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AIR INFILTRATION I N  THE U.K. AND ITS IMPACT ON THE 

THERMAL ENVIRONMENT 

ABSTRACT -------- 
Themechanisms and sources  by which a i r  i n f i l t r a t i o n  

occurs  i n  dwell ings a r e  b r i e f l y  desc r ibed .  Examples 

a r e  given of a d v e n t i t i o u s  openings t o  i l l u s t r a t e  t he  

wide range of s i z e s  which occur  i n  U.K.  dwell ings.  

Leakage r a t e s  through windows and through houses a r e  

compared w i t h  European s t anda rds  t o  i l l u s t r a t e  t h e  

va lues  t h a t  can occur  i n  U.K. houses.  The importance 

of i n f i l t r a t i o n  t o  both n a t u r a l  v e n t i l a t i o n  and nechan- 

i c a l  v e n t i l a t i o n  i s  d i scussed ,  Before mechanical ven- 

t i l a t i o n  can be s a t i s f a c t o r i l y  i n s t a l l e d ,  measures t o  

minimise a d v e n t i t i o u s  openings a r e  r equ i r ed .  Exarnp le 

a r e  given of t he  ways i n f i l t r a t i o n  can adverse ly  a f f e c t  

t he  thermal environment i n  w e l l  i n s u l a t e d  dwell ings . 
I n  such dwell ings problems could be  encountered wi th  

draughts  and w i t h  the  s i z i n g  of domes t i c  h e a t i n g  b o i l -  

e r s  and r a d i a t o r s .  

The gene ra l  conclus ion  i s  made t h a t  i n  f u t u r e  housing 

much more a t t e n t i o n  should be p a i d  t o  i n f i l t r a t i o n  

through a d v e n t i t i o u s  openings. This  should inc lude  

t h e  p o s s i b i l i t y  of improving b u i l d i n g  cons t ruc t ion  t o  

minimise i n f i l t r a t i o n .  The r e l a t i v e  m e r i t s  of provid-  

i n g  v e n t i l a t i o n  by i n f i l t r a t i o n ,  purpose-provided open- 

i ngs  o r  by mechanical systems need t o  be  a s se s sed ,  



INTRODUCTION 

A s  a  r e s u l t  of a  d e s i r e  t o  economise i n  t h e  use  of 

energy i n  t h e  domest ic  s e c t o r ,  va r ious  energy conserv- 

a t i o n  measures have been taken i n  a l l  c o u n t r i e s  where, 

because of c l i m a t i c  reasons ,  s u b s t a n t i a l  m o u n t s  of 

f u e l  a r e  r equ i r ed  t o  h e a t  homes. Top p r i o r i t y  h a s ,  

a lmost  everywhere, been given t o  t h e  a p p l i c a t i o n  of 

a d d i t i o n a l  i n s u l a t i o n .  I n  t h e  United Kingdom rev i sed  

Bui ld ing  Regulat ions ( l )  have been in t roduced  and houses 

b u i l t  t o  t h i s  s t a n d a r d  show a  s i g n i f i c a n t  drop i n  t he  

des ign  h e a t  l o s s .  Some houses a r e  a l r eady  be ing  b u i l t  

w i th  even a  h i g h e r  degree of i n s u l a t i o n ( 2 ) .  

One-family houses a r e  t h e  predominant form of housing 

i n  t h e  U . K . ,  c o n t r i b u t i n g  78X(3) of the  t o t a l  number of 

dwel l ings ,  and i t  i s  t h e r e f o r e  ev iden t  t h a t  t h e i r  ener-  

gy performance w i l l  be  the  key t o  any s u b s t a n t i a l  sav- 

i n g  i n  t h e  domest ic  s e c t o r .  The a p p l i c a t i o n  of fur -  

t h e r  i n s u l a t i o n  t o  t h e  s t r u c t u r e  of the  house has res -  

u l t e d  i n  t h e  r e l a t i v e  growth i n  importance of the  

v e n t i l a t i o n  h e a t  l o s s  a s  a  f r a c t i o n  of the t o t a l ,  

r i s i n g  from c r i c a  20% t o  n e a r l y  a h a l f  of the t o t a l  

des ign  h e a t  requirement (4 )  . Any f u t u r e  energy sav ing  

measures w i l l ,  i n e v i t a b l y ,  cons ider  ways of minimising 

the  v e n t i l a t i o n  component, b u t  be fo re  any such measures 

a r e  taken  c a r e f u l  cons ide ra t ion  w i l l  have t o  be  given 

t o  whether they a r e  e f f e c t i v e  and even d e s i r a b l e .  

The p r o v i s i o n  of  f r e s h  a i r  i s  r equ i r ed  f o r  h e a l t h  and 

comfort reasons and the  recommended minimum r a t e s  of 

f r e s h  a i r  supply f o r  dwell ings a r e  given by B r i t i s h  

S tandard  Code of P r a c t i c e  CP3(5). Fresh a i r  may a l s o  

be r equ i r ed  t o  main ta in  the  s a f e  and s a t i s f a c t o r y  

ope ra t ion  of a  f o s s i l  f u e l l e d  appl iance .  It has been 

shown t h a t  a  supply of  f r e s h  a i r  f o r  the  needs of the 

occupants i s  more than  adequate f o r  the s a f e  ope ra t ion  

of  open f  lued gas appl iances  ( 6 ) .  However, t h e r e  has  

been a  growth i n  p o p u l a r i t y  of gas ba lanced  f l u e  

appl iances  which do n o t  need the  p r o v i s i o n  of combus- 

t i o n  a i r  i n  t he  house. 

The Watson House l a b o r a t o r i e s  of the  B r i t i s h  Gas 

Corporat ion have undertaken an ex tens ive  r e sea rch  pro- 

gramme on a l l  a spec t s  of a i r  i n f i l t r a t i o n  i n  houses - 
i t s  energy conserva t ion  p o t e n t i a l ,  i n f luence  on space 



cond i t i on ing  systems and i t s  impact on t h e  thermal 

environment. The r e s e a r c h  programme has  covered 

f i e l d  measurements, t e s t  house and wind tunne l  exper i -  

ments, t h e o r e t i c a l  a n a l y s i s  and s u b j e c t i v e  t e s t s  i n  a  

c o n t r o l l e d  temperature room. The a p p l i c a b i l i t y  of  

Con t inen ta l  exper ience  w i t h  mechanical v e n t i l a t i o n  

systems has  a l s o  been reviewed. 

