t e  w a l l s .  The t e s t  room was 
l o c a t e d  on t h e  f i r s t  f l o o r  o f  a  t h r e e - s t o r y  d w e l l i n g  s i t u a t e d  on a  new hous ing e s t a t e  i n  
Brackne l  l. 
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T h i s  paper  d e t a i l s  c u r r e n t  s teady s t a t e  p r e d i c t i o n  procedures,  t h e  new techn iques 
deve loped 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  procedures.  
Comparisons 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 tempts  t o  
c o r r e l a t e  d i f f e rences  as a  f u n c t i o n  o f  w ind  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 though 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  under-  
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 teady  s t a t e  p r e d i c t i o n  model. 

CURRENT STEADY/STATE PREDICTION METHODS 

The BSRIA developed CRKFLO proqram ( 2 )  r e p r e s e n t s  a  ' s t e a d y  s t a t e '  p rocedure 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 .  Data r e q u i r e d  f o r  t h e  procedures c o n s i s t  o f  
room volumes, mechanical  v e n t i l a t i o n  r a t e s ,  a i r  l eakage  c h a r a c t e r i s t i c s  o f  t h e  components and 
p r e d i c t e d  s teady s t a t e  p ressu res  due t o  s t a c k  e f f e c t  and wind. 

The w ind  p ressu res  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 ind  t u n n e l  models. 
Wi th  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  model. These measured p ressu res  a r e  n o r m a l l y  
t ime-averaged and t h e  co r respond ing  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 ind  p r e s s u r e  c o e f f i c i e n t  

B x  = t ime-averaged p ressu re  
- 
Pv = t ime-averaged 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 ream 

Us ing t h e  Cp va lues  t h e  w ind  p r e s s u r e  a t  t h e  co r respond ing  l o c a t i o n  on t h e  r e a l  b u i l d i n g  
tin 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 ind  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 ind  
p ressu res  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  assumpt ion t h a t  t h e y  
remain s teady a t  t h e  p r e d i c t e d  va lues.  

l 
However, i n  r e a l i t y  t h e  w ind  p ressu res  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  generated t u r b u l e n c e  and by o v e r a l l  changes i n  w ind v e l o c i t y .  
There a r e  many parameters  wh ich a r e  l i k e l y  t o  genera te  o r  a f f e c t  t h e  s u r f a c e  p ressu re  
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, nearby b u i l d i n g s  and t o p o g r a p h i c a l  f e a t u r e s  
and t h e  t y p e  o f  t e r r a i n  o v e r  wh ich t h e  w ind  has passed. 

The way i n  wh ich these  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  
process i s  d i f f i c u l t  t o  p r e d i c t .  Cons ide r ing  t h e  f o l l o w i n g  s i m p l e  example, 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 g n i f i c a n t .  I 

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 open ing  c e n t r a l l y  l o c a t e d  i n  
each o f  two o p p o s i t e  s ides .  When t h e  w ind  d i r e c t i o n  i s  p a r a l l e l  t o  t h e  faces  o f  t h e  b u i l d i n g  
which c o n t a i n  t h e  opening,  it would be expected t h a t  t h e  t ime-averaged p ressu res  on these  faces  
would be n e g a t i v e  and o f  t h e  same magni tude. Thus t h e  average p r e s s u r e  d i f f e r e n c e  ac ross  t h e  
two openings would 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  would a l s o  be ze ro .  
I n  f a c t  t h e  s u r f a c e  p ressu res  would be f l u c t u a t i n g  and ins tan taneous  p r e s s u r e  d i f f e r e n c e s  
would r e s u l t ,  thus  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  by  t h e  B r i t i s h  
Gas Research on f u l l - s c a l e  and w ind  t u n n e l  model t e s t s  i n  a  P 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 ind  d i r e c t i o n s  were o n l y  j u s t  under  h a l f  t h e  r a t e  a t  
normal w ind  d i  r e c t i o n s .  

DESCRIPTION OF TEST HOUSE 
I 

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 openable 
window i n  o p p o s i t e  w a l l s  o f  t h e  house. T h i s  room c o u l d  be sea led  f r o m  t h e  r e s t  o f  t h e  house 
and thus be t r e a t e d  a s  a  s imp le  n a t u r a l l y  v e n t i l a t e d  enc losu re .  - 

The house was s i t u a t e d  on t h e  edge o f  a  hous ing  e s t a t e  w i t h  some open l a n d  and a  road  t o  
t h e  sou th  w i t h  woodland beyond. The s u r r o u n d i n g  houses a r e  shown on t h e  r i g h t  of F i g . 3 .  



