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NATURAL VENTILATION BY DESIGN 

REQUIREMENTS FOR VENTILATION 

G.W. Brundrett 
Elec t r ic i ty  Council Research Centre, C-nhurst, Chester, CHl W. 

Ventilation c r i t e r i a  are viewed i n  terns of both the  building and the  occu- 
pants. Moisture control is necessary t o  preserve the  building fabric .  
The occupants have additional sens i t iv i ty  t o  chemical contamination such as  
odours and cigaret te  m k e .  Cr i te r ia  can be expressed i n  minimum accept- 
able concentrations for  health reasons, o r  even lower concentrations fo r  
comfort. The ventilation needed t o  met these c r i t e r i a  is derived frcm a 
knuwledge of the  generation rate of the pollutant,  the  effectiveness of 
ventilation mixing, the  characteris t ics  of the  fresh air supplied, and the  
tenperature of t he  occupied room. 

INTRODUCTION 

Contaminants can build up inside sealed buildings t o  create discomfort f o r  the  occupants and, i n  
the long term, can both affect  t h e i r  health and spoi l  the  in tegr i ty  of t he  building fabric .  Fresh 
a i r  is therefore necessary to d i lu t e  these c o n t d n a n t s  t o  an acceptable level.  This paper reviews 
the wntaminants individually and then, i n  terns of overall design, collectively. . 
CONTAMINANTS 

Carban dioxide 

Breathing is controlled primarily by the  carbon dioxide concentration i n  the  lungs ((Bell et al. (1)).  
When inspired air contains approximately 2% by v o l m  of carbon dioxide, then the  depth of breathing 
inc reees .  When the concentration reaches 3-5% by v o l w ,  there  is a conscious need fo r  increased 
respiratory ef for t  and the breathing rate increases and the  atmsphere becares objectionable. Con- 
centrations over 6% are  dangerous. The rmximum allowable concentration fo r  8 hour exposures for  
healthy adults  is 0.5% by volume. 

The usual source of carbon dioxide is the  occupants thenselves. 'Ihe generation rate is direct ly 
proportional t o  t he  nunber of people and the i r  act ivi ty.  The ventilation needed for  carbon dioxide 
dilution is i l l u s t r a t ed  i n  Table 1 (BS 5925: 1980 (2)).  

TABLE 1 - Outdoor air requi2emnts for  respiration (BS 5925: 1980) 

Metabolic Requiremnts for  R e q u i m n t s  for  

Activity r a t e  oxygen ( 16. % 02 carbon dioxide 
in expired a i r )  at 0.5% by volume 

(watt.: .) (m3/h) (SP) 
1 

Seated quiet ly 100 0.36 2.9 

Light work 160-320 0.7-1.1 4.7-9.4 

Moderate work 320-480 1.1-1.3 9.4-14 

Heavy work 480-650 1.8-2.5 

Very heavy work 650-800 2.5-3.2 

Flueless heating appliances are also a source of carbon dioxide. A 3 kW paraffin heater is equiv- 
alent t o  20-33 people i n  the room (BRE D i g e s t  No. 206 (3 ) ) .  
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Odours 

Healthy, clean people give off odours even inmediately a f t e r  a bath (Yaglou e t  al. (4) ) . Such 
odows are not knm t o  be m u 1  but can be unpleasant and diminish appetite. Odour generation 
is proportional t o  the s ize  of the adult (Lehrrberg e t  al. (5)) and the t i r ~  elapsed since the last 
bath. Children younger than 14 years old are mre powerful generators than adults (Figure 1).  

Odour concentration cannot always be measured chemically and so enpirial ventilation rates are 
prescribed. An unusual feature of body odours which distinguishes them from sinple chemical 
odours is that  acceptability is influenced both by concentration and by personal space. Much m r e  
fresh air is needed as the personal space declines (Figure 2).  

Enpirical data suggests a rrdninnm~ a i r  extract ra te  from the W.C. should be 20 cu. metres per hour 
(BRE Digest 170 (6) ) . 
!?!s&!3 
In norrndl cigarette smking, m r e  tobacco burns during the smulder period and escapes t o  the roan 
than during the inhaling period, when the m k e r  absorbs the &ustion products himself. This 
sidestream snolce requires dilution (Brundrett (7) ) . 
While the tobacco type, its t rea tmnt ,  the cigarette s ize  and smoking pattern axe very varied, an 
approximate value of XI$ of fresh air is needed t o  dllute the sidestream m k e  frcm a cigarette t o  
an acceptable air quality. Since the average British smker cons- 1.3 cigarettes an hour, then 
a fresh air a l l m c e  of 26 m3/h is needed for each smoker. In small offices, the probability of 
an office containing nrainly smkers is high and so t h i s  fresh air is needed for  each occupant. In 
large offices of 50-100 occupants, it can be ass& that  the population in the office w i l l  reflect  
the normal adult population, of which half w k e .  The ventilation ra te  can therefore be halved, 
since only half the occupants wi l l  be expected t o  smke (Halfpenny & Starre t t  (8)). I f  the cigar- 
e t t e  consmption is kncwn t o  be much lower or  much higher, then appropriate changes in the ventila- 
tion ra te  wi l l  be necessary. Experience suggests that  the values given i n  Table 2 are adequate for 
Britain (CIBS (9)) .  

TABLE 2 ' - 'Veritilatidri 'to 'dilute 'cigsuiette 'Srirjke 

. , . , . . . . . . . . . . . ,  . . . . . . . . . . . . .  . . . . . . . . . . ,  . . . . . . . . . . . . . . . . . .  

Minimum Recomnended 
Snaking spa* outdoor a i r  outdoor air 

m3/h per person $/h per person 

SOIE open plan office 18 29 

heavy private offices 29 . 43 

very heavy board room 65 90 

h e r  quantities of fresh air introduce i r r i t a t ion  t o  the eyes and respiratory,passages. When th i s  
occurs, there is the r i s k  that  the nraxirmm pemdtted concentration of acrolein has been exceeded 
(Figure 3). 

Moisture 

Moisture has two kinds of effect. The f i r s t  is related t o  relat ive humidity, while the second is 
related t o  vapour pressure. 

Organic mteriaLs such as  wool, paper, cotton and leather, absorb mistm as a function of the rel- 
ative humidity in  the atrmsphere (Hearle & Peters (10)). If t h i s  relat ive humidity lxxams low, 
then fabrics becan? less flexible and less electrically conducting. Electrostatic shocks can be 
expected from walking on carpets when the relat ive humidity f a l l s  below 40% (Brundrett (11) ) . When 
the relat ive humidities r i s e  above m, then fabrics become darrp t o  the touch (Lake & Lloyd-Hughes 
(12)), mould spores can develop (Brundrett & Onions (13)), and house mltes thrive (Cunnington (14)). 
Unfortunately, the relat ive humidities involved are those hnediately adjacent t o  the fabric rather 
than the bulk air in  the centre of the room. 'Ihis mans, for  exanple, that  wallpaper on a cold 
w a l l  could have very hi& relat ive hmidi t ies  irrmdiately adjacent t o  it, while the values in the 
room centre are lm. In practice, mis tu re  problem are avoided i f  the bulk a i r  in the roan does 
not r i s e  above X% relat ive humidity (HNB (15)). 

mysiological factors such as dry throats, cracking skin, and sultr iness,  depend more upon the abso- 
lute water vapour Pressure. While work is linrited i n  t h i s  area, i l lustrat ions of these relation- 

2 
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ships are given in Ngure 4 (Brundrett (16)). The generation rate of m i s t u r e  within the house is 
sumwised  in Table 3 according t o  ac t iv i ty ,  and is typical ly 7 kg a day unless clothes are dried 
in the  house, when t h i s  value is doubled (Loudon (17)). Ventilation r e q u i m n t s  needed t o  prevent 
excessive re la t ive  humidity depend on both the  m i s t u r e  generation rate i n  the  house and the mis- 
ture  content i n  the outdoor air. The m i s t u r e  i n  the outdoor air depends i n  turn upon the  outdoor 
air tenperature (Ngure 5)  (Heap (18)). This mans tha t  f o r  a constant m i s t u r e  generation ra te  in  
the  house, t he  venti lat ion w i l l  need t o  increase progressively with outdoor temperature t o  m;clntain 
a chosen re la t ive  h w d i t y  (Figure 6). bcal  extraction of m i s t u r e  vapour at source, such a s  with 
a cooker hood, o r  any form of dehumidification, could signif icantly reduce t h i s  ventilation require- 
m n t  (Brundrett (19)). 

TABLE 3 - Moisture generation rates i n  f ive  person hod& (budon 1971) 

Activity Generation rate . . . . . . . . .  

Moisture from the occupants 1.7 kg/day 
(perspiration and respiration) 

Clothes washing 0.5 kg/day 

Clothes drying 5 k g / d a ~  

Baths and washing . . 

Daily average 7.2 kg/day 
14.4 kg on washday 

Radon - 
Minute traces of uranium are present in mst rocks, s o i l s  and ummn building nraterials. Uranim 
is radioactive and decays down t o  a s tab le  lead isotope. One of the  products of t h i s  chain is the 
gas radon. Radon has a half-life of 3.8 days, which is suff ic ien t  f o r  it t o  diffuse from building 
materials and from the  sub-soil underneath a house in to  the  buildings. The radon gas decornposes 
in to  four short-lived daughters, which can be inhaled. Inhaled dau&ters can decay within the  lung 
and could increase the  incidence of lung cancer (Davies (!XI), Doll & Hi l l  (21)). The health r i s k  
is proportional t o  the  radon concentration and the t b  exposed t o  it (Table 4).  Present evidence 
suggests t ha t  the  minimun ventilation rate for  a house i n  Bri tain should be 0.2 air changes an hour. 

TABLE 4 - IVedicted l a g  cancer incidence i n  the  UK due t o  environmentsil 22% daughter conaintra- 
t ions as the  man winter (7 mnths)  venti lat ion r a t e  is reduced: the  s m r  (5 mnths)  man ventil- 
ation r a t e  is a s s m d  t o  be constant at 2 a i r  changes per hour 

Winter Mean Lung cancer N u m b e ~  of cigarettes m k e d  
ventilation population incidence predicted per week t o  give t he  same 

rate exPosure per 106 population lung cancer incidence 

h-I WLM y-I Per Year (Dei-ived from Ref. 20) 

VENTILATION REQUIREMENTS FOR DESIGN 

The four design factors  are: 
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1. extract  contaminants at source 
2. venti late  for  the worst pollutant 
3. avoid by-passing of the  supply and extract  a i r  
4. control the  flaw route 

When the  sources of pollution are known, the  f i r s t  design requiremnt is t o  r m v e  as much as pcs- 
s ib l e  at source. Once t ha t  is done the generation r a t e s  of the  pollutants in to  the  room can be 
estimated. Fnr a l l  prac t ica l  purposes, the  ccmron pollutants can be considered t o  be independent 
of each other. The venti lat ion needed f o r  each pollutant should then be calculated and the highest 
ventilation rate chosen. When air is supplied a t  law ra tes ,  it slawly but intimately mixes with 
the room a i r .  The re la t ive  positions of the  in l e t  and out le t  grilles are not very important. H w -  
ever, a t  high venti lat ion ra tes ,  s o m  correction is needed for  the  inefficiency of the  air mixing. 
The chances of short-circuiting increase with the  higher.ventilation r a t e s  and mre care is needed 
i n  positioning and d is t r ibut ing  the i n l e t  and extract air (Yaglou & Witheridge (22)). 

Mnally, while i n  general it is desirable t o  provide each room with fresh a i r ,  exceptions can be 
W e  for  buildings such as houses. The conventional house has two types of rooms, clean residen- 
tial room and service m m .  The residential  room, which include l i v ing  roans and bedroom, can 
be supplied with fresh air t o  ensure pleasant conditions during the  long periods these rooms are 
occupied. Hawever, t he  service room such as kitchen, bathroom and t o i l e t ,  are occupied fo r  shor- 
ter periods and it is the  t rad i t ional  approach i n  mechanically ventilated houses t o  supply the  fresh 
air t o  the clean room and extract  the  same a i r  from the kitchen and other service areas. Routing 
the air t h i s  way saves mch ventilation. 

FUTURE NEEDS 

As the  importance of venti lat ion becomes rewgnised, we w i l l  need t o  strengthen f ive  weaknesses. 
The f i r s t  is t o  re f ine  the  ventilation c r i t e r i a .  Most work has concentrated on the adult popula- 
t ion and f o r  eigfrt hour exposure as i n  a working day. Buildings can contain children, the  elderly 
and the infirm, and often for  continuous occupancy. More research is needed t o  assess su i tab le  
c r i t e r i a  fo r  these c o m n  circumstances. 

The second is the need f o r  s inple sensors which w i l l  guide the  occupants of the building on whether 
o r  not they have gross under- o r  over-ventilation. The need fo r  such i n s t m n t a t i o n  is strongest 
for  those pollutants such as radon o r  carbon mnoxide, o r  carbon dioxide, which the occupants them- 
selves cannot sense. Hawever, law & detection of the  m r e  recognised pollutants, such as cigar- 
e t t e  m k e  o r  m i s t u r e ,  could be valuable as the s t a r t i ng  point for  mre advanced energy saving 
controlled venti lat ion schemes. 

The t h i r d  is an educational exercise t o  s h w  the importance of r m v i n g  w n t d n a n t s  a t  source. ' 

?his includes cooker hoods venting t o  t h e  outside t o  remve m i s t u r e  and odours, and a lso  proper 
use of venting k i t s  f o r  appliances such as  tw33le dryers. It also includes the dangers of unflued 
heaters. 

The fourth is recognition of the  importance of the ventilation route. In m y  circumstances, the 
fresh air can be designed t o  serve two purposes. In a house, fo r  example, i f  fresh air is intro- 
duced in to  the l iv ing  room t o  d i lu te  body odours, the same a i r  can be extracted f m  the kitchen, 
taking with it the added m i s t u r e  and cooking mlls. 

m e  f i f t h  is the developmnt of al ternat ive mthods of lowering the pollution concentration. Re- 
search is already exploring deodorising techniques t o  r m v e  o r  destroy d o d o r a n t s  and advanced 
dehumidification techniques t o  solve m i s t u r e  problem. 

CONCLUSION 

Ventilation is necessary t o  d i lu t e  c o m n  contaminants t o  acceptable concentrations for  health and 
canfort,  and t o  protect buildings. 

The venti lat ion requirements a re  rriainly a function of the  generation r a t e  of the  pollutant and the 
maximum allowable concentration. Unoccupied buildings need a m i n h m  ventilation r a t e  t o  prevent a 
build-up of radon. This is d n l y  a function of the building materials. The rrdnimum for  occupied 
buildings depend. upon the  carbon dioxide generation. This generation is direct ly related t o  act i-  
vi ty level.  Cigarette m k e  is proportional t o  the  cigaret te  consumption although the  cr i te r ion  of 
acceptability varies f m  the  relat ively sensi t ive one of a v i s i t o r ,  t o  the  much less sensi t ive one 
of a smker.  Body odours a re  unusual i n  being related not only t o  t he  elapsed time since the  last 
bath, but also t o  the  allocated volume of personal space. Designing f o r  m i s t u r e  control is the 
mt d i f f i c u l t ,  s ince it is a wnplex function, not only of the outdoor vapour pressure and the  in- 
door m i s t u r e  generation r a t e  and lwa t ion ,  but also of the temperatures of individual parts  of the 
moms, which should renrain above the  a i r  dew point. 



NATURAL VENTILATION BY DESIGN 

Further work is needed on ventilation routes so that  fresh air can be introduced t o  the l iving 
rooms and extracted from the service roans, which are usually more contaminated. Separate fresh 
air supply is then not necessary i n  the service room. The air f l m  is then in opposition t o  the 
contaminant gradient. More attention must be paid t o  local contamination control. 'Ihis includes 
cooker hoods and vented clothes dryers t o  prevent moisture and odows escaping into the roan. It 
also includes dehumidifiers, which can not only reduce the ventilation r e q u i m n t  but also trans- 
duce latent heat into sensible heat. 
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NATURAL VENTILATION PRINCIPLES IN DESIGN 

PETER J JACKMAN 
Building Services Research and Information Association 
Head of IEA Air In f i l t r a t i on  Centre 

The requirement for  be t te r  methods of predicting i n f i l t r a t i on  and natural 
vent i la t ion ra tes  has been reinforced by the incentive t o  reduce energy 
consumption in buildings. 

\ 
Natural vent i la t ion i s  basically dependent on the e f fec t s  of wind and 
temperature difference and on the resistance t o  airflow through the building. 
These fac tors  are  discussed in detai l  and those areas requiring fur ther  
study are  highlighted. 

Some calculations of the e f fec t  of applying controlled natural ventilation 
and mechanical vent i la t ion i l l u s t r a t e  the potential energy savings of such 
measures. 

INTRODUCTION 

As f a r  back as 1850, the fundamentals of ventilation design were given by Walker who announcddl: 

( i )  windows were t o  admit l i gh t ;  ventilation should be catered fo r  separately. 

( i  i  ) both i n l e t s  and out le t s  were necessary. 

( i i i )  incoming a i r  should be warmed to  avoid draughts. 

( i v )  i n l e t s  and out le t s  should be well dis t r ibuted.  

( )  venti la t ing openings should be permanent, real is ing tha t  once closed they will remain 
closed. 

I t  i s  not easy to  find f au l t  with such fundamentals but the major problem in applying these over 
the years has been t o  predict quant i ta t ively the s ize and dis t r ibut ion of ventilation i n l e t s  and 
out le t s  t o  ensure an adequate fresh a i r  supply when relying on natural forces. 

In the past the design emphasis for  naturally ventilated buildings was two-fold. F i r s t ,  to  
provide suf f ic ien t  open o r  openable area t o  f a c i l i t a t e  adequate vent i la t ion.  Second, t o  determine 
the vent i la t ion heat loss  under winter design conditions and so enable i t  t o  be taken into account 
when sizing the main boi ler  plant and individual heat emitters.  

The basis f o r  the selection of the required openable area, whettier vents o r  windows, seems to  have 
been mainly a  matter of judgement gained from experience, perhaps backed up by the use of basic 
information such as tha t  in the Bri t ish Standard Code of Practice CP3 pub1 ished in 19502. 

The general recommendation tha t  the absolute minimum openable window area should be 5% of the room 
floor  area appears t o  stem from a s imilar  recommendation by Bedford3 in 1948, and i s  the same as 
the value fo r  the area of ventilation openings specified f o r  habitable rooms in the Building 
Regulations4. In pract ice,  however, the range of variation was considerable as may be judged from 
a survey of naturally ventilated off ices5 in 1964 which revealed a  variation in  the proportion of 
openable window area t o  f loor  area from 33 t o  27%. 

More specif ic  information has been derived for  the calculation of ventilation or  i n f i l t r a t i on  heat 
loss a t  specif ic  design conditions. One method involves the assumption of an appropriate ra te  of 
a i r  change fo r  the part icular  type of building and i t s  expected use. Recommended a i r  change rates 
are tabulated in the CIBS guide6. A more detailed method also presented in the CIBS Guide, uses 
known relationships between leakage r a t e  and pressure d i f fe ren t ia l  for  components such as windows, 
doors and vents. These relationships are  applied for  pressure d i f fe ren t ia l s  generated by wind or  
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stack e f fec t s  a t  the selected design condition. 

IMPLICATIONS OF ENERGY CONSUMPTION 

The requirement t o  reduce energy consumption has changed the design emphasis so tha t  i t  i s  now 
necessary t o  ensure not only t ha t  an acceptable level of vent i la t ion i s  provided but a lso t ha t  the 
vent i la t ion ra te  throughout the season i s  a t  o r  as l i t t l e  as possible above the minimum acceptable 
level.  Seasonal energy consumption has become a major c r i te r ion .  

The significance of vent i la t ion in relat ion t o  energy consumption has also increased because of 
the change in the r a t i o  of fabr ic  t o  ventilation heat loss  brought about by the application of 
improved standards of thermal insulation. As shown in Figure 1 ,  the proportion of vent i la t ion 
heat loss t o  the t o t a l  fo r  a heating season has typical ly  r isen from l e s s  than 25% fo r  an older 
dwell ing t o  about one half f o r  a we1 1-insulated house. 

This increased significance and the need t o  minimise seasonal energy consumption has led t o  a 
requirement f o r  more re l iab le  and accurate methods of predicting a i r  i n f i l t r a t i on  and vent i la t ion 
rates  and the associated energy losses. These methods need on the one hand t o  be soundly based 
on the principles governing natural vent i la t ion processes and on the other t o  be readily 
applicable by the design team in t he i r  quest f o r  optimum energy and cost effectiveness. 

PRINCIPLES OF NATURAL VENTILATION 

Natural vent i la t ion i s  basically dependent on two factors  (1)  the motive forces and (2)  the 
resistance t o  airflow through the building. However, t h i s  simple statement disguises a mu1 t i tude 
of complexities which make the prediction of the magnitude of each fac tor  very d i f f i cu l t .  

The Motive Forces' 

The two motive forces primarily responsible fo r  natural vent i la t ion are  caused by wind and a i r  
temperature differences . 
Wind. Wind impingement on a bui 1 ding produces higher-than-ambient pressures on the windward 
faces  and lower pressures on the others.  The pressure differences so generated give r i s e  t o  a 
movement of a i r  from the higher t o  the lower pressures through any cracks, gaps o r  openings in the 
building. 

Wind i s  turbulent and both i t s  speed and direction undergo continual change. The wind speed and 
direction are  measured a t  frequent intervals  a t  a large number of s i t e s  in the U K  by the 
Meteorological Office. From these measurements hourly mean wind speeds appl icable t o  a standard 
height-of 10m above ground in  open countryside are derived. 

Wind speeds are ,  however, affected by the roughness of the te r ra in  over which the wind passes and 
i t  i s  therefore necessary t o  make a correction t o  the 'meteorological ' wind speed t o  determine 

an equivalent value appropriate t o  the specif ic  location in  question. Figure 2 i l l u s t r a t e s  the 
e f f ec t  on wind velocity of various types of terrain.  From the exponential profi les  of wind speed 
and height, the factors  required t o  determine the local wind speeds a t  various heights above ground 
from the meteorological wind speed have been derived. They a re  presented in  Reference 11. 

Prominent topographical features and obtrusive buildings close t o  the building being considered 
will  fur ther  modify the s t ructure of the wind. Taking account of such e f fec t s  i s  par t icular ly 
d i f f i cu l t  without resorting t o  wind tunnel tes t ing.  

The pressure dis t r ibut ion on a building exposed to wind i s  not only dependent on the local wind 
speed and direction but a lso on the s ize  and shape of the building i t s e l f .  However, the pattern 
of dis t r ibut ion i s  comparatively independent of wind speed, provided the building has sharp corners. 

The pressure on a building generated by wind i s  thus usually expressed in  terms of the dynamic (or 
stagnation) pressure of the wind by the use of a pressure co-eff ic ient ,  C ,  so tha t  

n 

where p = density of a i r  (kg/m5) 

u = local wind speed (m/s) (conventionally taken as  the wind speed a t  a height equal 
t o  that  of the buildings) 

As i s  shown in the example in Figure 3 ,  there i s  a wide variation in the value of the 
pressure coeff icients  over the surfaces and with change in wind direct ion,  even for  a simple 
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building shape. Such detailed information fo r  simple rectangular building shapes i s  available 
from many sources and may be used in  a comprehensive study of natural vent i la t ion.  For a less  
c r i t i c a l  approach, pressure coeff icients  averaged over each surface may be used. Such data fo r  
two wind directions a re  presented in Reference 7. 

For other than the standard building shapes or  where other adjacent buildings may af fec t  the 
pressure d i s t r ibu t ion ,  wind-tunnel t e s t s  with a scale model of the building and i t s  surroundings 
will be required, a1 though f o r  some spec i f ic  building layouts wind pressure dis t r ibut ion data i s  
now availablee. 

The use of mean wind speeds in determining the pressures generated on building surfaces i s  not a 
s t r i c t l y  accurate method because of the turbulent character of the wind. The e f fec t  of 
fluctuating pressures on the ra te  of vent i la t ion has been shown t o  be s ignif icantg but, a t  present, 
there i s  insuff icient  information t o  quantify the magnitude other than f o r  the part icular  
s i tuat ions studied. 