By means of some of  our  r e sea rch  r e s u l t s  and the  

r e s u l t s  of o t h e r s ,  i t  i s  i n t ended  t o  i l l u s t r a t e  i n  

t h i s  paper  the  sources  and mechanisms of i n f i l t r a t i o n  

and t o  g ive  an i n s i g h t  i n t o  t h e  problems t h a t  i t  may 

cause i n  f u t u r e  housing.  

MECHANISMS OF NATURAL VENTILATION 

N a t u r a l  v e n t i l a t i o n  occurs  a s  a  r e s u l t  of p r e s s u r e  

d i f f e r e n c e s  a c t i n g  ac ros s  openings i n  t h e  s t r u c t u r e  of 

a  dwell ing.  The openings can be  d iv ided  i n t o  two 

types ,  i . e .  purpose-provided and a d v e n t i t i o u s .  Adven- 

t i t i o u s  openings a r e  simply a l l  of the  openings which 

a r e  n o t  purpose-provided. I n f i l t r a t i o n ,  o r  adven t i t -  

i ous  v e n t i l a t i o n ,  i s  t h a t  p a r t  o f  the n a t u r a l  v e n t i l -  

a t i o n  which i s  due t o  the  adven t i t i ous  openings. 

The p r e s s u r e  d i f f e r e n c e s  a r i s e  as  a r e s u l t  of t he  

a c t i o n  of the  wind and t h e  a c t i o n  of buoyancy. The 

wind gene ra t e s  a  p r e s s u r e  d i s t r i b u t i o n  over t h e  e x t e r -  

n a l  s u r f a c e  of the  dwel l ing  and any buoyancy of  a i r  

i n s i d e  the  dwel l ing  modif ies  t he  i n t e r n a l  p re s su re  

d i s t r i b u t i o n .  

V e n t i l a t i o n  due t o  wind can b e  cons idered  a s  two 

components, i . e .  flow induced by the  time-averaged 

p re s su res  and flow induced by t u r b u l e n t  f l u c t u a t i o n s  

i n  p re s su re .  Of these  two components the  former i s  

gene ra l ly  cons idered  t o  be most impor tan t ,  b u t  f o r  

dwell ings which a r e  s h e l t e r e d  from the wind by o t h e r  

b u i l d i n g s  t h i s  may n o t  be t h e  case.  Wind tunnel  

t e s t s  c a r r i e d  o u t  a t  Watson House and elsewhere show 

t h a t  the  f l u c u a t i n g  component can be r e l a t i v e l y  l a r g e  

f o r  c e r t a i n  wind d i r e c t i o n s .  

V e n t i l a t i o n  due t o  buoyancy i s  commonly c a l l e d  
11 s t a c k  e f f ec t ' '  v e n t i l a t i o n .  This  r e f e r s  t o  t h e  

d i f f e r e n c e  between t h e  i n t e r n a l  and e x t e r n a l  a i r  temp- 

e r a t u r e s  of a  hea t ed  house. V e n t i l a t i o n  i s  a l s o  



caused by f l u e s  a t t a c h e d  t o  b o i l e r s  which take  t h e i r  

combustion a i r  from the  i n t e r i o r  of the hotise. Alth- 

ough S tack  e f f e c t  has  i n  t he  p a s t  been considered imp- 

o r t a n t  only f o r  very t a l l  b u i l d i n g s ,  r e c e n t  evidence 

sugges t s  t h a t  i t  i s  important  f o r  two-S to rey  b u i l d i n g s .  

For example, flow v i sua l i s a tCon  c a r r i e d  o u t  by Watson 

House i n  t e s t  houses has o f t e n  shown t h a t  t he  predom- 

i n a n t  v e n t i l a t i o n  p a t h  f o r  the  a i r  i s  t o  e n t e r  through 

the  downstairs  rooms and t o  exhaus t  through the  up- 

s t a i r s  rooms. This  i s  what one would expec t  f o r  s t a c k  

e f f e c t  v e n t i l a t i o n .  

It can be seen t h a t  n a t u r a l  v e n t i l a t i o n  of a dwel l ing  

i s  determined by meteoro logica l  c o n d i t i o n s ,  t he  shape 

and s i t u a t i o n  of the  dwel l ing  and by the  s i z e  and d i s -  

t r i b u t i o n  of i t s  open a reas .  Of these  f a c t o r s  only 

the s i z e  and d i s t r i b u t i o n  of open a reas  a r e  amenable t o  

mod i f i ca t ion  o r  des ign  f o r  t h e  s o l u t i o n  of  problems 

a s s o c i a t e d  w i t h  n a t u r a l  v e n t i l a t i o n .  Therefore  only 

these  f a c t o r s  a r e  d i scussed  i n  d e t a i l  below. A l l  of 

the  f a c t o r s  a r e  of course very impor tan t  when one i s  

concerned wi th  p r e d i c t i o n  of v e n t i l a t i o n .  A predic-  

t i o n  method has been developed a t  Watson House(7) on 

the  b a s i s  of semi-empirical crack flow equa t ions (8 ) .  

This  i s  c u r r e n t l y  be ing  a s ses sed  a g a i n s t  d a t a  ob ta ined  

i n  a t e s t  house. Wind tunne l  models have been used 

t o  o b t a i n  p r e s s u r e  d i s t r i b u t i o n s  and a l s o  t o  inves  t i g -  

a t e  v e n t i l a t i o n  induced by wind turbulence ,  The pre- 

d i c t i o n  method i s  be ing  used f o r  s tudy ing  gene ra l  

trend's, gu id ing  exper imenta l  work and f o r  i n v e s t i g a t i n g  

the e f f e c t s  of  such th ings  a s  mechanical f ans  and 

weathers  t r i p p i n g  ( s e l i n g  of c racks  around doors and 

windows), 

VENTILATION OPENINGS 

V e n t i l a t i o n  openings a r e  of two b a s i c  t ypes ,  i . e .  

purpose-provided and a d v e n t i t i o u s .  Purpose-provided 

openings a r e  f a i r l y  common i n  U.K. houses.  Examples 

of t hese  a r e  openable windows, a i r  vents  i n  bathrooms, 

WC's  and k i t chens  and a i r  ven t s  i n  brickwork t o  vent- 

i l a t e  t he  space below suspended f l o o r s .  Chimneys and 

f l u e s  a l s o  f a l l  i n t o  t h i s  category.  A s  t h e i r  name 

impl ies  purpose-provided openings a r e  i n s t a l l e d  f o r  a 



purpose,  e.g.  t o  p reven t  condensat ion,  t o  remove odours, 

t o  supply combustion a i r .  Such openings a r e ,  of 

course ,  d e s i r a b l e  and necessary .  Provided t h a t  t h e s e  

openings can be  designed t o  g ive  s a t i s f a c t o r y  v e n t i l -  

a t i o n ,  a d v e n t i t i o u s  openings become unnecessary. 

