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NATURAL VENTILATION BY DESIGN 

REQUIREMENTS FOR VENTILATION 

G. W. Bnmdrett 
Electric! ty Cmmcil Research Centre, Capenhurst, Chester, CJil 6ES .  

Ventilation criteria are viewed in terns of both the building and the occu
pants. M:>isture control is necessary to preserve the building fabric. 
'!he occupants have additional sensitivity to chemical contamination such as 
odours and cigarette S11Dke. Criteria can be expressed in minimum accept
able concentrations for health reasons, or even lo.ver concentrations for 
comfort. 'Ihe ventilation needed to neet these criteria is derived fran a 
knowledge of the generation rate of the pollutant, the effectiveness of 
ventilation mixing, the characteristics of the fresh air supplied, and the 
terrperature of the occupied room. 

INTRODUCTION 

Contaminants can build up inside sealed buildings to create discomfort for the occupants and, in 
the long term, can both affect their health and spoil the integrity of the building fabric. Fresh 
air is therefore necessary to dilute these contaminants to an acceptable level. 'Ihis paper reviews 
the contaminants individually and then, in te:rn:s of overall design, collectively. 

CONTAMINANTS 

Carbon dioxide 

Breathing is controlled pr:i.mtrily by the carbon dioxide concentration in the lungs (Bell et al. (1)). 
When inspired air contains approxirrately ';!'/,,by volurre of carbon dioxide, then the depth of breathing 
increru:les. When the concentration reaches 3-5% by volurre, there is a conscious need for increased 
respiratory effort and the breathing rate increases and the atrrosphere becares objectionable. Con
centrations over 6% are dangerous. '!he maximum allowable concentration for 8 hour exposures for 
healthy adults is 0.5% by volurre. 

'!he usual source of carbon dioxide is the occupants therrselves. 'Ihe generation rate is directly 
proportional to the nunber of people and their activity. 'Ihe ventilation needed for carbon dioxide 
dilution is illustrated in Table 1 (BS 5925: 1980 (2)). 

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

Activity 

Seated quietly 

Light work 

Moderate work 

Heavy work 

Very heavy work 

Metabolic 
rate 

(watt'..) 

100 

160-320 

320-480 

480-650 

650-SX> 

Requirements for 
oxygen ( 16 . 3% °'2 
in expired air) 

(ln3/h) 

0.36 

0. 7-1.1 

1.1-1.3 

1.8-2. 5 

2.5-3.2 

Requirerrents for 
carbon dioxide 

at 0.5% by VOlUll'e 
(m3/h) 

2.9 

4.7-9.4 

9.4-14 

14-19 

19-23 

Flueless heating appliances are also a source of carbon dioxide. A 3 kW paraffin heater is equiv
alent to 20-3:> people in the room (BRE Digest No. a>6 ( 3)) . 
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Odours 

Healthy, clean people give off odours even i.n:lffidiately after a bath (Yaglou et al. ( 4)). Such 
od.?u.rs are not lmcwn to be harmflil but can be pleasant and diminish appetite. Odour generation 
is proportional to the size of the adult (I..ehniJerg et al. (5)) and the t:lm:! elapsed since the last 
bath. Qiildren younger than 14 years old are rrore po1Verful generators than adults (Figure 1). 

Odour c.onc>.entration cannot always be measured cbemlcally and so enpirical vl:lnlllation rates are 
prescribed. An unusual feature Of body odours whlch distinguishes them from sirrple chen!Cll.l. 
odours is that acceptability is influenced both by concentration and by personal space .  Much m:>re 
fresh air is needed as the personal space declines (Figure 2). 
Enpirical data suggests a minimum air extract rate from the W.C. should be ID cu. rretres per hour 
(BRE Digest 170 (6)). 

Srroking 

In no:rnnl cigarette srroking, nnre tobacco burns during the S110ulder period and escapes to the roan 
Lhau during the inhaling period, when the Ennker absorbs the corrbustion pl'Oducts hil'fl';P.lf. 'Ibis 
sidestrearn sm::>ke requires dilution (Brundrett (7)). 

While the tobacco type ,  its treatrn:Jnt, the cigarette size and srrpking pattern a.l'e very varied, an 
approximate value of 2Qn3 of fresh air ls needed to dHute the sidestream smoke fran a cigarette to 
an acceptable air quality. Since the average British srrnker constm:?S 1. 3 clgarettes an hour, then 
a fresh air allcmuJce of 26 m3/h is needed for each smker. In small offices, the probability of 
an office containing mainly srrokers is high and so this fresh air is needed for each occupant. In 
large offices of 50-100 occupants, it can be assumad that tile population in the office will reflect 
the nornal adult population, of which half snnke. 'lb.e ventilation rate can therefore be halved, 
since only half the occupants will be expected to srooke (Halfpenny & Starrett (8)). If the cigar
ette consunpt on is kn.o.l'D to be much lower or much higher, then appropriate changes in the ventila
tion rate will be necessary. Experience suggests that the values given in Table 2 are adequate for 
Britain (CIBS (9)). 

TABLE 2 - VerttilatiOii to ·dilute cigarette S?lDke 

Minirrum Recomrended 
Srroking Space outdoor air outdoor air 

m3/h per person m3 /h per person 

saoo open plan office 18 29 
heavy private offices 29 43 

very heavy board l'OOl1B 65 90 

Io.ver quantities of fresh air introduce irritation to the eyes and respiratory passages. When this 
occurs, there is the risk that the rmxim.un penn:i.tted concentration of acrolein has been exceeded 
(Figure 3). 

fuisture 

fuisture has two kinds of effect. 'lbe first is related to re la ti ve humidity, while the second is 
related to vapour pressure. 

Organic materials such as wool, paper, cotton and leather, absorb nnisture as a function of the rel
ative humidity in the atrrosphere (Hearle & Peters (10)). If this relative hurrrl.dity becorres low, 
then fabrics become less flexible and less electrically conducting. Electrostatic shocks can be 
expected from walking on carpets when the relative huml.dity falls belo.v 40% (Brundrett (11)). When 
the relative humidities rise above �. then fabrics becotre clailJ) to the touch (Lake & Lloyd-Hughes 
(12)), roould spores can develop (Brundrett & Onions (13)), and house mites thrive (Cunnington (14)). 
Unfortunately the relative humidities involved are those imrediately adjacent to the fabric rather 
than the bulk air in the centre of the room. 'lb.is imans, for exanple, that wallpaper on a cold 
wall could have very high relative huml.dities i.nloodiately adjacent to it, while the values in the 
room centre are low. In practice, nnisture problel!El are avoided if the bulk air in the room does 
not rise above 70'/o relative huml.dity (HMSO (15)). 

Physiological factors such as dry throats, cracking skin, and sul,triness, depend rrore upon the abso
lute water vapour pressure. While work is limited in this area, illustrations of these relation-
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ships are given in Figure 4 (Brundrett ( 16)) . The generation rate of 11Disture within the house is 
sumnarised in Table 3 according to activity, and is typically 7 kg a day tmless clothes are dried 
in the house, when this value is doubled (Loudon (17)). Ventilation requirements needed to prevent 
excessive relative humidity depend on both the rroisture generation rate in the house and the rrois
ture content in the outdoor air. The IJDisture in the outdoor air depends in turn upon the outdoor 
air tenperature (Figure 5) (Heap (18)). 'Ihis neans that for a constant noisture generation rate in 
the house, the ventilation will need to increase progressively with outdoor terrperature to nW.ntain 
a chosen relative humidity (Figure 6). local extraction of IJDisture vapour at source, such as with 
a cooker hood, or any fonn of dehumidification, could significantly reduce this ventilation require
nent (Brundrett (19)). 

TABLE 3 - M'.>iSture generation rates iii ·uve person ·Muses (toudon ·1911) 

Activity 

Moisture from the occupants 
(perspiration and respiration) 

Clothes washing 

Clothes drying 

Cooking (gas) 
Baths and washing 

Daily average 

Radon 

Generation rate 

1. 7 kg/day 

0.5 kg/day 

5 kg/day 

3 kg/day 

1 kg/day 

7. 2 kg/day 
14. 4 kg on washday 

Minute traces of uranium are present in IJDSt rocks, soils and COllllDn building im.terials. Uranium 
is radioactive and decays down to a stable lead isotope. One of the products of this chain is the 
gas radon. Radon has a half-life of 3.8 days, which is sufficient for it to diffuse from building 
im.terials and from the sub-soil undenieath a house into the buildings. 'Ihe radon gas decon\X>Ses 
into four short-lived daughters, which can be inhaled. Inhaled daughters can decay within the lung 
and could increase the incidence of lung cancer (Davies (2::>), full & Hill (21)). 'Ihe health riSk 
is proportional to the radon concentration and the tirre exposed to it (Table 4). Present evidence 
suggests that the mininn.Jn ventilation rate for a house in Britain should be 0.2 air changes an hour. 

TABLE 4 - Predicted ltln cancer incidence in the UK dtie td ·enViromrental ·22 da.tl · 'tar ·ooricerltra
tions as t e IIEan winter 7 nX>nt ventilation rate· I'edueed: · toe ·sl.in'mer · 5 n'OrittiS ·nea.n ventil
ation rate iS assurred to be const ant at ·2 air cl:!ariges ·per liOur 

. . . . .. .. .  • • • • • • ' t  • I 0 0 < • 

Winter Mean Ltmg cancer Nurrber of cigarettes SIJDked 
ventilation population incidence predicted per week to give the sruoo 

rate exposure per lo6 population lung cancer incidence 

h-1 WIM y-1 per year (Derived from Ref. ID) 

0.8 0.15 15 1.5 

0. 5 0. 22 22 2. 2 

0. 4 0.28 28 2.8 

0.3 0.38 38 3. 8 

0.2 0.58 58 5.8 

0. 1 1. 15 ll5 11.5 

VENTILATION REQUIREMENTS FOR DESIGN 

'Ihe four design factors are: 
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1. extract contaminants at source 
2. ventilate for the worst pollutant 
3. avoid by-passing of the supply and extract air 
4. control the flow route 

When the sources of pollution are kno1Yn, the first design requirerrent is to rerrove as much as pos
sible at sour<'.P.. Onoo that is done the generation rates of the pollutants into the room can be 
est:i.ma.ted, Fbr all prnctical purposes, the comron pollutants can be considered to be independent 
of each other. The ventilation needed for each pollutant should then be calculated aml Lltt:! lligllest 
ventilation rate chosen. When air is supplied at la.v rates, it slo1Yly but intirmtely mixes with 
the room air. The rela ive positions of the inlet and outlet grilles are not very inportant. How
ever, at high ventjlntion rates, sane correction is needed for the inefficiency of the air mixing. 
'lbe chances of short-circuiting increase with the higher ventilation rates and nore care is needed 
in positioning and distributing the lulet and extract air (Yaglou & Witheridgs (22)). 
Finally, while in general it is desirable to provide each room with fresh air, exceptions can be 
made for buildings such as houses. The conventional ho\.Lse has two types of rooms, clean residen-

lal roorrs and service roorrs. The residential room;, which include living roorrs and bedrooms, can 
be supplied with fresh air to ensLU'e pl asant oonillLluus during tile long periods these rooms are 
occupied. However, the service roorrs such as kitchen, bathroom and toilet, are occupied for shor
ter periods and it is the traditional approach in rmchanically ventilated houses to supply the fresh 
air to the clean roorrs and extract the same air from the kitchen and other service areas. Routing 
the air this way saves nuch ventilation. 