Another feature which gives r i s e  t o  some uncertainty is,  the e f fec t  of re la t ive ly  small 
i r r egu l a r i t i e s  i n  the surface of the building. For example, the pressure dis t r ibut ion around the 
edge of a window s e t  in  a rebate may be somewhat different  from tha t  in equivalent circumstances 
but with the window f lush with the facade. The e f fec t s  of external mullions has been studiedlo 
but not in suf f ic ien t  depth t o  produce comprehensive data. 

Temperature Difference. The difference in temperature, and hence in density, between the a i r  
inside a building and t ha t  outside causes a movement of a i r  ver t ica l ly  through the building. 
This temperature motivated t ransfer  of a i r  i s  called ' s tack e f f ec t ' .  In the heating season, for  
example, when the a i r  temperature within the building i s  higher than tha t  outside, pressure 
differences a r e  created such tha t  a i r  flows into the lower levels  of the building and out of the 
upper levels .  The reverse occurs when the indoor temperature i s  lower than outdoors. The 
'stack e f f ec t '  can also generate vent i la t ion in a single room where, f o r  example, cool outside a i r  
may flow in  through the lower section of an open window and out through the upper part.  

The magnitude of the pressure differences caused by 'stack e f f ec t '  i s  a function of the indoor and 
outdoor temperatures and the vert ical  distance between the openings, as follows 

where ~p = pressure difference caused by stack e f f ec t  (Pa) e 
h = vert ical  distance between openings (m) 

Oo = external absolute temperature (K) 

e i  = internal absolute temperature , (K) 

A much more complex analysis i s  required in  cases where severe temperature gradients ex i s t  within 
the building and where there i s  a mult ipl ic i ty  of openings a t  various heights. 

Combined Effects of Wind and Temperature Difference. The e f fec t s  of wind and temperature 
differences usually a c t  simultaneously b u t  they cannot simply be added together. The reason for  
th i s  can perhaps be best i l l u s t r a t ed  by considering a window in  an upper level on the windward 
side of a building. The wind tends t o  cause a movement of a i r  inwards through the window, 
whereas stack e f fec t  produces an outward a i r  movement. The two forces are  acting contrary t o  
each other,  On other par ts  of the building, f o r  example a t  the lower levels  on the windward side 
they are complementary . 
The overall vent i la t ion r a t e  i s  generally equivalent to  t ha t  of the higher of the two ef fec t s  when 
acting alone. Thus, a t  low wind speeds, when stack e f f ec t  i s  predominant, the ra te  of 
ventilation may be calculated on the basis of temperature difference alone. A t  high wind speeds, 
only the e f fec t  of the wind needs to  be taken into account. Figure 4 i l l u s t r a t e s  t h i s  f o r  a two- 
storey house. 

A1 though the overall ventilation r a t e  may be determined by considering the predominant force only, 
the dis t r ibut ion of vent i la t ion a i r  throughout the building may be affected, so fo r  detailed room- 
by-room analysis,  the two ef fec t s  need t o  be considered in  combination. 

Another reason for  taking account of the coincidence of conditions of wind and temperature i s  the 
calculation of the energy loss a t t r ibu tab le  t o  i n f i l t r a t i on  o r  natural vent i la t ion.  Over the 
heating season, t h i s  energy loss  i s  t ha t  required t o  heat the incoming cold a i r  t o  the temperature 
maintained indoors. 
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where W = energy requ i red  (kJ) 
3 qv = volume f l o w  r a t e  o f  infiltrationlventilation (m I s )  

p = a i r  dens i ty  ( kglm3) 

c = s p e c i f i c  heat capac i ty  o f  a i r  
P (kJ/kg K) 

ei = indoor absolute a i r  temperature (K) 

eo = outdoor absolute a i r  temperature (K) 

For a proper ana lys is  o f  the  v e n t i l a t i o n  energy l o s s  over a heat ing season, i t  i s  thus, necessary 
t o  analyse the  c l i m a t i c  cond i t ions  i n  terms o f  the  coincidence o f  s p e c i f i c  temperature, wind speeds 
and d i rec t i ons .  

The Resistance t o  A i r f l o w  Through the  Bu i l d ing  

A b u i l d i n g  may be regarded as a network o f  a i r  f l ow  paths which in terconnect  a t  nodes. The nodes 
represent spaces i n s i d e  and outs ide t h e  b u i l d i n g  where s u b s t a n t i a l l y  un i fo rm pressure occurs. The 
in terconnect ions comprise the components through which a i r  may pass, such as gaps around, windows 
and doors. F igure  5 shows a t y p i c a l  network superimposed on a p lan  drawing. The a i r  f l o w  paths 
have a c h a r a c t e r i s t i c  res is tance t o  a i r  f l o w  dependent on t h e i r  type. 

For l a rge  openings such as v e n t i l a t o r  g r i l l e s  and open windows, the  f o l l o w i n g  formula may be used: 

qv = Cd A ( 2 ) l  P ......................................................... ( 4 )  

where qv = volume r a t e  o f  f l o w  <m3/S) 

Cd = c o e f f i c i e n t  o f  discharge 

A = area o f  opening (m2) 

~p = pressure d i f f e rence  across opening (Pa) . 

p = a i r  dens i ty  ( kglm3 

The discharge c o e f f i c i e n t  Cd i s  normal ly g iven the value appropr ia te  t o  a sharp-edged opening and 
an equ iva lent  o r i f i c e  area i s  prescr ibed f o r  the  p a r t i c u l a r  opening i n  question. Th is  equ iva lent  
area may be taken as the  same as the  phys ica l  area f o r  p l a i n  openings (e.g. open windows) bu t  f o r  
more complex openings such as a i r - b r i c k s  o r  v e n t i l a t i o n  g r i l  les ,  der ived values o f  equ iva lent  area 
w i l l  be needed. Some are given i n  Reference 11. 

For small openings, such as gaps around closed windows and doors, t he  r e l a t i o n s h i p  between f l o w  and 
pressure i s  much more dependent on Reynolds number bu t  over a l i m i t e d  range corresponding t o  normal 
cond i t ions  the f o l l o w i n g  r e l a t i o n s h i p  app l ies :  

1 - 
qv = CL ( A P ) ~  ............................................................ (5)  

3 where CL = 
leakage f a c t o r  = k x a. where k = leakage c o e f f i c i e n t  i n  m 1s per  metre o f  

gap l eng th  a t  a ~p o f  1 Pa, and a. = 
t o t a l  gap l eng th  (m) 

- - - exponent where n i s  normal ly between 1.4 and 1.6 n 
Typical  values o f  k f o r  windows are a l so  given i n  Reference 11. 

I n  a d d i t i o n  t o  t h e  types o f  opening described, a i r  leakage occurs through o the r  gaps and cracks i n  
t h e  b u i l d i n g  f a b r i c .  It may be through cladding components, s t r u c t u r a l  cracks, and even through 
e l e c t r i c a l  condui ts and where o the r  serv ices  penetrate the  s t ruc tu re .  The magnitude o f  t h i s  
'background' leakage has been found t o  be s i g n i f i c a n t .  Measurements have revealed equ iva lent  
areas of s i m i l a r  magnitude t o  t h e  areas o f  gaps around closed doors and windows i n  t h e  bu i l d ing .  
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These measurements of background leakage area involved pressurising or evacuating the inside of a 
building using a fan passing a known rate of flow into or out of it. With any purpose-provided 
ventilation openings blanked-off and the gaps around the windows and external doors sealed, the 
relationship between internal-to-external pressure difference and air flow .rate was established 
for the background leakage. To fully take account of it, the location of the background leakage 
paths must also be known and such information is extremely difficult to obtain for an existing 
building and virtually impossible to predict for a projected building. Much more experimental data 
are required before information suitable for design purposes can be provided, and even then the 
wide variations in building workmanship will make its application questionable. 

DESIGN DATA . 

The move towards reduced energy consumption in buildings cannot be undertaken without recognition 
of the need to maintain safe and comfortable conditions for the occupants and of the economic 
considerations affecting the relationship between capital and running costs. For ventilation, 
this requires the ability to design buildings and systems to achieve the minimum ventilation rate 
criteria, to assess the energy consumption involved and'to evaluate the economic advantages (or 
otherwise) of possible energy saving measures. 

There is an urgent need for sufficient information to be made available to enable the designer to 
achieve these requirements by the application of the principles already outlined. In this section, 
the shortfall in the available data is highlighted. There is also a need for an understanding of 
the effectiveness of alternative measures to reduce energy losses as well as an appreciation of the 
economic criteria for evaluating an increase in capital outlay against the potential long-term 
savings. Some examples of alternative ventilation control measures are presented but the economic 
aspects, important though they may be, are not considered within the scope of this paper. The 
effects of occupant behaviour with respect to openable windows are also not considered. 

Prediction of Ventilation Performance 

The designer requires information to enable the estimation of ventilation rates from known building 
design data, or, conversely, the determination of provisions required in the building from knowledge 
of the ventilation criteria. Associated with both approaches, is the requirement for the 
calculation of corresponding energy 1 osses. 

Figure 6 illustrates how, by the application of the principles of natural ventilation, the gulf 
the designer has to cross can be spanned. As the diagram shows, the bridge-building is not yet 
complete. Highlighted as weak links are those relationships for which. sufficient reliable data 
are, as yet, unavai lablo. These include the relationship between meteorological wind data and wind- 
generated pressure distributions on a building taking into account fluctuations, local disturbances, 
characteristics af the building surface; and the magnitude and distribution of 'hackground' 
leakage through gaps and cracks in the building fabric. Additionally, snecific criteria for 
minimum ventilation rates are required. ,There is an obvious need for continuing reseach to 
strengthen these weaker 1 inks. 

One of the further important requirements is the translation of these principles of ventilation, 
involving mu1 tiple and complex parameters, into a procedure easily applied by designers. . 

With the facilities offered by modern computers, it is tempting to opt for the retention of 
sophisticated procedures for design predictions. However, the required detail and precision of 
the prediction method is governed not only by the use that is made of the end result, but also by 
the form of the available supporting information. For example, a calculation precision of 1% is 
hardly justifiable when constructional tolerances nay produce variations of much higher magnitude. 
Nor is there any point in developing a minute-by-minute analysis of ventilation rates, when 
available meteorological data is expressed in hourly mean values. The aim perhaps can best be 
expressed as the achievement of a design process which is comparable in precision, proven 
re1 iabil i ty and ease of use with those available for the other energy transfer processes in 
buildings. 

Energy Saving Potential 

The requirement to maintain ventilation rates at or as 1 i ttl e possible above the minimum acceptable 
value while relying on natural forces presents real difficulties. If the minimum ventilation rate 
is achieved under mild, still climatic conditions then under all cooler, windier conditions the 
rate will be in excess of that required with the consequent wastage of energy. To demonstrate the 
magnitude of the unnecessary energy loss and to examine the potential of alternative measures to 
reduce energy wastage, comparative calculations of ventilation rates and energy loss have been 
made for a modern, two-storey dwelling. 

Calculations were made to derive, for this particular building, -the relationship between ventilation 
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rate  and the combination of wind speed and indc~or-outdoor temperature difference. In t h i s  case, 
variation in wind direction was not taken into account, because t e s t s  had shown tha t  overall 
ventilation ra tes  were relat ively independent of wind direction. These calculations were based 
on selected presslfre dis t r ibut ion data applicab'le t o  an urban area, an assumed constant indoor 
temperature of 19 C and various component and bqckground a i r  leakage character is t ics .  I t  was 
assumed tha t  the windows and doors were always closed. The example shown on Figure 4 i l l u s t r a t e s  
the predominant e f f ec t  of temperature difference a t  low wind speeds and of wind a t  speeds above 
3.5 m/s. 

Seasonal vent i la t ion ra tes  and the associated energy loss  was then calculated by using the derived 
relationships and spec i f ic  meteorologi cx1 data. The meteorological data consisted of a t ab le  
giving the'frequency of occurence of mean hourly wind speeds within 2 K outdoor temperature bands. 
The wind speeds were modified t o  r e l a t e  them t o  an urban environment and t o  the height of the 
dwelling. The data fo r  Birmingham (Elmdon) covered the heating seasons, September t o  May, over 
a 10 year period, 1969 t o  1979. 

Table 1 presents the resu l t s  of these calculations fo r  a number of conditions and these a re  discussed 
below. In t h i s  discussion, i t  has been assumed tha t  the r a t e  of vent i la t ion should not f a l l  below 
0.3 a i r  changes per hour. This value has been chosen f o r  demonstration purposes only - whether o r  
not i t  i s  an acceptable c r i t e r i a  may be considered in  the l i g h t  of the previous paper. 

Natural Ventilation - Variation i n  Leakage Values. For the  same dwelling, two levels  of leakage 
were considered. The f i r s t  corresponded t o  t h e s i t u a t i o n  as found on s i t e  in  which window, door 
and background leakage were taken into account. This could be considered as  a house of typical 
construction with good qual i ty  windows and doors. Over the heating season the a i r  change ra te  was 
always a t  o r  above 0.3 times per hour with a mean r a t e  of 0.81. I t  was above 0.5 changes per hour 
for  93% of the time. The associated seasonal energy loss  was calculated t o  be 16.6 GJ. In 
comparison, the equivalent energy loss  f o r  an a i r  change r a t e  of 0.3 and 0.5 a i r  changes per hour 
consistently over the heating season was 6.1 GJ and 10.2 GJ respectively. There i s  thus 
considerable potential f o r  reducing the ventilation energy loss  in  such a naturally ventilated 
building provided some control can be applied t o  reduce the range of vent i la t ion above the minimum 
rate.  This theoretical potential f o r  energy saving i s  up t o  20% of the t o t a l  seasonal energy loss  
of the dwelling assuming i t  t o  have the thermal insulation values given in the 1976 Building 
~ e ~ u l a t i o n s ~  . 
The second level of leakage was t ha t  with the background leakage eliminated and a reduction in the 
leakage through windows and doors so t ha t  the building met the a i r  leakage requirements of the 1978 
Swedish Building Code, i .e. 3 a i r  changes an hour a t  a pressure difference of 50 Pa. The seasonal 
energy consumption was reduced t o  a level tha t  corresponded t o  a mean a i r  change r a t e  of just less  
than 0.3 times per hour but f o r  over 60% of the season the vent i la t ion r a t e  was below tha t  level: 
Simply-reducing the leakiness of the s t ructure i s  c lear ly not a sa t i s fac tory  method of minimising 
ventilation energy losses. 

Controlled Natural Ventilation. There are  several ways by which the r a t e  of natural vent i la t ion 
V e d  i f  the resulting energy savings were found t o  be worthwhile. 

For example, providing shel t e r  t o  eliminate the e f fec t s  of wind on t he  original dwelling under 
consideration would, while s t i l l  maintaining an a i r  change r a t e  consis tent ly above 0.3 times per 
hour, reduce the ventilation energy loss  from 16.6 GJ t o  10.8 GJ, a potential saving of j u s t  over 
30%. Experiments in  the United States12 have demonstrated savings of the order of 10% with 
shel t e r  provided by evergreen t rees .  

Another approach might be the control of ventilation openings by devices sensi t ive t o  outdoor 
temperature so tha t  as  the temperature outside reduced so the  open area of the vents a lso reduced. 
Again, the calculation shows tha t  savings of over 30% could be real ised while maintaining adequate 
ventilation a t  a l l  times. 

The control of ventilation opening areas in response t o  the pressure d i f fe ren t ia l  across them could 
theoret ical ly  produce a consistent vent i la t ion ra te  a t  the required minimum level and so reduce the 
associated energy loss  t o  6.1 GJ. Although such devices were evidently available as long ago as 
1 9483, i t  i s  unl i kely tha t  effect ive performance could be achieved economically. 

The effect ive adoption of some form of automatic control of vent i la t ion openings implies t h a t  other 
routes of potential leakage must be minimised and t h i s  requires detailed at tent ion t o  s t ructural  
design. 

Mechanical Ventilation. The application of mechanical vent i la t ion systems in  dwell ings i s  
worthy of consideration. I t  i s  being used as an energy saving measure in some countries with 
climatic conditions more severe than ours,  but fur ther  s tudies  on i t s  potential in t h i s  country 
are required. 
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The advantage o f  mechanical v e n t i l a t i o n  i s  t h a t  i t  ensures f resh  a i r  supply a t  a  requ i red ra te .  
However, t h e  in f luences o f  wind and s tack  forces can s t i l l  r e s u l t  i n  v e n t i l a t i o n  ra tes  above the  
requ i red l e v e l .  Table 1  inc ludes the  r e s u l t s  o f  ca l cu la t i ons  f o r  mechanical v e n t i l a t i o n  app l i ed  
t o  the  low-leakage dwel l ing .  With a  balanced v e n t i l a t i o n  system, i .e. both supply and e x t r a c t  
fans, p rov id ing  0.3 a i r  changes per hour, t he  v e n t i l a t i o n  energy l o s s  was tw ice  the  value t h a t  
would r e s u l t  i f  the na tu ra l  fo rces were el iminated.  A t  a  mechanical v e n t i l a t i o n  r a t e  o f  0.5 a i r  
changes per hour the corresponding r a t i o  was 1.5: l .  With e x t r a c t  v e n t i l a t i o n  the  r a t i o s  were 
lower a t  1.5: l  and 1.12:1 respec t i ve l y .  

This demonstrates t h a t  s t ruc tu res  must be w e l l  sealed f o r  t he  e f f e c t i v e  a p p l i c a t i o n  o f  mechanical 
v e n t i l a t i o n  systems. I n  the o r i g i n a l  n a t u r a l l y  v e n t i l a t e d  dwel l ing ,  a  reduct ion  o f  energy o f  
7.5 GJ per year  would i nvo l ve  n o t  o n l y  t h e  purchase, i n s t a l l a t i o n  and running cost  o f  t he  mechanical 
v e n t i l a t i o n  system b u t  a l so  a  f i v e - f o l d  reduct ion  i n  t h e  leak iness o f  t he  s t ruc tu re .  

The balanced type o f  mechanical v e n t i l a t i o n  system o f f e r s  the  p o t e n t i a l  o f  heat recovery by pre- 
heat ing the  incoming a i r  w i t h  the  outgoing a i r .  This may be achieved by a  p l a t e  heat exchanger 
o r  more soph is t ica ted heat t r a n s f e r  equipment. I f  i t  ? s  assumed t h a t  75% o f  t he  heat i n  t h e  
e x t r a c t  a i r  was recovered, t h e  seasonal v e n t i l a t i o n  energy l o s s  would reduce 4.3 GJ b u t  again 
the cost  imp l i ca t i ons  need ca re fu l  assessment. 

CONCLUSIONS 

Natural  v e n t i l a t i o n  i s  a  complex process a f f e c t e d  by many parameters, t he  values o f  which are  
d i f f i c u l t  t o  accura te ly  p red i c t .  There i s  a  need f o r  f u r t h e r  experimental work t o  prov ide more 
re1 i a b l  e  data f o r  t he  improvement o f  design procedures. Th is  experimental work should i nc lude  
d e t a i l e d  s tud ies  on var ious b u i l d i n g  types w i t h  measurements o f  l o c a l  c l i m a t i c  cond i t ions ,  wind- 
generated pressure d i f f e rences  and i n f i l t r a t i o n  ra tes .  The r e s u l t s  o f  such work should be 
r e l a t e d  t o  t h e  leakage c h a r a c t e r i s t i c s  o f  t he  bu i l d ings  and meteorological  data and be used i n  the 
development o f  r e f i n e d  design models. 

The r e s u l t s  o f  some sample ca l cu la t i ons  demonstrate the  orders o f  magnitude o f  energy savings t h a t  
cou ld  t h e o r e t i c a l l y  be achieved by the  use o f  c o n t r o l l e d  o r  mechanical v e n t i l a t i o n  i n  dwel l ings .  
The value o f  these savings needs t o  be assessed i n  r e l a t i o n  t o  the  expendi ture requ i red  t o  const ruc t  
bu i l d ings  w i t h  lower a i r  leakage than i s  usual a t  present and t h a t  requ i red  f o r  add i t i ona l  c a p i t a l  
equipment. 

It i s  appreciated t h a t  t he  e f f e c t s  o f  t h e  occupants' use o f  openable windows has been ignored. 
This w i l l  have a  s i g n i f i c a n t  i n f l uence  on t h e  energy consumption bu t  i t  should nevertheless be the 
aim o f  t he  designer t o  promote bu i l d ings  which i n h e r e n t l y  prov ide v e n t i l a t i o n  a t  a  minimum ' 

acceptable l e v e l  wh i l e  a l l ow ing  occupants the f a c i l i t y  t o  increase the  r a t e  o f  v e n t i l a t i o n  f o r  
special  circumstances. 
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TABLE 1 - ca l cu la ted  seasonal v e n t i l a t i o n  performance and energy l o s s  

V e n t i l a t i o n  Average Time > 0.3 . Time > 0.5 Tota l  leakage 
energy l oss  v e n t i l a t i o n  changeslhour changeslhour a t  50 Pa 

r a t e  

Constant v e n t i l a t i o n  
( t h e o r e t i c a l  ) 

1. 0.3 a i r  changeslhour 6.1 

2. 0.5 a i r  changeslhour 10.2 

GJ a i r  changes1 % 
hour 

Natural  v e n t i l a t i o n  

3. House o f  t y p i c a l  
cons t ruc t i on  16.6 

4. House t o  1978 
Swedish Bui 1 d ing 5.4 
Code ( low leakage) 

Control 1 ed na tu ra l  
v e n t i l a t ~ o n  

5. Typ ica l  house 10.8 
f u l l y  she1 te red  

6. House w i t h  temper- 10.8 
ature-sensi  t i v e  
v e n t i l a t i o n  con t ro l  

7. House w i t h  pressure- 6.1 0.3 1 00 
d i f f e r e n t i a l -  
s e n s i t i v e  v e n t i l a -  
t i o n  con t ro l  
( t h e o r e t i c a l  optimum) 

Mechanical v e n t i l a t i o n  

8. Low leakage house 11.5 0.56 100 
w i t h  balanced 
v e n t i l a t i o n  a t  0.3 
a i r  changes/hour 

9. Low leakage house 15.6 0.77 100 
w i t h  balanced ' 
v e n t i l a t i o n t  0.5 
a i r  changes/hour 

10. Low leakage house 8.9 
w i t h  e x t r a c t  
v e n t i l d t i o n a t  0.3 
a i r  changes/hour 

11. Low 1 eakage house 11.5 

% a i r  changes/ 
hour 

w i t h  e x t r a c t  
v e n t i l a t i o n a t  
0.5 a i r  changes/hour 
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SYVBOLS USED 
2 area o f  opening (m ) 

wind pressure c o e f f i c i e n t  

c o e f f i c i e n t  o f  d ischarge 

leakage f a c t o r  (m3/s a t  a ~p o f  1 Pa) 

s p e c i f i c  heat capac i ty  o f  a i r  (kJ/kgK) 

v e r t i c a l  d is tance between openings (m) 
2 leakage c o e f f i c i e n t  (m /s  a t  a ~p o f  1 Pa) 

l eng th  o f  gap (m) 

c h a r a c t e r i s t i c  exponent 

pressure on a b u i l d i n g  generated by wind (Pa) 

pressure d i f f e r e n c e  across opening (Pa) 

pressure d i f f e r e n c e  caused by stack e f f e c t  (Pa) 
3 volume f l ow  r a t e  o f  infiltration/ventilation (m 1s)  

t ime (s )  

l o c a l  wind speed (m/s) 

energy requirement (kJ)  
3 dens i t y  o f  a i r  (kglm ) 

i n t e r n a l  absolute temperature (K) 

ex terna l  absolute temperature ( K )  

indoor  t o  outdoor temperature d i f f e rence  (K) 



NATURAL VENTILATION BY DESIGN 

REFERENCES 

1. B i l l i n g t o n ,  N.S. A h i s t o r i c a l  review o f  t he  a r t  o f  hea t i ng  and v e n t i l a t i n g  
JIHVE 1955, - 23, P249 

2. Code o f  Funct iona l  Requirements of Bu i ld ings - V e n t i l a t i o n .  
B r i t i s h  Standard Code o f  P rac t i ce  CP3 - Chapter 1 (c )  (1950). 

3. Bedford, T. Basic p r i n c i p l e s  o f  v e n t i l a t i o n  and heating. H.K. Lewis, London, 1948. 

4. The B u i l d i n g  Regulations 1972 and 1976, WSO London 

5. Kibblewhi te,  D. and Stewart, L.J. A survey o f  t h e  thermal environment o f  n a t u r a l l y  
v e n t i l a t e d  o f f i c e s  i n  summer. JIHVE 1967, - 35, PI21 (HVRA Laboratory Report 31) 

6. CIBS (Formerly IHVE) Guide, 1970. 

7. Code o f  bas ic  data f o r  t he  design o f  bu i ld ings,  Chapter V. P a r t  2, Wind Loads. 
B r i t i s h  Standard I n s t i t u t i o n  CP3: Chaper V: Pa r t  2: 1972. 