Research has  shown t h a t  t h e  a r e a s  of a d v e n t i t i o u s  open- 

i ngs  i n  U.K. dwell ings can be much l a r g e r  than  those  of 

purpose-provided openings (Table 1 )  and a l s o  t h a t  a  

wide range of  s i z e s  of a d v e n t i t i o u s  openings can occur  

w i th  s i m i l a r  dwel l ings  , A 1  though problems such a s  

draughts  can occur  w i t h  purpos e-provi ded openings due 

t o  o v e r s i z i n g  o r  poor  s i t i n g ,  g r e a t e r  problems a r e  

posed by a d v e n t i t i o u s  a r eas  because they  a r e  a t  p r e s e n t  

an unpred ic t ab le  q u a n t i t y .  B a s i c a l l y ,  i t  seems p re f -  

e r a b l e  t o  c o n t r o l  the  l e v e l  of a d v e n t i t i o u s  openings,  

even i f  t h i s  means an i n c r e a s e  i n  purpose-provided 

openings,  because the  l a t t e r  a r e  e a s i l y  c o n t r o l l e d  by 

the  des igner  o r  a r c h i t e c t .  I n  p r a c t i c e ,  c o n t r o l  of 

a d v e n t i t i o u s  openings would mean reducing  t h e i r  s i z e  t o  

a  minimum. Some c o u n t r i e s  have a l r eady  moved i n  t h i s  

d i r e c t i o n .  

Advent i t ious  openings have a  wide v a r i e t y  of forms. 

Cracks between t h e  moveable and f i x e d  p a r t s  of windows 

and doors a r e  t h e  most w e l l  known. I n  houses w i th  

suspended f l o o r s  , which a r e  cormnon i n  t h e  U.K. , t he  

t o t a l  a r e a  of the  gaps between t h e  f loo rboa rds  can by 

very  l a r g e .  Less  obvious,  b u t  n o t  i n s i g n i f i c a n t ,  a r e  

t h e  background a r e a s .  The "background" a r e a  i s  t he  

a r e a  which remains f o r  t h e  room when t h e  doors and 

windows (and purpose-provided openings) have been 

sea l ed .  

The r e s u l t s  i n  Table 1 i n d i c a t e  the  wide range of 

va lues  of a d v e n t i t i o u s  openings which occur  i n  U.K.  

dwel l ings .  

Another way of  c h a r a c t e r i s i n g  a d v e n t i t i o u s  openings 

i s  i n  terms of t h e i r  l e a k i n e s s ,  i . e .  t he  r a t e  a t  

which a i r  flows through them when a given p r e s s u r e  

d i f f e r e n c e  i s  app l i ed  ac ros s  them. This  technique 

has  been adopted f o r  s p e c i f y i n g  s t anda rds  n o t  only 

f o r  components b u t  a l s o  f o r  whole bu i ld ings .  I t  i s  

i n t e r e s t i n g  t o  look a t  some r e s u l t s  of t h i s  technique 

i n  d e t a i l  because they i n d i c a t e  l a r g e  d i f f e r e n c e s  



between European s t anda rds  and what i s  achieved i n  

p r a c t i c e .  

TABLE 1 Range of Open Areas Measured 

i n  S i x  Dwellings 

snc I I I 

Standards 

l 

ADVENTITIOUS 
OPENING 

Door 

Window 

Background 
(room w i t h  
suspended 
f l o o r )  

Background 
(room wi th  
s o l i d  f l o o r )  

L 

Belgian 
windows 

EFFECTIVE OPEN AREA, cm2 

France Sweden Holland 
FIG. 1 Leakage through windows a t  100 Pa. Comparis- 

on between measurements and s tandards  . 

BEFORE 
\EATHERSTRIPPING 

38 - 210 

6 - 110 

52 - 150 

25 - 62 

Fig. 1 shows the  leakage (pe r  mL of window) through 

AFTER 
\aATHE RSTRIPPING 

3 - 45 

3 - 14 

- 



windows w i t h  a  p re s su re  d i f f e r e n c e  of 100 Pa. The 

dashed l i n e s  show c l a s s e s  of windows a s  de f ined  by 

French( l1)  , Dutch and Swedish(9) s t anda rds .  

The s o l i d  l i n e s  show the  approximate range of va lues  

ob ta ined  from measurements made on windows i n  s e v e r a l  

Belgian houses( l2)  and i n  a  house which has  been inves-  

t i g a t e d  by Watson House(7).  Fig.  2  i s  a  view of the 

house. 

FIG. 2 View of BGC t e s t  house. 

F ig ,  3  shcws leakage va lues  f o r  complete houses i n  

terms of the number of a i r  changes p e r  hour  ( i . e .  

v e n t i l a t i o n  r a t e  d iv ided  by house volume) a t  a  p r e s s u r e  

d i f f e r e n c e  of 50 Pa. Values obta ined  from t e s t s  on 

one of  the Belg ian  houses and the  U.K. house a r e  com- 

pared  wi th  r e c e n t  Swedish s t anda rds .  

The main imp l i ca t ions  from Figs .  1 and 3 i s  t h a t  

p r a c t i c a l  U.K. house c o n s t r u c t i o n  g ives  a d v e n t i t i o u s  

openings which a r e  much l a r g e r  t han  those  s p e c i f i e d  

i n  r e c e n t  c o n t i n e n t a l  s t anda rds  . Although d a t a  f o r  

only one U.K. house i s  shown i n  t h e  f i g u r e s ,  comparis- 

on w i t h  o t h e r  d a t a ( l 3 )  i n d i c a t e s  t h a t  i t  i s  n o t  

un typ ica l  of U .K. dwell ings.  

The d i f f e r e n c e s  between t h e  Belgian and U .K. houses 

a r e  i n t e r e s t i n g  and i t  would n o t  be s u r p r i s i n g  to  f i n d  

t h a t  U.K. houses a r e  gene ra l ly  more leaky  than  t h e i r  



FIG. 3 Leakage of houses a t  50 Pa. Comparison 
between measurements and s t anda rds .  