FUTURE NEEDS 

As the inportance of ventilation becorres recognised, we will need to strengthen five weaknesses. 
The first is to refine the ventilation criteria. Most work has concentrated on the adult popula
tion and for eight hour exposure as in a working day. Buildings can contain children, the elderly 
and the infi:nn, and often for continuous occupancy. More research is needed to assess suitable 
criteria for these connnn circumstances. 

The second is the need for silYJ>le sensors which will guide the occupants of the building on whether 
or not they have gross under- or over-ventilation. The need for such inst:nurentation is strongest 
for those pollutants such as radon or carbon nnnoxide, or carbon dioxide, which the occupants thP.m
selves cannot sense. Ha.vever, la.v cost detectjnn of the nore recognised pollutants, such as cigar
ette sm::>ke or nnisture, could be valuable as the starting point for more advanced energy saving 
controlled ventilation scherres. 

The third is an educational exercise to sho.v the importance of rerroving contaml.nants at source. 
'Ibis includes cooker hoods venting to the outside to rennve noisture and odour.s, and also proper 
use of venting kits for appliances such as turrble dryers. It also includes the dangers of unflued 
heaters. 

The fourth is recognition of the inportance of the ventilation route. In rmny circum:;tances, the 
fl.--esh air can be designed to serve two purposes. In a house, for exanple, if fresh air is intro
duced into the living roan to dilute body odours, the sa.roo a:i,r can be extracted fran the kitchen, 
taking with it the added nDi.sture and cooking STmlls. 

'lbe fifth is the developroont of alternative rrethods of l01vering the pollution concentration. Re
search is alt ady exploring deodorising techniques to renove or destroy malodorants and advanced 
dchlunidification techni qrn:i:; to F:Ol ve troisture problelll3. 

CONCLUS ION 

VentilaLion is necessary to dilute connnn contaminants to A��F.ptable concentrations for health and 
comfort, and to protect buildings. 

'lbe ventilation requirements are mainly a function of Lhe generation rate of tho pollutant and the 
maximum allCllYable concentration. Unoccupied buildings need a minimum ventilation rate to prevent a 
build-up of radon. This is rminly a function of the building materials. The m1.nimlJn for occupied 
buildings depends upon the carbon dioxide generation. '!his generation is directly related to acti
vity level. Cigarette snoke is proportional to the cigarette consumption although the criterion of 
acceptability varies from the relatively sensitive one of a visitor, to the much less sensitive one 
of a sroker. Body odours are \.UlUSual in being related not only to the elapsed time since the last 
bath, but also to tbe allocated volume of personal space . Designing for roisture control is the 
nnst difficult, since it is a corrplex function, not only of the outdoor vapour pressure and the in
door iooisture generation rate and location, but also of the terrperatures of individual parts of the 
rOOOB, which should remain above the air dew point. 

4 
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Further wo rk  is needed on ventilation routes so that fresh air can be introduced to the living 
roons and extracted from the service roare, Mrl.ch are usually rmre contaminated. Separate fresh 
air supply is then not necessary in the service room. The air fla.v is then in opposition to the 
contaminant gradient. More attention must be paid to local contamination control. 'Ihis includes 
cooker hoods and vented clothes dryers to prevent rmisture and odours escaping into the room . It 
also includes deh\D'Tlidifiers, which can not only reduce the ventilation requirement but also trans
duce latent heat into sensible heat. 
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NATURAL VENTILATION PRINCIPLES IN DESIGN 

PETER J JACKMAN 
Bui l d i ng Serv i ces Research and Information Association 
Head of l�A Air  Infi ltrat1on Centre 

I NT RO DU CTI ON 

The requi rement for better methods of predi cti nq i nfi l trat i on and natural 
ventilati on rates has been re i nforced by the incent ive to reduce energy 
consumpti on in bui l dings. 

Natural venti l ati on i s  basi cal l y  dependent on the effects of wind and 
temperature di fference and on the resi stance to a irfl ow through the bui l d i ng. 
These factors are di scussed i n  deta i l  and those areas requiri ng further 
study are hi ghl i ghted. 

Some calcul ati ons of the effect of app lying contro l l ed natural vent i l ation 
and mechani cal venti l ation i l l ustrate the potentia l  energy sav i ngs of such 
measures. 

As far back as 1850, the fundamental s  of venti l ation design were g i ven by Wal ker who announcedl: 

( i)  wi ndows were to admit l i ght; ventilation shoul d be catered for separately. 

(i i )  both i nl ets and outl ets were necessary. 

(i i i )  i ncoming a ir  should be warmed to avoi d draughts. 

( iv) i nl ets and outl ets shoul d be wel l di stri buted. 

(v) venti l ating openings shoul d be permanent, rea l is ing that once c l osed they wi l l  remai n  
cl osed. 

It i s  not easy to find fault with such fundamental s but the major probl em in applying these over 
the years has been to predi ct quant i tati ve ly  the size and di stri bution of venti l ati on i nl ets and 
outl ets to ensure an adequate fresh a i r  supply when re lying on natural forces. 

In the past the des i gn emphasis for naturally venti l ated bui ld ings was two-fol d. Fi rst, to 
provide suffi c ient open or openabl e area to faci l i tate adequate venti l at i on. Second, to determine 
the venti l at i on heat l oss under winter desi gn conditions and so enabl e i t  to be taken into account 
when si z ing the ma in  boi l er pl ant and indi v i dual heat emitters. 

ThP h��is  for the se l ection of the required openabl e area, whetner vents or wi ndows, seems to have 
been mai nl y  a matter of judgement gai ned from experi ence, perhaps backed up by the use of basic 
i nformati on such as that in the Bri ti sh Standard Code of Practi ce CP3 publ i shed in 19502• 
The genera l  recommendati on that the absol ute mi nimum openabl e wi ndow area shoul d be 5% of the room 
f loor area appears to stem from a simi l ar recommendation by Bedford3 i n  1948, and i s  the same as 
the value for the area of venti l ation openi ngs speci fied for habi tabl e rooms in the Bui l ding 
Regul ati ons4• In practi ce, however, the range of vari ati on was consi derable as may be judged from 
a survey of natura l l y venti l ated offi ces5 in  1964 whi ch reveal ed a vari ation i n  the proporti on of 
openabl e wi ndow area to fl oor area from 3� to 27%. 
More speci f i c  i nformati on has been deri ved for the ca l cu l ati on of venti l ati on or infi l trati on heat 
l oss at speci fi c desi gn conditi ons. One method i nvol ves the assumption of an appropri ate rate of 
a i r  change for the parti cul ar type of bui l di ng and i ts expected use. Recommended a i r  change rates 
are tabul ated i n  the CIBS gui de6• A more detai l ed method a l so presented in the CIBS Guide, uses 
known re l ationshi ps between l eakage rate and pressure di fferent i a l  for components such as windows, 
doors and vents. These rel ati onships are appl i ed for pressure _di fferenti a l s  generated by wi nd or 
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stack effects at the sel ected des ign condi ti on. 

IMPLICATIONS OF ENERGY CONSUMPTION 

The requi rement to reduce energy consumpt i on has changed the desi gn emphasis so that i t  i s  now 
necessary to ensure not onl y  that an acceptable  l evel of venti l at ion i s  provi ded but a l so that the 
venti l at ion rate throughout the season i s  at  or as l i tt l e  as possi bl e above the minimum acceptab l e  
l evel .  Seasonal energy consumpti on has become a major cri teri on. 

The s ignifi cance of vent i l ation i n  rel ation to energy consumpt i on has a l so i ncreased because of 
the change i n  the rati o  of fabri c to venti l at ion heat l oss brought about by the app l i cati on of 
i mproved standards of thermal i nsul ation. As shown in  Fi gure 1 ,  the proporti on of vent i l ation 
heat l oss to the tota l for a heating season has typi cal l y  ri sen from l ess than 25% for an ol der 
dwe l l i ng to about one ha lf  for a wel l - i nsul ated house. 

Thi s  i ncreased signifi cance and the need to minimise seasonal energy consumption has l ed to a 
requirement for more rel i abl e and accurate methods of predi cti ng a i r  i nfi l tration and venti l at ion 
rates and the associ ated energy l osses. These methods need on the one hand to be soundl y  based 
on the pri nci p l es governing natural venti l at ion processes and on the other to be read i l y  
appl i cab l e by the desi gn team i n  thei r  quest for opti mum energy and cost effecti veness. 

PRINCIPLES OF NATURAL VENTILATION 

Natural venti l at ion is basi ca l l y dependent on two factors (1)  the moti ve forces and (2) the 
resi stance to a i rflow through the bui l di ng. However, thi s  simp l e statement disguises a mul t i tude 
of compl exi t ies whi ch make the predi ction of the magni tude of each factor very diffi cu lt. 

The Mot i ve Forces· 

The two moti ve forces pri mari l y  respons i b l e  for natural venti l at i on are caused by wi nd and a i r  
temperature di fferences. 

Wi nd. W ind i mp i ngement on a bui l di ng produces hi gher-than-ambi ent pressures on the wi ndward 
faces and l ower pressures on the others. The pressure differences so generated g i ve rise to a 
movement of a i r  from the hi gher to the l ower pressures through any cracks, gaps or openings i n  the 
bui l d ing. 

W ind i s  turbul ent and both i ts speed and di recti on undergo continual change. The wind speed and 
d i rect i on are measured at frequent i nterva l s  at a l arge number of s i tes i n  the UK by the 
Meteoro l og i ca l  Offi ce. From these measurements hourly mean wind speeds appl i cabl e to a standard 
he i ght- of l Om above ground in open countrysi de are deri ved. 

W ind speeds are, however, affected by the roughness of the terra i n  over whi ch the wi nd passes and 
i t  is therefore necessary to make a correcti on to the 'meteorol og i ca l '  w ind speed to determine 

an equi valent va lue appropri ate to the specif i c  locati on i n  questi on. Fi gure 2 i l lustrates the 
effect on wi nd ve l oc i ty of vari ous types of terra i n. From the exponenti a l  profi l es of wind speed 
and hei ght, the factors requi red to determine the local wi nd speeds at vari ous hei ghts above ground 
from the meteoro l ogi cal wind speed have been deri ved. They are presented i n  Reference 11. 

Prominent topographi cal features and obtrusi ve bui l di ngs cl ose to the bui ld ing being consi dered 
wi l l  further modify the structure of the wi nd. Tak i ng account of such effects is parti cul arly 
d iffi cul t  wi thout resorti ng to wind tunnel testi ng. 

The pressure di stri buti on on a bui l d ing exposed to wind i s  not onl y  dependent on the l ocal wind 
speed and di rection but a lso on the s ize and shape of the bui l d ing i tsel f. However, the pattern 
of distri bution is comparat ive ly  independent of wind speed, prov i ded the bui l di ng has sharp corners. 