The b l o c k  of  houses i n c l u d i n g  t h e  t e s t  house was on s l i g h t l y  h i q h e r  ground t h a n  those  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  sur rounded t h e  smal l  gardens t o  t h e  sou th  o f  t h e  hous ing  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 would  n o r m a l l y  be used as a  lounge. 
The openable windows were top-hung wooden framed. There 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 sma 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  the rmos ta t ,  t hus  p r o v i d i n g  tempera tu re  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  takes  p l a c e  n o t  o n l y  th rough  gaps around windows and doors ,  
b u t  a l s o  th rough  c l a d d i n g  components, c racks  i n  t h e  w a l l s  and c e i l i n g  and even 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 around c e n t r a l  h e a t i n g  p ipes .  F o r  t h i s  r e s e a r c h  i t  was necessary  t o  
take  account  o f  a l l  t h e  a i r  leakage pa ths  i n  t h e  t e s t  room. F o r  p r a c t i c a l  reasons, 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  leakage th rough  t h e  openable windows so a l l  o f  t h e  o t h e r  leakage 
paths  were sea led  u s i n g  p1 a s t i c  shee t ing ,  adhes ive tape  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 by  t h e  p r e s s u r i s a t i o n  techn ique  w i t h  t h e  windows 
sea led  o f f .  

The a i r  leakage c h a r a c t e r i s t i c s  of  t h e  openable windows were measured b y  t a p i n g  p l a s t i c  
sheet  around t h e  window t o  form a  s e a l e d  shroud. 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  shroud 
and t h e  p ressu re  d i f f e r e n c e  across t h e  window was measured w i t h  an e l e c t r o n i c  micromanometer. 
Depending on i t s  magni tude, 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  element,  Graphs were t h e n  p l o t t e d  of  p ressu re  d i f f e r e n c e  versus a i r  f l o w  
r a t e  and thus  t h e  c h a r a c t e r i s t i c  cons tan ts ,  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 nward  and outward a i r  f l o w .  

PRESSURE MEASUREMENT 

The p ressu res  measured on a  w ind  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  between t h e  p a r t i c u l a r  
su r face  and t h e  f r e e  s t ream s t a t i c  p ressu re .  On s i t e  i t  i s  i m p o s s i b l e  t o  measure pressures 
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 ream s t a t i c  p ressu re .  The a l 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 ressu re  source i S a1 so v e r y  d i f f i c u l t .  Hence o n l y  l o c a l  p ressu re  
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, such measurements can r e a d l l y  be r e l a t e d  t o  p r e d i c t e d  va lues  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 ressu re  c o e f f i c i e n t s  a t  t h e  r e l e v a n t  b u i l d i n g  su r faces .  

Thus f o r  comparat ive  purposes t h e  p ressu re  d i f f e r e n c e  across t h e  whole house was measured 
t o g e t h e r  w i t h  t h e  p ressu re  d i f f e r e n c e s  across t h e  i n d i v i d u a l  windows. 

The e x t e r n a l  p ressu res  were sensed th rough  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 connected by t u b i n g  t o  a  m a n i f o l d .  The p ressu re  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  mi cromanometers , t h e  o u t p u t  s i g n a l  S f r om which were t r a n s m i t t e d  t o  
an analogue tape r e c o r d e r .  

MEASUREMENT OF AIR FLOW RATES 

A i r  Chanoe Rate Measurement 

The a i r  change r a t e  was measured by m o n i t o r i n g  t h e  decay i n  c o n c e n t r a t i o n  o f  N 0, 
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 measured w i t h  an i n f r a - r e d  gas 
ana lyse r  and t h e  o u t p u t  s i g n a l  was reco rded  on a  c h a r t  r e c o r d e r .  