8. Lee, B.E. e t  a l .  P red ic t i ng  na tu ra l  v e n t i l a t i o n  forces upon low- r i se  bu i l d ings .  
ASHRAE Journal, February 1980, PP35-39 

9. Pot ter ,  I.N. The e f f e c t  o f  f l u c t u a t i n g  wind pressures on na tu ra l  v e n t i l a t i o n  ra tes .  
ASHRAE Trans. 1979, - 85, Par t  2, P445. 

10. Handa, K. W.ind induced na tu ra l  v e n t i l a t i o n .  Swedish Counci 1 f o r  B u i l d i n g  Research. 
Document D10: 1979. 

11. P r i n c i p l e s  o f  na tu ra l  v e n t i l a t i o n .  Bu i l d ing  Research Establishment D igest  210, February 1978 

12. Ma t t i ng l y ,  G.E. e t  a l .  The e f fec t iveness o f  an evergreen windbreak f o r  reducing r e s i d e n t i a l  
energy consumption. AHSRAE Trans. 1979, 85, P a r t  2, P428. 



NATURAL VENTILATION BY DESIGN 
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f a b r i c  @ v e n t i l a t i o n  energy l oss  
energy 
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We1 1 Insu la ted  
S t ruc tu re  

Figure 1 Typical  p roporat ions o f  seasonal 
energy losses from dwel l  ings  

Height  (m) 

open f l a t  count ry  country w i t h  urban c i t y  
scat tered windbreaks 

F igure  2 V a r i a t i o n  o f  wind v e l o c i t y  w i t h  he igh t  over var ious types o f  t e r r a i n  
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I wind 

Figure 3 Wind pressure coefficient contours on the surface of a building 

a, 
' .w 
la. 
L 

wind speed (m/s) 

Figure 4 Typical relationship between ventilation ra te ,  wind speed, and temperature differential  
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Ground Floor F i r s t  Floor 

Figure 5 Air flow network of a typical  dwelling 
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VENTILATION MEASUREMENTS I N  HOUSING 

P R Warren and B C Webb 
Building Research Establishment,  Garston, Watford, Herts .  

Despite t h e  f a c t  t h a t  t h e  major i ty  of bui ld ings ,  p a r t i c u l a r l y  i n  the  
domestic s e c t o r ,  a r e  n a t u r a l l y  ven t i l a t ed ,  n a t u r a l  v e n t i l a t i o n  and i n £  il- 
t r a t i o n  remain amongst the  most i n t r a c t a b l e  aspects of bui ld ing  design.  
The need f o r  improved guidance has become of increas ing  importance with 
t h e  need f o r  energy conservation.  

As a f i r s t  s t e p  t o  providing a b e t t e r  understanding of na tu ra l  v e n t i l a t i o n  
i n  housing t h i s  paper presents  r e s u l t s  of recent  measurements of v e n t i l a t i o n  
r a t e s  and a i r  leakage c h a r a c t e r i s t i c s  i n  dwellings. These a r e  used t o  show 
typ ica l  magnitudes of v e n t i l a t i o n  r a t e s  and the  way i n  which they a r e  
influenced by meteorological  parameters, such as wind spesd and d i r e c t i o n ,  
and a i r  temperature, and the  c h a r a c t e r i s t i c s  of t h e  f a b r i c  and form of 
the  bui ld ing .  

1 INTRODUCTION 

Natural  v e n t i l a t i o n  i s  one of t h e  most i n t r a c t a b l e  fea tures  of bui ld ing  design.  Despite t h e  f a c t  
t ha t  t he  major i ty  of bui ld ings ,  p a r t i c u l a r l y  i n  t h e  domestic s e c t o r  depend upon n a t u r a l  v e n t i l a t i o n  
t o  maintain i n t e r n a l  a i r  q u a l i t y  and, i n  s u m e r ,  t o  limit the  incidence of thermal discomfort ,  
current  knowledge of t h e  r a t e s  of v e n t i l a t i o n  which occur i n  p r a c t i c e  and t h e  way t h a t  t hese  a r e  
r e l a t ed  t o  design parameters i s  very l imi t ed .  I n  the  pas t  when heat ing  f u e l  was r e l a t i v e l y  cheaper, 
excessive v e n t i l a t i o n  was comparatively unimportant, provided t h a t  i t  d id  no t  g ive  r i s e  t o  
discomfort. The current  need t o  reduce energy consumption has provided an impetus t o  reduce 
v e n t i l a t i o n  r a t e s  t o  t h e  minimum l e v e l s  necessary t o  ensure h e a l t h ,  s a fe ty  and comfort. This has 
lead t o  the  demand f o r  improved guidance on design and t h e  development of methods f o r  r ead i ly  
assess ing  the  v e n t i l a t i o n  performance of bui ld ings .  

The purpose of t h i s  paper is t o  present  t he  r e s u l t s  of recent  maasurements i n  housing i n  order  t o  
i l l u s t r a t e  t yp ica l  magnitudes of v e n t i l a t i o n  r a t e  and t h e  way i n  which these  a re  inf luenced by 
meteorological parameters and t h e  c h a r a c t e r i s t i c s  of bui ld ing  f a b r i c  and form. Examples a r e  taken 
from a recent  survey by the Building Research Establishment of v e n t i l a t i o n  r a t e s  i n  unoccupied 
housing, a f u l l e r  r epor t  of which w i l l  be  published i n  due course. 

2 FACTORS WHICHINFLUENCE NATURAL VENTILATION RATES 

It i s  proposed t o  review the  t h e o r e t i c a l  p r inc ip l e s  of n a t u r a l  v e n t i l a t i o n  only b r i e f l y  as t hese  
have been d e a l t  with i n  many published papers,  of which references  ( I  , 2 and 3) a re  examples. I n  
respect  of na tu ra l  v e n t i l a t i o n  a bui ld ing  may be considered t o  cons is t  of a number of i nd iv idua l  
' c e l l s  ' connected t o  each other and t o  the  outs ide  a i r  by openings through which a i r  can flow. 
I n  a house these  ' c e l l s '  may represent  rooms o r  o ther  spaces such as those beneath suspended f l o o r s ,  
under the  roof o r  even wa l l  c a v i t i e s .  The connecting openings may be  l a r g e  and well-defined, such 
a$ doors,  open windows, a i r -br icks  and f l u e s ,  o r  small ,  and not  always immdia te ly  apparent ,  such 
as gaps around the  opeqing l i g h t s  of windws and cracks a t  t h e  junction of f l o o r s  and wa l l s  o r  
where e l e c t r i c a l  f i t t i n g s  and other serv ices  penet ra te  t h e  f ab r i c .  Air w i l l  flow through t h e s e  
openings when a pressure d i f f e rence  i s  c rea ted  across them. This may be  due t o  t h e  ac t ion  of t he  
wind o r  t o  d i f ferences  between the  temperature of the  a i r  wi th in  the  house and outs ide .  It has 
been conventional i n  the  pas t  t o  consider only mean pressures  but  recent  s t u d i e s  have ind ica t ed  
the importance of t he  f l u c t u a t i n g  component of wind-generated pressures where the  mean pressures  
d i f f e rence  across an opening i n  the  ex te rna l  f a b r i c  i s  sma11(4,5). In  add i t ion ,  f o r  l a rge  openings 
such as open windows, mechanisms dependent upon the  loca l  a i r  speed, r a the r  than t h e  applied 
pressure  d i f f e rence ,  may be t h e  dominant cause of a i r  exchange between i n s i d e  and outs ide(6) .  

The n a t u r a l  v e n t i l a t i o n  r a t e  of a house the re fo re  depends upon the  following f ad to r s :  

a) The meteorological  va r i ab le s  - wind speed and d i r ec t ion  and a i r  temperature . 
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b) The shape of t h e  house.and t h e  na tu re  of i t s  surroundings. These determine the  d i s t r i b u t i o n  
of wind-generated pressure  a t  t h e  ex te rna l  sur faces .  

c) The pos i t ions  and a i r f low c h a r a c t e r i s t i c s  of a l l  openings and flow paths.  

In  addi t ion ,  some openings, i n  p a r t i c u l a r  windows and doors,  may b e  cont ro l led  by t h e  occupants. 
Dick(7) and, more r ecen t ly ,  Brundrett  (8) have demonstrated t h a t  window opening behaviour i n  
dwellings can be  co r re l a t ed  c lose ly  wi th  ex te rna l  a i r  temperature. A f u r t h e r  f a c t o r  which should 
the re fo re  be  added t o  those  given above i s  the  behaviour of occupants. 

It is t h e  wide range and t h e  d i f f i c u l t y  i n  determining t h e  e f f e c t s  of some of t h e s e  parameters 
which make t h e  p red ic t ion  of n a t u r a l  v e n t i l a t i o n  r a t e s  and t h e  i n t e r p r e t a t i o n  of f i e l d  measurements 
s o  d i f f i c u l t .  

3 MEASUREMENT TECHNIQUES 

3.1 A i r  flow c h a r a c t e r i s t i c s  of openings 

. Theore t ica l  cons idera t ions  

The r e l a t ionsh ip  between t h e  flow r a t e  through an opening and an applied p res su re  d i f f e rence  
depends upon Reynolds Number and the  geometry of t h e  opening. For l a r g e  openings such as open 
windows, which approximate t o  a sharp-edged o r i f i c e  the  following simple r e l a t i o n s h i p  appl ies :  

where, Q is  t h e  volume flow r a t e  r e s u l t i n g  from the  applied pressure  d i f f e rence  Ap; A i s  t h e  a rea  
of t h e  opening, p i s  the  dens i ty  of a i r  and Cd the  discharge coe f f i c i en t .  For o the r  types of 
opening i t  i s  necessary i n  genera l  t o  determine t h e  r e l a t i o n s h i p  empir ica l ly .  It i s  convenient 
t o  f i t  t he  measured values t o  a simple expression and t h e  following power law i s  genera l ly  used 

More complex expressions,  which can b e  more r ead i ly  j u s t i f i e d  t h e o r e t i c a l l y ,  have been developed, 
notably by Etheridge(9).  These cannot, however, be  e a s i l y  used where t h e  shape and dimensions of 
an opening a r e  no t  known and t h i s  i s  genera l ly  the  case i n  r e a l  s i t u a t i o n s .  

The value of t he  exponent, n ,  w i l l  l ie  between 0.5, f o r  flows which a r e  independent of v i s c o s i t y ,  
and 1.0, f o r  flows which a r e  dominated by v i scos i ty .  For any given range of appl ied  pressure  the  
smaller  the  cross-stream dimension of t he  opening, t h e  c l o s e r  n w i l l  approach t o  1 .O. 

( . i i )  Measurement techniques 

Laboratory 'pressure  box' techniques have been used f o r  many years  f o r  t e s t i n g  t h e  a i r  leakage 
c h a r a c t e r i s t i c s  of bu i ld ing  components such as windows. Van Gunst and den Ouden(10) extended the  
method t o  f i e l d  use  by developing a po r t ab le  pressure  box f o r  measuring t h e  i n  s i t u  performance 
of windows i n  experimental houses. The technique i s  e s s e n t i a l l y  simple. An enclosure i s  sea led  
around t h e  component of i n t e r e s t .  Air i s  ext rac ted  a t  a known r a t e  and t h e  pressure  d i f f e rence  
developed across  the  component measured wi th  a manometer. 

More recent ly  the  measurement of t h e  leakage performance of indiv idual  components has been 
extended t o  measuring t h e  'whole house' leakage c h a r a c t e r i s t i c s .  Development of s u i t a b l e  
equipment by Skinner(]  I )  i n  t he  United Kingdom was accompanied hy s i m i l a r  developments i n  
Canada, Denmark, t h e  USA and Sweden. Although t h e  techniques used by various experimenters 
d i f f e r  i n  d e t a i l ,  t h e  e s s e n t i a l  method i s  t h e  same. A l a r g e  fan  u n i t  i s  sea l ed  i n t o  a s u i t a b l e  
opening i n  t h e  ex te rna l  f a b r i c  of t h e  house, usually an open doorway o r  window. The flow r a t e  
through the  fan  and the  applied p res su re  d i f ference  a r e  measured. I n  some cases t h e  equipment 
i s  designed s o  t h a t  the  flow can be  reversed and the  leakage measured fo r  both p o s i t i v e  and 
negative pressure d i f f e rences .  

Large openings whose equivalent  areas can be determined by a l t e r n a t i v e  methods a r e  sea led  during 
t e s t ing .  Progressive sea l ing  of chosen components and r e p e t i t i o n  of t h e  measurements allows 
the  d i s t r i b u t i o n  of leakage t o  be  determined. 

Provided a va r i ab le  speed fan  u n i t  i s  used,  r e s u l t s  may b e  presented as a curve of volulne flow 
r a t e  agains t  applied pressure  d i f f e rence  and a simple power law expression,  of the  form given 
i n  equation ( 2 ) ,  may b e - f i t t e d .  In  f a c t  t h i s  expression w i l l  represent  t h e  aggregate of t h e  
various flow paths through t h e  f ab r i c :  

Q = K . ( A ~ ) ~  = Z K ~ . ( A ~ ) ~ ~  (3) 
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A simpler a l t e r n a t i v e  which i s  a l so  used i s  t o  give t h e  leakage a t  a  f ixed pressure  d i f f e r e n c e ,  
usual ly  50 Pa. The two approaches may be r ead i ly  combined, by w r i t i n g  equation (3) i n  the  following 
form, which has the  a d d i t i o n a l  mer i t  of being dimensionless : 

Q/QT = [ ( A P ) / ( A P ~ ) ]  ( 4 )  

where QT i s  the  flow r a t e  a t  t he  appl ied  pressure ,  ApT. 

The technique has achieved cons iderable  i n t e r e s t  because of i t s  s i m p l i c i t y  and ease  of use  on s i t e  
and because of t he  p o s s i b i l i t y  t h a t  i t  could be used as  an i n d i c a t o r  of the  genera l  n a t u r a l  
v e n t i l a t i o n  performance of a dwelling. To determine the  v a l i d i t y  of t h i s  proposal i t  i s  necessary 
t o  compare the  r e s u l t s  obtained us ing  t h i s  p re s su r i sa t ion  technique with t h e  r e s u l t s  of t r a c e r  gas 
measurements of v e n t i l a t i o n  r a t e s  and t h i s  w i l l  b e  discussed f u r t h e r  i n  a following sec t ion .  I n  
t h i s  context  i t  i s  worth not ing  t h e  following points :  

a) Pressures  generated by wind and s t a c k  e f f e c t  a r e  no t  uniformly appl ied  across the  bu i ld ing  
envelope, as they a r e  i n  t h e  p r e s s u r i s a t i o n  t e s t .  . 

b) Rela t ive ly  h igh p res su re  d i f f e r e n c e s  a r e  used,  usual ly  i n  t h e  range 20 t o  60 Pa, i n  
comparison wi th  t y p i c a l  pressures  generated across t h e  f a b r i c  a t  average wind speed, which 
a r e  of t he  order  of 1 t o  5 Pa. ( In  an attempt t o  overcome t h i s  l i m i t a t i o n ,  techniques 
using a l t e r n a t i n g  pressures  a re  under development(12) bu t  have not  reached t h e  s t a g e  when 
they can be  used wi th  confidence.)  

3.2 Ven t i l a t ion  r a t e  measurements 

i Tracer gas methods 

Because the  a i r  flow paths  i n  a n a t u r a l l y  v e n t i l a t e d  b u i l d i n g  a r e  no t  we l l  defined conventional  
anemometric techniques cannot be  used t o  measure t h e  volume flow r a t e  of a i r  en t e r ing  a space.  
The only s a t i s f a c t o r y  techniques employ t h e  use of a t r a c e r  subs tance ,  usual ly  a gas. Two methods 
of opera t ing  may be employed: 

a)  t h e  exponential  decay method, and 
b) t he  cons tant  i n j e c t i o n  r a t eme thod .  

These may be  i l l u s t r a t e d  by cons ider ing  a s i n g l e  ' c e l l '  of  volume V. A i r  e n t e r s  and leaves the  
c e l l  a t  a  r a t e  Q. I f  t r a c e r  gas i s  introduced i n t o  t h e  c e l l  a t  a constant  r a t e ,  q ,  i t s  
concent ra t ion  a f t e r  a per iod  of time, t i s  given by: 

c = q / ~  [ I  - e -% v I (5) 

Af ter  a s u f f i c i e n t l y  locg  period the  concent ra t ion  tends t o  an equi.librium l e v e l ,  ce, given by 

c, = q/Q (6) 

I f  c- and q z r c  measured then the  v e n t i l a t i o n  Elow r a t e ,  Q, lnay b e  determined. This i s  the  b a s i s  
of tfie cons tant  i n j e c t i o n  r a t e  method. I f  the  i n j e c t i o n  of t r a c e r  i s  stopped then t h e  concen- 
t r a t i o n  r a t e  decays exponent ia l ly  according t o  the  following equation:  

c = c . e  -Qt /V 
0 

(7) 

The v e n t i l a t i o n  r a t e  R(= Q/V) i s  r e a d i l y  determined. Both methods r equ i r e  t h a t  t he  t r a c e r  gas 
should be uniformly mixed wi th in  the  space.  

A recent  development of t h e  cons tant  i n j e c t i o n  technique(l3) employs a microprocessor i n  a 
feedback loop from t h e  measuring instrument t o  t h e  i n j e c t i o n  device and maintains t h e  concen- 
t r a t i o n  of t r a c e r  gas cons t an t ,  while monitoring the  amount of t r a c e r  i n j ec t ed .  The average 
v e n t i l a t i o n  r a t e  of the  space under cons idera t ion  i s  obtained by d iv id ing  t h e  t o t a l  volume of 
t r a c e r  gas i n j e c t e d  over a given period by t h e  value a t  which t h e  concent ra t ion  i s  he ld  cons tant .  

( i i )  Tracer gas c h a r a c t e r i s t i c s  

To be  s u i t a b l e  as a t r a c e r  gas must possess the following c h a r a c t e r i s t i c s :  

a) It should n e i t h e r  be  crea ted  o r  removed from the  space under t e s t ,  o t h e r  than by v e n t i l a t i o n  
( i e  i t  should b e  s t a b l e  and not  absorbed o r  emanated by surfaces  wi th in  t h e  space).  

b) It should be capable of be ing r ead i ly  mixed with a i r .  

c) It should be  non-toxic.. 

d) It should be capable of be ing measured over an appropr ia te  range of concentrat ion.  
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A number of gases have been employed as  t r ace r s  including carbon dioxide,  hydrogen, helium, 
ethane and krypton-85. The two gases most comnonly used a t  present a re  sulphur hexafluoride 
and n i t rous  oxide. These may b e  measured i n  concentrations as  low as 10-4 and 10 p a r t s  per  
mi l l ion respect ively  using an e lec t ron  capture chromatograph i n  the  f i r s t  case and an i n f r a  
red gas analyser i n  the  second case. 

( i i i )  Measurements i n  dwellings 

The type of t r a c e r  gas measurements t o  be  made i n  dwellings depend upon t h e  reason f o r  which the  
v e n t i l a t i o n  r a t e  i s  required.  I f  the  concern is with energy consumption, and temperatures a re  
reasonably uniform throughout the  house, then whole house v e n t i l a t i o n  r a t e s  a r e  of i n t e r e s t .  I f  
s u b s t a n t i a l  temperature di f ferences  a r e  l i k e l y  t o  occur then concern is t h e  f r e sh  air en te r ing  a 
p a r t i c u l a r  room. The constant concentration technique is  most use fu l  i n  t h i s  case s ince  it allows 
the  a i r  enter ing each room t o  be separate ly  determined. ' Alternat ively  the  major concern may be 
the  movement of some contaminant, such as water vapour, from one p a r t  of the  house t o  another,  
i n  which case i t  i s  necessary t o  know the  r a t e  of a i r  exchange between rooms, which i s  obscured 
i n  the  constant concentration method. A second t r a c e r  using t h e  exponential decay method i s  
required. Individual  room measurements, made by i n j e c t i n g  t r a c e r  gas i n t o  a s ing le  room a r e  
l e s s  easy t o  i n t e r p r e t  s ince  the  incoming a i r  may come from elsewhere wi th in  the  house as wel l  
as from outside.  However t h i s  may be overcome i n  pa r t  by observing t h e  points  of en t ry  and 
e x i t  of the  a i r  using smoke fi lament ind ica to r s .  Although such measurements obscure t h e  o r ig in  
of the  a i r  enter ing the  room they a re  use fu l ;  

( i )  f o r  comparison with theore t i ca l  predic t ions ,  and 

( i i )  i n  s i t u a t i o n s  where a contaminant i s  produced i n  t h e  room i n  question only. This i s  of ten 
the  case i n  housing because of t h e  d ive r s i ty  of use of rooms and the  range of contaminants 
t h a t  need t o  be  controlled.  

4 MEASUREMENTS I N  DWELLINGS 

4. J BRE measurements 

In  order t o  provide bas ic  da ta  on the  v e n t i l a t i o n  of dwellings i n  p r a c t i c e  a p r o g r m e  of air 
leakage and v e n t i l a t i o n  r a t e  measurements has been ca r r i ed  out i n  25 dwellings. In  addi t ion 
measurements i n  a fu r the r  13  houses of v e n t i l a t i o n  r a t e s  and component c h a r a c t e r i s t i c s  have 
been carr ied  out under contract  by t h e  Building Services Research and Information Association. 
Fu l l  s e t s  of leakage c h a r a c t e r i s t i c s  and ven t i l a t ion  r a t e s  were made i n  nineteen of t h e  houses 
and b r i e f  d e t a i l s  of these  a re  included i n  Table 1 .  

Where poss ible  the  v e n t i l a t i o n  r a t e  measurements were ca r r i ed  out over a period of th ree  t o  four 
weeks i n  order t o  obta in  a range of wind speeds and d i rec t ions ,  and, general ly  l e s s  successful ly ,  
temperatures. I n  order t o  l i m i t  the  range of var iables  t h e  measurements were carr ied  out  with 
windows and doors closed,  although i n  a few of the  houses a l imi ted number of addi t ional  measure- 
ments were made with windows and other  control lable  v e n t i l a t i o n  openings s e t  t o  p a r t i c u l a r  
posi t ions  of opening. A l l  measurements were made i n  unoccupied dwellings. A f u l l  analys is  of 
t h e  r e s u l t s  referred t o  i n  the following sect ions  w i l l  be published i n  due course. 

4.2 Air leakage measurements 

( i )  Method 

Whole house a i r  leakage measurements were made using the  p ressur i sa t ion  equipment described by 
Skinner(l1).  This allowed measurements t o  be made with both pos i t ive  and negative pressure  
di f ferences .  The measurements were ca r r i ed  out  during periods bf low wind speed i n  order t o  
reduce any in te r fe rence  by wind generated pressures.  

Air leakage through individual  items was determined separate ly  using a por table  r i g  consis t ing 
of an adjus table  frame capable of being s e t  up t o  f i t  over any component up t o  the  s i z e  of a 
double door. Polythene shee t  was sealed over t h i s  t o  form an a i r t i g h t  enclosure from which a i r  
was extracted using a small fan.  The pressure  di f ference applied across the  component and the  
r a t e  of flow of the  extracted a i r  were measured. 