The pressure on a bui l di ng generated by wind i s  thus usual l y  expressed i n  terms of the dynami c  (or 
') stagnati on) pressure of the wind by the use of a pressure co-effi c i ent, C, so that 

2 p C ( �pU ) • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  ( 1) 

where p densi ty of a i r  (kg/m3
) 

u = l ocal wi nd speed {m/s) (conventi ona l l y  taken as the wi nd speed at a hei ght equal 
to that of the bui l di ngs) 

As is shown i n  the examp l e  i n  Fi gure 3, there is a wi de vari ation i n  the val ue of the 
pressure coeffic i ents over the surfaces and wi th change i n  wi nd d i recti on, even for a simp l e 
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bui l ding shape. Such detai led i nformation for simple rectanguiar oui1aing shapes 
from many sources and may be used i n  a comprehensi ve study of natural venti lation. 
criti cal approach, pressure coeffic i ents averaged over each surface may be used. 
two wind directions are presented in Reference 7. 

is available 
For a less 

Such data for 

For other than the standard bui l d ing shapes or where other adjacent buildi ngs may affect the 
pressure d istri buti on, wi nd-tunnel tests wi th a scal e model of the bui l d i ng and i ts surroundings 
wi 11 be requi red, although for some sµecific building l ayouts wi nd pressure distri bution data i s  
now avai lal.Jle8• 

The use of mean wi nd speeds i n  determini ng the pressures generated on build i ng surfaces i s  not a 
stri ctly accurate method because of the turbul ent character of the wi nd. The effect of 
fl uctuating pressures on the rate of venti l ation has been shown to be si gnifi cant9 but, at present, 
there is i nsuffic i ent i nformati on to quanti fy the magni tude other than for the part i cu l ar 
si tuati ons studi ed. 

Another feature whi ch gi ves rise to some uncertai nty i s· the effect of rel ati vely  smal l 
irregularit ies i n  the surface of the bui l di ng. For exampl e, the pressure d istri bution around the 
edge of a wi ndow set i n  a rehate may be somewhat di ffprAnt from that i n  equi val ent circumstances 
but with the wi ndow flush with the facade. The effects of external mul l i ons has been studi edlo 
but not in  suffi c i ent depth to produce comprehensi ve data. 

Tcmeerature Difference. The di fference i n  temperature, and hence i n  densi ty, between the air 
inside a building and that outs1de causes d 111uve1Hent of air  verti cal l y  through the bui l di ng. 
Thi s  temperature moti vated transfer of a i r  is cal l ed 'stack effect'. In the heati ng season, for 
exampl e, when the air  temperature wi thi n the buil ding i s  hi gher than that outside, pressure 
di fferences are created such that air flows i nto the l ower leve ls  of the bui l d ing and out of the 
upper l evel s. The reverse occurs when the i ndoor temperature i s  l ower than outdoors. The 
'stack effect' can a lso generate vent1l ation i n  a s·ing l e  room where, for exampl e, cool outside a i r  
may fl ow i n  through the l ower section of an open window and out through the upper part. 

The magni tude of the pressure differences caused by ' stack effect ' i s  a function of the indoor and 
outdoor temperatures and the vert i cal d istance between the openi ngs, as follows 

where 

1 1 . 
L1p8 = 3462h (8 - e.) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (2) 

0 i 

LIP8 pressure di fference caused by stack effect (Pa) 

h verti cal di stance between openi ngs (m) 

eo external absolute temperature ( K) 
e. i nterna 1 absolute temperature ( K) 

i 

A much more complex anal ysi s  i s  requi red i n  cases where severe temperature gradi ents exist wi th in  
the bui l d ing and where there i s  a mu lti p l i city of openi ngs at various he i ghts. 

Combined Effects of Wind and Temperature Di fference. The effects of wi nd and temperature 
d1fferences usually act simul taneously but they cannot simp ly  be added together. The reason for 
thi s  can perhaps be best i l lustrated by consi dering a wi ndow i n  an upper l evel on the wi ndward 
side of a bui l di ng. The wind tnnds to cause a movement of ai r i nwards through the wi ndow, 
whcrca!; !;t;;ir:k effect produces an 011twr1rd rti r movement. The two forces are acti ng contrary to 
each other. On other parts of the bui l di ng, for exampl e  at the l ower l evels on the i�i ndward s1de 
they are complementary. 

The overal l venti lation rate i s  general l y  equi val ent to that of the hi gher of the two effects when 
acting al one. Thus, at l ow wind speeds, when stack effect i s  predomi nant, the rate of 
ventilati on may be calcul ated on the basis  of temperature di fference al one. At hi gh wind speeds, 
onl y  the effect of the wi nd needs to be taken i nto account. F igure 4 i l l ustrates thi s  for a two
storey house. 

Although the overall venti l ation rate may be determi ned by consideri ng the predomi nant force onl y, 
the distri buti on of venti l ation ai r throughout the bui l di ng may be affected, so for detai l ed room
by-room analys is, the two effects need to be consi dered i n  combi nati on. 

Another reason for taking account of the coi nci dence of conditions of wind and temperature i s  the 
cal cul ation of the energy l oss attri butabl e  to i nfi ltration or natural venti l ation. Over the 
heati ng season, thi s energy loss i s  that requi red to heat the i ncoming col d ai r to the temperature 
mai ntained i ndoors. 

· 
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T 
i . e w = fiv.PC

P 
(Bi - Bo )dt:: . . . . . . . . . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  {3 ) 

0 
where w = energy requi red ( kJ ) 

qv 
= vol ume f low rate of i nfi l tration/venti l ation (m

3
/s) 

p = ai r density (kg/m
3

) 

cp specifi c heat capacity of air ( kJ/kg K) 

B; 
= i ndoor absol ute ai r temperature ( K) 

Bo 
= outdoor absol ute ai r temperature (K) 

For a proper analysis  of the venti l ation energy l oss over a heati ng season, i t  is  thus, necessary 
to analyse the cl i mati c condit ions i n  terms of the coincidence of specifi c temperature, wi nd speeds 
and di recti ons. 

The Resi stance to Ai rfl ow Through the Bui l d i ng 

A bui l di ng may be regarded as a network of ai r fl ow paths wh i ch i nterconnect at nodes . The nodes 
represent spaces i nside and outside the bui l di ng where substant i al l y  uniform pressure occurs. The 
i nterconnecti ons comprise the components through wh i ch a ir  may pass, such as gaps around · wi ndows 
and doors . Fi gure 5 shows a typi cal network superimposed on a p lan drawi ng. The ai r fl ow paths 
have a characterist i c  resi stance to ai r fl ow dependent on .the i r  type. 

For l arge openi ngs such as venti l ator gri ll es and open wi ndows, the fol l owi ng formul a may be used: 

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

where qv = vol ume rate of flow (m
3

/s) 

Cd = coeffi cient of di scharge 

A f . 
(m

2
) = area o openi ng 

6p pressure difference across openi ng {Pa) 

p ai r densi ty (kg/m
3

) 

The di scharge coeffi ci ent Cd is  normally given the val ue appropri ate to a sharp-edged opening and 
an equ i val ent orifi ce area is prescri bed for the parti cular openi ng i n  questi on. This equival ent 
area may be taken as the same as the physi cal area for plai n openi ngs (e.g .. open wi ndows ) but for 
more compl ex openi ngs such as air-bri cks or venti lation gri l l es, deri ved val ues of equival ent area 
will be needed . Some are given i n  Reference 11. 

For smal l openi ngs, such as gaps around cl osed wi ndows and doors, the rel ati onship between flow and 
pressure i s  much more dependent on Reynol ds number but over a l im i ted range correspondi ng to normal 
condit ions the foll owi ng rel ati onsh i p  appl i es: 

1 
qv CL (6p )n 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . • .  (5) 

where CL 1 eakage factor k x R. where k = 1 eakage coeffic ient i n  m
3 

/s per metre of 
gap l ength at a 6p of 1 Pa, and R. = 

total gap l ength (m ) 

� = exponent where n is  normal l y  between 1.4 and 1 . 6  

Typi cal val ues of k for windows are al so g iven i n  Reference 11 . 

In addi tion to the types of open i ng described, ai r l eakage occurs through other gaps and cracks in 
the buil d i ng fabri c. I t  may be through cl adding components, structural cracks, and even through 
el ectrical condu its and where other serv i ces penetrate the structure. The magnitude of thi s  
'background' l eakage has been found to be signifi cant.  Measurements have reveal ed equi val ent 
areas of simi l ar magnitude to the areas of gaps around cl osed doors and wi ndows i n  the bui l ding . 
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These meas urements of background l eakage area i nvolved pressurising or evacuating the inside of a 
build i ng us i ng a fan passing a known rate of fl ow into or out of it. With any ourpose-provided 
vent i l ation openings blanked-off and the gaps around the wi ndows and external doors seal ed , the 
rel ationsh i p  between internal -to-external press ure difference and air flow rate was established 
for the background l eakage. To ful l y  take account of it, the l ocation of the background l eakage 
paths must al so be known and such information is extremely difficul t  to obtain for an existing 
buil ding and virtually impossibl e to predict for a projected building . Much more experimental data 
are required before information suitabl e for uesign purposes can be provided , and even then the 
wide variations in building workmans hip wil l make its appl icati on questionable . 

DESIGN DATA 

The move towards reduced energy consumption in buildings cannot be undertaken w i thout recognition 
of the need to maintai n  safe and comfortable condition s  for the occupants and of the economic 
cons iderations affecti ng the relationship between capital and running costs . For ventilation , 
this requ i res the abil i ty to design buil dings and systems to achieve the minimum ventilati on rate 
criteri a, to assess the energy consumption involved and· to eval uate the economic advantages (or 
otherwise)  of pos sible energy sav i ng measures. 

There i s  an urgent need for suffici ent i nformati on to be made avail able to enable the designer to 
a chi eve these requi rements  by the appl ication of the pri nci p 1 es al ready outlined . I n  this section , 
the shortfa l l  i n  the avail able  data i s  highl ighted. There is also a need for an understanding of 
the effect i veness of al ternati ve measures to reduce energy l os ses as well as an appreciation of the 
economic criteria for evaluating an increase in capiL�l uutlay agai nst the potential long-term 
savi ngs. Some exampl es of al ternative ventilation control measures are presented but the economic 
aspects, important though they may be, are not considered within the scope of thi s  paper. The 
effects of occupant behaviour with respect to openable windows are aho not considered . 

Prediction of Ventilat ion Performance 

The desi gner requi res informati on to enabl e the estimation of ventil ation rates from known bui l ding 
design data, or, conversely, the determination of provisions required in the building .from knowledge 
of the ventil ati on criteria. Associ ated with both approaches , is the requirement for the 
cal cu l ation of corresponding energy losses. 

Figure 6 ill ustrates how, by the application of the pri nc ip les of natural ventilation, the gulf 
the des igner has to cross can qe spanned. As the di a gram shows, the br1 dge-buil ding is not yet 
compl ete. Highl i9hted as weak l i nks are those rel ationships for which. suffi cient rel iable data 
are, as yet, unavail able. These incl ude the relati onship between meteorol ogical wi nd data and wind-
9enerated pressure distributions on a bui l d i ng taking into account fluctuati ons, local disturbances, 
characteristics af the building s urface; and the ma9nituue and di stri bution of 'background ' 
leakage thrpugh gaps and cracks in the bui l d i ng fabri c. Additi onal ly, specific criteria for 
r.iinimum ventilation rates are required. There i s  an obvious need for coritinuing reseach to 
strengthen these weaker 1 inks .  

One of the further important requirements is the translation of these principles of ventilation , 
invol ving mul tipl e and compl ex parameters, into a procedure easily applied by designers . 