European c o u n t e r p a r t s ,  because of the d i f f e r e n t  con- 

s t r u c t i o n  techniques employed i n  the  va r ious  coun t r i e s .  

However, no e x t e n s i v e  s t u d i e s  appear t o  have been made 

i n  t h i s  f i e l d .  

NATURAL VENTILATION RATE S 

S ince  the  d r i v i n g  f o r c e s  of n a t u r a l  v e n t i l a t i o n  a r e  

meteoro logica l  i t  i s  obvious t h a t  a  cons t an t  v e n t i l -  

a t i o n  r a t e  cannot be achieved.  Thus, even i f  a  s t an -  

dard  v e n t i l a t i o n  r a t e  f o r  a  given dwel l ing  were spec i -  

f i e d ,  dev ia t ions  from t h i s  r a t e  must be expected.  

These dev ia t ions  can be l a r g e  and l ead  t o  t he  problems 

of comfort and energy l o s s e s  desc r ibed  below. 

An example of t h e  s i z e  of t hese  v a r i a t i o n s  i s  given 

by measurements made i n  a  detached house (F ig .  2)  by 

B r i t i s h  Gas. The amount of a i r  e n t e r i n g  the  house 

has been e s t ima ted  from simultaneous t r a c e r  gas meas- 

urements i n  the  rooms(7) and t h e  p re l imina ry  r e s u l t s  

a r e  given i n  Fig. 4 a s  a i r  change r a t e  a g a i n s t  t he  

average wind speed a t  t he  time of t he  t e s t s .  Note 

t h a t  v i r t u a l l y  a l l  of t he  va lues  of a i r  change r a t e  

l i e  above 0,5  h''. The lowest  va lue  ob ta ined  occurred 

a t  a  wind speed of 2 .3  m/s wi th  a  n e g l i g i b l e  i n t e r n a l /  



e x t e r n a l  temperature d i f f e r e n c e .  Although i t  i s  

t h e o r e t i c a l l y  p o s s i b l e  f o r  t h e  a i r  change r a t e  t o  equa l  

zero ,  t h i s  i s  u n l i k e l y  t o  occur  i n  p r a c t i c e .  During 

the  h e a t i n g  season when the  house i s  hea t ed ,  the a i r  
- 1 

change r a t e  i s  probably u n l i k e l y  t o  f a l l  below 0.5 h  

Values more than  twice as  l a r g e  a s  t h i s  w i l l  occur  a t  

h igh  wind speeds and/or  low e x t e r n a l  tempera tures .  I t  

i s  under t h e s e  cond i t i ons  t h a t  problems w i t h  comfort 

and energy l o s s e s  a r e  l i k e l y  t o  be encountered.  Also,  

i t  must be remembered t h a t  t he  way i n  which the  f r e s h  

a i r  e n t e r s  i s  a l s o  important  and t h i s  can be s i g n i f i c -  

a n t l y  a l t e r e d  by a  change of wind d i r e c t i o n .  

+ Natural ventilation -House unsealed 
0 Mechanical ventilation -House unsealed 

Mechanical ventilation-Windows and 
doors sealed 

0 1 2 3 4 5 6 
Wind speed(m1s) 

FIG. 4 Na tu ra l  and mechanical v e n t i l a t i o n  r a t e s  i n  
BGC t e s t  house (pre l iminary  t e s t s )  

The problems a r i s i n g  from the  v a r i a t i o n s  i n  magnitude 

and d i r e c t i o n  of n a t u r a l  v e n t i l a t i o n  can i n  theory be 

so lved  by adopt ing  mechanical v e n t i l a t i o n .  However, 

t he  s o l u t i o n  i s  n o t  as  s imple a s  i t  might a t  f i r s t  

appear .  As w e l l  as  i n s t a l l i n g  the  mechanical systems 

i t  seems t h a t  a d d i t i o n a l  measures t o  s e a l  the  house 

w i l l  be  needed and t h i s  w i l l  add t o  t he  c o s t  of the  

i n s t a l l a t i o n .  Support f o r  t h i s  s t a t emen t  can be seen  

i n  (12) and a l s o  from r e c e n t  measurements made i n  t he  

t e s t  house by Watson House. The house i s  equipped 

w i t h  th ree  mechanical sys  terns, i . e .  e x t r a c t ,  supply,  



e x t r a c t  p l u s  supply. Fig. 4 shows the  a i r  change 

r a t e s  obta ined  w i t h  the  house i n  two cond i t i ons .  The 

f i r s t  cond i t i on  i s  t he  same a s  t h a t  used f o r  the  na t -  

u r a l  v e n t i l a t i o n  t e s t s .  For  t h e  second cond i t i on ,  

t he  windows and e x t e r n a l  doors were completely s e a l e d  

(one e x t e r n a l  door was p a r t i a l l y  s e a l e d ) .  Comparison 

of  t h e s e  r e s u l t s  w i t h  the  n a t u r a l  v e n t i l a t i o n  r a t e s  

shows t h a t  t he  i n s t a l l a t i o n  of mechanical v e n t i l a t i o n  

a lone  i n c r e a s e s  t h e  v e n t i l a t i o n  r a t e  s u b s t a n t i a l l y .  

A f t e r  t h e  a p p l i c a t i o n  of t h e  s e a l i n g  the  i n c r e a s e  i s  

s m a l l e r ,  b u t  the  v e n t i l a t i o n  r a t e s  w i th  the  mechanical 

systems a r e  s t i l l  g e n e r a l l y  h i g h e r  than  those  f o r  t he  

unsea led  house w i t h  n a t u r a l  v e n t i l a t i o n .  The reason 

f o r  t h i s  i s  t h a t  s e a l i n g  the  windows and doors  does n o t  

s u f f i c i e n t l y  reduce the  t o t a l  e f f e c t i v e  open a r e a  of 

t he  house ( a s  can be  judged from Table 1 ) .  The con- 

t r i b u t i o n  of background openings t o  t h i s  t o t a l  i s  

s i g n i f i c a n t .  Only by reducing  the  t o t a l  e f f e c t i v e  

open a r e a  t o  a  sma l l  va lue ,  such t h a t  t h e  mechanical 

systems gene ra t e  a l a r g e  p r e s s u r e  i n  t he  house, can t h e  

v e n t i l a t i o n  r a t e  by made independent  of wind speed and 

e x t e r n a l  temperature.  A t  t h e s e  r e l a t i v e l y  h igh  

p r e s s u r e s  i t  would be  e s s e n t i a l  t h a t  a  very  low t o t a l  

e f f e c t i v e  open a r e a  be achieved,  o therwise  a v e n t i l -  

a t i o n  r a t e  above t h e  optimum would occur.  This  would 

r e q u i r e  extreme s e a l i n g  m a s u r e s  and t h e  enforcement 

of s t r i n g e n t  s t anda rds  f o r  b u i l d i n g  cons t ruc t ion .  A 

very  good example o f  t h i s  i s  the  r e c e n t  work be ing  

c a r r i e d  o u t  i n  Sweden(9) on s e a l i n g  houses w i th  poly- 

thene s h e e t .  Although s u c c e s s f u l  i n  Sweden, i t  i s  

d o u b t f u l  whether such extreme measures would be  accept-  

a b l e  on grounds of c o s t  f o r  new houses i n  t h e  U.K. 