( i i )  Whole house a i r  leakage measurements 

Measurements were made of whole house air leakage f o r  both pos i t ive  and negative applied pressure 
di f ferences  f o r  each of the  nineteen dwellings l i s t e d  i n  Table 1 .  Power law curves were f i t t e d  
t o  each s e t  of r e s u l t s  and the  mean values K and n from t h e  pos i t ive  and negative r e s u l t s  
ca lcula ted f o r  each dwelling. Using t h e  form given by equation ( 4 ) ,  Table I l i s t s  t h e  values 
of a i r  leakage, QT i n  m3/h, a t  an applied pressure di f ference of 50 Pa, and of the  exponent, n. 
AS expected the values of n l i e  wi th in  the  range 0.5 t o  1.0. The maximum value i s  0.69 and 
the minimum 0.53. The mean value is  0.60, with a standard devia t ion of 0.04. Table 1 a l s o  
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TABLE 1 - Whole House A i r  Leakage C h a r a c t e r i s t i c s  

House d a t a  Air leakage c h a r a c t e r i s t i c s  a t  50 Pa Ven t i l a t ion  r a t e s  a t  
mean wind speed f o r  

No. Date Type Volume QT (QdV) (.QT/~p) n Percentage t h e  s i t e  

3 2 background 
m m3/h ach m /hm leakage ach 

A - detached House type- 1 ,  2, 3 - Number of s to reys :  E - f l a t  
B - semi-detached F - maisonnette 
C - end t e r r a c e  G - quad. 
D - mid-terrace 

shows t h e  a i r  leakage flow r a t e  sca led  by t h e  house volume (Q,/V), and s c a l e s  by t h e  permeable 

area (QT'2)  . For t h i s  purpose the  l a t t e r  i s  defined as t h e  ium of t h e  areas  of t h e  e x t e r n a l  
wal ls  of t e house toge the r  with t h e  a r e a  of t he  ground f l o o r ,  provided t h a t  t h i s  i s  permeable 
t o  a i r  flow, and t h e  a r e a  of the  su r face  between t h e  house and t h e  roof space. ( Q ~ l k p )  i s  an 
index of the  o v e r a l l  permeabi l i ty  t o  a i r  flow of the  bu i ld ing  envelope. 

It i s  of i n t e r e s t  t o  compare these  r e s u l t s  with those obtained i n  typ ica l  dwell ings i n  o the r  
countr ies .  The mean of t h e  r e s u l t s  f o r  t h e  n ineteen  houses, together  with s i m i l a r  r e s u l t s  
obtained i n  Canada(] 4) , ~weden( l5 ,16) ,  Denmark(l7) and the  United S ta t e s ( l8 )  a r e  shown i n  
Table 2. The a i r  leakage r a t e s  a t  50 Pa f o r  t h e  B r i t i s h  house compare favourably with a l l  
but  the  Swedish houses which have much lower values.  However when a comparison.is  made taking 
i n t o  account t h e  d i f f e r e n t  average volumes f o r  each d a t a  s e t  t h e  B r i t i s h  houses a r e  c l e a r l y  
considerably l e s s  t i g h t  than those  i n  Canada and Sweden. This i s  f u r t h e r  r e f l e c t e d  i n  a comparison 
of f a b r i c  permeabi l i ty  - (Q /A ) ,  which shows Swedish houses t o  b e  four  times a s  t i g h t  a s  t h e  
United Kingdom sample . T P 

( i i i )  Var ia t ion  of air leakage r a t e s  with time 

I n  order  t o  determine whether any v a r i a t i o n  occurred i n  t h e  a i r  leakage c h a r a c t e r i s t i c s ,  measure- 
ments were made i n  one of t he  dwell ings (no 11, Table 1) and repeated a t  r egu la r  i n t e r v a l s  over 
a period of e ighteen months. The r e s u l t s  a r e  shown i n  F igu re  1 i n  t h e  form of t h e  whole house 
leakage r a t e ,  QT, a t  50 Pa, subdivided between leakage through t h e  windows and doors,  and background 
leakage. The house concerned was unoccupied during t h e  t e s t  per iod ,  bu t  was heated  t o  normal 
temperatures dur ing  t h e  heat ing  season. Figure 1 i n d i c a t e s  a very s u b s t a n t i a l  seasonal  cliange 
i n  ove ra l l  leakage wi th  a maximum i n  winter  and a minimum i n  thesummer months. I n  view of t h e  
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TABLE 2 - A Comparison of A i r  Leakage Character is t ics  of ~ w e l l i n ~ s ' i n  Different  Countrieg - 

Average Air leakage c h a r a c t e r i s t i c s  a t  50 Pa 
Author Country house 

s i z e  
volume QT QT/v QT/Ap n Applied pressure  

d i r e c t i o n  
(m3) (m3/h) (ach) (m3/m2h) 

Present r e s u l t s  United Kingdom 19 200 2740 13.9 22.1 0.60 Mean 

Grimsud e t  a1  United S ta tes  13 378 3330 9.4 - - Mean 
(.I 8) (California) 

Colet e t  a1 Denmark 
(1 7) 

Holmgren e t  z l  Sweden 
(16) 

Kronvall Sigeden 
(15) 

- 0.70 Pos i t ive  

- 0.71 Pos i t ive  

25 317 1360 4.5 5.0 0.77 Negative 

Beach Canada 63 55 3 2420 4.4 8.4 0.66 Pos i t ive  
(14) (O t t awa) 

d 
f a c t  t h a t  the  house was not occupied i n t e r n a l  r e l a t i v e  hmi&ties  were r e l a t i v e l y  low during t h e  
winter,  t he re  being no moisture inpu t ,  and, i n  consequence, drying out  of t h e  t inbe r  i n  t h e  
s t r u c t u r e  may be a contributory f a c t o r  t o  the  observed change i n  t igh tness .  The measurements 
w i l l  be repeated during t h e  coming heat ing season when t y p i c a l  moisture l e v e l s  w i l l  b e  maintained 
i n  the  house. 

Recent measurements i n  Swedish houses(l9) indicated a very s u b s t a n t i a l  change i n  a i r  leakage 
c h a r a c t e r i s t i c s  i n  the  f i r s t  year  of occupation of new houses. Leakage r a t e s  measured i n  f i v e  
houses increased on average by 70%. Measurements made a f u r t h e r  year  l a t e r  showed no s i g n i f i c a n t  
change. Similar measurements were made i n  the  present s e r i e s  of t e s t s  on t h r e e  i d e n t i c a l  B r i t i s h  
houses. The mean leakage a t  50 Pa a t  completion was found t o  b e  1870 m3/h. Approximately one 
year a f t e r  the  houses had been occupied the  leakage r a t e  had increased t o  a mean value of 
3420 m3/h, an increase  of 83%. Poss ible  reasons f o r  t h i s  include drying out of the  f a b r i c ,  
s e t t l i n g  of the  s t r u c t u r e ,  changes ca r r i ed  out by the  occupants and general  wear and t e a r  during 
use, p 'ar t icular ly  of the  doors and windows. 

Before any general  conclusions can be drawn from these r e s u l t s  they w i l l  need t o  be subs tan t i a t ed  
by fu r the r  work and i f  poss ible  r e l a t ed  t o  form of construction.  Nevertheless there  i s  a c l e a r  
ind ica t ion  t h a t  the  i n t e r p r e t a t i o n  of whole house a i r  leakage measurements should t ake  i n t o  
account the  time when t h e  measurements a r e  made. 

( iv)  Dis t r ibut ion of a i r leakage between components 

A useful  ind ica t ion  of the d i s t r i b u t i o n  of leakage between components may be obtained by 
expressing,  a t  a common applied pressure  of 50 Pa, the  leakage of each component, obtained e i t h e r  
by individual  measurement o r  s e l e c t i v e  sea l ing  during whole house t e s t s ,  as a proportion of t h e  
t o t a l  leakage a t  t h e  same pressure. Figure 2 shows a t y p i c a l  'example obtained f o r  House 18. The 
proportions of the  a i r  leakage a t  50 Pa a t t r i b u t a b l e  t o  background a i r  flow paths ,  i e  not  through 
i d e n t i f i a b l e  flow paths such as gaps around windows and doors, have been measured f o r  t h e  houses 
i n  Table 1 and a re  included as percentages i n  the  Table. ~ h e ' a v e r a g e  value i s  approximately 60% 
with a range from 40 t o  80%. 

Although expressing a i r  leakage i n  t h i s  way emphasises the  importance of background leakage some 
care should be taken i n  placing too much importance on de ta i l ed  f igures ,  bear ing i n  mind t h e  
qua l i f i ca t ions  concerning the  technique expressed i n  Section 3.1. The overa l l  a i r  leakage i s  
an aggregate of many individual  leakage paths with d i f f e r e n t  values of the  exponent, n. 
Components with higher values of n w i l l  be more dominant a t  t h e  higher end of the  pressure  
d i f fe rence  range. This i s  i l l u s t r a t e d  i n  Figure 3 which shows t h e  percentages of t h e  overa l l  
a i r  leakage flow a t t r i b u t a b l e  t o  windaws, doors, and background flow paths over a range of 
applied pressure d i f fe rence  from 5 Pa t o  50 Pa, f o r  House 17 i n  Table 1 .  Whereas a t  50 Pa 
the  background areas contr ibute  54% of t h e  leakage, a t  5 Pa t h e  proportion i s  reduced t o  27X. 
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4.3 Tracer gas measurements 

( i )  Method 

Measurements were made of whole house and individual  room v e n t i l a t i o n  r a t e s  using t h e  
exponential decay technique described i n  Section 3.2. Nitrous oxide was used as the  t r a c e r  
gas and i t s  concentration was measured using an infra-red gas analyser.  Simultaneously with 
the t r a c e r  gas concentration wind speed and d i rec t ion ,  were measured using a l ightweight cup 
anemometer and wind vane mounted on a 10 m high mast a t  a s u i t a b l e  pos i t ion  near  the  house 
under t e s t ,  and together  with i n t e r n a l  and external  a i r  temperatures were recorded and 
automatically logged on t o  paper tape. Tinis was subsequently processed on an ICL 1905 
mainframe computer t o  c a l c u l a t e  the  v e n t i l a t i o n  r a t e ,  R ,  and the  mean wind speed, U , wind 
d i rec t ion ,  @, and average temperature d i f fe rence  between i n s i d e  and outs ide  a i r ,  AT, f o r  
each t e s t  . 
The whole house v e n t i l a t i o n  r a t e s  were obtained by the  expedient of a r t i f i c i a l l y  mixing t h e  
a i r  wi thin  the  house using fans mounted i n  the  open doqrways, thus e f fec t ive ly  reducing the  house 
t o  a s i n g l e  ' c e l l ' .  The r e s u l t s  a re  the re fo re  representa t ive  of conditions of use when i n t e r n a l  
doors a r e  normally kept  p a r t l y  open, o r  present very l i t t l e  r e s i s t ance  t o  flow. The r e s u l t s  a r e  
l i k e l y  t o  s l i g h t l y  overestimate the  ac tua l  r a t e s  i n  occupied house i n  which t h e  i n t e r n a l  doors 
a r e  kept closed. Individual  room r a t e s ,  determined by the  decay r a t e  technique, must be 
in te rp re ted  with care  s ince ,  as noted i n  Section 3 . 2 ( i i i )  the  incoming a i r  may en te r  from 
other  p a r t s  of the  bu i ld ing  as wel l  as from outside.  

( i i )  Whole house v e n t i i a t i o n  r a t e s  

In  order t o  ind ica te  t h e  general  magnitude and range o i  whole house ven t i l a t ion  r a t e s  found 
i n  p rac t i ce  the  r e s u l t s  of 430 measurements i n  25 d i f f e r e n t  houses have been aggregated and 
presented i n  t h e  form of a histogram i n  Figure 4a. The mean v e n t i l a t i o n  r a t e  i s  0.7 ach. 
Additional information i s  obtained from t h e  cumulative frequency diagram, Figure 4b which shows 
t h a t  the  median value i s  0.6 ach and t h a t  a ven t i l a t ion  r a t e  of 1.3 ach i s  exceeded only on 10X 
of occasions. I n  view of t h e  s u b s t a n t i a l l y  lower a i r  leakage i n  Swedish housing i t  i s  of i n t e r e s t  
t o  compare these  r e s u l t s  with a s i m i l a r  analys is  of r e s u l t s  reported by Kronvall(20) of 97 
measurements i n  70 d i f f e r e n t  houses. These lead t o  a mean value of 0.16 ach, a median of 0.14 ach 
and a r a t e  of 0.3 ach exceeded on 10% of occasions. 

Aggregating the  r e s u l t s  , however, obscures t h e  e f f e c t s  of the  individual  f a c t o r s ,  out l ined i n  
Section 2, which inf luence n a t u r a l  v e n t i l a t i o n  r a t e s .  The r e s u l t s  fo r  individual  houses may b e  
character ised by f i t t i n g  regress ion l i n e s  t o  the  data.  Various combinations of t h e  main 
meteorological va r i ab les ,  U , AT, and 4 have been considered by previous workers. I n  general  
wind speed has been found t o  be the  dominant va r i ab le  and f o r  present purposes t h e  r e s u l t s  f o r  . 
each house have been f i t t e d  t o  wind speed by simple regress ion analys is .  Cases with s ign i f i cance  
l eve l s  l e s s  than 5% were re jected.  The r e s u l t i n g  regress ion equation enables t h e  v e n t i l a t i o n  t o  
be determined f o r  any chosen wind speed and the  values a t  t h e  mean wind speed f o r  each s i t e  have 
been calcula ted.  These a re  l i s t e d  i n  Table I f o r  comparison with the  leakage measurements. For 
the  f u l l  sample of houses which s a t i s f i e d  t h e  s ignif icance c r i t e r i o n ,  t h e  mean value was found 
t o  be 0.74 ach with a range from 0.36 t o  1.70 ach. 

Another approach t o  t h e  ana lys i s  of t h e  r e s u l t s  which y i e l d  more information i s  t o  i s o l a t e  t h e  
r e s u l t s  f o r  each i~ouve which a r e  dominated by wind or by s t ack  e f f e c t .  Using a simple s i n g l e  
c e l l  model it i s  shown i n  reference (21) t h a t  t h i s  may be  achieved by p l o t t i n g  t h e  r e s u l t s  i n  
the  form (Q/ATn) agains t  ( u ~ ~ / A T " )  , Those measurements which a r e  subs t a n t i a l l y  dominated by 
s tack e f f e c t  w i l l  l i e  i n  the  range, f o r  two s torey houses, 

and those dominated by wind w i l l  l i e  i n  t h e  range, 

A s  an example of t h i s  approach the  r e s u l t s  of the  whole house v e n t i l a t i o n  r a t e  measurements f o r  
house 6 have been analysed and the  wind dominated r e s u l t s  iden t i f i ed .  Since f o r  any s p e c i f i c  
house these  a r e  a funct ion of wind d i r e c t i o n  and wind speed only, p l o t t i n g  ( Q / u ~ ~ )  agains t  4,  
w i l l  i nd ica te  the  v a r i a t i o n  of v e n t i l a t i o n  r a t e  with wind d i rec t ion .  This has been done and 
r e s u l t s  shown i n  Figure 6. House 6 i s  i n  the  centre of a row of ter raced houses and the  r e s u l t s  
give a c l e a r  ind ica t ion  of the  e f f e c t  of wind d i rec t ion  fo r  t h i s  bui ld ing arrangement. 
Vent i la t ion r a t e ,  a t  a given wind speed, with t h e  wind perpendicular t o  t h e  row of houses ' is  
twice t h a t  when the  wind i s  p a r a l l e l  t o  the  row. 
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TABLE 3 - Room Vent i la t ion Rates a t  Mean Wind Speed f o r  Different  Types of Roam Use 

Number of rooms Range 
Room desc r ip t ion  

i n  the  sample Mean value Minimum Maximum 

Living room 

Kitchen 

Bathroom 18 

Large Bedroom 
(Volume ip 15 m3) 29 

Small Bedroom 
(Volume < 15 m 3 )  

Ci i i )  Room v e n t i l a t i o n  r a t e s  

Room ven t i l a t ion  r a t e s  may be analysed i n  the  same way as f o r  the  whole house r e s u l t s .  Figure 5a 
f o r  ins tance shows a histogram f o r  l a r g e  bedrooms (defined as those wi th  a volume g r e a t e r  than 
15 m3) based upon 290 individual  measurements i n  25 houses. The associa ted cumulative frequency 
diagram i s  shown i n  Figure 5b. The mean v e n t i l a t i o n  r a t e  i s  0.73 ach, bu t  t h e  skewed nature  of 
the  d i s t r i b u t i o n  r e s u l t s  i n  a median value of 0.55. A r a t e  of 1 $ 5  ach i s  exceeded i n  only 10% of 
cases. As with the  whole house r e s u l t s  the  v e n t i l a t i o n  r a t e  measurements f o r  each room were 
f i t t e d  t o  wind speed by a simple regress ion analysis.  Results with a s ign i f i cance  l e v e l  of l e s s  
than 5% were re j ec ted  and the subsequent regression l i n e s  were used t o  ca lcu la te  t h e  v e n t i l a t i o n  
r a t e  f o r  each room a t  the  appropriate s i t e  mean wind speed. The mean values of v e n t i l a t i o n  r a t e  
f o r  each type of room a re  shown i n  Table 3. 

4 . 4  Comparison of p ressur i sa t ion  and t r a c e r  gas measurements 

Although the  t r a c e r  gas technique provides a d i r e c t  measurement of n a t u r a l  v e n t i l a t i o n  r a t e  
considerable e f f o r t  i s  required t o  s e t  up the  associated equipment and t o  ca r ry  out t h e  measure- 
ments. To obta in  s u f f i c i e n t  r e s u l t s  t o  e s t ab l i sh  t h e  v a r i a t i o n  of v e n t i l a t i o n  r a t e  with the  main 
c l imat ic  parameters takes a long time. The instrumentation i s  expensive and requires  s p e c i a l i s t '  
knowleiige t c  operate it. I n  contras t  the  equipment f o r  whole ttouse p ressur i sa t ion  measurements 
is  r e l a t i v e l y  inexpensive, robust  and requires  l i t t l e  experience t o  use. Measurements can be  
made i n  a few hours. Its usefulness would be considerably enhanced if  it can be demonstrated t h a t  
the  na tu ra l  v e n t i l a t i o n  r a t e  of a dwelling can be r e l a t e d  t o  leakage c h a r a c t e r i s t i c s .  The 
measurements, using both types of equipment i n  a range of houses, which have been b r i e f l y  
described i n  t h i s  paper o f f e r  an opportunity f o r  t e s t i n g  t h i s  proposit ion.  

One p o s s i b i l i t y  i s  t o  compare the  whole house leakage r a t e ,  QT, measured a t  50 Pa, with a sui tably  
chosen ven t i l a t ion  r a t e .  For t h i s  purpose the  simple regress ion f i t  agains t  wind speed may be  
used f o r  those cases where the  s ign i f i cance  levels  were b e t t e r  than 5%. Using t h i s  t o  obta in  the  
ven t i l a t ion  r a t e  correspondingly t o  a standard wind speed of 3.5 m/s ( t h i s  i s  approximately t h e  
mean wind speed a t  10 m f o r  most inland suburban s i t e s  i n  t h e  United Kingdom) f o r  each house these  
have been p lo t t ed  agains t  QT i n  Figure 7. The core la t ion  i s  s u r f i c i e n t l y  encouraging t o  proceed 
t o  a more de ta i l ed  analys is  based upon t h e  simple t h e o r e t i c a l  model discussed i n  reference (21). 

5 CONCLUSIONS 

1 )  Measurements i n  typ ica l  modern B r i t i s h  housing ind ica te  t h a t  average v e n t i l a t i o n  r a t e s ,  with 
windows and other  con t ro l l ab le  openings closed l i e  i n  the  range 0.3 t o  1.7 ach with a mean 
value of 0.7 ach. The d i s t r i b u t i o n  of aggregated d a t a  from a l l  houses gives a s imi la r  mean 
value of 0.7 ach and a l so  ind ica tes  a median l eve l  of 0.6 ach and an upper d e c i l e  value of 
1.3 ach. 

2) In comparison with housing i n  countr ies  with much more severe win te r  cl imates B r i t i s h  housing 
i s  much l e s s  r e s i s t a n t  t o  a i r  flow through the  f a b r i c  and components. Swedish dwellings f o r  
ins tance,  a r e  th ree  t o  four times t i g h t e r .  However t h e  levels  of n a t u r a l  v e n t i l a t i o n  found 
i n  B r i t i s h  houses a re  close t o  the  minimum air requirements  f o r  f r e sh  a i r  supply. Any general  
reduction i n  a i r  leakage, without a l t e r n a t i v e  provis ion f o r  f r e sh  a i r  supply could lead t o  
an increase i n  problems such as condensation. 
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3) P ressur i sa t ion  measurements i n d i c a t e  t h a t  a subs tan t i a l  proportion of the  in£ i l t r a t i o n  of 
a i r  i n t o  a dwelling m e  take place  through paths other than the  cracks around windows and 
doors. 

4) A comparison of p ressur i sa t ion  and t r a c e r  gas measurements ind ica tes  t l iat  the  p o s s i b i l i t y  
e x i s t s  f o r  using t h e  simple p ressur i sa t ion  leakage t e s t  as  an ind ica to r  of the  v e n t i l a t i o n  
performance of a dwelling. Fur ther  research and t h e o r e t i c a l  analys is  i s ,  however, required.  

The authors wish t o  thank t h e i r  colleagues who contributed t o  t h e  measurements described i n  t h i s  . 
paper, i n  p a r t i c u l a r  t o  Mrs L Parkins who was responsible f o r  t h e  component t e s t s  and much of the  
analys is  of the  r e s u l t s .  

P 
The work described has been ca r r i ed  out  as p a r t  of the  reseafh programe of t h e  Building Research 
Establishment of the Department of the  Environment and t h i s  paper i s  published by permission of the  
Director.  
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F i g u r e  I .  Seasona l  V a r i a t i o n  o f  Whole House 
A i r  Leakage a t  50 Pa (House 11) 

I I V  

Aug Sep 

ApT-applied test differences (Pa) 

F 

- 

- 
Oct 

Windows and WC fan (940m3/hrl 

Back door ( 280m3/hrl 

Lights,plugs, pipes etc (85rnVhrl 

Skirting boards (575m3/hr) 

Other sources 

F i g u r e  2 .  ~ i s t r i b u t i o n  o f  Whole 
House A i r  Leakage 
between Components a t  
50 Pa (House 18) 

F i g u r e  3,. V a r i a t i o n  of t h e  P r o p o r t i o n  of  Whole House A i r  Leakage A t t r i b u t a b l e  
t o  Various Components w i t h  Applied T e s t  P r e s s u r e  (House 17 )  
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R-ventilation rate (ach) 

Figure 4a. Distribution of Whole House Figure 4b. Cumulative Frequency Diagram 
Ventilation Rates for Whole House Ventilation Rates 

R-ventilation rate (ach) 

Figure 5a. gistribution of Ventilation 
Rates - Large Bedrooms Figure 5b. Cumulative Frequency Diagram 

for Ventilation Rates in 
Large Bedrooms 
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fl- wind direction 

Figure 6 ,  The Effect of Wind Direction on Whole House Ventilation Rate (House 6) 

Q, -'air leakage at 5d Pa (rn3/h) 

Figure 7 .  Variation of Whole House Ventilation Rate at a Wind Speed of 
3 . 5  m/s with Air Leakage at 50 Pa 
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PROBLEMS I N  COMMERCIAL AND INDUSTRIAL VENTILATION 

J.E. Holt  
Technical  D i r ec to r  
Co l t  I n t e r n a t i o n a l  Limited, New Lane, Havant, Hampshire PO9 2LY, England. 

The paper s t a r t s  w i th  a b r i e f  review of t he .  f a c t o r s  t o  be taken i n t o  
account i n  cons ider ing  n a t u r a l  v e n t i l a t i o n  i n  such i n s t a l l a t i o n s  - t he  
f a c t o r s  a r e ,  i n t e r  a l i a ,  i t s  loca t ion  and surrounding bui ld ings ,  t he  
a c t i v i t y  w i th in  t he  bu i ld ing  and the  r e s u l t s  r equ i r ed  of t h e  i n s t a l l a t i o n .  

I t  cont inues  wi th  some no te s  about t he  problems and poss ib l e  advantages 
of combining n a t u r a l  and f an  powered systems and concludes w i th  some 
examples i n  var ious  i n s t a l l a t i o n s ,  such a s  power s t a t i o n s ,  shopping ma l l s ,  
production a r e a s  e t c .  

INTRODUCTION 

It  i s  t r i t e  b u t  neve r the l e s s  t r u e  t o  say  t h a t  t he  days of  cheap energy a r e  gone and i t  behoves us 
a l l  t he re fo re  t o  seek  ways of reducing energy consumption. 

This  has meant a  r e t u r n  t o  e a r l i e r  forms of energy genera t ion  and we a r e  looking  again  a t  water  
power, s o l a r  power, wind power and rediscover ing  o r  advancing t h e i r  p o t e n t i a l .  

And so  i t  i s  wi th  v e n t i l a t i o n .  Natura l  v e n t i l a t i o n  of  bu i ld ings  has been p r a c t i s e d  f o r  more years 
than  mechanical v e n t i l a t i o n  and so  i t  is  i n  keeping t o  t u r n  t o  t h i s  a l s o .  