With the facili ties offered by modern computers, it i s  tempti ng to opt for the retention of 
sophisticated procedures for design predictions. However, the required detail and preci sion of 
the predi ction method is governed not on ly by the use that is made of the end result, but al so by 
the form of the available  supporting information. For exampl e, a cal cu l ation precision of 1% is 
hardly justifi abl e when constructional tolerances may produce variations of much higher magnitude. 
Nor is there any point in developi ng a minute-by-minute analysis ur ventilation rates, when 
avail abl e meteorol ogi cal data is expressed i n  hourl y mean val ues. The aim perhaps can best be 
expressed as the achievement of a design process wh i ch i s  comparable i n  precision, proven 
rel iability and ease of use with those ava i l abl e for the other energy transfer processes in 
build i ngs. 

Energy Sav i ng Potential 

The requ i rement to mai ntai n venti lation rates at or as littl e possible above the mi nimum acceptabl e 
val ue while relying on hatura 1 forces presents rea 1 d i  ffi cul ti es. If the minimum ventilation rate 
is achieved under mil d, stil l climati c  conditions then under al l cool er, windier conditions the 
rate will be i n  excess of that required with the consequent wastage of energy . To demonstrate the 
magni tude of the unnecessary energy loss and to examine the potential of alternati ve measures to 
reduce energy wastage, comparative cal cul ations of venti l ation rates and energy l os s  have been 
made for a modern , two-storey dwell ing. · 

Calculations were made to derive , for this particu l ar building, ·the relationship between ventilation 
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rate and the combination of wind speed and indqor-outdoor temperature difference . I n  this case, 
variati on i n  wi nd direction was not taken i nto account, because tests had shown that overal l 
venti lation rates were rel ati vely i ndependent of wind direction . These cal cul ations were based 
on sel ected press8re d i stri bution data appl i cable to an urban area, an assumed constant indoor 
temperature of 1 9  C and vari ous component and b�ckground ai r l eakage characteristi cs . It was 
assumed that the wi ndows and doors were al ways cl osed. The exampl e shown on Figure 4 il l ustrates 
the predomi nant effect of temperature difference at l ow wind speeds and of wi nd at speeds above 
3 . 5 m/s .  

· 

Seasonal venti l ation rates and the associated energy l oss  was then cal cul ated by us i ng the deri ved 
rel ations hips and specif i c  meteorologica·l data. The meteorol ogical data consi sted of a tab le  
g i v i ng the frequency of  occurence of mean hourly �1i nd speeds within 2 K outdoor temperature bands .  
The wind speeds were modified to rel ate them to an urban environment and to the hei ght of the 
dwel l ing . The data for Bi rmi ngham {El mdon ) covered the heating seasons , September to May , over 
a 10 year period, 1 969 to 1979 .  

Tabl e l presents the resul ts of these cal cu lations for a number of  conditions and these are discussed 
bel ow. In thi s  discuss ion ,  it has been assumed that the rate of vent i l ation shoul d not fal l bel ow 
0. 3 ai r changes per hour . .  This val ue has been chosen for demonstration purposes only - whether or 
not it is an acceptabl e cri teria may be considered i n  the l ight of the previous paper. 

Natural Vent i l ation - Vari ation in Leakaae Val ues . For the same dwel l i ng, two l evel s of l eakage 
were considered. The first corresponde to the s i tuation as found on s i te in which window, door 
and background l eakage were taken i nto account. Thi s  cou l d  be considered as a· house of typi cal 
construction wi th good qual ity wi ndows and doors . Over the heati ng season the air change rate was 
al ways at or above 0. 3 times per hour with a mean rate of 0 . 81 . I t  was above 0. 5 changes per hour 
for 93% of the time . The as soci ated seasonal energy l oss  was cal cul ated to be 1 6 . 6  GJ . I n  
compari son , the equi val ent energy l oss  for an ai r change rate of 0 . 3 and 0 . 5 a ir  changes per hour 
cons i stently over the heating season was 6 . 1  GJ and 10 . 2  GJ respectively .  There i s  thus 
cons i derabl e potential for reduc i ng the vent i l ation energy l oss  i n  s uch a natural l y  ventil ated 
bui l d i ng provided some control can be appl i ed to reduce the range of vent i l ation above the mi nimum 
rate . Thi s theoreti cal potenti al for energy savi ng i s  up to 20% of the total seasonal energy loss  
of the dwel l i ng assumi ng it  to have the  thermal i nsul ation val ues given i n  the 1 976 Bui l ding 
Regu l ations4 • 

The second l evel of l eakage was that wi th the background l eakage el imi nated and a reduction i n  the 
l eakage through wi ndows and doors so that the bui l di ng met the ai r l eakage requirements of the 1978 
Swedi sh Bui l d i ng Code , i . e .  3 ai r changes an hour at a pressure d ifference of 50 Pa . The seasonal 
energy consumpti on was reduced to a l evel that corresponded to a mean air change rate of j ust l ess  
than 0.3  times per hour but for over 60% of the season the venti l at i on rate was bel ow that l ever . 
S imply ·  reduc i ng the l eakiness of the structure i s  cl early not a sati sfactory method of minimi sing 
vent i l ation energy l osses . 

Control l ed Natural Venti l ation . There are several ways by which the rate of natural vent i l ation 
i n  a bui ldi ng could be controll ed if the resul t i ng energy sav i ngs were found to be worthwhil e .  

For exampl e ,  provi ding shel ter to el iminate the effects of wi nd o n  the ori ginal dwel l i ng under 
cons i derati on woul d ,  whi l e  sti l l  mai ntaining an ai r change rate cons i stently above 0 . 3  times per 
hour ,  reduce the ventil ation energy l os s  from 1 6 . 6  GJ to  1 0 . 8  GJ , a potential  saving of just over 
30% . Experiments i n  the Uni ted States 1 2  have demonstrated savi ngs of the order of 10% with 
shel ter provided by evergreen trees . 

Another approach mi ght be the control of venti l ation openi ngs by dev i ces sens i ti ve to outdoor 
temperature so that as the temperature outs i de reduced so the open area of the vents al so reduced . 
Aga i n ,  the cal cul ation shows that savi ngs of over 30% coul d be real i sed whil e maintaini ng adequate 
vent i l at i on at al l times. 

The control of venti l at i on openi ng areas in response to the pressure d ifferential across them coul d  
theoretical ly produce a cons i stent venti l ation rate at the requi red minimum l evel and so reduce the 
associ ated energy l oss  to 6 . 1 GJ . Al though such devi ces were evi dently avail abl e as l ong ago as 
' 1 9483 , i t  i s  unl i kely that effective performance coul d be achi eved economi cal l y .  

The effecti ve adoption of some form of automati c  control of ventil ation openi ngs impl ies that other 
routes of potential l eakage must be mi nimised and th i s  requires detail ed attention to structural 
design . 

Mechani cal Ventil ati on . 
worthy of consideration . 
cl imatic condi ti ons  more 
are required . 

The appl i cati on of mechanical ventil ation systems i n  dwel l ings is 
I t  i s  being used as an energy saving measure in some countries with 

severe than ours , but further studies on i ts potential in this country 
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The advantage of mechani ca l  venti l at ion is  that it  ensures fresh air supp l y  at a requi red rate. 
Ho1�ever, the i nf luences of w ind and stack forces can sti l l  resul t i n  venti l ation rates above the 
requi red l eve l .  Tab l e  1 i nc ludes the resul ts of ca l cu l ations for mechan i ca l  ven t i l ation appl i ed 
to the l ow- leakage dwe l l i ng. With a ba l anced vent i l ation sy tern , i . e . both supp l y  and extract 
fans , providi ng 0 . 3 a i r  changes per hour , the venti l ation energy l oss was twi ce the value that 
wou l d  resul t i f  the natural forces were e l imi nated. At a mechan ical  venti l ation rate of 0 . 5  a i r  
r.h11nges per hour the correspondi ng rat io  was 1 . 5 :1 .  W i th extract venti l a tion the ratios were 
l ower at 1 . 5 :1 and 1 .  1 2 : 1  respecti vely. 

Thi s  demonstrates that structures must be wel l seal ed for the effective appl i cat i on of mechani cal 
venti l ation systems . In the ori g i na l  natural l y  venti l ated dwel l i ng, a reduction of energy of 
7 . 5 GJ per year woul d  i nvol ve not only the purchase, i nsta l l ation and runn i ng cost of the mechan i ca l  
venti l ation system but a l so a fi ve-fold  reducti on i n  the l eaki ness o f  the structure. 

The bal anced type of mechan i ca l  venti l ation system offers the potenti a l  of heat recovery by pre
heati ng the i ncom i ng a i r  with the outgoi ng a i r .  Th i s  may be achi eved by a p l ate heat exchanger 
or more soph i sti cated heat transfer equi pment. If it i s  assumed that 75% of the heat i n  the 
extract air was recovered, the seasonal  venti l at ion energy l oss  would  reduce � 4. 3 GJ but aga i n  
the cost i mpl i cat1ons need care ful assessment. 

CONCLUSIONS 

N11 t.11r11 l venti l ation i s  a compl ex process affected by many parameters , t he va l ues  of whi ch are 
di ffi cul t to accuratel y  predi ct. There i s  a need for further experime1 1Ldl  work to provi de more 
rel i abl e data for the improvement of des i gn procedures. Thi s  experimenta l work shou l d  i nc lude 
deta i l ed stud i es on vari ous bui l di ng types with measurements of l ocal cl imat i c  condi t ions , wi nd
generated pressure di fferences and i nfi l trati on rates . The resul ts of such work shoul d be 
rel ated to the l e a kage characteri sti c s  of the bui l d i ng s  and meteorologi ca l data and be used i n  the 
devel opment of refi ned des i gn mode l s .  

The resul ts of some samp l e  cal cul ations demonstrate the orders of magni tude of energy savi ngs that 
could  theoret i ca l ly be achi eved by the use of contro l l ed or mechan i ca l  venti l at i on i n  dwel l i ngs. 
The va l ue of these savi ngs needs to be asses sed in rel ation to the expendi ture requi red to construct 
bui l d i no s  with l ower a i r  l eakaqe than i s  usual rtt present and that requi red for additional  capita l  
equi pment . 