Twelve sampl ing p o i n t s  were e q u a l l y  spaced i n  t h e  t e s t  room and connected by t u b i n g  t o  a  
m a n i f o l d  and then t o  t h e  ana lyse r ,  t hus  e n s u r i n g  a  r e p r e s e n t a t i v e  sample o f  t h e  room a i r .  
Four smal l  f ans  were 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  ? r o v i d e  adequate m i x i n g  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 been found i n  t h e  l a b o r a t o r y  t h a t  t hese  two p r e c a u t i o n s  
enab led c o n s i s t e n t l y  accu ra te  r e s u l t s  t o  be ach ieved.  

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  re1  a t e d  e x p o n e n t i a l  l y  and i s  rep resen ted  by 



where 

Cf = f i n a l  concent ra t ion ,  ppm 

Ci = i n i t i a l  concent ra t ion ,  ppm 

N = a i r  change r a t e ,  hr-l  

t = elapsed time, hr 

The a i r  change r a t e  der ived  from the  concent ra t ion  decay measurement was then used t o  
c a l c u l a t e  t h e  time-averaged flow r a t e ,  Qm,  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 t he  d i r e c t i o n  of flow throug'  
t he  windows. I t  was t h e r e f o r e ,  necessary t o  devise  a  method f o r  quant i fy ing  t he  vec tor  of 
flow r a t e  and d i r ec t i on .  During each t e s t  per iod the  pressure  d i f f e r ence  across  t he  window 
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 the  r e l a t i c  

l 

Q = K (*P) down t o  very low flow r a t e s .  An e l e c t r o n i c  instrument  was developed which 
1 

would r a i s e  cont inuously t he  measured pressure  d i f f e r ence  t o  t he  power 'n ,  thus  providing an 
output  l  i n e a r l y  proport ional  t o  flow r a t e .  

The device has been c a l l e d  a  power law conver te r  ( P . L . C ) ,  and t he  exponent n  may be 
ad jus ted  t o  any value between 1 and 2 .  When the  pressure d i f f e r ence  goes negat ive ( i . e . ,  
t he  d i r e c t i o n  of flow changes) t he  c o r r e c t  negat ive flow r a t e  was a l s o  ou tput .  Thus i n t e -  
g r a t i on  of t he  p o s i t i v e  and negat ive ou tput  components produced time averaged flow r a t e s ,  
f Q P S L m C ,  over t he  s p e c i f i c  t e s t  per iod.  

The t o t a l  inflow Q I N  i n t o  the  t e s t  room was then ca l cu l a t ed  from the  inf low component of 

t he  back window Q P . L . C . b  p lus  t he  inf low component of the  f r o n t  window, Q p . L . c l f .  S imi l a r l y  

t he  time averaged out-flow r a t e ,  QOUT,  was ca l cu l a t ed .  

F1 ow Rates Derived From Averaged Pressures  

The pressure d i f f e r ence  across  each window and t he  house were i n t eg ra t ed  over t he  t e s t  
period and the  average pressures  ca l cu l a t ed .  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  t he  corresponding flow r a t e $  were derived from the  
back window, (1 , t he  f r o n t  window, Q and across  t he  house (lAFh. These flow r a t e s  a r e  
anal agous t o  t h p s t e a d y  s t a t e  predi  cteaF$i r flow r a t e s .  

ANCILLARY MEASUREMENTS 

The wind speed and d i r ec t i on  were measured with an anemometer and windvane mounted on a  10 m 
t e l e scop i c  mast s i t u a t e d  i n  the  back garden of the  house. The wind speed and d i r e c t i o n  were 
recorded on an anemograph. To al low d e t a i l e d  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 with sh ie lded  copper-constantan thermocouples and recorded 
au tomat ica l ly .  The ex te rna l  temperature was measured with the  thermocouple placed i n s 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 c h a r t  recorders .  The da t a  records were analysed i n  t he  labora tory .  

ANALYSIS P R O C E D U R E  

Sixty t e s t s  were conducted with pressure  t r a c e s  and were approximately of one hours dura t ion  
although a  f u r t h e r  f o r t y  t e s t s  were conducted t o  measure v e n t i l a t i o n  r a t e s ,  windspeeds and 



temperatures  on l y .  However, n o t  a l l  o f  t h e  da ta  was ana lysed.  
@ 

The d a t a  tapes were processed 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  c o n s i s t i n g  o f  a  14-channel 
tape 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  v01 tme te rs  f o r  c a l  i b r a t i o n  purposes,  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 requency 
spectrum a n a l y s e r  system c o n s i s t i n g  o f  a  c o r r e l a t o r  and spect rum d i s p l a y  module. 