The leakage s t a n d a r d  which has  been adopted f o r  t h e s e  

houses i s  the  one l a b e l l e d  " a i r t i g h t "  i n  Fig. 3. 

With such a  t i g h t  c o n s t r u c t i o n  i t  becomes important  

f o r  t h e  v e n t i l a t i o n  r a t e  given by the mechanical system 

t o  be  c o r r e c t l y  s e t .  This  means r e g u l a t i n g  n o t  only 

the magnitude b u t  a l s o  the  d i r e c t i o n  of t he  v e n t i l a t i o n  

flows f o r  w i n t e r  and summer condi t ions .  The p o s s i b i l -  

i t y  of  having a  v e n t i l a t i o n  r a t e  which i s  too low 

becomes q u i t e  l i k e l y  and problems w i t h  condensat ion a r e  

probable.  An a i r  change r a t e  of 0.5 h-' has  been 



chosen f o r  t h e  houses i n  (9) and t h i s  va lue  seems t o  be  

r e a d i l y  achievable  by i n f i l t r a t i o n  a long  ( s e e  Fig. 4 ) .  

It i s  t h e r e f o r e  deba tab le  whether  t h e  p o t e n t i a l  advant- 

ages of t h e  Swedish system could be  j u s t i f i e d  on c o s t  

grounds i n  t h e  U.K. where t h e  w i n t e r  c l i m a t e  i s  more 

moderate and v e n t i l a t i o n  h e a t  l o s s e s  s m a l l e r .  I n  the  

U.K. i t  might be p r e f e r a b l e  t o  minimise t h e  adven t i t -  

i ous  openings i n  new dwell ings and accept  t he  smal l  

degree of c o n t r o l  o f f e r e d  by purpose-provided openings. 

F u r t h e r  r e s e a r c h  i s  needed t o  answer t h i s  ques t ion .  

IMPACT OF INFILTRATION ON DESIGN & COMFORT REOUIREMENTS 

It is  obvious t h a t  t h e  t o t a l  volume of f r e s h  a i r  

e n t e r i n g  a  dwel l ing  w i l l  i n f l u e n c e  t h e  magnitude of 

t h e  v e n t i l a t i o n  h e a t  l o s s ,  b u t  i t s  f lowpath through 

the  dwel l ing  and t h e  way i t  i s  in t roduced  i n t o  t h e  

l i v i n g  a r e a  a r e  e q u a l l y  important .  The way f r e s h  

a i r  i s  in t roduced  i n t o  t h e  l i v i n g  a r e a  i s  one of the  

d e c i s i v e  f a c t o r s  of whether des ign  thermal  comfort 

c r i t e r i a  w i l l  prove accep tab le  t o  t he  occupants  o r  i f  

h i g h e r ,  and t h e r e f o r e  w a s t e f u l  o f  energy,  temperatures  

w i l l  have t o  be  accepted  t o  combat l o c a l  sou rces  of 

d i scomfor t .  A i r  i n f i l t r a t i o n  and e s p e c i a l l y  i t s  

f lowpath through the  dwel l ing  a l s o  i n f l u e n c e  t h e  s i z i n g  

of space  cond i t i on ing  s y s  tems . 
S i z i n g  of C e n t r a l  P l a n t  and Emi t t e r s  
----W .............................. 

H i s t o r i c a l l y  i n  t h e  U.K., because of h igh  h e a t  l o s s  

through the  f a b r i c ,  t he  v e n t i l a t i o n  h e a t  l o s s  has  con- 

s t i t u t e d  only a  minor p a r t  of the  t o t a l  h e a t  l o s s .  

Any f l u c t u a t i o n  of  t he  i n f i l t r a t i o n  r a t e ,  due e i t h e r  t o  

a  change i n  t h e  wind speed o r  i t s  d i r e c t i o n ,  d i d  n o t  

unduly in f luence  t h e  performance of a  u s u a l l y  ove r s i zed  

system. With the  advent  of h i g h e r  l e v e l s  of  i n su l -  

a t i o n ,  combined wi th  a  d e s i r e  t o  limit t h e  l e v e l  of 

i n f i l t r a t i o n ,  t he  ba lance  has  changed and c a r e f u l  

cons ide ra t ion  w i l l  have t o  b e  given t o  t h e  s i z i n g  of 

t h e  c e n t r a l  p l a n t  and e m i t t e r s .  The p e n a l t y  of  des- 

i g n i n g  a system based on o p t i m i s t i c  f o r e c a s t s  of low 

v e n t i l a t i o n  r a t e s  t h a t ,  a s  has  been shown, a r e  d i f f i -  

c u l t  t o  achieve us ing  contemporary U.K. cons t s u c t i o n  



methods, i s  severe .  

Computer based s t u d i e s  c a r r i e d  o u t  a t  Watson House(4) 

have shown t h a t  an in f low r a t e  of 0.5 a i r  changes p e r  

hour i n s t e a d  of a  des ign  r a t e  of  0.2 a i r  changes p e r  

hour  w i l l  r e s u l t  i n  a  decrease  of temperature i n  a  

t y p i c a l  l i v i n g  room from 20°C t o  1 7 ' ~  on a  des ign  day 
0 

having  a  mean temperature of -1 C. 