It i s  appreci ated that the effects of the occupants ' use of openab l e  windows has been i gnored. 
Thi s  wil l have a s i gnifi cant i nfluence on the energy consumpti on but i t  shoul d neverthel ess be the 
a im  of the des i gner to promote bui l d i ngs whi ch i nherentl y  provi de venti l ation at a mi n i mum 
acceptabl e l evel wh i l e  a l l owi ng occupants the fac i l i ty to i ncrease the rate of venti l ation for 
spec i a l  c ircumstances. 
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TABLE 1 - Cal cul ated seasonal vent i l ati on �erformance and energy l oss 

Venti l ation Average Time > 0 . 3 Time > 0 . 5 Total l eakage 
energy l oss venti l ation changes/hour changes/hour at 50 Pa 

rate 

GJ a i r  changes/ % % a ir  changes/ 
hour hour 

Constant venti l ation 
{theoretical) 

1 .  0 . 3  a i r  changes/hour 6 . 1  0 . 3  ·1 00 0 

2 .  0 . 5 a i r  changes/hour 1 0 . 2  0 . 5 1 00 1 00 

Natural vent i l at ion 

3 .  House of typi cal 1 6 . 6  0 . 81 1 00 93 1 4. () construction 

4 .  House to 1 978 
Swedi sh Bui l di ng 5 . 4  0 . 27  37  8 3 
Code ( l ow l eakage ) 

Control l ed natural 
ventilation 

5 .  Typi cal house 1 0 . 8  0 . 53 1 00 41 1 4 . 6  
ful ly shel tered 

6 .  House wi th temper- 1 0 . 8  0 . 53 1 00 49 1 4 . 6  at 
ature-sens i t i ve ll& of 4K 
vent i l ation control 4 . 6 at 

tie of 20K 

7 .  House wi th pressure- 6. 1 0. 3 1 00 0 
di fferenti al -
sensi tive vent i l a-
tion control 
(theoreti ca l  optimum) 

Mechani cal venti l ation 

8.  Low l eakage house 1 1  . 5  0 . 56 1 00 67 3 
with bal anced 
ventilati on at 0. 3 
a i r  changes/hour 

9. Low l eakage house 1 5 . 6  0 . 77 1 00 1 00 3 
wi th bal anced · 
ventilation at 0 . 5  
a i r  changes/hour 

1 0 . Low l eakage house 8 . 9  0 . 44 1 00 32 3 
wi th extract 
ventilation at 0 . 3  
a i r  changes/hour 

1 1 .  Low l eaka�e house 1 1 .  5 0 . 56 1 00 1 00 3 
wi th extract 
venti lab on at 
0 . 5  a i r  changes/hour 
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SYMBOLS U SED 

� 
h 

k 

R. 

n 

p 

6p 

u 

w 

p 

area of openi ng (m2 ) 

wind pressure coeffi ci ent 

= coeffi ci ent of d ischarge 

= l eakage factor (m3/s at a 6p of 1 Pa ) 

speci fi c heat capac ity of a i r  ( kJ/kgK) 

= vertical d i stance between openi ngs (m) 

l eakage coeffi ci ent (m2/s at a 6p of 1 Pa ) 

l ength of gap (m)  

characteri stic  exponent 

pressure on a bui l di ng generated by wi nd ( Pa )  

= prl!ssure di fferenee ncross openi ng ( Pa )  
pressure d i fference caused by stack effect ( Pa )  

vol ume f low rate o f  i nfi l trati on/venti l ation (m3/s )  

time ( s )  

l ocal wi nd s peed (m/s ) 

energy requi rement {kJ)  

dens i ty of ai r ( kg/m3 ) 

i nternal absol ute temperature ( K) 

externa l absol ute temperature ( K) 

i ndoor to outdoor temperature di fference ( K) 
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VENTILATION MEASUREMENTS IN  HOUSING 

P R Warren and B C Webb 
Building Research Es tab l i shment , Garston ,  Watford , Herts . 

Despite the fact that the maj ority of build ings , parti cul arly in the 
domestic s ector , are naturally venti lated , natural  venti lati on and infil
tration remain amongs t the mos t  intractab l e  aspects of building des i gn .  
The need for improved guidance has b ecome of increasing import an ce with 
the need for energy cons ervation . 

As a firs t s tep to p roviding a better unders tanding of natural ventilation 
i n  hnna ing this paper pres en ts results o f  recent measurement s o f  venti lation 
rates and air leakage characteristics in dwell ings , These are used to show 
typical magnitudes of vent i l ation rates and the way in whi ch they are 
influenced by meteoro lo gi cal par ameters ,  such as wind spe·:d and dire ct ion , 
and ul r temp�rature , and th� rh ,qr ,qrteri sties of the fabric and fonn of 
the building . 

INTRODUCTION 

N atural ventilation is one of the mos t  intraC't ab le features of building des i gn . Despite the fact 
that the maj ority of buildings , p articul arly in the domes t i c  s ector depend upon natural ventilation 
to maintain internal air quality and , in s umme r ,  to limi t the incidence of thermal di scomfort , 
current knowledge of the rates of venti l ation whi ch occur in pr actice and the way that these are 
related to des i gn parameters is very limi ted ,  In the pas t  when he ating fuel was rel ative ly cheaper , 
exces s ive ventil ation was comp aratively unimpor L 1mt , provided that it did not give ris e to 
dis comfort . The current need to reduce energy consumption has provided an lmpe tus t o  reduce 
ven L l lat lun rates to the minimum level s neces s ary to ensure he alth , s afety and comfort . This has 
lead to the demand for improved guidance on des ign and the development of methods for read i ly 
as sess ing the venti lat i on performance of bui ldings . 

The purpose of this paper is to pres ent the results of recent measurements in housing in order to 
i llustrate typical magnitudes o f  ventilation rate  and the way in which these are influen ced by 
meteorological parameters and the characteristics of bui lding fab ric and form, Exmnples are taken 
from a recent s urvey by the Bui l ding Res earch Es tablishment of venti lation rates in unoccupied 
hous ing , a fuller report of which wil l  be pub lished in due cours e ,  

2 FACTORS WHICH INFLUENCE NATURAL VENTILATION RATES 

It is proposed to review the theo reti cal principles of natural ventil ation only briefly as these 
have been dealt with in many pub lished papers , of  which ref erences ( ! , 2 and 3) are examples , In 
respe ct of  natural venti l at ion a buil ding may be  con s i dered to consi st of a number of individual 
' cells ' connected to e ach other and to the outs ide air by openings through wh ' ch air can flow. 
In a nous e these ' eel ls ' may re.pres en t rooms or other spaces such as those b eneath suspended floors , 
under the roof or even wal l cavi t ies . The connecting openings may be large and well-defined , such 
as doors , open windows , air-bri cks and flues , or smal l ,  and not always immedi ately appar ent , s uch 
as gaps arounn th P. opeI).ing l i ghts of wind ows and cracks at the j un ction of floors and walls or 
where electri cal fittings and oth P.r servires penetrate the fabric.  Air wi ll  flow through these 
openings when a pres sure di fference is created acros s them ,  This may be due to  the action of  the 
wind or to differences b e tween the temperature of the air within the hous e and outs id e ,  It has 
been conventional in the pa:; L  to cons iuer only mean pres Gures b ut recent studies h ave ind i c ated 
the importance of the fluctuating component of wind-generated pressures where the mean pressures 
difference across an opening in the external fabric  i s  smal l (4 ,5) , In addition , for large openings 
such as open windows , mechanisms dependent upon the local air speed , rather than the appl i ed 
pressure difference , may be the d ominant cause of air exch ange between inside and outs i de (6 ) , 

The natural venti l ation rate of a hous e therefore depends upon the following factors : 

a) The meteorol ogical vari ab les - wind speed and di re ction and air temperature • 
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b) The shape of the hous e and the nature of i ts surr oundings , These determine the dis tribution 
of wind-generated pres s ure at the external surfaces , 

c) The pos itions and airfl ow characteri stics of all openings and flow p aths , 

In addition ,  s ome openings , in particular windows and doors , may be controlled by the occupants , 
Dick ( 7) and , more recently , Brundrett (B) have demonstrated that window opening b ehaviour in 
dwel lings can be correlated closely with external air temperature , A further f actor whi ch should 
therefore be add ed to thos e given ab ove is the behaviour of occup ants , 

It is the wide r ange and the difficulty in det ermining the effects of s ome of thes e parameters 
which make the predi ction of natural vent i l ation rates and the interpre t ation of field measurement s 
s o  difficult , 

3 MEAS��NT TECHNIQUES 

J . J Air flow characterist ics of openings 

(.i) Theoreti cal cons iderations 

The rel ationship between the flow rate through an opening and an applied pressur e  d ifference 
depends upon Reynolds Number and the ge omet ry of the opening . For large openings s uch as open 
windows , whi ch approximate to a sharp-ed ged orifi ce the fol lowing s imple relati onsh ip appl ies : 

Q ( I )  

where , Q i s  the vo lume flow rate resulting from the applied pre s s ure dif ference lip ; A i s  the area 
of the opening , p is the dens ity of air and Cd the di s charge coefficient , For other types of 
opening it is necess ary in general to determine the relat ionship emp ir ically . It is convenient 
to fit the measured val ues to a simp le expr es sion and the fol lowing power law is gener ally used 

Q (2)  

More complex expressions , whi ch can b e  more readily just i fied theoretical ly , h ave been developed , 
not ably by Etheridge (9) , These cannot , however , be easily used where the shape and dimens i ons of 
an opening are not known and this is gene rally the case in real situations . 

The value of the exponent , n ,  wil l  lie between 0 ,5 , for flows whi ch are ind ependent of vi s cosity , 
and 1 . 0 ,  for flows whi ch are dominated by vi s cos ity. For any given range of applied press ure the 
small er the cros s-s tream dimens ion of the opening ,  the closer n will approach t o  1 . 0 ,  

( ii) Measurement techniques 

Laboratory ' pres sure b ox '  techniques have been us ed for many years for tes ting the air leakage 
characteri stics of b ui lding components such as windows , Van Guns t  and den Ouden( I O )  extended the 
method to field use by deve loping a port ab l e  pres s ur e  b ox for meas uring the in s itu performance 
o f  windows in experimental houses . The technique is e s s ent ially s impl e ,  An encl osure is s ealed 
around the component of interes t ,  Air i s  extracted at a known rate and the pres sure difference 
developed across the component measured with a manometer, 

More recently the measurement of the leakage perf ormance of ind ividual component s has been 
extended to measuring the 'whole hous e '  leakage characteris tics . Development of suit ab le 
equipment by Skinner ( l l )  in the United Kingdom was accompanied by s imilar devel opments in 
Canada , Denmark , the USA and Sweden, Although the techniques used by various expe rimenters 
differ in det ai l ,  the essenti al method is the s ame ,  A large fan uni t is sealed int o a sui t ab le 
opening in the external fabric of the house , usually an open doorway or window . The flow rate 
through the fan and the applied pressure difference are me asured . In s ome cases the equipment 
is des igned s o  that the flow can be revers ed and the leakage measured for both posi tive and 
negative pres sure dif ferences . 

Large openings whose equivalent areas can be det ermined by alternative methods are seal ed during 
tes ting , Progres s ive s ealing of ch os en components and repetition of the me as ur ements allows 
the di s tribution of leakage to be determined . 