Data r e t r i e v e d  when t h e  tapes were processed 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 ressu re  d i f f e r e n c e s  ac ross  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  of p r e s s u r e  d i f f e r e n c e s  ac ross  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 a n d n e g a t i v e  f l o w  r a t e s  f r0mP.L.C. t h r o u g h  t h e  f r o n t w i n d o w .  

4. I n t e g r a t i o n  of  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  of  w ind  speed ove r  t e s t  p e r i o d .  

I n  t h e  case of  3 and 4  t h e  P,L.C. was l i n k e d  between t h e  t a p e  channel  o u t p u t  and t h e  
i n t e g r a t o r s .  

The tape  p layback  a m p l i f i e r  ca rds  were c a l i b r a t e d  b e f o r e  each run .  Fo 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  zeroed 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 .  Fo 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  zeroed 
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  zeroed i n t e g r a t o r  cove red  t h e  f u l l  p o s i t i v e  and 
f u l l  n e g a t i v e  p ressu re  range. 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 windspeed i n t e g r a -  
t i o n  was used t o  g i v e  an average o f  t h e  windspeed o v e r  t h e  t e s t  p e r i o d .  

RESULTS 

Measured T race r  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  Wind Soeed 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  change r a t e  measurements a g a i n s t  w ind  speed i s  shown on 
Fig.1. There i s  an e v i d e n t  t r e n d  of  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  wind speeds b u t  
o t h e r  f a c t o r s  such as w ind  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  tempera tu re  d i f f e r e n c e s  g i v e  r i s e  

f 
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  ou tdoo r  tempera tu re  d i f f e r e n c e s  w i l l  be much more pronounced a t  
l ow  w ind  speeds so t o  assess 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 hose  
r e s u l t s  a t  w ind speeds above 2.5 m/s ( F i g . 2 ) .  F o r  t h i s  p l o t  t h e  measured v e n t i l a t i o n  r a t e  
has been d i v i d e d  by t h e  w ind  speed because t h i s  r a t i o  may be expec ted  t o  be c o n s t a n t  a t  any 
g i v e n  w ind  d i r e c t i o n  based on t h e  s teady  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 windows, 
( s i n c e  f l o w  r a t e  th rough  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  square r o o t  o f  t h e  
p ressu re  d i f f e r e n c e  and t h e  p ressu re  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 ind  
speed, t h e  f l o w  r a t e  d i v i d e d  by  w ind  speed shou ld  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  wind d i r e c t i o n ) .  Us ing c l a s s i c a l  s teady s t a t e  p r e d i c t i o n s  (see s e c t i o n  on 
C u r r e n t  Steady 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  700  and 2500 ( p a r a l l e l  t o  
window s u r f a c e s )  would be expected t o  be ze ro ,  w h i l e  normal w ind  d i r e c t i o n s  would 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 .  

It i s  e v i d e n t  f rom F ig .2  however, t h a t  t h e  measured 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 ind  d i r e c t i o n ,  a l t h o u g h  i t  may be conc luded 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  
somewhat l ower  f o r  w ind  d i r e c t i o n s  nea r  70° and 250°; i .e. ,  winds approach ing the  window/ 
w a l l s  a t  t a n g e n t i a l  ang les .  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  about  250° t h a n  a t  70°; i t  i s  though 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  groups o f  houses t o  t h e  e a s t  of  t h e  t e s t  house and t h e  catchment 
e f f e c t  on s o u t h w e s t e r l y  winds o f  t h e  w a l l  o f  t h e  a d j a c e n t  house. 

Other  f a c t o r s  wh ich reduce t h e  d i  r e c t i o n a l  e f f e c t s  i n c l u d e  t h e  v a r i a t i o n  o f  d i r e c t i o n  
about t h e  mean and t h e  f l u c t u a t i o n s  o f  p ressu re  which 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 .  

Comparison o f  Flow Rates Der i ved  From Power Law Conver te r  A n a l y s i s  and Those Pleasured by t h e  
T r a c e r  Gas Techni aue 

The agreement between t h e  f l o w r a t e s  i n  and o u t  o f  t h e  t e s t  room d e r i v e d  f rom t h e  power 



l aw  c o n v e r t e r  a n a l y s i  S o f  t h e  p ressu re  d i f f e r e n t i a l  r e c o r d i n g s  was genera l  l y  good. 