I f  houses a r e  t o  be h i g h l y  i n s u l a t e d  b u t  n o t  " a i r  

t i g h t "  allowance i n  t he  s i z i n g  of h e a t  e m i t t e r s  w i l l  

have t o  be made f o r  a  r e l a t i v e l y  l a r g e  f l u c t u a t i n g  

component of the h e a t  l o s s  a s  r ep re sen ted  by the  i n f i l -  

t r a t i o n  h e a t  l o s s .  Measurements i n  t e s t  houses and 

t h e o r e t i c a l  p r e d i c t i o n s ( 4 )  have shown t h a t  the flow of 

f r e s h  a i r  through a  house i s  f a r  from even,  a s  i s  

assumed i n  s t anda rd  h e a t  l o s s  c a l c u l a t i o n s ,  The l a r -  

g e s t  f l u c t u a t i o n s ,  i . e .  a  change i n  d i r e c t i o n  from 

inf low t o  outf low can occur  q u i t e  r a p i d l y  and w i l l ,  by 

d e f i n i t i o n ,  be of opposing d i r e c t i o n  i n  d i f f e r e n t  

rooms. The adoption of i n d i v i d u a l  room temperature 

c o n t r o l  i s  a  l i k e l y  s o l u t i o n  t o  t h i s  problem. 

The r e s u l t  i s  e q u a l l y  d rama t i c  i f  low des ign  i n f i l -  

t r a t i o n  r a t e s  a r e  used i n  t h e  c a l c u l a t i o n  of  t h e  h e a t  

ou tput .  A n  o p t i m i s t i c a l l y  s i z e d  sys  tern when subjected 

t o  one a i r  change p e r  hour(4)  would have d i f f i c u l t y  i n  

a t t a i n i n g  i n t e r n a l  des ign  temperatures  even a f t e r  16 

hours  of  p l a n t  o p e r a t i o n  on a  des ign  day. 

Low Level  Draughts 
----m--------- --- 

Low l e v e l  draughts  a r e  u s u a l l y  a s s o c i a t e d  w i t h  o l d e r ,  

leaky and l e s s  i n s u l a t e d  houses.  A high  degree of 

i n s u l a t i o n ,  i f  n o t  a s s o c i a t e d  w i t h  ' k i r t i g h t "  con- 

s t r u c t i o n  and c o n t r o l l e d  v e n t i l a t i o n ,  could a l s o  be a  

cause of l o c a l  d i s c o d o r t  due t o  low l e v e l  draughts .  

I n  a thermal ly  w e l l  insulated e n c l a s u e  a  co ld  a i r  flow, 

genera ted  by i n f i l t r a t i o n  and augmented by convect ive 

c u r r e n t s  from mainly s i n g l e  g lazed  windows, could be 

the  dominant f o r c e  governing room a i r  movement p a t t -  

e rns .  Double g l a z i n g  i s  d i f f i c u l t  t o  j u s t i f y  econ- 

omica l ly  i n  t h e  U.K. c l imate .  The h e a t  e m i t t e r  w i l l  

be r e l a t i v e l y  much sma l l e r ,  n o t  cover ing  the whole 

width of the window. For c o s t  r ea sons ,  t he  now 

s m a l l e r  e m i t t e r  may be p laced  a g a i n s t  one i n s i d e  w a l l  



and thereby  aggrava te  t h e  s i t u a t i o n .  

I n  o r d e r  t o  e v a l u a t e  how low l e v e l  draughts  i n f l u e n c e  

t h e  s u b j e c t i v e  p e r c e p t i o n  of t he  o v e r a l l  thermal  envi r -  

onment, a s e r i e s  of c o n t r o l l e d  t e s t s  were conducted i n  

a t e s t  f a c i l i t y  a t  Watson House. 

As a f i r s t  s t e p ,  t o  ga in  an a p p r e c i a t i o n  of  t he  con- 

d i t i o n s  t h a t  a r e  l i k e l y  t o  occur  i n  t he  f i e l d ,  measure- 

ments of temperature and v e l o c i t y  p r o f i l e s  were made i n  

an occupied house. A s  an example, measurements i n  t h e  

l i v i n g  room on a mild day a r e  shown i n  Fig. 5. The 

r e s u l t s  i n d i c a t e  t h a t  t h e r e  i s  a d e f i n i t e  c u r r e n t  of 

c o l d e r  a i r  up t o  a h e i g h t  of  0 .3 m from the  f l o o r .  

The boundary between t h e  c u r r e n t  and t h e  r e l a t i v e l y  

s t i l l  a i r  i s  c h a r a c t e r i s e d  by l a r g e  low frequency 

f l u c t u a t i o n s  i n  t h e  v e l o c i t y  of up t o  0.35 m/s .  The 

e f f e c t  of having  the  c u r t a i n s  c losed  i s  t o  reduce t h e  

mean v e l o c i t y  of t h e  co ld  c u r r e n t ,  b u t  a t  t h e  c o s t  of 

having  a l e s s  uniform temperature p r o f i l e  (compare pro- 

f i l e s  A1 and A2). I n  t h e  c e n t r e  of the  room, v e l o c i t y  

p r o f i l e s  were g e n e r a l l y  found t o  be  s i m i l a r  t o  p r o f i l e  

A2 b u t  t he  temperature more uniform ( p r o f i l e  B ) .  Sim- 

i l a r  va lues  were con£ irmed by measurements taken i n  a 

f u r n i s h e d  t e s t  house. The conclus ion  t h a t  can be  

drawn from these  r e s u l t s  i s  t h a t  even i n  r e l a t i v e l y  

mild c l i m a t i c  cond i t i ons ,  w i t h  t he  windows and doors 

weathers  t r i p p e d ,  co ld  c u r r e n t s  having v e l o c i t i e s  

between 0 .1  and 0.2 m/s and of  temperatures  between 

17 and 1 9 ' ~  can be  encountered a t  ankle  h e i g h t  i n  w e l l  

hea t ed  rooms (mean tempera tures  21°C). 

The c o n t r o l l e d  experiments  were c a r r i e d  o u t  i n  t h e  

exper imenta l  Cont ro l led  Temperature Room a t  Watson 

House. Condit ioned a i r  was d i s t r i b u t e d  through t h r e e  

low l e v e l  g r i l l e s  s o  a s  t o  achieve  a uniform c u r r e n t  of 

a i r  ac ros s  t h e  room up t o  a h e i g h t  of 0 . 3  m. 