Provided a variab le speed fan unit is used , results may b e  presented as a curve of volume flow 
rat e agains t applied pres sure di fference and a s imple power law expres sion , of the form given 
in equation (2) , may be fitted , In fact this expres s i on wil l represent the aggregate of the 
various flow p aths thro�gh the fab ri c :  

Q K, (lip) n l: K . , (lip) ni (3)  
l. 
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A s impler alternative whicn i s  also u8 �d is to give the l eakage at a fixed pr es sure difference . 
us ual ly 50 P a ,  The two app ro aches may be read ily combined , by writing equation ( 3 )  in t h e  fol lowing 
form ,  wh i ch h as the addi t i onal meri t of being dimens ion l es s :  

(4) 

where QT i s  the f low rate at the appl ied press ure , �Pr • 

'l'he t e chnique h as ad1l ve.J con s i derab l e  in crcR t becau s e  of i t s  s impl i c ity and ease o f  us e on s i te 
and becaus e o f  the p os s ib il i ty that i t  could b e  us ed as an indi c ator o f  the gene ral natural 
venti lation performance o f  a dwe l l in g .  T o  determine t h e  vali di ty o f  t h i s  propos al i t  i s  neces s ary 
to compare the resul ts ob tai n ed  u s ing this press uri s at ion technique with the res ults of t r acer gas 
meas urements of veu tilation rates and th i s  will be dis cus s e d  further in a fol l owing s e ct ion . In 
thi s context it i s  worth noting th e fol lowing points : 

a) Pres sures generated by w in d  and s t ack effect are not uni formly appl ied acros s the bui lding 
envelope , as they are in th e pressuris at i on t es t ,  

h)  Relat ively hi gh press ure d i fference s are us ed , usu a l ly i n  the r an ge 20  to 60 P a ,  i n  
compar i s on with typical pres sures gener ated ac ross the f ab ri c  at ave rage w i nd  spee d ,  which 
are of the order o f  I t o  5 P a .  ( In an at temp t t o  overc ome this l imitat i on ,  t e chniques 
using alternat ing press ures are under development ( l 2) but h ave not reached the s t age when 
they can be u s ed wi th c on f i rl Pn r.P , )  

3 , 2  Vent i l ati on rate me asuremen ts 

( i )  Tracer gas methods 

Be cause the air f low paths in a naturally venti l ated bui ld in g  are not wel l  defined conv en t i onal 
anemome t r i c  techniques canno t be us e d  to measure the vo lume f low rat e of air entering a s pa ce , 
The only s at i s f actory t e chniques empl oy the use o f  a tracer s ub st an ce , usual ly a g as . Two methods 
of operat ing may be emp loyed : 

a) the exponenti al de cay method ,  and 
b )  the cons t ant inj ect ion ratP. method , 

The se mAy be i llustrated by cons i dering a s ingle ' ce l l ' of volume V .  Air enters and l eaves the 
cel l  at a rate Q .  If t racer gas is i ntroduced into the cel l at a cons tant rate , q ,  i ts 
concent rati on after a period of time , t is given b y : 

c �/ Q  [ 1 - e -Q� J (5)  

After a suffi cien t ly l or..g period the concentration tends t o  an equi lib rium l ev el , ce , g iven by 

c q / Q  (6)  
c 

I f  c and. q sre IT1easured then the ven t i l ation flow r at e , Q ,  may lie de t ermine d ,  Thi s  i s  the b as i s  
o f  tfie cons t ant inj ect i on r ate method , If the inj ect ion of t racer i s  s topped then the concen
trat i on rate decays exponen t i al ly according to the fo l l owing equat i on : 

c c . e  
0 

-Qt/V ( 7 )  

The venti lat i on rate R ( =  Q/V) i s  readi ly determined , Both methods requ i re that the t racer gas 
should be uni fo rmly mixctl within the space . 

A recent development of the cons t ant inj ecti.on t e chnique ( l 3) employs a microproces s o r  in a 
feedb ack loop fru1u the measuring instru�nt to the inj e ct i on devir.P anrl m11i ntains the concen
tration of tracer gas comi t ant , whi le moni to ring the runoun t of tracer inj e cted . ThP. averae;e 
venti l at i on rate of the s pace und er cons i d er at i on is ob t ained by d iv iding the t o t al volume o f  
tr acer gas inj ected over a given period by the value a t  which the concentrat ion is h e l d  constant . 

( i i )  Tracer gas character i s t i cs 

To be suitab le as a tr acer gas must pos s es s  the f o l l owing characteri s t i cs : 

a) It should neither be created or removed from the s pace under t es t ,  other than by venti l at ion 
(ie it should be s tab l e  and not ab s orb ed or emanated by surfaces within the s p ace) , 

b )  It should b e  capab le of b e ing readily mixed with a i r .  

c )  It should b e  non- t oxi c .  
d) It should be c apab le o f  b e ing measured over an appropriate range o f  concent r at i on . 
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A number o f  gases have been employed a s  tracers including carbon dioxi de , hydrogen , helium, 
ethane and krypton-85 , The two gases most  c0Im1only used at pres ent are sulphur hexafluoride 
and nitrous oxide , These may be measured in concentrations as low as 10-4 and 10 p arts per 
mi llion respectively using an electron capture chromatograph in the firs t  case and an infra 
red gas analys er in the s econd case , 

( iii)  Measurements in dwel lings 

The type of tracer gas measurements to be made in dwellings depend upon the reason for which the 
venti lation rate is require d ,  If  the concern is  wi th energy consumption , an d  t emperatures are 
reasonab ly uniform throughout the hous e ,  then whole house ventil ation rates are of interes t .  If 
sub s t ant i al temperature differences are likely to occur then concern is the fresh ai r entering a 
particul ar room. The cons tant concentration technique is most useful in this case s ince it allows 
the air entering each room to be sep arately determined . Alternatively the maj or concern may be 
the movement of s ome contaminant , such as water vapour , from one part of the hous e to  another , 
in which case i t  is necess ary to know the rate of ai r exchange between rooms , which is obs cured 
in the cons tant concentration method. A s econd tracer using the exponential decay method is 
required , Individual room measurements , made by inj ecting tracer gas into a sing le room are 
less easy to interpret s ince the incoming air may come from elsewhere within the hous e as well 
as from outs i de .  However this may be overcome in part by ob serving the points of entry and 
exi t of the air using smoke fil ament indicators , Although such measurements ob s cure the origin 
of the air entering the room they are us eful ; 

( i )  f o r  comparis on with theoretical pred ictions , and 

( ii) in s i tuations where a contaminant is produced in the room in question only , This is  often 
the case in housing because of the diver s i ty of us e of rooms and the range of cont aminants 
that need to be control led , 

4 MEASUREMENTS IN DWELLINGS 

4 . J BRE measurements 

ln order to provide bas i c  d at a  on the venti lation of dwellings in practice a progr8Illlle of ai r  
leakage an d  ventilation r ate measurements has been carried out i n  2 5  dwel ling s ,  In addition 
measurements in a further J 3  hous es of venti lation rates and component char acteristics have 
been carried out under contract by the Building Servi ces Res earch and Information Ass ociation,  
Ful l sets of leakage characteristics and ventil ation rates were made in nineteen of the houses 
and b ri ef det ails of thes e are included in Tab l e  I ,  

Where pos sib le the ventil ation rate measurements were carried out over a period of three to four 
weeks in order to ob tain a range of wind speeds and directions , and , generally less s uccess fully , 
temperatures , In order to limit the range of variab les the measurements were carried out with 
windows and doors closed , although in a few of the hous es a limited numb er of additi onal measure
ments were made with windows and other controll ab le vent il ation openings set to particul ar 
positions of opening . All me asurements were made in unoccupied dwellings . A ful l analysis of 
the results  referred to in the following sections wil l  be pub lished in due cours e .  

4 , 2  Air leakage measurement s 

(i)  Method 

Whole hou$e air leakage meas urements were made us ing the pres surisation equipment des cribed by 
Skinner (J I ) ,  This al lowed measurements to be made wi th b oth pos i t ive and negative pressure 
dif ferences . The measurement s were carried out during periods ·of low wind speed in order to 
reduce any interference by wind generated pres sures , 

Air leakage through indivi dual items was determined separately using a portab le rig consisting 
of an adj us tab le frame capab l e  of being set up to fit over any component up to the s ize of a 
doub l e  door , Polythene sheet was sealed over this to form an airtight enclosure from whi ch air 
was extracted using a small fan ,  The pre s s ure d i fference applied across the component and the 
rate of flow of the extracted air were measured . 

(ii)  Whole house air leakage me asurements 

Measurements were made of whole house ai r leakage for b oth positive and negative appl ied pres sure 
differences for each of the nineteen dwellings lis ted in T ab le 1 .  Power law curves were fi tted 
to each set of results and the me an values K and n from the pos itive and negative results 
cal culated for each dwelling . Us ing the form given by equation (4) , Tab le 1 lis ts the values 
of ai r leakage , QT in m3/h , at an applied pres sure di fference of 50 Pa,  and of the exponen t ,  n ,  
As expected the values of n lie within the range 0 , 5  to  1 . 0 .  The maximum value is  0 , 69  and 
the minimum 0 . 5 3 .  The mean value is 0 , 60 , wi th a standard deviation of 0 , 04 .  Table I also 
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TABLE I l./hole House Ai r Le ak age Ch aracterist ics 

House dat a Air leakage characteri s t i cs at 50 P a  Vent i l at ion rates at 
mean wind s p ee d  for 

No . Date Type Vol ume QT ( Q,/V) 
1 m3Jh m at:l1 

J J 9 7 J  2 B J 9 7  231 0 J J . 7 
2 1 9 5 7  2 B 254 2 20 5  9 . 7 
3 1 95 7  2 B 249 29 1 0  1 J . 7 
4 J 9 7 6  2 c 1 9 6 3090 1 5 , 8  
5 1 9 76 2 c 1 96 2 8 1 0  1 4 . 4  
6 J 956 2 D 1 64 2 21 0  1 3 . 5  
7 J 9 75 2 D 200 2-440- ] 2  . 4 . 
8 J 9 7 7  2 D 7 7  1 330 J 7 . 3  
9 1 q 4 7  2 A 1 9 5 ,  3 5 30 1 8 , 1 

I O 1 9 78 2 D 1 79 1 7 60 9 . 9  
1 1  1 9 77 2 c 1 9 6  4 1 30 2 1 . 8 
1 2  1 960 2 B 261 3 7 82 1 4 . 5  
1 3  1 960 2 B 26 1 3990 1 7 . 4  
1 4  1 9 77 2 C •  247 3570 1 4 . 5  
1 5  J 9 76 E J 4 8 1 3 50 9 .  l 
1 6  1 9 76 2 F 1 69 1 6 20 9 . 6  
1 7  1 9 76 2 G 1 79 3400 1 9 . 0  
1 8  1 9 77 3 D 220 3240 1 4 . 7 

' 
1 9  1 9 70 2 c 2 2 1  23 1 0  J O  . 4  

House type_ J • 2 ,  3 - Numb er of storeys : 

(QT/AP) 
3 2 

m /hm 

J 2 . 4  
J J . 9  
1 6 . 6 
23 . 3  
2 1 . 2  
22 . 2  
22 . 6 -

40 . 2  
1 9 . 3  

1 3 . 9  
3 1 . 5  

22 . 3  

23 . 5  
1 6 . 6  
1 6  . 1  
1 6 . 7  
39 , 2  
32 . 6  

1 7 . 3 

A 
B 
c 
D 

-

-

n Per cent age 
b ackground 

lenka.ge 

0 . 5 7 6 4% 
0 . 69 52 % 
0 , 55 6 4 %  
0 , 6 4  6 7 %  
Q . 57 6 9 %  
0 . 6 7 4 2 %  

· - 0 ; 60 5-7 %  
0 , 58 60% 
0 . 6 1  

0 . 5 8  7 2 %  
0 . 64 7 2 % 
0 . 5 8  69% 
0 . 5 8  6 7 % 
0 . 6 3  7 6 %  
0 . 5 5  48% 
0 . 5 4  5 7 %  
0 .  53 5 4 %  
0 . 63 5 6 %  
0 . 58 70% 

detached 
semi-det ached 
end terrace 
mid-terrace 

the s i te 

R('h 

0 . 44 

0 . 45 

0 . 58 
0 . 7 7 
o .  7 2  
0 , 70 

0 . 7 2  

o .  49 
1 . 2 7  

o .  so 
0 , 58 

0 . 36 

E - f lat 
F - mai s onnette 
G - quad , 

shows the air leakage fl ow rate s c aled by the h ou s e  volume ( QT /V) , and s cales by the perme ab l e  
area ( QT /Ao) .  For this purpose the l at te r  is def ined as the s um of th e areas of the external 
wa l ls of the house toge ther wi th the are a of the ground floor , provided that this i s  permeab l e  
t o  ai r flow ,  and the area o f  the s urface between the house an d  the roof space . (QT /Ap) i s  an 
index of the overall permeab i li ty to air flow of the buil ding enve lop e .  