D isc repanc ies  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  va lues  d i d  n o t  agree t o  w i t h i n  10% these  t e s t  r e s u l t s  were d i scoun ted ,  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  be d i scussed  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 r o m  t h e  P.L.C. was taken  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  between 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  Fig.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  expressed i n  
percentage terms t h e  e r r o r s  a r e  much h i g h e r  a t  l ow  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 l / s  

0.66 a i r  changes/hr. 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 techn ique.  

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 va lues  because t h e  p r e s s u r e  d i s t r i b u t i o n  around t h e  e n t i r e  
c rack  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 ressu re  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 ow  f l o w  r a t e s .  Secondly  t h e  p ressu re  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 rom 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  would  be expec ted  
t o  be prominent  a t  t a n g e n t i a l  w ind  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 .  
There 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  percentage 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 ind  d i r e c t i o n ,  as i l l u s t r a t e d  
i n  Fig.4.  

F i n a l l y ,  d i s c r e p a n c i e s  may occu 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  wh ich  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  room. 
T h i s  e f f e c t  may predominate  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  wh ich 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 .  

Comparison o f  Flow Rates Der i ved  From t h e  Power Law Conver te r  A n a l y s i s  and Time Averaged 
P r e s s u r e  

T h i s  comparison i s  fundamental  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 ressu re  r e c o r d i n g  on t h e  tape  was ana lysed  i n  two d i f f e r e n t  ways. The t i m e  averaged 
p ressu re  was d e r i v e d  and i s  analagous t o  a  w ind  t u n n e l  average p r e s s u r e  r e c o r d i n g .  T h i s  
s teady s t a t e  p r e s s u r e  was t h e n  conve r ted  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 comparisons o f  t hese  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 percentage e r r o r  between t h e  t i m e  averaged p r e s s u r e  f l o w  r a t e  was between 
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 % 8 0 %  d u r i n g  
l ow  f l ow  r a t e  c o n d i t i o n s .  

l 
T h i s  h i g h l i g h t s  t h e  magni tudes o f  t h e  p o t e n t i a l  e r r o r s  i n v o l v e d  i n  y s i n g  t h e  p r e s e n t  

s teady 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 Com~ared  Wi th  C u r r e n t  'S teadv  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  assumpt ion o f  
s teady t ime-averaged p ressu res  anda  k n o w l e d g e o f t h e  a i r  l eakage /p ressu re  c h a r a c t e r i s t i c s  o f  
windows and doors  e t c .  

Th i s  method was a p p l i e d  t o  t h e  p r e s e n t  t e s t s  by d e r i v i n g  t h e  mean p ressu re  d i f f e r e n c e  
across 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  leakage th rough  
t h e  two windows i n  s e r i e s  based on t h e i r  measured leakage c h a r a c t e r i s t i c p .  

These s teady s t a t e  p r e d i c t i o n s  were compared wi  t h  t h e  measured vent)  l a t i o n  r a t e s  ( t r a c e r  
gas techn ique )  and t h e  r e s u l t i n g  e r r o r  ? l o t  i s  shown on F ig .6 .  Th i s  i n d i c a t e s  t h a t  t h e  
measured va lues  were always ( w i t h  j u s t  one e x c e p t i o n )  h i g h e r  t h a n  t h e  p r e d i c t e d  va lues ,  by 
about 25% a t  f l o w  r a t e s  above 10 l / s  and r i s i n g  t o  n e a r l y  8OC! a t  l ower  f l o w  r a t e s .  T h i s  
aga in  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  from t h e  c u r r e n t  p r e d i c t i o n  method. 



I E f f e c t  o f  Flow Reversa l  

The f l o w  t h r o u g h  t h e  window c r a c k s  d i d  n o t  rema in  i n  t h e  same d i r e c t i o n  f o r  t h e  d u r a t i o n  
o f  any t e s t s .  T h i s  f l o w  r e v e r s a l  o c c u r s  because of  t h e  dynamic b e h a v i o u r  o f  t h e  w ind  nea r  
t h e  house as p r e v i o u s l y  d iscussed.  The o u t p u t  f r o m  t h e  P.L.C i n d i c a t e d  t h e  d i r e c t i o n  o f  
f l o w  by  i t s  s i g n  ( - v e  o r  t v e ) .  