However., i n  the  p a s t  many n a t u r a l  v e n t i l a t i o n  systems have been uncont ro l led  and i f  t he  system has 
provided too much v e n t i l a t i o n  f o r  comfort i n  the  w in t e r  i t  was e a s i l y  made up by a d d i t i o n a l  hea t ing .  
This  paper dea l s  w i th  bui ld ings  where a need does e x i s t  f o r  v e n t i l a t i o n  f o r  some, i f  n o t  a l l ,  o f  
the  time. 

VENTILATION 

Ven t i l a t i on  i s  t he  flow of  a i r  through a bui ld ing ,  and t o  have f l u i d  flow r e q u i r e s  pressure  
d i f f e r ence  - where t h e r e  i s  no pressure  d i f f e r ence  - t h e r e  i s  no a i r  flow. These pressure  
d i f f e r ences  a r e  caused by : 

1. The ' e f f ec t  o f  t he  wind blowing over  t he  bu i ld ing  i n  ques t ion .  

2. The e f f e c t s  of t he  wind on neighbouring bui ld ings .  

3 ,  The e f f e c t  of  d i f f e r ence  of temperature between the  i n s i d e  and ou t s ide  o f . t h e  bui ld ing .  

4. Any pressures ,  p o s i t i v e  o r  negat ive ,  brought about  by mechanical v e n t i l a t i o n  systems. 

Because the  flow depends upon the  square roo t  of t he  p re s su re  d i f f e r ence ,  doubling the  pressure  
d i f f e r ence  does n o t  double the  flow, but  g ives  only  a 40% increase .  

Thus when two o r  more fo rces  a r e  a c t i n g  simultaneously,  t h e  i nd iv idua l  p re s su re s  can be added to  
a r r i v e  a t  the.combined flow, and n o t ,  a s  sometimes i s  done, add the  i n d i v i d u a l  flow r a t e s  t o  a r r i v e  
a t  the  combined flow. 

THE EFFECTS OF WIND 

Considering i tems 1 and 2 on the  aforementioned l i s t  ( t h e  e f f e c t  of wind), i f  a  v e n t i l a t i o n  system 
i s  designed, r e l i a n t  upon the  wind e f f e c t ,  then the  v e n t i l a t i o n  r e s u l t  should be judged over the 



NATURAL VENTILATION BY DESIGN 

per iod  of  time from which t he  average des ign  w i ~ d  speed i s  taken.  Thus, i f  t h e  average wind speed 
over  a  year  i n  some l o c a t i o n  i s  9m/s.,  and t h i s  i s  taken a s  t h e  des ign  wind speed,  t he  r e s u l t  o f  3 any c a l c u l a t i o n  u s ing  t h i s  f i g u r e  should  n o t  be judged i n  m 1 s  o r  even a i r  changes per  hour,  bu t  
i n  a i r  changes per  yea r .  

The p o i n t  t o  make is  t h a t  i n  commercial o r  i n d u s t r i a l  premises v e n t i l a t i n g  i s  f o r  a  purpose, 
u s u a l l y  connected w i th  a n  i n d u s t r i a l  p rocess .  

When v e n t i l a t i n g  say,  a  glassworks,  where t he  main problem i s  ove rhea t i ng ,  which w i l l  obvious ly  
be worse i n  ~ u n e / J u l y  e t c . ,  i t  i s  n o t  good t h ink ing  to  des ign  assuming t he  a s s i s t a n c e  of  average  
annual  winds which i n c l u d e s ,  a p a r t  from t h e  summer calms, t he  February g a l e s .  

We must des ign  t ak ing  i n t o  cons ide r a t i on  t he  wors t  cond i t i ons ,  which i s  no wind, i n  t h e  same way 
t h a t  t he  s t r u c t u r a l  eng inee r  must des ign  a l l owing  f o r  t h e  February g a l e s  and n o t  the  average  wind 
speeds.  

The source  of  da t a  f o r  wind speeds i s  worth examining. Data i s  o f t e n  supp l i ed  from the  l o c a l  
. a i r p o r t  and, w h i l s t  t h i s  may be u s e f u l  i n  a s s e s s i n g  t he  h i g h e s t  wind speeds l i k e l y  i n  t h e  a r e a ,  

i t  may n o t  be o f  much u se  i n  a s s e s s i n g  t h e  lowest  wind speed i n  a  c i t y  c e n t r e  i n  t he  h e i g h t  o f  
summer. 

The e f f e c t  o f  wind on bu i l d ings  has been s t u d i e d  by va r i ous  r e s e a r c h e r s  ( ~ a t u r i n  (1)sMorgan and 
Marchant ( 2 )  ). The l o c a t i o n  of  v e n t i l a t o r s ,  p a r t i c u l a r l y  t h e i r  l o c a t i o n  i n  t h e  roo f ,  i s  important .  

Obviously it i s  d e s i r a b l e  t o  avoid  p u t t i n g  exhaus t  v e n t s  i n  h igh  p r e s su re  a r e a s  and i n l e t  v e n t s  i n  
low p re s su re  a r ea s .  The former can be more d i f f i c u l t  t o  ach ieve .  

Of ten  u s e f u l  r e s e a r c h  informat ion  i s  r ep o r t ed  on s o l i d  b lock  models. I n  f a c t ,  however, a c t u a l  
b u i l d ings  a r e  permeable and i t  i s  t he  p r e s su re  d i f f e r e n c e  a c r o s s  t h e  s k i n  of  t h e  b u i l d i n g  t h a t  we 
a r e  concerned wi th .  The i n t e r n a l  p r e s s u r e  w i t h i n  a  b u i l d i n g  i s  u s u a l l y  s l i g h t l y  below atmospheric ,  
which means s u c t i o n  e f f e c t s  a r e  perhaps n o t  a s  g r e a t  a s  r e s u l t s  from r e sea r ch  on b lock  models 
would sugges t .  

Even more impor tan t  i s  t h e  l o c a t i o n  o f  ve ry  l a r g e  openings.  Very l a r g e  openings on t h e  leeward 
s i d e  can cause i nc r ea sed  s u c t i o n  w i t h i n  t he  bu i l d ing  and t hose  on t h e  windward s i d e  o f  t h e  bu i ld-  
i ng  can cause enhanced p r e s su re .  

The i nc r ea sed  s u c t i o n  e f f e c t  was brought  home t o  t he  w r i t e r  many yea r s  ago fo l lowing  a  complaint  
t h a t ,  when t h e  wind was i n  a  c e r t a i n  d i r e c t i o n ,  n a t u r a l  v e n t i l a t o r s  i n s t a l l e d  over  an  open bath,  
i n t e r m i t t e n t l y  down draughted.  

I n v e s t i g a t i o n s  were made a t  s i t e  and t h e  mul t ibny  bu i l d ing  w i t h  b a r r e l  v a u l t  r o o f s  ( F i g .  1 )  had 
v e n t i l a t o r s  mounted on t h e  roof  of  t h e  end bay and t he se  worked e f f e c t i v e l y  f o r  t h e  m a j o r i t y  o f  
t he  time. A f t e r  many s i t e  v i s i t s  i t  was found t h a t  t he  o n l y  occas ion  when t h e  v e n t i l a t o r s  f a i l e d  
t o  exhaus t  was when : 

1. The wind was roughly  a t  r i g h t  ang l e s  t o  t he  l i n e  o f  t h e  b a r r e l  v a u l t s .  

2. The l a r g e  l oad ing  bay doors ( a t  B i n  F i g ,  1 )  were f u l l y  open. 

The opening o f  t he se  doors  caused a  s u c t i o n  w i t h i n  t he  b u i l d i n g  which was g r e a t e r  than t h e  normal 
s u c t i o n  over  t h e  roo f .  The p r e s su re  i n s i d e  t h e  bu i l d ing  was thus  lower than  t h e  o u t s i d e  caus ing  . 
a i r  flow i n t o  t he  b u i l d i n g  through t h e  roof  v e n t i l a t o r s .  

To sum up, t h e r e f o r e ,  wind has  an  e f f e c t  on v e n t i l a t i o n .  I t  i s ,  however, a ve ry  u n c e r t a i n  a l l y .  
To be s u r e  of  h i s  r e s u l t s  t he  de s igne r  would be advised  t o  i gno re  i t s  favourable  e f f e c t s ,  which 
then come a s  an  ag reeab l e  bonus and c o n c e n t r a t e  h i s  des ign  e f f o r t  t o  en su re  t h a t  t h e  e f f e c t  o f  
wind i s  n o t  adverse .  

I f  a  scheme has been designed assuming t h e  a s s i s t a n c e  o f  t h e  e f f e c t s  of wind and t h i s  does n o t  
m a t e r i a l i s e ,  then  t h e  scheme may have been under-designed. 

There could w e l l  be occas ions  when t h e  bonus r e f e r r e d  t o  above i s  an  embarrassment, bu t  a l l  
p rope r ly  designed v e n t i l a t i o n  systems,  n a t u r a l  o r  o the rw i se ,  should have a  proper  c o n t r o l  system 
so  t h a t  t h e  v e n t i l a t i o n  can be reduced o r  e l im ina t ed  a s  r equ i r ed .  I n  t h i s  r e s p e c t  i t  i s  i n t e r e s t -  
i n g  t o  s ee  t he  p rog re s s  made over  t he  p a s t  few yea r s  i n  s e a l i n g  c lo sed  v e n t i l a t o r s  a g a i n s t  
unwanted a i r  leakage.  (F ig .  2 ) .  

Such s e a l i n g  i s ,  o f  course ,  v i t a l  i n  any bu i l d ing  which must be hea ted  i n  w in t e r .  
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THE EFFECT OF TEMPERATURE DIFFERENCE 

The e f f e c t  of temperature d i f f e rence  between the ins ide  and ou t s ide  of  the  bui ld ing i s  the  main 
f a c t o r  i n  design of  n a t u r a l  v e n t i l a t i o n  systems f o r  i n d u s t r i a l  and c o m e r c i a l  buildings,  and the 
des igner ' s  endeavours a r e  usua l ly  t o  l i m i t  t h i s  to  an acceptable  level .  

When c a l c u l a t i n g  performance of n a t u r a l  v e n t i l a t i o n  standard formulae can be used f o r  v e n t i l a t o r  
performance, r e l a t i n g  height  and temperature. There a r e  seve ra l  of  these  formulae of  varying 
degrees of e labora t ion (ASHRAE ( 3 ) ,  Hansen ( 4 ) ,  Thomas e t  a 1  (5), Hemeon ( 6 ) ) .  The use of these 
formulae involves knowing the  aerodynamic f r e e  area  defined a s  follows : 

"The r a t e  of flow of gases through an o r i f i c e  such a s  a vent  i s  l e s s  than would be expected from 
energy considera t ions  and the  o r i f i c e  behaves a s  though ' i t s  a rea  was l e s s  than t h a t  a c t u a l l y  
measured. This reduced a rea  i s  known a s  the  aerodynamic f r e e  area". (Thomas and Hinkley ( 7 )  ). 

This can be e s t ab l i shed  by wind tunnel t e s t s .  Using equations f o r  v e n t i l a t o r  performance and con- 
se rva t ion  of hea t ,  i t  i s  poss ib le  t o  c a l c u l a t e  the v e n t i l a t i o n  requirements $or var ious  tempera- 
tu res  and the  posi t ion  of  n e u t r a l  layer .  

As mentioned e a r l i e r ,  pressure  d i f f e rence  causes flow a t  i n l e t s ,  t he  pressure  outs ide  the bui ld ing 
i s  higher than the  pressure  ins ide ,  thus there  is  a flow of a i r  i n t o  the  building.  

A t  the  exhausts,  t he  pressure ins ide  i s  g rea te r  than the  pressure  ou t s ide ,  thus there  i s  flow out  
from the  building.  Somewhere between the  pressures ins ide  and ou t s ide  w i l l  be equal. This i s  the 
l e v e l  of the  n e u t r a l  layer .  This i s  important p a r t i c u l a r l y  i n  schemes which involve both n a t u r a l  
and mechanical v e n t i l a t o r s .  

POWERED VENTILATION 

This i s  the four th  of those f a c t o r s  a f f e c t i n g  the  na tu ra l  v e n t i l a t i o n  of a building: the  pressures 
brought about by any mechanical v e n t i l a t i o n  system. These pressures  can be r e l a t i v e l y  high and s o  
i n  some loca t ions  d i f f i c u l t i e s  may be found, in  opening doors, w h i l s t  r a i n  can be drawn i n  through 
shee t  laps  because the re  i s  excessive exhaust and no provision f o r  i n l e t  wi th  the r e s u l t  t h a t  a i r  
i s  drawn i n  through any opening a t  very  high veloci ty .  

I n  i n d u s t r i a l  and commercial bui ld ings  v e n t i l a t i o n  i s  provided f o r  a purpose - usual ly  to  improve 
the  working environment because otherwise i t  would be too h o t  o r  because the re  a r e  excessive 
emissions of fume o r  noxious gases causing, to  say the  l e a s t ,  i r r i t a t i o n  and i f  considera t ion of 
f i r e  i s  included, l i f e  hazard. 

I n  many such app l i ca t ions  r e s u l t s  can be achieved by judicious app l i ca t ion  of  some powered ven t i l -  
a t ion .  One obvious case  i s  overheating,  where the add i t iona l  a i r  movement by fans can contr ibute  
add i t iona l  cooling.  Others could be where process ex t rac t ion  exhausts a i r  from the  building.  
Probably the most extreme case here  i s  the bo i l e r  house i n  a power s t a t i o n  where the  a i r  exhausted 
f o r  the  b o i l e r s  i s  a t  the l e v e l  of  .46 kg/s per MW, and s t a t i o n s  of 2000 MW capaci ty  a r e  n o t  
unknown. 

I n  such bui ld ings  the l e v e l  of n e u t r a l  layer  i s  important whether the  v e n t i l a t i o n  i s  powered, 
n a t u r a l  o r  a combination of both. 

Thus i n  a laundry, f o r  example, wi th  excessive moisture emission the  l e v e l  of  the  n e u t r a l  layer  
must be above the  top of the  doorways t o  adjoining sec t ions ,  otherwise moist  and steamy a i r  w i l l  
flow out  from one sec t ion  to give condensation i n  another sec t ion.  This can happen i f  t he re  i s  
l a rge r  i n s t a l l e d  i n l e t  capaci ty  than exhaust capacity. 

S imi lar  cases can occur in ,  say, a welding shop where the working l e v e l  may be c l e a r ,  but welding 
fume i n  the roof space above working l e v e l  can spread in to ,  say,  ad jacen t  f ab r i ca t ion  shops through 
high l eve l  openings. 

The reverse  s i t u a t i o n  can of course occur. I n  the same laundry an excess of exhaust capaci ty  such 
t h a t  the  n e u t r a l  l aye r  was towards the  top of the bui ld ing could mean high l e v e l  windows would 
allow cool  a i r  t o  meet warm, very  humid a i r  giving loca l  fog, condensation, o r  perhaps even ra in .  

The same s i t u a t i o n  can occur i n  emergency heat  and smoke exhaust systems when an excess of exhaust 
capaci ty  over i n l e t  capaci ty  could mean openings i n  the bui ld ing above the  smoke l aye r  a c t i n g  a s  
i n l e t s ,  blowing smoke down t o  breathing zone. This could, of course,  de fea t  the  o b j e c t  of the 
exerc ise .  

Having sa id  something about the  more bas ic  considerations,  i t  might be appropr ia te  t o  consider 
some p a r t i c u l a r  advantages of n a t u r a l  ven t i l a t ion .  
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A n a t u r a l  v e n t i l a t i o n  system 1 )  uses  no power 

2) i s  s i l e n t  i n  opera t ion  

3) g ives  r e s u l t s  which ( i f  the hea t  t o  be d i s s i p a t e d  i s  under 
es t imated)  a r e  c lo se r  t o  t h e  design temperature d i f f e r ence  
than t h a t  achieved by a t o t a l l y  mechanical v e n t i l a t i o n  system 

4 )  can impose l e s s  s t r e s s  upon t h e  bu i ld ing  s t r u c t u r e  

5 )  can provide psychological  r e l i e f  t o  occupants 

Advantages 1 )  and 2) a r e  s e l f  ev ident ,  but  advantage 3)  needs enlargement by means of  the  
fol lowing example : 

Basic da t a ;  es t imated  h e a t  load = 1 MW, ambient a i r  temperature 2 9 3 ' ~ ~  a d temperature of a i r  3 leaving  the  bu i ld ing  of  30j°K, thus  t he  v e n t i l a t i o n  r a t e  must be 85.32.m / 5 .  

This  can be provided by powered v e n t i l a t i o n  wi th  fans capa l e  of  handl ing  t h i s  capac i ty  o r  by 9 
n a t u r a l  v e n t i l a t o r s  w i th  an aerodynamic f r e e  a r e a  of 46.6m (assuming a s t a c k  he igh t  of 10m). 
However, i t  may be t h a t  t h e  es t imated  and a c t u a l  hea t  loads  d i f f e r .  Fig. 3 shows the  r e s u l t s  
achieved i f  t h e  e s t ima te  of the  hea t  was too low. Applying a 165 MW h e a t  load to  t h e  graph we 
see  the  temperature r i s e  w i th  n a t u r a l  v e n t i l a t i o n  would be 13.2 C and wi th  a mechanical system 
i t  would be 15.4'~. I f  t he  hea t  ou tpu t  i s  doubled the  r e s p e c t i v e  f i g u r e s  a r e  2 0 . 9 ' ~  f o r  t he  
mechanical sys  tem and 16. 1°c f o r  n a t u r a l  v e n t i l a t i o n .  

The f a c i l i t y  of f l e x i b i l i t y  i s ,  o f  course ,  extremely u s e f u l  i f  hea t  loads cannot accu ra t e ly  be 
determined, o r  i f  they a r e  known t o  vary  wi th  process - and, of  course ,  i n  f i r e  s i t u a t i o n s .  

The example shows on ly  temperature d i f f e r e n c e s  l i a b l e  t o  be encountered i n  v e n t i l a t i o n  of 
i n d u s t r i a l  p rope r t i e s .  I f  t h e  f i r e  s i t u a t i o n  i s  considered,  t h i s  f a c i l i t y  needs t o  be even more 
c a r e f u l l y  considered.  Data f o r  t h e  h e a t  ou tpu t  from a f i r e  i s  n o t  l i k e l y  t o  be exact  and most 
mechanical u n i t s  do have an ope ra t ing  temperature l i m i t .  I f  t h i s  i s  exceeded the  u n i t  w i l l  s t o p  
running. A powered v e n t i l a t i o n  u n i t  f a i l i n g  i n  a day t o  day v e n t i l a t i o n  system can be regarded 
a s  inconvenient ,  i n  a f i r e  s i t u a t i o n  i t  could be regarded a s  ca t a s t roph ic .  

A n a t u r a l  v e n t i l a t o r  w i l l  no t  be s u b j e c t  t o  t h i s  same ope ra t ing  temperature l i m i t .  Refer r ing  t o  
Fig.  3 f o r  example, doubling the  hea t  load inc reases  t he  temperature d i f f e r ence  i n  a n a t u r a l  
v e n t i l a t i o n  scheme by about  60% and i n  a mechanical scheme by 110%. Thus, des igning  f o r  condi- 
t i o n s  where t he  h e a t  load i s  l i k e l y  t o  vary ,  generous s a f e t y  f a c t o r s  a r e  needed when us ing  powered 
exhaust .  There i s  too, a  "domino" e f f e c t  - i f  one powered exhaust  f a i l s  t he re  w i l l  be a reduct ion  
i n  volume, which w i l l  au toma t i ca l ly  r a i s e  the  temperature caus ing  quicker  f a i l u r e  of the  remaining 
u n i t s ;  

The f o u r t h  advantage i s  s t r e s s  on t h e  bui ld ing .  This i s  mainly a ques t ion  of  roof loading.  
Na tu ra l  v e n t i l a t o r s  have been used t o  r ende r  a roof permeable and thus reduce the  wind pressure  
e f f e c t s .  Na tu ra l  v e n t i l a t o r s ,  by v i r t u e  of  t h e i r  r e l a t i v e l y  l i g h t  weight, can a l s o  impose l e s s  
s t r e s s  on a roof than powered v e n t i l a t o r s  of s i m i l a r  capaci ty .  

Refer r ing  t o  the  da t a  given i n  t he  example f o r  advantage 31, t h e  r a t e  of  85.32m'/s,could be 
provide$ by 14 i n d i v i d u a l  powered exhaus t  u n i t s  wi th  an i n d i v i d u a l  weight of about 110 kg spread 
over lm g iv ing  a t o t a l  weight of about 1500 kg. 

2 
The 46.6m of  aerodynamic f r e e  a r e a  could be provided by 27 louvred n a t u r a l  ven t s  wi th  i nd iv idua l  , 

weight of about  40 kg, spread  over an a r e a  of about l . l m  x 3m giv ing  a t o t a l  weight of about 
1100 kg. 

Psychological  r e l i e f  i s  i l l u s t r a t e d  by Figs.  4, 5 and 6, which show j u s t  how much n a t u r a l  daylight-  
i n g  and a c l e a r  view o f  the  ou t s ide  enhance the  working environment. 

CONCLUSIONS 

To sum up, t he re fo re ,  systems f o r  v e n t i l a t i o n  of  commercial o r  i n d u s t r i a l  bui ld ings  can be 
designed us ing  n a t u r a l  v e n t i l a t i o n  and inco rpo ra t ing  powered v e n t i l a t i o n  a s  app rop r i a t e .  

-C lose  c o n t r o l  of both systems i s  poss ib l e .  

Energy can be saved by reduct ion  of  running power and t h a t  same c l o s e  con t ro l .  

The system can reduce t h e  l o s s  i n  f i r e  s i t u a t i o n s .  

Figs.  4,  5,  6,  7, 8 ,  9,  10, 11, 12, 13, 14 and 15 show some app l i ca t ions .  
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SECTION A-A 

! T 
Satisfactory Ventilation 

- 

Opening very large doors on outer leeward wall & dividing 
cause downdraughting 

wall 

FIG.l HOW DOWNDRAUGHTING MAY OCCUR 

PLAN 
r-+ A 

FIG. 2 VOLUME FLOW THROUGH CLOSED VENTILATORS 
AT VARIOUS PRESSURES 
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FIG. 3 SHOWING THE RESPECTIVE INCREASES IN TEMPERATURE 
WITH NATURAL & POWERED VENTILATION. IF DESIGN HEAT 
LOAD IS EXCEEDED. 
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Fig.  4 - Aluminium Ext rud ing  P l a n t  Fig.  5 - High Bay Warehouse 

F ig .  6 - Food Warehouse Despatch Bay F ig .  7 - F r u i t  6 Vegetable  l l a r k e t  
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Fig .  8 - Manufac tu r ing  P l a n t  

- F i g .  10 - S p o r t s  Stadium F ig .  11 - Power S t a t i o n  
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Fig .  12 - S h i p b u i l d e r s  F ig .  13 - T h e a t r e  s t a g e  a r e a  

F ig .  14 - Rooftop P l a n t  Room Fig ,  15 - Underground Car  Park  
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NATURAL VGNTILATION I N  THE MODERN HOSPITAL 

J.M. Singh CEng M I  MechE 
P r  inc  i p a l  Engineer ,  DHSS 

T h i s  paper a s s e s e s  t h e  r o l e  o f  n a t u r a l  v e n t i l a t i o n  i n  a  modern h o s p i t a l  
w i t h i n  t h e  l i m i t s  o f  c u r r e n t  knowledge. I t  c o n s i d e r s  optimum s t a n d a r d s  
o f  a i r  change r a t e s  f o r  w i n t e r  and summer c o n d i t i o n s  and reviews f a c t o r s  
w i t h i n  t h e  h o s p i t a l  c o n t e x t  t h a t  a r e  l i k e l y  t o  a f f e c t  t h e  r e a l i s a t i o n  o f  
n a t u r a l  v e n t i l a t i o n .  Reference is made t o  a c t u a l  measurements i n  a  new 
h o s p i t a l  and t o  o t h e r  t h e o r e t i c a l  work. There is a l s o  some comment on 
Euture t r e n d s  and t h e  i n f l u e n c e  o f  energy consumption on t h e  use  o f  
n a t u r a l  v e n t i l a t i o n .  