IL i s  o interes t t o  comp;>.re thes e resu lt"fl m th thos e ob t ained i.n typir: al dwel l ing s i n  other 
cou n t ri�� . The mean of the res u l t s  for the n i nP.t eP.n houses , toge ther with s imi l ar res ults 
obt ained in Canada( J 4) ,  Swe den ( 1 5 , 1 6 ) , Denmark ( l 7 ) and the United S t ates ( 1 8 ) are shown in 
Tab l e  2 .  The alr l eakage rates at 50 Pa for the Bri t ·  sh house compare favourab ly wi th all 
but the Swedish houses whi cL ltave mu ch lower values . However when a r:omparison is mad e t aking 
into account the d i f ferent average volumes for e ach data s et the Bri tish houses are clear ly 
con s i derab ly less t i gh t  than thos e  in Canada and Sweden . This is further ref le cted in a comparis on 
of fab r i c  permeab i l i ty - ( QT/AP) ,  whi ch shows Swedi s h  houses to be four times as t i gh t  aa the 
Uni ted Kingdom s amp l e .  

( i i i) Variation o f  ai r l e akage rates with t ime 
In orde r to de termine whe ther any varia t i on occurred in the air leakage character i s ti cs , measure
ments were made in one o f  the dwe l li ngs (no I I ,  Tab le I )  and rep eated at regul ar intervals over 
a per iod of eighteen months . The resul t s  are shown in Figure I in the form of the whole h ouse 
l eakage rat e ,  cir .  at 50 Pa , s ubdivided b etween l e ak age through the windows and doors , and background 
leakage , The house concerned was unoccupied during the tes t period , but was he ated to norm.al 
temperatures during the heat ing seas on . Figure I indi cates a ve ry s ub s tant i al seasonal change 
in overal l l e akage with a maximum in win ter and a minimtun in the s umme r months . In view of the 
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TABLE 2 A Com�arison of Air Leakage Characteristics of Dwel lings in Different Counttii& 

Sample Aver age Air leakage character is ti cs at 50 Pa 
Author Country s iz e  house Applied volume QT QT/V QT/AP n pressure 

(m3) (m3 /h) (m3 /m�) 
direction 

( ach) 

Present re1;mlts United Kingdom J 9  200 2740 J 3 . 9  22 . J  0 . 60 Mean 

Grimaud et al United S tates 1 3  3 7 8  3330 9 . 4  Mean 
( J  8) (California) 

Colet et al Denmark 6 303 2730 8 . 6  0 . 70 Pos itive 
(J 7) 

Holmgren et al Sweden J O  307 .1 5 80 5 . 1  o .  7 1  Positive 
( 1 6 )  

Kronval l Sweden 25 3 1 7  1 360 4 . 5  5 . 0  0 . 7 7  Negative 
( 1 5) 

Be ach Canada 63 553 2420 4 . 4  8 , 4  0 . 66 Pos itive 
( 1 4) (Ottawa) 

tA 
fact that the house was not occupied internal re lative hlJlllltties were rel at ively l ow during the 
winter . there b eing no mois ture input . and ,  in consequence . drying out of the tini> er in the 
s tructure may be a cont ributory f actor to the ob s erved change in t i ghtness , The measurements 
wi l l  be repeated during the coming heating s e as on when typical moi s ture levels wil l b e  maintained 
in the hous e ,  

Recent measurements i n  Swedish houses ( l 9 ) indicated a very substantial change in ai r leakage 
characteristics in the firs t  year of occupation of new houses . Leakage rates measured in five 
houses increas ed on average by 70 % .  Measurements made a further year later showed no significant 
change , Simil ar measurements were made in the pres ent s eries of tests on three ident ical Bri tish 
houses , The mean leakage at 50 Pa at completion was found to be 1 870 m3/h , Approximately one 
ye ar after the houses had been occupied the leakage rate had increas ed to a mean value of 
3420 m3/h . an incre as e  of 83 % .  Pos s ible reas ons for this include drying out o f  the fabri c .  
sett ling o f  the structure ,  changes c arri ed out by the occupants and general wear and tear during 
use .  particul arly of the doors and windows . 

Before any general conclusions can be drawn from thes e results they wi ll need to b e  subs tantiated 
by further work and if pos s ib l e  related to form of cons truction .  Nevertheless there is a clear 
indication that the interpret ation of who le hous e air leakage measurement s should take into 
ac count the time when the measuremen ts are mad e ,  

( iv) Dis tributi on o f  aiT leak age between components 

A useful indication of the dist ribution of leakage between comp onents may be obt ained by 
expres s ing . at a coUD11on app lied pres sure of 50 P a .  the leakage of e ach component . ob t ained either 
by individual measurement or sele ctive s ealing during whole house tests . as a proportion of the 
t otal leakage at the s ame pressure, Figure 2 shows a typi cal ·e:xampl e obt ained for Hous e 1 8 .  The 
proportions of the air leakage at 50 Pa attributable to background air flow paths . ie not thr ough 
identifiable flow paths such as gaps around windows and doors . have been measured for the houses 
in Tab le I and are included as percent ages in the Tab le ,  The aver age value is approximately 60% 
with a range f rom 40 to 80 % ,  

· 

Although expres sing air leakage in this way emphas ises the importance of b ackground leakage s ome 
care should be taken in p l acing too much import ance on detailed figures . b earing in mind the 
quali fic ations concerning the technique expres sed in Sect i on 3 . 1 .  The overal l  air leakage is 
an aggregate of many individual leakage paths with dif ferent values of the exponent . n ,  
Components with higher values of n wil l  b e  more dominant at the higher end o f  the pressure 
d i fference range , This is i l lustrated in Figure 3 whi ch shows the percent ages o f  the overall 
air leakage flow attribut able to windows , doors . and b ackground f low p aths over a range of 
applied pres sure difference f rom 5 Pa to 50 P a .  for House 1 7  in Tab le I .  Whereas at 50 Pa 
the background areas contribute 54% of the leakage . at 5 Pa the proportion is reduced to 27 % .  
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4 . 3  Tracer gas measurements 

( i )  Method 

Measurements were made of whole house  and individual room ventilati on  rate s  using the 
exponential decay technique des cribed in Section 3 , 2 ,  Nitrous oxide was used as the tracer 
gas and its concentration was measured using an infra-red gas analyser . Simul taneously with 
the tracer gas rnnr.entration wind speed and direction , were measured us ing a lightweight cup 
anemometer and wind vane mounted on a 1 0  m high mast at a sui tabl e  pos it ion near the hous e 
under tes t ,  and together with internal and external air temperatures were recorded and 
automatically logged on to paper tape.  This  was subsequently proces s ed on an ICL 1 905 
mainframe computer to calcul ate the ventil ation rate , R ,  and the mean wind spee d ,  U , wind 
direction,  <P ,  and average temperature difference between ins ide and outside air , fiT , for 
each tes t , 

The whole house ventilation rates were ob tained by the expedient of artificially m1x1ng the 
air within the house using fans mounted in the open doo.rways , thus effectively reducing the house 
to a single ' cell ' ,  The results are therefore representative of conditions of us e when internal 
doors are normally kept partly open , or pres ent very little resis t ance to flow, The results are 
likely to s lightly overestimate the actual rates in occupied house in which the internal doors 
are kept closed , Individual room rates , determined by the decay rate technique , mus t be  
interpreted with care since , as noted in Section 3 , 2 (iii) the incoming air may enter from 
other p arts of the building as wel l  as from out s i de , 

( i i) Whole house venti lation rates 

In order to indicate the general magnitude and range of whole house  venti lation rates found 
in practic e the results o f  430 measurements in 25 different hous es have been aggregated and 
presented in the form of a hist ogram in Figure 4a. The mean venti l ation rate is 0 , 7  ach , 
Addi tlonal information is obtained from the cumulativ� frequency di agram, Figure 4b which shows 
that the medi an value is 0 , 6  ach and that a ventilation rate of 1 . 3  ach is exceeded only on 1 0% 
of occas ions , In view of the substantial ly lower air leakage in Swedish houa ing it is of interes t 
to comp are these results wi th a similar analysis of results reported by Kronvall (20)  qf 9 7  
measurements i n  7 0  different hous es , These lead t o  a mean value of 0 , 1 6 ach , a median of 0 . 1 4  ach 
and a rate of O . �  ach exceeded on 1 0% of occasions . 

Aggregating the resul ts , h owever , obs cures the effects of the individual factor s ,  outlined in 
Section 2 ,  which influence natural ventil ation rates . 'l'he results for individual hous es may b e  
characterised b y  fitting regress ion lines t o  the data.  Various combinati ons of the main 
meteorological variab les , U , tiT , and <P have been considered by previous workers . In general 
wind s peed has been found to be the dominant variable and for present purposes the res ults for 
each house have been fitted to wind speed by s imple regress ion analy si s .  Cases with s igni fi cance 
levels less than 5% were rej ected, The resulting regres s ion equation enab les the venti l ation to 
be determined for any chosen wind speed and the values at the mean wind speed for each s i te have 
been calculated, These are list ed in T ab l e  I for comparis on with the leak.age measurements ,  For 
the full  s ample of houses which s atisfied the signifi cance cri terion , the mean value was found 
to be 0 , 74 ach with a range from 0 , 36 to 1 . 70 ach , 

Another approach to the analysis  of the results which yield more information is to i solate the 
results for �ach hou11e which are dominated by wind or by s tack effect . Us ing a s impl e  s ingle 
ce ll  model it  is shown in reference ( 2 1 )  that this may be achieved by plotting the results in 
the form (Q/�rn) against (u2n ;�Tn) ,  Thos e measurements wh ich are sub s t ant i ally dominated by 
st ack effec.t wi 11 lie in the range , for two s torey houses , 

o ..: [ n2n J < 
0 . 3  

�Tn 

and those dominated by wind wil l  l i e  in the range , 

As an examp le of this approach the results of the whole house vent i l at ion rate measurements for 
house 6 have been analysed and the wind dominated results identi fied . Since for any specific 
house the s e  are a function of wind direction and wind s peed only , plotting (Q/u2n) against $ ,  
will  indicate the variation o f  vent i l ation rate with wind direct i on ,  This  h as  been done and 
results shown in Figure 6 ,  Hous e  6 i s  in the centre of a row of t e rr aced houses and the results 
give a c lear indication of the effect of wind direction for this  b ui lding arrangement ,  
Venti lation rate , a t  a given wind speed, wi th the wind perpend icul ar to  the row o f  hous es ' is 
twi ce that when the wind is parallel to the row , 
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TABLE 3 • Room ventilation Rates at  Mean Wind Speed for Different Types of Room Use 

Room description 

Living room 

Kitchen 

Bathroom 

Large Bedroom 
(Volume '>" 1 S m3) 

Small Bedroom 
(Vo lume < l S  lmll3) 

(iii)  Room ventilation rates 

Number of rooms 
in the s ample 

-1 6 

1 7  

1 8  

29 

1 4  

Ventil ation rates (ach) 

Range 
Mean value 

0 . 89 

J . 43 

1 . 8 1  

0 . 6S 

0 . 87 

Minimum Maximum 

0 . 24 1 . 64 

0 . 43 3 . SO 

0 . 2 S  3 . 1 9  

o . 2s 1 ,  1 9  

0 . 28 2 . 90 

Room ventilation r ates may be analysed in the same way as for the whole house results . Figure Sa 
for ins tance shows a histogram for l arge bedrooms (defined as those with a volume greater than 
1 5  m3) b ased upon 290 individual measurements in 2S hous es . The associ ated cumulative frequency 
diagram is shown in Figure Sb . The mean ventilation rate is 0 . 73 ach , but the skewed nature of 
the dis tribution results in a median value of 0 , SS .  A rate of 1 . S ach is  exceeded in only 10% of 
cases , As with the whole house results the ventil ation rate measurements for each room were 
fitted to wind speed by a simple regres s i on analys is . Results with a s ignificance l evel of less 
than S% were rej e cted and the subs equent regres sion lines were used to calculate the venti lation 
rate for each room at the appropriate site mean wind speed . The mesn values of ventilation rate 
fo r each type of room are shown in Table 3 .  