Two s e r i e s  of t e s t s  were undertaken.  I n  t h e  f i r s t  

s e r i e s  the e f f e c t s  of f o u r  draught  temperatures  (16,  

18, 21  and 23 '~ )  a t  a cons t an t  v e l o c i t y  of 0 .2  m / s  

were i n v e s t i g a t e d ,  and i n  t h e  second t h r e e  lower ve l -  

o c i t i e s  (0.05, 0 . 1  and 0.15 m/s) a t  two temperatures  

(21  and 23 '~)  were used. For a l l  of t h e  t e s t s  t he  

mean room temperature ( a i r  and globe)  was kep t  a t  a 

nominal 2 3 ' ~ ~  I n  each s e r i e s  of t e s t s  twelve male 



FIG. 5 Ve loc i ty  and temperature p r o f i l e s  i n  a  l i v i n g  
room. E x t e r n a l  temperature gOc, mean wind speed 3 m / s  
p a r a l l e l  w i th  house, window and e x t e r n a l  door weather- 
s t r i p p e d ,  mean r a d i a t o r  temperature 4 5 ' ~  (under window) 
A 1  - 0.5 m from door,  c u r t a i n  open 
A2 - 0.5 m from door,  c u r t a i n  c losed  
B - c e n t r e  of room, 1.75 m from window, c u r t a i n  c lo sed  

and twelve female s u b j e c t s ,  two a t  a  t ime,  were exposed 

t o  each  t e s t  cond i t i on .  The t e s t s  l a s t e d  one hour  and 

t h e  s u b j e c t s  were r eques t ed  t o  wear s i m i l a r  c l o t h i n g  

throughout t h e  experiment .  At t h e  end of each s e s s i o n  

t h e  s u b j e c t s  were asked t o  r eco rd  t h e i r  vo te  i n  respon- 

s e  t o  a  s e t  o f  ques t ions .  

The environment around t h e  f e e t  was a s ses sed  on a  

seven p o i n t  Bedford s c a l e .  The d i s t r i b u t i o n  of the 
11 foot"  vo te  f o r  bo th  s e r i e s  of t e s t s  i s  shown i n  F ig .  

6. The d i s t r i b u t i o n  shows t h a t ,  a s  expected,  the  

p ropor t ion  of vo te s  of "comfortable" (vo te  4) i s  

g r e a t e r  t h e  h i g h e r  t h e  draught  temperature.  F ig .  7 

shows the  c a l c u l a t e d  r e g r e s s i o n  l i n e  r e l a t i n g  the f o o t  

vo te  w i t h  the temperature of the  s imula ted  draught  f o r  

the  f i r s t  s e r i e s  of t e s t s .  The graph i n d i c a t e s  t h a t  

t o  achieve  optimum thermal comfort cond i t i ons  (vote  4) 

a t  f o o t  l e v e l  f o r  a  draught  v e l o c i t y  of 0.2 m/s men 

r equ i r ed  a  temperature of 2 4 ' ~  and women 26 '~ .  The 

d i f f e r e n c e  could probably be  expla ined  by a  d i f f e r e n c e  
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FIG. 6 D i s t r i b u t i o n  of f o o t  v o t e s ,  Bedford s c a l e ,  
f o r  d i f f e r e n t  draught  tempera tures  and v e l o c i t i e s .  
Bedford sca l e :  1 - much too cool ;  2 - t oo  cool ;  3 - 
comfortably cool ;  4 - comfortable;  5 - comfortably 
warm; 6 - too  warm; 7 - much too  warm 

i n  t h e  c l o t h i n g  ensemble. For t h e  second s e r i e s  of 

t e s t s  a t  lower v e l o c i t i e s  on ly  s l i g h t l y  lower temper- 

a t u r e s  were obta ined .  Analys is  of d a t a  of t he  second 

s e r i e s  of t e s t s  showed t h a t ,  a l though the  assessment o f  

the  environment around the  f e e t  depended more on t e q -  

e r a t u r e  than  v e l o c i t y ,  even s l i g h t  a i r  movements around 

t h e  f e e t  could be a cause of d i scomfor t  a t  temperatures  

t h a t  would o the rwi se  be  cons idered  w i t h i n  the  comfort 

range.  

The s u b j e c t s  were a l s o  asked t o  a s s e s s  t he  o v e r a l l  

thermal  environment on a seven p o i n t  Bedford s c a l e .  

The room temperature,  as p r e v i o u s l y  mentioned, had 

been k e p t  a t  a nominal va lue  of 2 3 O ~  globe temperature 

throughout  t h e  experiment .  When the  o v e r a l l  vo t e  i s  

p l o t t e d  a g a i n s t  t h e  f o o t  vo te ,  s e e  F ig .  8, i t  i s  

apparent  t h a t  t h e  o v e r a l l  assessment i s  dependent on 

the  condi t ions  a t  f o o t  l e v e l .  These r e s u l t s  show 

t h a t  a l though the  g r e a t e r  p a r t  o f  t h e  body was exposed 

t o  an optimum thermal environment,  a l o c a l  source  of 

d i scomfor t ,  low l e v e l  draughts  caused by i n f i l t r a t i o n  

and co ld  convec t ive  c u r r e n t s ,  can be a predominant 
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FIG. 7 Calculated regression l i n e  of foo t  vote 
aga ins t  draught temperature. (R = 0.303, 9 3  degrees 
of freedom, s ignif icance l eve l  p .< .0005) 

f ac to r  influencing the assessment of the overa l l  

thermal environment, i . e .  when f e e t  are  cold, the 

person w i l l  f e e l  cold overal l .  

Draught velocity c O.lSm/s Draught velocity O-Zm/s 

Size of circle U No. of votes 

Foot vote (L) Foot VOt4 (L) 

FIG. 8 A p l o t  of overa l l  vote against  f oo t  vote 

Operation of Ventilation/Warm A i r  Sys terns - ............................... 
Law l e v e l  draughts, as a source of l o c a l  discomfort 



and t h e r e f o r e  a  p o t e n t i a l  sou rce  of excess  energy con- 

sumption, may n o t  au toma t i ca l ly  be  e n t i r e l y  e l imina ted  

by t h e  i n t r o d u c t i o n  of mechanical  ven t i l a t i on /warm a i r  

h e a t i n g  systems. One obvious source  of d raugh t s ,  

r e f e r r i n g  t o  t h e  r e s u l t s  p re sen ted  i n  t h e  previous  

chap te r ,  i s  the  i n t r o d u c t i o n  o f  a i r  i n t o  rooms a t  in-  

s u f f i c i e n t  temperatures .  