F o r  each window t h e  pe rcen tage  f l o w  r e v e r s a l  was c a l c u l a t e d  and was expressed as t h e  t i m e  
a v e r a g e d . f l o w  i n  one d i r e c t i o n  as a  pe rcen tage  o f  t h e  t o t a l  f l o w  ( n e g a t i v e  p l u s  p o s i t i v e )  and 
t h e r e f o r e  y i e l d s  a  v a l u e  between 0  and 50%. 

Fig.7 i s  a  p l o t  o f  t h e  pe rcen tage  f l o w  r e v e r s a l  as a  f u n c t i o n  o f  t h e  pe rcen tage  e r r o r  
between t h e  f l o w  d e r i v e d  f r o m  t h e  P,L.C, Q P e L e C  and t h e  s teady  s t a t e  f l o w  r a t e  c a l c u l a t e d  from 

t h e  t i m e  averaged p r e s s u r e  d i f f e r e n c e s .  As expec ted ,  t h e  g r e a t e r  t h e  degree o f  f l o w  r e v e r s a l  
t h e  h i g h e r  t h e  e r r o r s .  However, i t  was expec ted  f r o m  l a b o r a t o r y  t r i a l s  t h a t  e r r o r s  o f  o n l y  
Q 10% s h o u l d  occu r  a t  l o w  f l o w  r e v e r s a l  c o n d i t i o n s .  I n  f a c t  e r r o r s  $ 2 0  - 30% a r e  appa ren t  
a t  l o w  f l o w  r e v e r s a l  c o n d i t i o n s .  

C o n s i d e r i n g  a g a i n  a  s i m p l e  symmet r i ca l  b u i l d i n g  w i t h  open ings  i n  o p p o s i t e  w a l l s ,  t h e  
h i g h e s t  degree o f  f l o w  r e v e r s a l  wou ld  be expec ted  a t  w i n d  d i r e c t i o n s  p a r a l l e l  t o  t h o s e  w a l l s .  
A t  p e r p e n d i c u l a r  w i n d  d i r e c t i o n s  l i t t l e  o r  no  f l o w  r e v e r s a l  wou ld  be expected.  

The d i r e c t i o n a l  dependence o f  f l o w  r e v e r s a l  i n  t h e  p r e s e n t  t e s t s  i s  shown i n  Fig.8.  
These i n d i c a t e  t h a t  g r e a t e r  f l o w  r e v e r s a l  d i d  o c c u r  a t  n e a r  p a r a l l e l  w i n d  d i r e c t i o n s  b u t  
t h e r e  a r e  a l s o  some l o w  v a l u e s  a t  t h e  same d i r e c t i o n s .  These l a t t e r  r e s u l t s  were f o r  average 
t o  h i g h  w i n d  speeds and were a s s o c i a t e d  w i t h  h i g h  v e n t i l a t i o n  r a t e s .  There was i n s u f f i c i e n t  
t e s t  d a t a  t o  pursue an a n a l y s i s  o f  t h e  dependence o f  t h e  degree o f  f l o w  r e v e r s a l  on w ind  
speed a t  g i v e n  w ind  d i r e c t i o n s .  

I n f l u e n c e  o f  S tack  E f f e c t  

A  tempera tu re  d i f f e r e n c e  between t h e  i n s i d e  and o u t s i d e  o f  t h e  house w i l l  p roduce a  
v e n t i l a t i o n  r a t e  due t o  t h e  s t a c k  e f f e c t .  I f  t h e  i n s i d e  o f  t h e  room i s  a t  a  h i g h e r  tempera- 
t u r e  t h a n  t h e  o u t s i d e ,  a i r  w i l l  t e n d  t o  l e a v e  t h e  room a t  t he  hpper  edge o f  t h e  windows and 
e n t e r  t h r o u g h  t h e  l o w e r  edge. The converse i s  t r u e  f o r  a  room tempera tu re  be low t h a t  o f  t h e  
o u t s i d e  a i r .  Thus t h e r e  w i l l  be a  s t a c k  p r e s s u r e  ac ross  t h e  window gap wh ich  w i l l  v a r y  i n  
magn i tude and s i g n  f r o m  t h e  t o p  t o  t h e  b o t t o m  o f  t h e  window. 