INTRODUCTION ' 

"The very  f i r s t  r u l e  oE n u r s i n g  is  t o  keep t h e  a i r  t h e  p a t i e n t  b r e a t h e d a s  pure a s  t h e  e x t e r n a l  
a i r  without  c h i l l i n g  him. The q u e s t i o n  is  o f t e n  asked - when ought windows t o  be  opened? The 
answer is  - when ought they t o  be s h u t ? "  These e x t r a c t s  from "Notes on Nursingt t  1859 a r e  a t -  
t r i b u t e d  t o  F l o r e n c e  N i g h t i n g a l e  and expr  Ss h e r  s e n t i m e n t s  on t h e  t h e r a p e u t i c  e f f e c t s  o f  f r e s h  
a i r  and by i n f e r e n c e  n a t u r a l  v e n t i l a t i o n . '  Today t h i s  concept  s t i l l  h o l d s  good f o r  h o s p i t a l s  
i n  t h e  United Kingdom a l b e i t  t o  a  l e s s e r  degree .  Whereas t h e  g e n e r a l  l e v e l  o f  p o l l u t i o n  h a s  
i n c r e a s e d  dur ing  t h e  i n t e r v e n i n g  y e a r s  v a r i o u s  Acts  o f  Par  1  iament have sa feguarded  t h e  pur i t  y  
o f  t h e  atmosphere and l i m i t e d  contamina t ion .  Ambient a i r  i s  s t i l l  s u i t a b l e ,  w i t h  few excep- 
t i o n s ,  t o  n a t u r a l l y  v e n t i l a t e  l a r g e  a r e a s  o f  the'modern h o s p i t a l  a l though  t h e  c o n d i t i o n s  under 
which i t  is  now used have a l s o  changed s i g n i f i c a n t l y  due t o  advances i n  medic ine .  

d e r  t h e  past  few y e a r s  t h e r e  h a s  been some r e t h i n k i n g  on t h e  l i k e l y  s i z e  and f u n c t i o n a l  con ten t  
o f  t h e  D i s t r i c t  General Hospi ta l  (DGH) most a p p r o p r i a t e  f o r  tomorrow's needs .  T h i s  reassessment  
has  come about by an awareness o f  t h e  d i sadvantages  o f  l a r g e  s i z e  and changes i n  a d m i n i s t e r i n g  
h e a l t h  c a r e .  A  g r e a t e r  emphasis is now placed on t h e  r o l e  o f  t h e  pr imary h e a l t h  c a r e  team and 
t h e  p r a c t i c e  o f  p r e v e n t i v e  medicine.  This  i s  l ead ing  t o  an i n c r e a s e  i n  p r o v i s i o n  f o r  Out 
P a t i e n t  and Day Care t rea tment  f a c i l i t i e s  and a  r e d u c t i o n  i n  t h e  o v e r a l l  number o f  beds  provided.  
A  Euture DGH is l i k e l y  t o  c a t e r  f o r  a  popula t ion  o f  some 200 000 w i t h  approximate ly  600 beds o f  
i n - p a t i e n t  accommodation compris ing a c u t e ,  g e r i a t r i c ,  m a t e r n i t y ,  mental  i l l n e s s  and c h i l d r e n ' s  
n u r s i n g  u n i t s .  At c u r r e n t  p r i c e s  c a p i t a l  c o s t s  f o r  t h e  b u i l d i n g s  and equipment w i l l  be about 
£35 mil 1 ion .  

In past  ).ears t h e  National  Heal th S e r v i c e  has  had problems w i t h  t h e  c o n s t r u c t i o n  o f  l a r g e  
h o s p i t a l s .  P r a c t i c a l  exper ience  gained from those a l r e a d y  b u i l t  h a s  i n d i c a t e d  t h a t  a  l a r g e  
s c a l e  development should be avoided.  There i s  a l s o ,  q u i t e  u n d e r s t a n d a b l y ,  a r e l u c t a n c e  t o  
commit l i m i t e d  r e s o u r c e s  t o  one s p e c i f i c  p r o j e c t  b u i l t  i n  a  s i n g l e  phase.  Consequently t h e r e  
i s  a  tendency f o r  t h e  h o s p i t a l  t o  be  b u i l t  i n  two o r  more phases w i t h  t h e  f i r s t  phase l i m i t e d  
t o  about 300 beds.  A t y p i c a l  f i r s t  phase h o s p i t a l  is shown i n  F i g u r e  1. It is  i n  f a c t  an 
example o f  a  p o t e n t i a l  DGH based on t h e  "Nucleus" d e s i g n s  developed by t h e  Department o f  Heal th 
and S o c i a l  S e c u r i t y  (DHSS). T h i s  p a r t i c u l a r  type o f  h o s p i t a l  is  l i k e l y  t o  c o n s t i t u t e  about 
40% o f  a l l  new p r o j e c t s  planned f o r  t h e  nex t  decade. The d e s i g n  r e l i e s  on most per imete r  a r e a s  
be ing  n a t u r a l  1  y  ven t  i 1  a t e d  throughout t h e  year .  

APPLICATION 

P a t i e n t s '  wounds can become i n f e c t e d  w i t h  micro organisms emanat ing e i t h e r  from t h e  p a t i e n t  
h i m s e l f ,  o r  by c r o s s  i n f e c t i o n  from o t h e r  p a t i e n t s  and s t a f f .  Where c r o s s  i n f e c t i o n  o c c u r s  
ae r ia l -bourne  contamina t ion  i s  o f t e n  t h e  f i r s t  cause  c o n s i d e r e d  a l though  t h e r e  may be  o t h e r  
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c o n t r i b u t i n g  f a c t o r s  such a s  t h e  t echniques  employed Eor a s e p t i c  procedures.  The use o f  
c e n t r a l  i sed  shared t rea tment  Eaci l  i t  i e s  a s  compared w ' th  ward based t rea tment  rooms h a s  been 
claimed a s  one method of  c o n t r o l l i n g  c r o s s  i n f e c t i o n . '  I n  a r e a s  o t h e r  than t h o s e  need ing  
s p e c i a l  a s e p t i c  c o n d i t i o n s  n a t u r a l  v e n t i l a t i o n  may be a c c e p t a b l e  i f  i t  can prov ide  a  s u i t a b l e  
environment . 

3 There a r e  oE course  many a r e a s  (which a r e  l i s t e d  in  DHSS depar tmenta l  Bui ld ing  Notes ) t h a t  
must have mechanical v e n t i l a t i o n  Eor f u n c t i o n a l  and c l i n i c a l  reasons .  I t  w i l l  a l s o  be provided 
t o  o t h e r  p a r t s  of t h e  h o s p i t a l  t o  s a t i s f y  s p e c i f i c  o p e r a t i o n a l  p o l i c i e s  o r  t o  maximise use 
o f  accommodation. Usual 1  y  t h e s e  s p e c i a l  requirements  a r e  i d e n t i f i e d  i n  c o n j u n c t i o n  w i t h  t h e  
Cl i e n t  Group a t  the p r o j e c t  b r i e  Eing' s t  age .  Mechanical ven t  i 1  a t  ion  and/or  a i r  c o n d i t i o n i n g  
i s  used in these  s p a c e s  t o  main ta in  a s e p t i c  c o n d i t i o n s  - o p e r a t i n g  t h e a t r e s ;  t o  main ta in  Eixed 
temperature and r e l a t i v e  humidi ty c o n d i t i o n s  - s p e c i a l  c a r e  baby u n i t ;  t o  d e a l  wi th  p rocesses  
- s t e r i l i z i n g  and d i s i n f e c t i n g ;  t o  cope wi th  s p e c i a l  needs such a s  a c o u s t i c  i s o l a t i o n  o f  an 
audio1 ogy room; t o  p rov ide  s u i t a b l e  environmental  c o n d i t i o n s  w i t h i n  deep-pl anned rooms. 

The remainder oE t h e  h o s p i t a l  g e n e r a l l y  r e l i e s  on na tu ' ra l  v e n t i l a t i o n  whenever and wherever 
t h e  q u a l i t y  oE the  ambient a i r  i s  s u i t a b l e .  This  i s  u s u a l l y  a c c e p t a b l e  a l though  t h e r e  w i l l  
be  t imes when a i r  change r a t e s  a r e  adverse1  y  aEEec ted by h i g h  wind speeds ,  low o u t s i d e  temp- 
e r a t u r e s  and o t h e r  Eac tors .  

In  the  exemplar h o s p i t a l  50% o f  t h e  t o t a l  a r e a  o f  14112m2 i s  n a t u r a l l y  v e n t i l a t e d .  E x t r a c t  
v e n t i l a t i o n  o r  a s s i s t e d  p a s s i v e  v e n t i l a t i o n  is  provided t o  30%. These a r e a s  u s u a l l y  i n c l u d e  
a b l u t i o n  zones a s  we1 1  a s  t h e  i n t e r n a l  c o r r i d o r s  and c i r c u l a t i o n  spaces  through which they 
a r e  v e n t i l a t e d .  The remaining 20% is provided with c o n d i t i o n e d  a i r  - 18% a s  o f  r i g h t  f o r  
c l i n i c a l  o r  o t h e r  n e e d s  and 2% due t o  i n t e r n a l  p lann ing .  When t h e  h o s p i t a l  i s  f u l l y  developed 
i n t o  a  DGH t h e s e  p e r c e n t a g e s  may not  change very much a s  more ward accommodation w i l l  be added 
i n  subsequent  phases .  I t  is  more l i k e l y  t h a t  a  g r e a t e r  a r e a  w i l l  be  n a t u r a l l y  v e n t i l a t e d  a s  
l e s s  than a  t h i r d  of  t h e  a r e a  i n  a  ward templa te  is mechanica l ly  v e n t i l a t e d  - supply o r  e x t r a c t  
o r  both .. 
AIR CHANGE RATES 

The minimum a i r  change r a t e  needed for  v a r i o u s  types  oE.accommodation w i l l  be o f  d i f f e r e n t  
magnitude depending on t h e  Eunct ional  use oE t h e  space and t h e s e  v a l u e s  w i l l  a l s o  v a r y  through- 
out t h e  ye r .  The amount needed Eor l i f e  support  and maintenance oE a  low l e v e l  o f  CO con- 

2  cen t ra t ion '  w i l l  r e a d i l y  be  achieved wi thout  much a t t e n t i o n  - f o r  example 0 . 3  a i r  changes per  
hour w i l l  suEEice w i t h i n  a  6-bed g e r i a t r i c  ward. Optimum r a t e s  w i l l  t h e r e f o r e  v a r y  from minimum 
r e q u i r e d  in  w i n t e r  f o r  t h e  d i l u t i o n  oE body odours  and background s m e l l s  t o  a  maximum i n  summer; 
t h e  h i g h e r  summer r a t e  w i l l  reduce i n t e r n a l  t empera tures  which would o therwise  be i n t o l e r a b l e .  

In  the  e a r l y  1970's  DHSS sponsored r e s e a r c h  on odours  w i t h i n  an a i r  condi t ioned  h o s p i t a l .  
The r e s u l t s  i n d i c a t e d  t h a t  source  rooms wi th  a c u t e  odours  needed a i r  change r a t e s  g r e a t e r  than 
6 per hour .5 Some c o n f i r m a t i o n  oE t h i s  p a r t i c u l a r  work i s  wi tnessed  a t  the  t o t a l l y  a i r  con- 
d i t  ioned Greenwich DGH, one o f  t h e  Depar tment ' s  e a r l  y  development p r o j e c t s .  Here odour w i t h i n  
t h e  G e r i a t r i c  ward i s  e E f e c t i v e l y  suppressed by an a i r  change r a t e  o f  approximate ly  8 per  hour .  
Such a  r a t e  would have t o  be  maintained throughout t h e  24 hour period but i t  cbu ld  not  be 
s u s t a i n e d  n a t u r a l 1  y  and would cause d r a u g h t s  and o t h e r  problems. I t  is  t h e r e f o r e  u n l i k e l y  
t h a t  w i t h i n  the p r e s e n t  l i m i t s  o f  e x i s t i n g  technology n a t u r a l  v e n t i l a t i o n  can e f f e c t i v e l y  cope 
wi th  a c u t e  odours .  F u r t h e r  r e s e a r c h  i s  c o n t i n u i n g  i n  t h i s  f i e l d  and w i l l  i n c l u d e  examinat ion 
and Eield t r i a l s  oE o t h e r  t echniques  oE odour c o n t r o l .  I f  they  a r e  s u c c e s s f u l  and a c u t e  odours  
can be reduced t o  an a c c e p t a b l e  l e v e l  oE t o l e r a n c e  Eor p a t i e n t s ,  s t a f f  and v i s i t o r s  then i t  
w i l l  be p o s s i b l e  t o  r e l y  on n a t u r a l  v e n t i l a t i o n  i n  the  a f f e c t e d  spaces .  

The e a r l y  s t u d i e s  a l s o  demonstrated t h a t  w i t h i n  genera l  s u r g i c a l  wards and s i m i l a r  accommodation 
3 a i r  changes per hour would d i l u t e  i n t e r m i t t e n t  background odours  t o  an a c c e p t a b l e  l e v e l  o f  
t o l e r a n c e .  Today improved n u r s i n g  t e c h n i q u e s ,  t h e  adopt ion  o f  Cent ra l  Treatment S u i t e s  and 
b e t t e r  s t a n d a r d s  o f  mechanical  v e n t i l a t i o n  where i t  is  needed have a l l  c o n t r i b u t e d  towards 
b e t t e r  c o n d i t i o n s .  Against  t h i s  background i t  seems l i k e l y  t h a t  n a t u r a l  v e n t i l a t i o n  w i t h  l e s s  
than 3  a i r  changes per  hour can prov ide  an a c c e p t a b l e  environment w i t h i n  n u r s i n g  u n i t s  and 
o t h e r  l i k e  a r e a s .  

The h igher  r a t e  needed i n  summer w i l l  be in f luenced  by s e v e r a l  f a c t o r s  but t h e  under ly ing  
requirement  is t o  e n s u r e  t h a t  i n t e r n a l  t empera tures  do not r i s e .  t o  unaccep tab le  l e  e l s .  There 
a r e  many a u t h o r i t a t i v e  p u b l i c a t i o n s o n  summer-time tempera tures  and t h e  CIBS Guide' i s  a s  
good a  reEerence p o i n t .  I t  recommends t h a t  2 7 ' ~  should not be exceeded o f t e n  i n  non-air  con- 
d i t i o n e d  b u i l d i n g s .  Some p a t i e n t s  w i l l  undoubtedly be l e s s  a b l e  t o  cope wi th  h i g h  space  tem- 
p e r a t u r e s  because of  t h e i r  weakened phys ica l  s t a t e .  However the  wearing o f  l i g h t  c l o t h i n g  
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w i t h i n  the  h o i p i t a l  environment w i l l  h e l p  t o  a l l e v i a t e  t h e  l e v e l  o f  d i s c ~ m f o r t . ~  In  p r a c t i c e  
peak c o n d i t i o n s  do not  happen o f t e n  and do not l a s t  v e r y  long.  They normal ly  occur  when wind 
speed is low and t h i s  c o i n c i d e s  w i t h  h i g h  e x t e r n a l  t empera tures .  During t h e s e  t imes n a t u r a l  
v e n t i l a t i o n  can o n l y  m a t e r i a l i s e  through tempera ture  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  
and t h e  a i r  change r a t e  is  l i k e l y  t o  b e  lower than t h a t  produced by t h e  wind. The l a s t  h o t  
summer o f  1976 was indeed an e x c e p t i o n  and weather  d a t a  f o r  Kew 1967 is regarded  a s  be ing  more 
t y p i c a l  o f  ambient c o n d i t i o n s .  In t h a t  year  t h e r e  were o n l y  6  days when an e x t e r n a l  t empera ture  
o f  2 5 ' ~  was exceeded and f o r  a  t o t a l  t ime o f  24 h o u r s .  

F i g u r e  2  g i v e s  an i n d i c a t i o n  o f  i n t e r n a l  a i r  t empera tures  t h a t  a r e  l i k e l y  t o  p r e v a i l  w i t h i n  
t h e  shaded t o p  f l o o r  6-bed ward in F i g u r e  1. I t  is  based on computer s i m u l a t i o n s  o f  t h e  space  
f o r  J u l y  16 u s i n g  t h e  Kew '67 wea ther  d a t a .  The room h a s  two r o o f  l i g h t s  each 9 0 0 m  square  
and 23% o f  t h e  south fac ing  e x t e r n a l  w a l l  is  glazed and provided w i t h  i n t e r n a l  v e n e t i a n  b l i n d s .  
Ai r  change r a t e s  a r e  assumed t o  be  c o n s t a n t  throughout t h e  24 hour per iod .  These graphs  show 
t h e  marginal  r e d u c t i o n  i n  room tempera ture  when t h e  a i r  change r a t e  i s  i n c r e a s e d  beyond 6  p e r  
h o u r .  In f a c t  an i n c r e a s e  from 6  t o  10 lowers t h e  t empera ture  by o n l y  0 .5 '~ .  S i m i l a r  p a t t e r n s  
were noted f o r  17 J u l y  when t h e  e x t e r n a l  temperature r o s e  t o  2 8 ' ~  f o r  2 3  h o u r s .  The r e s u l t s  
demons t ra te  t h a t  between 5-6 a i r  changes per hour would prov ide  t o l e r a b l e  t empera tures  w i t h i n  
t h i s  p a r t i c u l a r  room dur ing  peak c o n d i t i o n s .  S ince  t h i s  space  is  no t  u n r e p r e s e n t a t i v e  o f  o t h e r  
n a t u r a l  l y  v e n t i l a t e d  p a r t s  oE the  h o s p i t a l  the  d a t a  can be  a p p l i e d  e l sewhere  w i t h  some d e g r e e  
o f  conf idence .  In  a  l i v e  p r o j e c t  i t  may b e  jud ic ious  t o  c a t e g o r i s e  t h e  accommodation i n t o  
v a r i o u s  space  t y p e s  and s i m u l a t e  each type  f o r  a  more a c c u r a t e  assessment .  

Recent t e s t s  t o  which r e f e r e n c e  is  made l a t e r  on have i n d i c a t e d  t h a t  a  wind speed o f  2m/s 
would g e n e r a t e  an a i r  change r a t e  o f  6 per  hour i n  t h e  c a s e  o f  t h e  exemplar ward. I t  would 
t h e r e f o r e  have achieved adequate v e n t i l a t i o n  a s  wind speed recorded i n  t h e  Kew 1967 f i l e  averaged 
2.2 m / s  and exceeded 4  m / s  most o f  t h e  a f t e r n o o n .  However t h e  same room i n  a  c l o s e d  c o u r t y a r d  
l o c a t i o n ,  wi thout  t h e  e f f e c t  o f  wind, would not have fa red  a s  w e l l .  I f  t h e  space  tempera ture  

0 
must not exceed 2 7 ' ~  when t h e  ambient i s  a t  25 C  then  t h e  d r i v i n g  f o r c e  f o r  n a t u r a l  v e n t i l a t i o n  
i s  l i m i t e d  t o  t h a t  caused by a  t empera ture  d i f f e r e n c e  o f  2 ' ~ .  Such s i t u a t i o n s  would need s p e c i a l  
a t t e n t i o n  p a r t i c u l a r l y  wi th  regard t o  t h e  type and s i z e  o f  windows t h a t  minimise s o l a r  g a i n  
and r e a d i l y  suppor t  n a t u r a l  v e n t i l a t i o n  by t h i s  method. 

PLANNING 

Q u i t e  a p a r t  from e x t e r n a l  i n f l u e n c e s ,  s e v e r a l  c h a r a c t e r i s t i c s  o f  t h e  h o s p i t a l  i t s e l  E w i l l  h e l p  
t o  de te rmine  the  manner in  which and t h e  degree  o f  n a t u r a l  v e n t i l a t i o n  t h a t  w i l l  be ach ieved .  
The b u i l d i n g  shape and form for  example w i l l  i n f l u e n c e  t h e  e x t e n t  o f  n a t u r a l l y  v e n t i l a t e d  
accommodation. In normal s i t u a t i o n s  t h e  h o s p i t a l  is  no t  l i k e l y  t o  b e  more than 4  s t o r e y s  
and a s  windows can be  opened a t  t h i s  h e i g h t  any accommodation on t h e  per imete r  is  a  p o t e n t i a l  
c a n d i d a t e  f o r  n a t u r a l  v e n t i l a t i o n .  

S i n c e  an element o f  deep planning can seldom be avoided i t  makes sense  t o  l o c a t e  w i t h i n  t h e  
c o r e ,  whenever p o s s i b l e ,  those  rooms t h a t  must be  mechanica l ly  v e n t i l a t e d  f o r  f u n c t i o n a l  reasons .  
T h i s  p o s i t i o n  w i l l  a l s o  s u i t  rooms which have a  t r a n s i e n t  occupancy. 

The i n t r o d u c t i o n  o f  i n t e r n a l  and e x t e r n a l  c o u r t y a r d s  w i l l  open up g r e a t e r  a r e a s  t o  n a t u r a l  
l i g h t i n g  and v e n t i l a t i o n  a l b e i t  a t  a  h i g h e r  c a p i t a l  b u i l d i n g  c o s t .  The w a l l  t o  f l o o r  r a t i o  
w i l l  i n c r e a s e  a s  w i l l  t h e  w i n t e r  h e a t i n g  load.  N e v e r t h e l e s s ,  t h e r e  w i l l  b e  a  s i g n i f i c a n t  
r e d u c t i o n  i n  o v e r a l l  energy usage f o r  environmental  s e r v i c e s .  Cur ren t  s t u d i e s  i n t o  t h e  d e s i g n  
o f  a  low energy h o s p i t a l  sponsored by DHSS have i n d i c a t e d  t h a t  t h e  annual  energy consumption 
f o r  c o r e  rooms i s  about f i v e  t imes t h a t  f o r  per imete r  spaces:  . The per formance o f  c l o s e d  cour t -  
y a r d s  a s  v e n t i l a t o r s  i s  o u t s i d e  t h e  scope o f  t h i s  paper ,  bu t  i t  i s  obvious t h a t  i n t e r n a l  
dimensions w i l l  have t o  be s u E f i c i e n t  t o  permit con t inuous  a i r  exchange w i t h  t h e  o u t s i d e  and 
avoid s t a g n a t i o n  a t  ground l e v e l .  

S u b d i v i s i o n s  w i t h i n  the  h o s p i t a l  p lay  a  major r o l e  i n  d e t e r m i n i n g  the  e a s e  w i t h  which a i r  can 
m i g r a t e  throughout t h e  accommodation. Ind iv idua l  depar tments  tend t o  o p e r a t e  w i t h i n  c l o s e d  
compartments f o r  a  v a r i e t y  o f  reasons .  T h i s  e f f e c t i v e l y  reduces  t h e  c o n t r i b u t i o n  made by 
c r o s s f l o w  and p r e v e n t s  t h e  r e a l i s a t i o n  o f  any d r i v i n g  Force due t o  " s t a c k  e f f e c t "  between f l o o r s .  
I t  is  l i k e l y  t o o  t h a t  t h e  e f f e c t i v e n e s s  o f  c r o s s  v e n t i l a t i o n  which was v e r y  much a  f e a t u r e  
o f  N i g h t i n g a l e  Wards w i l l  a l s o  be s e r i o u s l y  reduced by i n t e r n a l  p a r t i t i o n i n g .  In r e c e n t  t imes 
h e a l t h  c a r e  p r a c t i c e s  have n e c e s s i t a t e d  d i r e c t  s u p e r v i s i o n  o f  a  l a r g e r  number o f  more a c u t e l y  
i l l  p a t i e n t s  a s  we1 1  a s  g r e a t e r  f l e x i b i l  i t y  i n  t h e  use o f  accommodation t o  n u r s e  mixed sexes .  
In o r d e r  t o  a c h i e v e  t h e s e  and o t h e r  aims n u r s i n g  u n i t s  have  become compartmental i s e d  i n t o  s i n g l e  
and multi-bed wards which suppress  c r o s s  v e n t i l a t i o n .  Open doorways do h e l p  but  t h i s  cannot 
always be  t o l e r a t e d  in  o p e r a t i o n a l  terms.  
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The q u a l i t y  and e x t e n t  o f  i n t e r n a l  b a r r i e r s ,  above and below any f a l s e  c e i l i n g s ,  t h a t  a r e  
needed to s a t i s f y  modern s t a n d a r d s  o f  E i re  s e p a r a t i o n  and smoke s t o p p i n g  a r e  o t h e r  n e g a t i v e  
Eac tors .  The i r  e f f e c t  could be lessened  by t h e  i n s t a l l a t i o n  o f  louvres  t h a t  c l o s e  on i n i t i a t i o n  
o f  some automatic  s e n s i n g  d e v i c e .  However such systems can have o n l y  l i m i t e d  a p p l i c a t i o n  s i n c e  
any E a i l u r e  w i l l  undoubtedly compromise t h e  i n t e g r i t y  oE t h e  b a r r i e r  and t h e  compartment. 
I n t e r n a l  p a r t i t i o n s  w i t h i n  the  exemplar 56 bed a c u t e  n u r s i n g  u n i t  a r e  shown i n  F i g u r e  3 .  Sub- 
compartments o r e  Eormed w i t h i n  the  o v e r a l l  1  hour f i r e  r e s i s t a n t  compartment t o  a s s i s t  s taged  
h o r i z o n t a l  evacua t ion  in t h e  event  of  a  E i re .  