Venti la t ion/warm a i r  h e a t i n g  systems i n  t h e  U.K. a r e  

u s u a l l y  opera ted  i n t e r m i t t e n t l y ,  e i t h e r  throughout  t h e  

whole c o n t r o l  range o r  a t  low load  cond i t i ons  of 

o therwise  modulat ing systems. I n t e r m i t t e n t  a i r  

i n j e c t i o n  i n t o  rooms, i . e .  on-off c o n t r o l  of t h e  supply 

f a n ,  could r e s u l t  i n  d iscomfor t  due t o  the  re-estab- 

l i shment  of i n f i l t r a t i o n  draughts  du r ing  the  "off"  

p e r i o d  of t he  c o n t r o l  cyc l e .  To combat d iscomfor t  

du r ing  t h i s  p e r i o d  the  occupants  may take  a c t i o n  by 

a 1  t e r i n g  the  thermos t a t  s e t t i n g  and thereby bo th  

r a i s i n g  the  temperature and sho r t en ing  the  "off" 

pe r iod .  The c r i t i c a l  f a c t o r  governing the  response 

of t h e  occupants i s  the  time r equ i r ed  f o r  t he  j e t  sen- 

e r a t e d  room a i r  movement p a t t e r n  t o  become e s t a b l i s h e d  

and t o  decay. 

The s tudy  of  i n t e r m i t t e n t  a i r  i n j e c t i o n  i n t o  rooms 

is  be ing  sponsored by B r i t i s h  Gas Corporat ion a t  t h e  

Cranf i e l d  I n s t i t u t e  of Technology. P re l imina ry  

s t u d i e s  of two-dimensional, i so the rma l ,  p l ane  w a l l  j e t s  

i n t e r m i t t e n t l y  i n j e c t e d  i n t o  a  t e s t  chamber have been 

completed(l4) .  F ig .  9 shows the  j e t  growth and decay 

a t  a d i s t a n c e  of 3.5 m from the  a p e r t u r e .  As can be  

seen  c i r c a  60 seconds have t o  e l a p s e  b e f o r e  t h e  j e t  

has  b u i l t  up t o  s t eady  s t a t e  cond i t i ons .  The decay 

i s  more r a p i d ,  r e q u i r i n g  only  40 seconds t o  reach s t i l l  

cond i t i ons  . Flow v i s u a l i s a t i o n  techniques have shown 

t h a t  t he  time f o r  t o t a l  room a i r  movement t o  a t t a i n  a  

s t eady  s t a t e  d i d  n o t  exceed 75 seconds. Although the  

t ime w i l l  vary  w i t h  the  shape,  s i z e ,  room f u r n i t u r e  

and w i l l  be  i n f luenced  by convect ive c u r r e n t s  genera ted  

by co ld  w a l l  s u r f a c e s ,  r a d i a t o r s ,  e t c .  t h e  p re l imina ry  

r e s u l t s  i n d i c a t e  t h a t  t he  i n t e r v a l  t h a t  t he  supply f a n  

can be "off"  is r e l a t i v e l y  very  s h o r t ,  i f  i n f i l t r a t i o n  

draughts  a r e  t o  b e  suppressed.  
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FIG. 9 J e t  growth and decay of a  two-dimensional, 
i so the rma l  p lane  w a l l  j e t  i n t e r m i t t e n t l y  i n j e c t e d  i n t o  
a t e s t  chamber ( 4 . 8  X 2.45 X 2.45 m) a t  a  r a t e  of 8 
a i r  changes pe r  hour  

CON CLUS IONS 

I n  f u t u r e  we l l - i n su la t ed  dwel l ings  more a t t e n t i o n  

w i l l  have t o  be p a i d  t o  i n f i l t r a t i o n .  The h e a t  l o s s  

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

component o f  t he  t o t a l  h e a t  l o s s .  Any underes t imate  

of t he  magnitude of  t he  i n f i l t r a t i o n  r a t e  i n  t h e  s iz ing  

of h e a t  e m i t t e r s  and c e n t r a l  p l a n t  could l e a d  t o  t h e  

f a i l u r e  of space  cond i t i on ing  s y s  terns t o  achieve  des- 

i g n  cond i t i ons  . 
Low l e v e l  draughts  2re  caused by i n f i l t r a t i o n  and 

experiments  have shown t h a t  even s l i g h t  a i r  movements 

around the  f e e t  (up t o  0 .2  m/s) could be  a  cause of 

discomfort  a t  d raught  temperatures  t h a t  would o ther -  

wise  be cons idered  w i t h i n  t h e  comfort range. The 

experiments  a l s o  i n d i c a t e  t h a t  t h e  assessment  of the  

o v e r a l l  environment i s  dependent on cond i t i ons  a t  f o o t  

l e v e l .  F a i l u r e  t o  suppress  low-level draughts  can 

t h e r e f o r e  be a  cause of excess  energy usage. I f  low- 

l e v e l  draughts  a r e  t o  be suppressed  by mechanical 

ven t i l a t i on lwarm a i r  systems o p e r a t i n g  i n t e r m i t t e n t l y ,  

t he  systems should ope ra t e  w i t h  s h o r t  "off"  pe r iods .  



I n  some c o u n t r i e s  s t anda rds  have a l r eady  been i n t r o -  

duced t o  reduce i n f i l t r a t i o n .  I f  s i m i l a r  s t anda rds  

were in t roduced  i n t o  the  U .K.,  measurements of  leakage 

r a t e s  i n  present-day houses i n d i c a t e  t h a t  c o n s t r u c t i o n  

techniques  would have t o  be  cons iderably  improved t o  

s a t i s f y  them. With mechanical v e n t i l a t i o n  s y s  terns 

such measures have t o  be adopted t o  minimise a d v e n t i t -  

i ous  openings,  as i l l u s t r a t e d  by r e c e n t  developments i n  

Sweden w i t h  " a i r - t i g h  t" houses.  These measures might 

n o t  be  accep tab le  on c o s t  grounds i n  more moderate 

c l ima te s  and t h i s  c a s t s  doubt on t h e  use  of mechanical 

v e n t i l a t i o n  systems i n  f u t u r e  housing.  A cheaper ,  b u t  

l e s s  e f f e c t i v e  a l t e r n a t i v e  i s  t o  minimise t h e  advent- 

i t i o u s  openings and s u b s t i t u t e  purpose-provided open- 

i n g s  where necessary .  Th i s  removes the  u n c e r t a i n t i e s  

about  t he  s i z e  of  a d v e n t i t i o u s  openings and g ives  some 

degree of  c o n t r o l  over  t h e  magnitude of t he  n a t u r a l  

v e n t i l a t i o n  r a t e  and the  p l a c e s  a t  which a i r  e n t e r s .  

The va lue  of t h i s  needs t o  be  a s se s sed .  
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