Assuming s teady  s t a t e  c o n d i t i o n s ,  t h e  v e n t i l a t i o n  f l o w r a t e  due t o  s t a c k  e f f e c t  can be 
c a l c u l a t e d  i f  t h e  window d imens ions ,  i n t e r n a l  and e x t e r n a l  t empera tu res  and w ind  p ressu res  
a r e  known. A  dynamic a n a l y s i s  wou ld  have t o  be made t o  a s c e r t a i n  t h e  t r u e  c o n t r i b u t i o n  i n  
p r a c t i c e  because o f  t h e  f l u c t u a t i n g  w i n d  p ressu re .  Such an a n a l y s i s  i s  beyond t h e  scope o f  
t h e  p r e s e n t  s t u d i e s .  However some s t e a d y  s t a t e  c a l c u l a t i o n s  were made u s i n g  mean w ind  
p r e s s u r e  v a l u e s  and f r o m  t h e  r e s u l t s  o f  t h e s e  i t  i s  e v i d e n t  t h a t  t h e  s t a c k  e f f e c t  w i l l  con- 
t r i b u t e  s i g n i f i c a n t l y  t o  t h e  e r r o r  between p r e d i c t e d  and t r a c e r  gas v e n t i l a t i o n  r a t e s  when 
t h e  f l o w r a t e  i s  low, b u t  n o t  a t  h i g h  f l o w r a t e s .  

I t  i s  i m p o r t a n t  t o  bear  i n  m ind  t h a t  i f  f l u c t u a t i n g  f l o w s  had been c o n s i d e r e d  f o r  t h e  
whole house t h e  r e l a t i v e  impor tance o f  s t a c k  e f f e c t  wou ld  have become more dominant  s i n c e  
s t a c k  e f f e c t  i s  a  f u n c t i o n  o f  t h e  v e r t i c a l  h e i g h t  between open inqs.  

CONCLUSIONS 

The r e l a t i o n s h i p  between t h e  measured a i r  change r a t e s  and w ind  speed b r o a d l y  f o l l o w e d  t h e  
t h e o r e t i c a l l y  expec ted  t r e n d .  F o r  w i n d  speeds g r e a t e r  t han  2 . 5  m!s t h e  s t a c k  e f f e c t  was 
expec ted  t o  be m in ima l  and a t  t h e  h i g h e r  w ind  speeds t h e  r a t i o  o f  v e n t i l a t i o n  r a t e  d i v i d e d  b y  
w ind  speed d i d  have some s l i g h t  d i r e c t i o n  dependence. The l o w e r  va lues  cor responded t o  w i n d  
app roach ing  t h e  windows!walls a t  t a n g e n t i a l  d i r e c t i o n s  f r c m  t h e  ' l o r t h  E a s t  and South  West. 
The t a n g e n t i a l  w ind d i r e c t i o n s  however do i n d i c 3 t e  r e l a t i v e l y  c - , i l n  v e n t i l a t i o n  r a t e s  and i t  
would  be u s e f u l  t o  compare these r e s u l t s  w i t h  ? r -ed i c ted  v e n t i l n t i o n  r a t e s  u s i n g  p r e s s u r e  da ta  
d e r i v e d  f r o m  w ind  t u n n e l  model t e s t s .  

The power l aw  c o n v e r t e r  deve loped f o r  t h i s  p r o j e i t  9ene ra ; l y  worked w e l l .  I t  was hoped 
t h a t  good agreement o f  t h e  P.L.C. f l o w  r a t e s  and t r a c e r  gas measured f l o w  r a t e s  c o u l d  be 



ach ieved  and i n  f a c t  were always w i t h i n  2.5 l / s .  However a t  l ow  f l o w  r a t e s  t h i s  does 
r e p r e s e n t  a  s i g n i f i c a n t  e r r o r  and c o u l d  e a s i l y  be due t o  t h e  p r e s s u r e  g r a d i e n t  up t h e  window 
generated by s t a c k  e f f e c t ,  n o n - u n i f o r m i t y  o f  t h e  p r e s s u r e  round t h e  e n t i r e  c r a c k  l e n g t h  and 
a t  f l o w . r a t e s  below 1.5 l / 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  a r e  no l o n g e r  accu ra te .  
The t r a c e r  gas measurement techn ique  i t s e l f  may be r e s p o n s i b l e  f o r  some o f  t h e  d i sc repancy .  