WINDOWS 

Windows make a  major c o n t r i b u t  ion towards enhancement oE t h e  i n t e r n a l  environment .  They beneEit  
t h e  well  be ing  oE bo th  p a t i e n t s  and s t a f f  i n  main ta in ing  t h e i r  v i s u a l  and a u r a l  c o n t a c t  w i t h  
t h e  o u t s i d e  world.  They a r e  a l s o  t h e  means by which per imete r  accommodation is  n a t u r a l l y  
v e n t i l a t e d  and l i t  and b e n e f i t  Erom s o l a r  ga in  in w i n t e r .  Yet n o t w i t h s t a n d i n g  i t s  many v i r t u e s  
t h e  window is  o f t e n  c a s t  i n  the  r o l e  o f  v i l l a i n ;  a  r o l e  t h a t  h a s  been acqui red  over  t h e  pas t  
Eew y e a r s  through t h e  i n d i s c r i m i n a t e  use oE g l a s s  a s  a  c l a d d i n g  m a t e r i a l .  T h i s  h a s  caused 
d r a u g h t s  i n  w i n t e r ,  g l a r e  and h i g h  i n t e r n a l  t empera tures  i n  summer and even s p r i n g  and autumn. 
Now, t h e r e  is a  b e t t e r  a p p r e c i a t i o n  oE such Eactors  and an -awareness oE t h e  need t o  opt  imise 
g l a z i n g  r a t i o s  throughout  t h e  h o s p i t a l  and e s p e c i a l  1  y  i n  c o n t i n u o u s l y  occupied s p a c e s .  In 
t h e  exemplar h o s p i t a l  t h e  recommended o v e r a l l  g l a z i n g  r a t i o  h a s  been Eixed a t  26% a l though  
t h i s  would be v a r i e d  t o  s u i t  p a r t i c u l a r  needs w i t h i n  each room. I f  rooms a r e  t o  be  n a t u r a l l y  
v e n t i l a t e d  the  types  o f  windows forming t h e s e  smal le r  g lazed  a r e a s  must not  r e s t r i c t  o r  prevent  
t h i s  p r o c e s s .  

H i s t o r i c a l l y  bottom openings  oE windows have u s u a l l y  been l i m i t e d  t o  l O O m  ( a l t h o u g h - a  few 
r e c e n t l y  b u i l t  h o s p i t a l s  have opted Eor 225mm) but t h i s  r e s t r i c t i o n  does not seem t o  have been 
a p p l i e d  t o  the  t o p  a s  w e l l .  Past  p r a c t i c e  can no longer  remain s a c r o s a n c t  and i n  t h e  c u r r e n t  
c l i m a t e  more eEEort w i l l  be d i r e c t e d  t o  t h e  search  f o r  o t h e r  means o f  o b t a i n i n g  maximum openings 
c o n s i s t e n t  wi th  a c c e p t a b l e  s t a n d a r d s  oE p a t i e n t  saEety and s e c u r i t y .  

Louvre windows t h a t  a r e  a i r  t i g h t  when shut  may be a c c e p t a b l e .  An . a l t e r n a t i v e  cou ld  be t h e  
v e r t i c a l  s l i d i n g  window which can  prov ide  50% opening w i t h  maximum s e p a r a t i o n  between t o p  and 
bottom; a  p r o E i l e  most l i k e l y  t o  promote n a t u r a l  v e n t i l a t i o n .  Window shading  w i l l  a l s o  need 
s p e c i a l  c o n s i d e r a t i o n .  Such d e v i c e s  must not impede a i r  Elow n e i t h e r  must Erequent a d j u s t m e n t ,  
b e  n e c e s s a r y  o r  a  burden t o  n u r s i n g  staEE. 

In excep t iona l  c a s e s  openable r o o f  l i g h t s  could be used a t  t o p  f l o o r  l e v e l  t o  i n c r e a s e  day 
l i g h t i n g  and n a t u r a l  v e n t i l a t i o n .  However, t h e i r  i n s t a l  l a t i o n  needs t o  be e v a l u a t e d  a g a i n s t  
such .Eactors  a s  c o s t ,  c o n t r o l ,  e a s e  o f  maintenance and t h e  l i k e .  

SITE MEASUREMENTS 

During summer 1978 t e s t s  on n a t u r a l  v e n t i l a t i o n  were c a r r i e d  out a t  South lands  H o s p i t a l ,  
Shoreham-by-Sea w h i l e  i t  was be ing  E i t t e d  o u t .  They were conducted by personnel  Erom West 
Midlands Regional Hea l th  Author i ty  under the  a e g i s  o f  t h e  DHSS. This  h o s p i t a l ,  s e e  F i g u r e  4 ,  
i s  s i m i l a r  in  p r o E i l e  t o  t h e  Nucleus shape and h a s  four s t o r e y s  oE ward accommodation 
t o t a l l i n g  294 beds .  The average  g l a z i n g  r a t i o  i s  55%, p a r t  o f  which is  Eixed. Openable a r e a s  
have v e r t i c a l  s l i d i n g  windows 1.5m h i g h  x  l m  wide wi th  r e s t r i c t i o n s  which l i m i t  t o p  and bottom 
movement t o  225nim. T h i s  r e p r e s e n t s  7% oE t h e  room e l e v a t i o n  a t  maximum opening.  I n t e r n a l  
b l i n d s  a r e  i n s t a l l e d  throughout t h e  wards and c o n s i s t  oE i n d i v i d u a l  v e r t i c a l  b l a d e s  which can 
be drawn a c r o s s  t h e  g l a z i n g  and s e t  a t  any a n g l e .  

Natura l  v e n t i l a t i o n  r a t e s  us ing  the  t r a c e r  gas Krypton were measured in a  c o u r t y a r d  Eacing 
5m deep 3 bed ward on the  ground Eloor ,  7.5m deep 5  bed wards wi th  e x t e r n a l  e l e v a t i o n  on t h e  
ground and 4 t h  Eloors  and a  s p e c i a l l y  Eormed cour tyard  Eacing room 7.5m deep w i t h i n  t h e  
c a t e r i n g  department on t h e  2nd Eloor. In a l l  but 2 o f  t h e  t e s t s  t h e s e  rooms were s e a l e d  w i t h  
pol ythene shee t  t o  s i m u l a t e  c o n d i t i o n s  Eor s i n g l e  s ided  v e n t i l a t i o n .  

The range oE wind speeds  recorded was between 0 . 5  m / s  t o  10 m/s wi th  a  maximum oE about 6 m/s 
o c c u r r i n g  more oEten and Erom a  sou th  w e s t e r l y  d i r e c t i o n .  In t h e  c o u r t y a r d  Eacing t h e  c a t e r i n g  
room a i r  movement was t u r b u l e n t  and a i r  speeds in  excess  o f  4  m / s  were logged. Recordings 
were a l s o  taken oE wind speeds a t  window openings and t h e s e  confirmed t h a t  whenever wind 
c a u s e s  v e n t i l a t i o n  a i r  can flow through bo th  t o p  and bottom openings s imul taneous ly .  During 
the  t e s t  programme t h e  temperature w i t h i n  the  c a t e r i n g  room remained f a i r l y  c o n s t a n t  a t  21°c 
w h i l s t  t h e  e x t e r n a l  ambient v a r i e d  c y c l i c a l l y  between 1 4 . 5 ' ~  and 2 0 ' ~ .  An i n s i d e  peak oE 
2 3 ' ~  was c h a r t e d  a t  t h e  weekend when t h e  b u i l d i n g  was c l o s e d  and the  o u t s i d e  a  maximum o f  
1 9 ' ~ .  
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Measurements from t h i s  p i l o t  s tudy  on n a t u r a l  v e n t i l a t i o n  were no t  s u f f i c i e n t l y  e x h a u s t i v e  
t o  advance p o s i t i v e  c o n c l u s i o n s .  Yet t h e  r e s u l t s  d i d  y i e l d  v a l u a b l e  d a t a  which cad i n f l u e n c e  
b u i l d i n g  d e s i g n .  The r e a l i s a t i o n  o f  s i n g l e  s ided  v e n t i l a t i o n  was confirmed a s  was i t s  e f f e c -  
t i v e n e s s  i n  deep planned cour tyard  f a c i n g  rooms. F i v e  a i r  changes per  hour were measured 

0 
a t  back o f  t h e  c a t e r i n g  room when t h e  i n s i d e / o u t s i d e  tempera ture  d i f f e r e n c e  was 2.6 C and wind 
speed 9 m / s .  The same tempera ture  d i f f e r e n c e  produced a  r a t e  o f  j u s t  under 4 w i t h  a  wind speed 
o f  4 m / s .  I t  was t o  be  expected t h a t  i d e n t i c a l  window openings  i n  t h e  3 bed ward would f o s t e r  
g r e a t e r  a i r  change r a t e s .  Indeed a  r a t e  o f  11 per  hour p r e v a i l e d  when t h e  wind speed was 9 

0 
m / s  and t h e  tempera ture  d i f f e r e n c e  2  C. Within t h e  5  bed ward a  g e n t l e  b r e e z e  ( 4  m/s) caused 
11.5 a i r  .changes per  hour .  

Computed a ' r  change r a t e s  based on a  t h e o r e t i c a l  formula f o r  a i r  t r a n s f e r r e d  by tempera ture  
d i f f e r e n c e e  were p a r t i a l l y  supported by f i e l d  r e s u l t s  f o r  c o u r t y a r d  f a c i n g  rooms. Measured 
v a l u e s  were marginal  l y  g r e a t e r  except  f o r  t h e  3 bed ward where they were t h r e e  t imes a s  much. 
These i n d i c a t e  t h e  l i k e l i h o o d  o f  wind having a  g r e a t e r  a f f e c t  on n a t u r a l  v e n t i l a t i o n  i n  t h e s e  
a r e a s  then tempera ture  d i f E e r e n c e s .  In  t h e  5  bed ward t h e  enhancement Erom c r o s s  v e n t i l a t i o n  
was Eound t o  be  l e s s  than one a i r  change per hour .  

The work a l s o  provided c rude  y a r d s t i c k s  on t h e  c h a r a c t e r i s t i c s  o f  i n t e r n a l  b l i n d s .  R o l l e r  
types  reduce n a t u r a l  v e n t i l a t i o n  by 80% when f u l l y  c l o s e d .  The performance o f  v e n e t i a n  b l i n d s  
is  b e t t e r  wi th  20% t o  40% r e d u c t i o n  depending on b l a d e  a n g l e .  V e r t i c a l  b l i n d s  wit11 i n d i v i d u a l  
s l a t s  do not  impede a i r  flow prov id ing  b l a d e s  a r e  l e s s  than  50% c l o s e d .  Beyond t h i s  s e t t i n g  
t h e  r e d u c t i o n  v a r i e s  Erom 35% t o  60% depending on t h e  r a t e  o f  a i r  exchange w i t h  t h e  o u t s i d e .  

SUMMARY 

P r e s e n t  h e a l t h  c a r e  p r a c t i c e s  acknowledge t h a t  a  s i g n i f i c a n t  p a r t  o f  t h e  modern h o s p i t a l  can 
b e  n a t u r a l l y  v e n t i l a t e d  throughout t h e  year  by t h e  i n t r o d u c t i o n  o f  u n t r e a t e d  f r e s h  a i r .  The 
v e n t i l a t i o n  r a t e  needed v a r i e s  and is u s u a l l y  a d j u s t e d  by manual ly opening windows. There 
a r e  no s p e c i f i c  w i n t e r  d e s i g n  parameters  a l though  1.5 a i r  changes per  hour i s  u s u a l l y  assumed 
f o r  h e a t  l o s s  c a l c u l a t i o n s  and t h e  avoidance o f  d r a u g h t s  i s  an obvious p r e - r e q u i s i t e .  Undoubt- 
e d l y  t h e r e  a r e  i n s t a n c e s  when an enhanced r a t e  o f  3 per  hour  f o r  s h o r t  p e r i o d s  would be bene- 
f i c i a l  but t h i s  should not  i n f l u e n c e  t h e  d e s i g n  o f  t h e  h e a t i n g  system. In peak summer con- 
d i t i o n s  a  minimum r a t e  o f  6 a i r  changes per hour is  needed t o  o f f  s e t  h e a t  g a i n .  

Cross  v e n t i l a t i o n  is u n l i k e l y  t o  be  achieved and d e s i g n s  should be based on s i n g l e  s i d e d  
v e n t i l a t i o n .  Although wind w i l l  be t h e  d r i v i n g  Force f o r  bo th  c o u r t y a r d  and per imete r  l o c a t i o n s ,  
t h e  f o r c e  c r e a t e d  by tempera ture  d i f f e r e n c e  w i l l  predominate  i n  l i g h t  a i r  c o n d i t i o n s .  Windows 
play a  v i t a l  r o l e  and b e f o r e  a  s e l e c t i o n  i s  made t h e i r  performance a s  v e n t i l a t o r s  should a l s o  . 
be  e v a l u a t e d .  The c h o i c e  should be f o r  a  type t h a t  p e r m i t s  maximum opening wi thout  endangering 
p a t i e n t s '  s a f e t y  and s e c u r i t y .  Computer s i m u l a t i o n  t e c h n i q u e s  a r e  powerful t o o l s  t h a t  can 
be used t o  h e l p  t h i s  d e s i g n  process .  

FlJRlRE TRENDS 

Natural  v e n t i l a t i o n  h a s  many v i r t u e s  no t  l e a s t  o f  which a r e  i t s  a v a i l a b i l i t y  and f r e e  c o s t .  
However t h e r e  a r e  drawbacks which a l though  not  p a r t i c u l a r l y  impor tan t  i n  pas t  y e a r s  w i l l  cause  
g r e a t e r  concern in  t h e  f u t u r e .  

I t  i s  not  uncommon for  optimum v e n t i l a t i o n  r a t e s  needed t o  v a r y  d u r i n g  t h e  c o u r s e  OF t h e  day. 
Yet the  r a t e  t h a t  a c t u a l l y  occurs  d e f i e s  i n s t a n t a n e o u s  measurement. EfEec t i v e  c o n t r o l  over  
a i r  flow is  a l s o  e l u s i v e  a s  c o n t r i b u t i n g  f o r c e s  change over  s h o r t  p e r i o d s .  T h i s  e f f e c t  i s  
more pronounced because o f  v a r i a t i o n s  i n  wind d i r e c t i o n  and speed;  t h e  l a t t e r  over  a  range  
o f  ze ro  t o  in  e x c e s s  o f  11 m/s. In p r a c t i c e  h igher  a i r  change r a t e s  than t h o s e  a c t u a l l y  needed 
a r e  o f t e n  r e a l  i s e d .  During summer t h i s  can b e n e f i  t  t h e  i n t e r n a l  environment without  i n c u r r i n g  
c o s t ;  no t  so i n  w i n t e r  when consumption o f  f u e l  used f o r  space  h e a t i n g  is  i n c r e a s e d .  

Ext ra  r e v e n u e ' c o s t  i s  incur red  by w a s t e f u l  h e a t  l o s s  Erom an o v e r p r o v i s i o n  o f  v e n t i l a t i o n  i n  
w i n t e r .  Th is  i s  o n l y  a  small p r o p o r t i o n  o f  t h e  t o t a l  f u e l  b i l l s  and is  moderated by t h e  temperate  
c l i m a t e  i n  the  United Kingdom. In the  exemplar h o s p i t a l  f o r  example, t h e  annual revenue c o s t  
o f  Euel t o  provide one a i r  change per hour in  the  C l i n i c a l  Block i s  £1,500. However, a s  f u e l  
p r i c e s  r i s e  i n  r e a l  terms i n d i v i d u a l  e lements  oE o v e r a l l  Euel consumption w i l l  become more 
s i g n i f i c a n t  and w i l l  be i d e n t i f i e d  a s  such .  This  i s  l i k e l y  t o  e s t a b l i s h  t h e  need f o r  b e t t e r  
management o f  v e n t i l a t i o n  dur ing  w i n t e r ,  I n s t a l l a t i o n s  which s a t i s f y  t h i s  o b j e c t i v e  w i l l  a l s o  
have added advantages o f  guaran tee ing  s p e c i E i c  a i r  change r a t e s  throughout  t h e  day and a t  n i g h t s  
and re1 i e v i n g  n u r s i n g  and o t h e r  s t a f f  o f  any c o n t r o l  f u n c t i o n .  Perhaps c e n t r a l  a i r  handl ing  
and hea t  r e c l a i m  p lan t  providing 3 a i r  changes per hour f o r  bo th  space h e a t i n g  and v e n t i l a t i o n  
would be economical ly worthwhile .  
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The b u i l d i n g  would need to be sea led  i n  w i n t e r  but windows could  be used i n  summer t o  enhance 
v e n t i l a t i o n .  These b e n e f i t s  w i l l  have t o  be balanced a g a i n s t  an i n e v i t a b l e  i n c r e a s e  i n  c a p i t a l  
c o s t s  and the  response o f  manufac tur ing  i n d u s t r y  i n  meet ing t h e  need f o r  b e t t e r  equipment. 
The DHSS low energy h o s p i t a l  s t u d i e s  a r e  paying p a r t i c u l a r  a t t e n t i o n  t o  t h e s e  and o t h e r  i s s u e s .  
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SIMULATION NO. 1 OUTPUT PERIOD FROM 16, 7, 1 TO 

16, 7,24 
FIG. 2 S I X  BED WARD INTERNAL A I R  TEMPERATURE 
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W a r d  Block Service Block 
( 4  Storeys) ( 5 S t o r e y s )  0 , , , ,  15 m 

Key 
1. Cater ing.  2. 3 Bed Ward.  3. 5 Bed Ward .  

FIG.4 S O U T H L A N D S  H O S P I T A L  
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NATURAL VEXTILATION AND TKE PSA ESTATE 

B. A.TAYLOR 
Property Services Agency 

The wide variety of buildings that  constitutes the Central Government es ta te  
pose many differ ing venti lat ion problems. Mbst buildings are  natural ly 
ventilated and the ra tes  achieved i n  practice a re  unknown but i n  many 
instances are thought t o  be excessive and as such responsible f o r  
considerable energy waste. 

The paper s e t s  out recent PSA experience and findings i n  an attempt t o  
obtain a be t te r  appreciation sf the interact ing problems associated with 
natural  ventilation. 

Escalating fue l  costs over the l a s t  decade, a trend l ike ly  t o  continue in to  the foreseeable future, 
has .focussed at tent ion on the use of energy, p a r t i c u l a r l ~  tha t  'used for  heating buildings. For new 
bdildings t h i s  has resul ted i n  improved thermal insulation standards and greater  at tent ion t o  
energy requirements during the conceptual design stage. While, fo r  existing buildings, it has 
resulted i n  improved plant operation and maintenance and the upgrading of building services and the 
thermal envelope. More recently at tent ion is being directed towards natural  venti lat ion i n  both 
new and existing buildings because of its increasing significance on energy requirements. 

The Property Services Agency (=A) forms part of the Department of the Environment (DOE) and 
provides, maintains and operates a wide range of accommodation and fixed ins ta l la t ions  for  UK . 
Government Departments. This wide range of accommodation poses many differ ing venti lat ion 
probleins but it is  not intended i n  t h i s  paper t o  examine these i n  de t a i l  but t o  r e l a t e  recent PSA 
experience and findings t o  the endeavour of a bet ter  appreciation of the inter,acting problems 
associated with natural ventilation. 

ENERGY USE 

 he energy conservation programme undertaken by PSA over the past seven years has primarily 
concentrated on existing buildings. This has resulted, through the select ive application of 
highly cost effective measures such as the upgrading of heating controls, improved plant 
management and additional thermal insulation, i n  an annual energy saving fo r  heating fuels  i n  
excess of 35% t o  date. However, while a significant reduction i n  overall consumption has been 
achieved and the mean consumption per unit  f loor  area fo r  heating reduced, it was of concern t o  
find that  the variation i n  consumption per unit f loor  area has remained re la t ive ly  constant a t  
about 4 t o  1. Table 1 shows the resul t s  for  the period 1972 t o  1979 of a sample of buildings 
located i n  the Midlands. 

TABLE 1 - hlergy Consumption (w)  per m2 (ne t t  Floor Area) For Heating and ~omes t i c  Hot Water 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

YEAR MEAN 9% POKJLATION CONFIDENCE LIMITS RATIO 
VALUE LOWER UPPER OF LIMITS 
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Figure A shows the typical  frequency distr ibut ion of the energy consumption per square metre of 
f loor  area fo r  a representative year. It i s  evident that  there is a bias i n  the sample which 
indicates that  there ex is t s  some lower l i m i t ,  below which few existing buildings can operate and 
maintain comfort, while there appears t o  be less  constraint on the maximum amount of energy 
consumed. I n ~ ~ a c t i c e  the i s t a l l ed  capacity of the heating plant, which has been found t o  vary '2 between 115 W m and 375 ~ / m  , w i l l  l i m i t  energy consumption. Generally buildings with a high 
energy use per unit f loor  area were found t o  have a high ins ta l led  plant capacity per unit  f loor  
area. 

Plotting the annual energy consumption for  each building over a period of f ive  years confirmed, 
as expected, that some buildings remained consistently ei ther  above or below the average for  a l l  
buildings. The average consumption l i ne  for  a l l  buildings w a s  determined as the best f i t  l i ne  
through the points for  each year. Not a l l  the points have been plotted i n  the interest  of 
c l a r i t y  but most buildings whether greater  or less than the average had a reducing consumption. 
It seems not t o  have been possible t o  make extra large savings i n  most of the original relat ively 
heavy energy users. 

Clearly there was a need t o  survey the buildings, but as the high and low. energy users were of 
prime in teres t ,  it w a s  decided t o  survey those above or close t o  the upper 95% confidence l i m i t  
and similar ly those below or close t o  the lower 95% confidence l i m i t .  

It was not possible t o  measure the venti lat ion ra tes  for  the buildings but a common feature of 
buildings with a high energy consumption was that they were generally cold and draughty which 
suggests that  venti lat ion ra tes  were higher than need be. Similarly fo r  the same group of 
buildings, the standard of plant operation and maintenance was not always what it  should have 
been. The reasons f o r  t h i s  m e  perhaps many, but it is suspected that  often maintenance s t a f f  
are driven t o  despair, through numerous complaints from the building occupants about low 
temperatures and draughts, consequently heating controls are overriden or incorrectly adjusted i n  
an attempt t o  s a t i s fy  c l ien t  requirements. 

The re la t ive  significance of these problem areas could not be determined from the resul t s  of the 
surveys. The surveys did however suggest that  buildings of an appaxent high energy design did not 
necessarily demand excessive consumption i n  practice. 

PKF;DICTED VARIATION . 

. . . . . .  . . . .  
A couirion feature of the PSA energy conservation programme of work has been t o  compare empirical 
findings with theoret ical  predictions. This has generally led t o  a be t te r  understanding of 
problems. 

In vi'ew of the large variation i n  oonsumption per unit f loor  area found i n  existing buildings and 
the limited findings of the suwveys, a simple assessment of the theoret ical ly predicted spread i n  
consumpt ion was undert aken. There were problems however . 
In order t o  undertake the assessment it was f i r s t  necessary t o  decide over what range natural  
venti lat ion ra tes  occur i n  existing buildings. It was generally f e l t  that  the average minimum 
ra t e  was unlikely t o  be less  than 0.5 a i r  changes per hour but the maximum was more d i f f i cu l t  t o  
assess. One or two assessmenis of draughty buildings have indicated that  the natural venti lat ion 
r a t e  was about 3 a i r  changes per hour. Another pointer t o  the l ike ly  maximum i s  that  it  is  not 
uncommon practice fo r  many Building Services Engineers t o  assume 2 a i r  changes per hour i n  design 
calculations, as a resu l t  of adverse experience with lower values Final ly it was decided that  
3 a i r  changes per hour is  l ike ly  t o  be representative of the maximum average value of natural  
venti lat ion found i n  existing buildings. 