Comparing t h e  f l o w  r a t e s  p r e d i c t e d  f r o m  t h e  t ime-averaged p r e s s u r e  d i f f e r e n c e s  ac ross  
t h e  windows w i t h  e i t h e r  t h e  t r a c e r  gas d e r i v e d  f l o w  r a t e s  o r  t h e  P.L.C d e r i v e d  f l o w  r a t e s  
s i g n i f i c a n t  e r r o r s  were found. I ndeed  t h e y  n e a r l y  a lways exceeded 20% and r o s e  t o  80 t % a t  
t h e  l o w e r  f l o w  r a t e s  (F ig .5 ) .  These r e s u l t s  i d e n t i f y  an e r r o r  i n  t h e  p r e s e n t  s teady  s t a t e  
p r e d i c t i o n  procedures.  A l though t h e s e  r e s u l t s  a p p l y  t o  a  s i n g l e  room i n  a  house, t h e  
s i g n i f i c a n c e  o f  t h e  dynamic aspec t  o f  n a t u r a l  v e n t i l a t i o n  mechanics i s  e v i d e n t l y  i m p o r t a n t  and 
war ran ts  f u r t h e r  i n v e s t i g a t i o n  t o  e x t e n d  t h e  scope t o  comple te  b u i l d i n g s .  

Some a t t e m p t  was made t o  c o r r e l a t e  t h e  e r r o r s  w i t h  parameters  such as pe rcen tage  f l o w  
r e v e r s a l .  I t  i s  i n t e r e s t i n g  t o  n o t e  here  t h a t  t h e  d i r e c t i o n  o f  f l o w  d i d  n o t  remain  c o n s t a n t  
f o r  any t e s t  even a t  normal w ind  d i r e c t i o n s .  The pe rcen tage  e r r o r  between t h e  s teady  s t a t e  
p r e d i c t e d  f l o w  r a t e  and t h e  measured f l o w  r a t e  does, as expec ted  i n c r e a s e  w i t h  a  g r e a t e r  
percentage f l o w  r e v e r s a l .  However, even a t  l o w  f l o w  r e v e r s a l  c o n d i t i o n s  t h e  e r r o r s  a r e  
s t i l l  a round 25%. I t  i s  d i f f i c u l t  t o  e x p l a i n  t h i s  s i n c e  l a b o r a t o r y  t r i a l s  w i t h  f l u c t u a t i n g  
f l o w s  b u t  i n  a  c o n s t a n t  d i r e c t i o n ,  r a r e l y  exceeded an e r r o r  o f  10%. Obv ious l y  t h e  w ind  c o u l d  
n o t  be a c c u r a t e l y  mode l l ed  i n  t h e  l a b o r a t o r y  and may be r e s p o n s i b l e  f o r  t h e  apparen t  d i f f e r e n c e s .  

Large percentage f l o w  r e v e r s a l s  were e v i d e n t  a t  p a r a l l e l  and i m p i n g i n g  ang les  up t o  40' 
as i n d i c a t e d  i n  Fig.8.  However, t h e r e  were t e s t s  a t  nea r  p a r a l l e l  directions which c o n t a i n e d  
v e r y  l ow  f l o w  r e v e r s a l  c o n d i t i o n s  wh ich  was n o t  aenera l  l y  expected.  

T h i s  p r o j e c t  has thus  p r o v i d e d  some q u a n t i t a t i v e  d a t a  on t h e  dynamic aspec ts  o f  n a t u r a l  
v e n t i l a t i o n  and t h e  e r r o r s  i n  t h e  s t e a d y  s t a t e  p r e d i c t i o n  model have been shown t o  be 
s i g n i f i c a n t .  However n o t  a l l  t h e  r e c o r d e d  d a t a  has been ana lysed  and i t  has n o t  been 
p o s s i b l e  t o  ex tend  t h e  t e s t  program t o  c o n s i d e r  t h e  whole house, as was o r i g i n a l l y  i n tended .  
The i n v e s t i g a t i o n  would  a l s o  be enhanced by t h e  w i n d  t u n n e l  t e s t i n g  o f  a  model o f  t h e  house 
so t h a t  t h e  w ind  p ressu res  so d e r i v e d  c o u l d  be compared w i t h  t h e  reco rded  p r e s s u r e  da ta .  
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