Using the a i r  change values outlined a simple computer aided analysis was undertaken t o  establ ish 
the l ike ly  variation i n  annual energy demand for  existing office buildings. The resul t s  are 
summarised i n  Figure C which indicates that  the annual energy demand varies with a r a t i o  of about 
4 t o  1. This corrslates  with that  found i n  practice. 

It i s  not possible t o  draw firm conclusions from the analysis but i ts  correlation with empirical 
findings suggests there may be considerable energy savings through reducing excessive natural  
ventilation rates  i n  existing buildings. 

PERFORlvlCLNCE INDICATORS 

. . . . . . . . . . . . . . . . . . . . .  
To aid s t a f f  i n  the f i e l d ,  a simple method of assessing the energy performance of individual 
buildings has been developed which wi l l  enable bad performers t o  be quickly and easi ly identified. 
The method is based on a series  of performance indicators deduced from the actual energy' 
consumption characteristics of a random sample of existing office buildings, similar t o  those 
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shown i n  the histogram i n  Figure A. It is not intended here t o  discuss the basis  of the 
indicabrs , suf f ice  t o  say that  they are  derived from established s t a t i s t i c a l  techniques. The 
indicators are intended t o  be an approximate gauge against which t o  compare the energy performance 
of existing buildings. So f a r ,  indicators fo r  naturally venti lated office buildings have been 
produced but it is intended t o  extend them t o  other types of Government buildings. The indicators 
for  office buildings are shown i n  Table 2. 

TABLE 2 - Performance Indicators fo r  E x i s t i w  Single Shi f t ,  Intermittently Operated, Naturally 
Ventilated Off i ce  Accommodation 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
The large variation i n  energy consumption per unit f loor  area f o r  heating and domestic hot water 
services would seem t o  be inherent i n  the existing building stock due largely t o  variation i n  
ventilation ra tes ,  though other factors  do have an influence. This being so it follows tha t  for  
buildings which compare poorly with performance indicators it is l ike ly  that  t he i r  venti lat ion 
rates  are excessive, subject t o  t h e i r  heating systems being operated correctly. However more 
data and experience is required t o  f u l l y  validate t h i s  hypothesis but i f  it is verif ied the use 
of performance indicators wi l l  provide a valuable a id  t o  the identif icat ion of buildings with 
excessive natural venti lat ion ra tes  . 
PRACTICAL CASE 

i r 
. . . . . .  

RATING 

,... . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

FAIR 
POOR 
VERY POOR 

C 

. . . . . . . . . . . . . .  
To obtain an indication of the achievable savings through reducing the r a t e  of natural  venti lat ion 
i n  existing buildings, a f i e l d  trial was recently undertaken on a London Office building. 

. . 
P E ~ R M A N C E  INDICATOR 

. . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  rie"iT ' 6.Bljomef;t.id .w&t.6r.. 

(GJ/m (Gross Area)/annum) 

u*.t.d.d;i i.... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

0.72 - 0.84 
0.84 - 1.16 
Over 1.16 

4 

The building chosen was located i n  an exposed position adjacent t o  the r iver  Thames. It was 
erected post-war,& is constructed of 14" thick so l id  brick outside walls with metal windows on 
three sides, a f l a t  roof, concrete ground f loor,  demountable internal  part i t ions,  and suspended 
ceilings. The metal frame casement windows give a glazing r a t i o  on 3 faces of the building of 
about 50 percent, of which only half of the glazed area is openable. The building has 5 f loors  
and a t o t a l  gross f loor  area of 2230 square metres. 

Over the years, the window frames have become twisted and no longer produce an effective seal ,  
assuming they did i n  the f i r s t  instance. A si l icon rubber sealing mastic was applied t o  the  
frames so as t o  mate with the openable windows* This is a standard method of t reat ing such 
windows and is  widely employed. The cost of the work was about L2300 at 1980 prices and took about 
two months t o  complete. The i n i t i a l  reaction from the building occupants was favourable and 
comfort conditions were considered t o  be more acceptable. 

Before proceeding further  it is perhaps important t o  outline other reasons why th i s  part icular  
building was chosen fo r  the t r i a l .  F i rs t ly ,  as a resu l t  of previous t r i a l s  fo r  other purposes 
the fuel  consumption end performance data fo r  the building was well documented, secondly and 
perhaps more import ant,  thermostatic radiator valves were f i t t e d  additional t o  the existing 
weather compensator control. The significance of these valves may not be obvious but without some 
form of internal ly sensed space temperature control, improvements t o  the envelope of a building i n  
the form of be t te r  insulation or draught proofing, w i l l  r a re ly  real ize fue l  savings without the 
readjustment of the controls which can be d i f f icu l t  and often is  not carr ied out. 

The preliminary resul t s  of the t r i a l  are summarised i n  Figure D which shows the performance of the 
heating system before and af te r  sealing the windows. The annual fue l  saving is  estimated t o  be 
about 22 percent. The cost effectiveness of the measure based on the above fue l  saving is as 
follows : - 
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The remedial work was obviously cost effective and produced worthwhile savings. In  addition a 
noticeable improvement i n  comfort was reported by the building occupants, though parts of the 
building are s t i l l  draughty due t o  poor f i t t i n g  window frames. 

While it is  possible t o  infer  by calculation the ventilation r a t e  prior t o  and a f t e r  sealing the 
building, the inherent inaccuracies of such a calculation render the resu l t s  unreliable. A simple 
method of measuring the  venti lat ion r a t e  would be a considerable a id  t o  validating improvements. 

10 years 

2.47 

2.4 Years 

2.0 

2.7 Years 

Discount FACTOR 5 Years 

mmRNAL TEMPERATURE CONTROLS 

4% TDR 

7% TDR 

. . .  , 

~ o s t  office buildings 'are controlled by means of a weather compensator; a device that  senses 
external a i r  temperature only and infers  internal  temperature conditions. The main disadvantages 
of such devices a re  that  they do not take account of the dynamic condition that  occurs within 
buildings due t o  occupancy, lighting, other beneficial gains, and variations i n  natural ventilation 
r a t e s  . 
The d is t inc t  advantage that  internal  temperature controls offer  over the more t rad i t ional  weather 
compensated control i n  minimising the energy losses associated with natural  venti lat ion is not 
widely recognised. 

IOP * 
PAYBACK PERIOD 

IOP * 
PAYBACK PERIOD 

Work rindertaken during theoret ical  verif icat ion of energy savings associated with the ins ta l la t ion  
of Internal  Temperature Controls over and ab w e  weather coinpensat or control, revealed that  
considerable energy savings are possible when natural venti lat ion ra tes  are high. Figure E shows 
computer predicted percentage energy saving for  rectangular b u i l d i ~ ~ s .  Buildings of other shapes 
also produced s i m i l a r  savings but they cannot be represented i n  a graphical f orme No extensive 
attempt has been made t o  t e s t  these theoret ical  findings i n  practice, but one closely monitored 
t r i a l  revealed savings of about 1% for  a building with a glazing r a t i o  of about 40 percent . The 
average seasonal natural  venti lat ion r a t e  was not known, however the building is  that  referred t o  
ea r l i e r  which is believed t o  have a re la t ive ly  low natural  venti lat ion r a t e  of about 1-l* a i r  
changes per hour. 

0 e 906 

2.4 Years 

0 .75 

2.7 Years 

Perhaps the  most s ignif icant  conclusion t o  be drawn from the theoret ical  analysis was that  i f  the 
energy requirements f o r  buildings are t o  be minimised,heating controls mt be of a type that  
respond t o  beneficial heat gains and the dynamic changes that  occur within a building, 
part icularly i n  re la t ion  t o  a natural  ventilation. 

In addition it can be concluded tha t  fo r  existing buildings with a high natural ventilation ra te ,  
internal  temperature controls are essential  where it is not pract ical  or economical t o  reduce the 
venti lat ion ra tes  t o  more acceptable levels, i f  energy consumption i s  t o  be minimised. 

CONTROL STRATEa, 
. . . . . . . . . . . . . . . .  

The interact ion of the many energy related variables is perhaps one of the most undervalued z e a s  
associated with building design. Much is assumed during the design process but more often not 
real ised i n  practice. 

For existing buildings, the s i tua t ion  is  worse i n  that  generally l i t t l e  attention has been 
afforded t o  obtaining a be t te r  understanding about t he i r  dynamic perf onnance. Where there has, 
the tendency has been t o  t r ea t  part icular  problems i n  i so la t ion  with l i t t l e  regard t o  other 
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interconnected variables and influences. As a consew&ce, optirnum solutions are not necessarily 
evolved. 

Reference has already been made t o  the close association of natural  venti lat ion ra tes  and internal  
temperature controls. The cornput e r  based analysis previously mentioned also revealed tha t  as 
natural venti lat ion ra tes  are reduced, t he  necessary running hours of heating plant is also 
reduced. The resul t s  are shown i n  Figure F. I n  practice, heating plant is generally running f o r  
well over 2000 hours f o r  intermittently occupied buildings whereas theorect ical  predictions 
suggest that  considerably less  is required. To f u l l y  r ea l i s e  t h i s  additional benefit  however 
requires a more comprehensive heating system control s trategy than i s  generally applied t o  most 
buildings . 

. . . . . . . . . . . . . .  
~ i t t l e  work has been done t o  date by FSA t o  reduce excessive natural venti lat ion ra tes  i n  
buildings. This is not because it has been considered unimportant but because the limited effort  
available has been directed towards low r i s k  proven measures. Work which has been undertaken 
however, generally f a l l s  into one of two categories; improvements t o  metal framed casement windows 
through the application of s i l icon  rubber mastics, or al ternat ively,  minimising the gaps around 
large sl iding doors of hangars and workshops through the f i t t i n g  of nylon brush seals. 

Some of the f i r s t  applications of s i l i con  rubber mastics were undertaken four t o  f ive  years ago, 
and have generally proven re l iab le  i n  use, with the painter perhaps being its worst enemy. Most 
s i l icon  rubber mastics are resis tant  t o  common gloss paints and w i l l  i n  f ac t  repel them but it is 
not unknown for  the painter t o  remove the  mastic. For most pract ical  purposes the l i f e  of the 
ins ta l la t ion  can be expected t o  be above f ive  t o  ten  years, which some suppliers w i l l  guuantee. 

It has been a problem t o  maintain an acceptable working environment i n  buildings with large doors 
such as hangars and workshops and i n  one part icular  type of hengar2it was f ound that  i n f i l t r a t i on  
gaps around the doors amounted t o  an equivalent area of about 158m (170 sq f t ) ,  enough t o  drive 
a doubledecker bus through. Nylon brush seals  have proved t o  be an effect ive solution. Another 
but not disassociated problem was that  the doors were often l e f t  open. To combat t h i s  problem, 
proximity switches were f i t t e d  t o  the hangar doors so as t o  turn  off the heating system when t h w  
were opened. These adaptations were i n i t i a l l y  carried out on twelve such hangars and the effect 
on fue l  consumption was as f 01lows:- 

Year C ondit i on 

1977/i8 No Modification 
1978/79 Modification f i t t e d  * 
1979/80 Modification f i t t e d  * 

Actual 
Consumption 

( l i t r e s  ) 

C onsumpt ion 
Degree dqy Corrected 
t o  a base year 77/78 

Whe modification involved the f i t t i n g  of nylon brush seals  t o  the hangar doors and proximity 
switches. 

The f i r s t  year, despite a very hard winter, produced fue l  savings of about 19 percent but fo r  
1979/80 the saving was about 50 percent. This large saving cccurred because during 1979/80 the 
doors were l e f t  open due t o  the mild weather but the proximity switches rendered the  heating 
system off. However during the severe winter of 1978/79 the hangar doors were kept closed as 
much a s  possible i n  order t o  maintain comfort conditions. This is  a simple but effect ive 
solution t o  many door problems, which demonstrates that  it may be more acceptable t o  to lera te  
high ra tes  of natural ventilation, a t  times, providing the heating i s  turned off. 

BUILDING FAULTS 

So f a r  reference has been made t o  the particular probaems associated with casement windows and 
large hangar doors, but there are other problem areas that  lead t o  excessive venti lat ion rates. 
These generally f a l l  i n to  three categories: 

those resul t ing from poor design 
those due t o  the poor f i t  of building components 
those at t r ibutable t o  poor construction 

Solutions t o  these particular problem areas are largely unexplored but i f  the wide disparity i n  
energy consumption per-unit f loor  area is t o  be reduced and energy savings achieved, a f u l l  range 
of remedial options must be developed, supported by sound evidence of t h e i r  cost effectiveness. 
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BUILDING DESIW 

~ e w  buil&@s 'are generally designed with ventilation rates as recommended by the CIBS Guide, 
however it i s  not uncommon practice for  higher rates t o  be assumed particularly when the 
recommendation i s  f o r  relat ively low rates. This practice has evolved as a direct result of 
higher than expected ventilation rates occurring i n  practice, which has led t o  underheat ing. 

Closer attention i s  being given t o  assessing the natural ventilation rates of design options. One 
approach being adopted is based on obtaining a f a i r  knowledge of the microclimate of the particular 
s i t e  together with a detailed knowledge of the window that  has been selected fo r  the proposed 
building. This data i s  subsequently processed by methods recommended by the BRFt end the CIBS t o  
derive a ventilation rate. This approach i s  thought t o  be a shade more exact than that of taking 
figures direct from the CIBS Guide, though as yet there' axe no measured results  t o  confirm this. 

The benefits of closer attention t o  natural ventilation rates i n  the design process wil l  not 
necessarily be realised unless the f i t  of building components and construction standards are 
improved. These fau l t s  alone are responsible for excessive ventilation rates i n  many existing 
buildings. 

CONCLUSIONS 

1. l%eo~;etical predictions suggest that  excessive ventilation rates are a major contributory 
cause t o  the large disparity i n  consumption per unit f loor area found i n  existing buildings. 

2. I n i t i a l  results  of t r i a l s  suggest that  significant energy savings are achievable through 
reducing natural ventilation rates t o  more accept able levels but further validation i s  required 
before extensive upgrading of existing buildings can be undertaken. 

3. A simple method of measuring natural ventilation rates and assessing average yeaxly values 
would enable potential savings t o  be quantified so that investment decisions can be soundly based. 

4. A greater understanding of natural ventilation within buildings needs t o  be develbped, 
together with i t s  interaction with other energy related vaxiables, i f  the energy demands of 
buildings are t o  be minimisea. 

5. A f u l l  range of cost effective optians for  reducing excessive natural ventilation i n  existing 
buildings needs t o  be developed. 

6. A sound heating system control strategy needs t o  be developed t o  take f u l l  account of the . 
dynamic changes that occur within buildings . 
7. A proven method of validating the natural ventilation rates of building design proposals mt 
be developed t o  aid designers. 

8. Building components f i t s  and construction standards must be improved i f  the benefits of better 
designs axe t o  be realised. 

. . . . . . . . . . . . . .  
The work described has been carried out as part of the energy conservation programme for 
Government buildings and the author wishes t o  thank the Property Services Agency fo r  permission 
t o  publish th i s  paper. 
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Figure A 
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Figure B Assessment of Fuel consumed i n  50 buildings 
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Figure D Heating System Performance 
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Ol0 GLAZING 

Figure E Potential Energy Savings due t o  internal Temperature Controls 
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CONSERVATION AND CLEAN AIR " 

A study of atmospheric pollution in Gre'at Britain. The 
report analyses the different forms of pollution and res- 
pective environmental impacts and forms of control. 
Comprehensive recommendations are given for designers 
and users of buildings. 

. DO~ETIC ENGINEERING SERVICES 
The report takes a thorough service by service look at the 
engineering services in dwellings and makes an authori- 
tative statement of the provisions which should be made in 

CIBS Technical Memorand
t - . < ' @ '. .- . 

NUMBER 1 The precautions relating to fire that have 
to be taken when designing air handling 

, systems and in particular maintaining 
smoke-free escape routes. 

NUMBER 2 Current UK legislation on fire which affects 
building services is summarised. 

' * 

NUMBER 3 Notes on legislation relating to the Health 
. . _  . and Safety a t  Work etc. Act 1974. 

NUMBER 4 Design notes for the Middle East. 
. . .  . - % V  . . 

ClBS Guide 
Section A1 COMFORT 

Thp thermal -environment, comfort, 
' ventilation, lighting, sound and vibra- 
tion. 

S & h i ~ 2  WEATHER ' 

Warm and cold weather data for the 
United Kingdom and overseas, fre- 
quency of severe conditions, deviation, 
atmospheric pollution. 

Section A3 THERMAL PROPERTIES OF 
BUILDING STRUCTURES 
Standard U-values; Y-Values (ther- 
ma1 admittance); decrement and sur- 
-; face factors; heat bridges; tabulated 
thermal conductivities. 

Section A4 AIR INFILTRATION 
 ,Infiltration.and natural ventilation due 
to wind pressure, stack effect, windows; 
air infiltration rates for rooms and 
factories. 

section~s THERMAL RESPONSE OF BUILD- 
INGS 
Environmental, mean radiant, and sol- 
air design temperatures, steady state 
heat transfer, convective and radiant 
heating. 

Section A6 SOLAR DATA 
Sun positions, radiation intensity '.and' 
design data for the United Kingdom 
and overseas. Solar heat transmission 
through the building structure. 

Section A7 CASUAL GAINS 
- Heat produced by animal'metabolism, 

"electric lights, motors and other quip 
ment. 

Section A8 SUMhhRTIME TEMPERATURES 
IN BUILDINGS 3 - 
Heat gains and peak indoor environ- 
mental temperatuns without air con- 
ditioning. 

Section A9 ESTLMpTION OF.,. Pl+NT P A -
- CITY 

Heating and refrigeration plant, sum- 
mer and winter design temperatures 
and calculation of energy requirements 
and allowances which might affcdt the 
total plant capacity, e.g. height of space, 

. . intermittency, temperature swing, etc. 

Section A10 MOISTURE PROBLEMS 
Condensation, evaporation and vapour 
diffusion. Methods of preventing con- 
densation in buildings. 



VOLUME B INSTALLATION AND
EQUIPMENT DATA 

Section B1 HEATING 
Heat emission from equipment and 
room surfaces; conventional and stor- 
age heating systems; off-peak heating; 
swimming pool heating; heat emitting 
equipment. 

Section B2 VENTILATION AND AIR CONDI- 
TIONING (REQWR~MEN'IS) 
Ventilation requirements; natural and' 
mechanical ventilation; industrial ven- 
tilation; requirements for specific pur- 
poses; threshold limit values. 

Section B3 VENTILATION AND AIR CONDI- 
TIONING (SYSTEMS AND EQUIP- 
MENT) 
Room air distribution; hood design; 
control of spread of smoke; ductwork 
systems; design processes; system dia- 
grams; equipment. , 

. 8 . I  

Section B4 WATER SERVICE SYSTEMS- . . - 
Water :sources; water ' undertaking 
mains; storage and consumption; s u p  
ply system design; equipment. .' -+ , 

i 

1 Section B!5 FIRE PROTECTION SYSTEMS , 

Portable equipment; fixed equipment; 
,automatic sprinkler installations and 
otber systems; precautions for special 
buildings and air-conditioning and 
ventilation systems; equipment. 

, . 

 MISCELLANEOUS PIPED 
Section B6 SERVICES 

Compressed air; gas fuel; medical 
gases; steam; swimming pools; theory 
of simultaneous demands; equipment. 

Section B7 CORROSION PROTECTION AND 
WATER TREATMENT 
Corrosion of metals and its prevention 
and control; water treatment. , 

SANITATION AND WASTE DIS- 
POSAL 
Design of external and internal sys- 
tems; roof drainage; incinerators and 
macerators; loads on buried pipelines; 
cesspits and septic 'and settlement 
tanks; equipment. 

" .  - 
LIGHTING 
Refer to: "IES Code for Interior Light- 
Ingn. General guidance; design meth- 
ods; equipment; maintenance. Light- 
ing schedules. 

Section B10 ELECTRICAL POWER 
Electric motors; motor protection; 
starting motors; abstracts from IEE 
Regulations; wiring diagrams; control 
switchboards and wiring panels. 

Section B11 AUTOMATIC CONTROL 
Control selection and economics; res- 
ponse to corrective action; control re- 

i: quirements; selection of control valves 
and dampers; control systems; quip 
ment. 

Section B12 SOUND CONTROL 
Acoustic terminology; noise sources 
and transmission paths; assessment of 
room sound level; noise control in air- 
flow systems; vibration and structural 
noise control; insulation and isolation 
of buildings; measurement; equipment. 

Section B13 COMBUSTION SYSTEMS 
Gaseous, liquid and solid fuels supply, 
storage and distribution; chimneys and 
flues; equipment. 

Section B14 REFRIGERATION AND HEAT RE.- 
JECTION 
Types of system and components; re- 
frigerants; heat rejection and cooling; 
controls; multiple water chillers; re- 
frigerant charts. 

? 

Section B15 VERTICAL TRANSPORTATION 
Passenger, goods and service lifts; 
paternosters; escalators; environmental 
factors; regulations; equipment. 

Section B16 ' MISCELLANEOUS EQUIPMENT 
Piping; steam traps; valves; ductwork; 
dampers; pumps; closed heating sys- 
tems; cold water systems. 

Section B18 OWNING AND OPERATING 
COSTS 
Methods of economic valuation; fuel 
consumption for space heating; cooling 
requirements; energy consumption and 
costs; miscellaneous costs. 



VOLUME C REFERENCE DATA 
S d o m  C1 PROPERTIES OF HUMID AIR 

Basis of Calculation, Standards, Nota- 
tion and Formulae. Psychrometric 
Properties at other Barometric 
Pressures. Psychrometric Chart and 
Tables, -tVC to WC db. 

Section C2 PROPERTIES OF WATER AND 
STEAM 
Saturated Steam. Water at Saturation. 
Enthalpy of Superheated Steam. 

.. 
Section C3 H U T  TRANSFER c 

Heat Emission from Plane and Cylin- 
drical Surfaces, Insulated Piping, 
Underground Mains, Calorifier Heat- 
ing Surfaces. Heat Transfer from Open 
Water Surfaces. 

CIBS Codes 

CIBS Practice Notes 

CIBS Computer , 

Aids 

section c4 now OF FLUIDS IN PIPES 
AND DUCTS 
Notes and Formulae, Basic Data, Flow 
in Pipes-Water, Steam, Compressed 
Air, Fuel Oils and Gases. Elow of 

. Oases in Ducts, Velocity Pressure Fao 
. tors. 

Section CS &JEU AND COMBUSTION 
Types of Fuel. Specifications and Com- 
bustion Data for Solid Fuel, Liquid 
Fuel, Gas. Stack Losses. 

Section C7 CONVERSION FACTORS AND 
lV@CEULANEOUS DATA 
Notes on SI Metric Units. Tables of 
Recommended Units and Symbols. 
Conversidn Factors. Standard and 
Datum Values used in the Guide. 
Logs, etc.  .. 

COMMISSIONING CODES 
Give detailed guidance on the checking, setting to work 
and regulation of installations. Appendices deal with
Measurement Techniques, Design Implications, Toler-
an&, etc. as appropriate. 
The current series comprises :- 
CODE SERIES A Air Distribution Systems 
CODE SERIES B Boiler Plant 
CODE SERIES C Control Systems 
CODE SERIES R Refrigerating Systems 
CODE SERIES W Water Distribution Systems 

BUILDING ENERGY CODE 
Eventually, a four-part Code proposing energy conser- ' 

vation guidelines to be applied to the design and opera- 
tion of buildings and their services. 
PART 1 Gkdance towards en& conserving design 

of buildings and services. 
PART 3 Guidance towards energy conserving oper- . 

ation of buildings and services. 

NUMBER 1 Recommendations for the provision of 
combustion and ventilation air for boilers , 
and other heat-producing appliances: In- 
stallations not exceeding 45kW. 

NUMBERZRecommendations for the provision of 
combustion and ventilation air for boilers 
and other heat-producing appliances: In- 
stallations exceeding 45kW.  

In addition to the calculation methods and procedure,
packages also contain key-step listings for the Texas
Instruments TI59 P.P.C. 
1. THERMAL PROPERTIES OF BUILDINGS

STRUCTURES 
Thermal admittance, thermal transmittance, surface
factor, decrement factor and associated time
lagslleads. 

2. U-VALUES OF SOL@ GROUND FLOORS 
Floors with exposed edges; two exposed parallel edges,
two exposed perpendicular edges, one exposed edge,
and suspended floors directly above the ground. ' 