4 . 4  Comparison of pres surisation and tracer gas measurements 

Although the tracer gas technique provides a direct measurement of natural venti lati on rate 
considerab le effort is required to set up the as soci ated equipment and to carry out the measure
ments ,  To obtain sufficient results to est ab lish the variation of ventilation rate with the main 
climati c parameters takes a long time . The instrumentation is expensive and requires s peci alist· 
knowleclg1� tc operate i t .  In contr ast the equipment for whole hous i! pressuris ation measurements 
is relatively inexpensive , robus t and requires little experience to us e .  Measurements can b e  
made i n  a few hours . Its usefulness would be cons iderably enhanced I f  i t  can be demons trated that 
the natural ventilation r ate of a dwelling can be related to leakage ch ar acteristics . The 
measurements , using b oth types of equipment in a range of houses , which have been b riefly 
des cribed in this paper offer an opportunity for tes ting this propos ition.  

One possibility is to compare the whole house leak age rate , Qr , measured at  SO Pa,  with a suitab ly 
chos en venti lation rate . ror this purpose the simple regression fit against wind sp�ed may b e  
used for those cases where the s ignificance levels were better than S % .  Using this to ob tain the 
venti lation rate correspondingly to a stand ard wind speed of 3 . S  m/s (this is approximately the 
mean wind speed at 1 0  m for most inland suburb an s i tes in the United Kingdom) for each house these 
have been p lotted agains t Qr in Figure 7 .  The corelation is suf ficient ly encouraging to proceed 
to a more detailed analysis based upon the simple theoretical model discussed in reference (2 1 ) . 

S CONCLUSIONS 

J ) Measurements in typical modern British housing indicate that average ventilation rates , with 
windows and other controll ab le openings closed lie in the r ange 0 . 3  to 1 . 7 ach with a mean 
value of 0 . 7  ach , The distribution o f  aggregated dat a  from all houses gives a similar mean 
value o f  0 . 7  ach and also indicates a median level of 0 .6 ach and an upper decile value of 
1 . 3 ach . 

2) In comparison with housing in countries with much more severe winte r climates British hous ing 
is much less res istant to air flow through the fab ric  and components .  Swedish dwel lings for 
instance , are three to four times tighter . However the levels of natural ventilation found 
in British houses are close to the minimum air requirements for fresh air supply . Any general 
reduction in air leakage , wi thout alternative provision for fresh air supply could lead to 
an increase in problems such as condens ation. 
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3)  PLes s urisation m� a�urements indi c�te t h �t a sub s t anti al proporti on of the inf iltr at ion of 
air into a dwelling may take pl ace through paths other than the cracks around windows and 
doors . 

4) A comparis on of pressurisation and trace r gas measurements indi cates tnat the possib i l ity 
exis ts for using the s imp le pres suri sation leakage test as an indicator of the ventilation 
performance of a dwelling. Further rese ar ch and theoreti cal analysis is , however , requi red , 
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NATURAL VENTI LATION BY DESIGN 

PROBLEMS IN COMMERCIAL AND INDUSTRIAL VENTILATION 

J . E .  Ho l t  
Technical D irec tor 
Colt  International Limited,  New Lan e ,  Havant ,  Hampshire P09 2LY, England . 

INTRODUCTION 

The paper s tarts with a brief review of the · factors to be taken into 
account in considering natural ven tilation in such ins ta l lations - the 
factors are , inter alia,  its loca tion and surrounding bui ldings , the 
activi ty within the bui l ding and the results required of the ins ta l lation. 

It continues with some no tes about the problems and possible advantages 
of combining natural and fan powered sys tems and concludes with some 
examples in various ins ta l lations , such as power s tations , shopping ma lls , 
production areas etc . 

I t  is tri te but never the less true to say that the days of cheap energy are gone and i t  behoves us 
a l l  therefore to seek ways o f  reducing energy consumption. 

This has meant a re turn to ear lier forms of energy genera tion and we are looking again at wa ter 
power,  so lar power, wind power and redis covering or advancing the ir po ten tia l .  

And so it is with ventila tion . Na tural ventilation o f  buildings has been practised for more years 
than mechanical ven ti lation and so it is in keeping to turn to this a lso . 

Howe·ver., in the pas t many natural ven tilation sys tems have been uncontro l led and if the sys tem has 
provided too much ventilation for comfort in the winter it was eas i ly made up by additional heating .  
This paper dea ls with bui ldings where a need does exi st for vent i la tion for some , i f  not a l l ,  o f  
the time , 

VENTILATION 

Ven t i lation is the f low o f  air through a bui lding, and to have f luid f low requires pressure 
d i f ference - where there is no pres sure d i f ference - there is no air f low. These pressure 
d i f ferences are caused by : 

1 .  The 'e ffect o f  the wind blowing over the bui lding in ques tion . 

2 .  The e f fects o f  the wind on neighbouring bui ldings . 

3 ,  The e ffect o f  difference o f  temperature be tween the inside and outs ide o f . the bui lding.  

4 . Any pressures , positive or negative , brought about by mechanica l ventilation sys tems . 

Because the f low depends upon the square roo t of the pressure d i f ferenc e ,  doub ling the pressure 
d i f ference does not double the f low , but gives only a 40% increase .  

Thus when two o r  more forces are acting s imul taneous ly, the individual pressures can be added to 
arrive at the combined flow , and no t ,  as some times is done , add the individua l f low rates to arrive 
at the �ombined flow, 

THE EFFECTS OF WIND 

Cons idering items 1 and 2 on the a foremen tione d list ( the e f fec t  o f  wind) , i f  a ventilation sys tem 
is des igned ,  re l ian t upon the wind e ffec t ,  then the vent ila tion resul t  should be j udged over the 
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period o f  time from which the ave rage des i gn w i�d s p e e d  i s  taken . Thus , i f  the average wind s pe e d  
over a ye ar in some lo c a t ion i s  9m/s . ,  a n d  thi s i s  taken a s3 the de s ign w in d  spee d , the r e s u l t  o f  
any ca lcula tion us ing this fi gure shou ld n o t  be j udge d i n  m / s  o r  even a ir changes p e r  hou r ,  but 
in air changes per yea r .  

The point t o  make i s  that in comme r c i a l  o r  indus trial premis e s  ven t i la t in g  i s  for a purpos e ,  
usua l ly conne c t e d  w i th a n  indus tria l proc e s s .  

When ven t i la t in g  s a y ,  a glas sworks , where the main pro b l em is overhea ti n g ,  which w i l l  obvious ly 
be wor s e  in J une /July e tc . , it is not goo d  thinking to des ign a s s uming the a s s i s tance o f  average 
annua l winds which inc lude s ,  apart from the summer ca lms , the Fe bruary ga l e s . 

We mus t  des i gn taking into cons idera t ion the wor s t  con d i t ions , which is no wind , in the same way 
that the s truc tura l engineer mus t des ign a l lowing for the February g a l e s  and no t the average wind 
speeds . 

The source o f  da ta for wind speeds is wor th examining .  Da ta is o f t en supp l i e d  from the loca l  
a irpo r t  and , whi l s t  this may b e  us e fu l  i n  a s s e s s in g  the highe s t  wind s p e e d s  l ikely in the are a ,  
i t  may no t b e  ·o f  much u s e  in -a s s e s s ing the -lowes-t wind speed i-n- a - c-i-t:-y c e n t-re --in - tohe he ight o f  
s umme r .  

The e f f e c t  o f  wind o n  buildings ha s been s tu d i e d  b y  various res earchers ( Ba turin ( l ) , Morgan and 
Marchant ( 2 ) ) .  The loca tion of vent i la tor s ,  particularly their loca tion in the roo f ,  is impo r L1m L. 

Obvious l y  it is de s irable to avo i d  pu t t ing exhaus t ven ts in high pres sure areas and in l e t  vents in 
low pres s ure areas , The former can be more d i f f i cu l t  to achieve , 

O f ten us e fu l  r e s e a rch in forma tion is repo r t e d  on s o l i d  block mo de l s . In f a c t ,  however ,  a c tua l 
buildings are permeable and i t  is the pre s sure d i f ference acro s s  the skin o f  the buil ding tha t we 
are conc e rned w i th , The in terna l pres sure wi thin a bui l ding is usua l ly s l i ghtly b e low a tmo s pheric, 
which means suc tion e f f e c ts are pe rhaps n o t  a s  great a s  r e s u l t s  from res earch on b lock mod e l s  
wou l d  sugge s t .  

Even more i mpor tant is the loca tion o f  very l a rge openings . Very large open ings o n  the l e eward 
s i d e  can cau s e  incre a s e d  suc tion wi thin the bui l ding and tho s e  nn t h P  wi n dward R i de of the bui ld
ing can cau s e  enhanc ed pressure . 

The inc reased suc t ion e f fect was brought home to the wri ter many years a go fo l lowing a comp lain t  
tha t , when the wind wa s in a c e r ta in dire c t ion , n a tura l ven ti la tors in s ta l le d ove r an o pen bath 
intermi t te n t l y  down draughted .  

Inves tiga tions were ma de a t  s i te and the mul t ibay bui l d ing w i th barr e l  vau l t  roo fs ( Fi g .  1 )  had 
ven t i la tors moun t e d  on the roo f o f  the end bay and the s e  worke d e f fe c tive l y  for the maj o rity o f  
the time . A f ter many s i te vis i ts i t  was found tha t  the only o c c a s ion when the ven t i l a tors f a i l e d  
to exhaus t wa s  when : 

1 .  The wind was roughly a t  right angles to the line o f  the barre l vau l t s . 

2 .  The large l o a d ing bay doors ( a t B i n  F i g .  1 )  were fu l ly open . 

The opening o f  the s e  doors caused a suc t ion w i th in the building which was greater than the norma l 
suction over the roo f .  The prPs �nre i n R ide the bui ldin g was thus lower than the outside cau s ing 
air flow in to the bui l d ing through t he roo f  ven t i l a tors . 

To sum up , the r e fore , wind has an e f fe c t  on ven t i la tion , I t  is , howeve r ,  a very uncer ta i n  a l ly .  
To b e  sure o f  h i s  r e s u l t s  the d e s igner wou l d  b e  advi s e d  to ignore i t s  favoura b l e  e f fects , which 
then come a s  an agreea b l e  bonus and concentra t e  his des ign e ffor t to ensure that the e ffe c t  o f  
wind i s  n o t  a dver s e . 

I f  a s cheme has been des i gned a s s uming the a s s i s tance o f  the e f f e c t s  o f  wind and this does n o t  
mater ia l is e ,  then t h e  s cheme may have been und e r- d e s i gne d .  

There could we l l  b e  o c c a s ions when the bonus re ferred t o  above i s  a n  embarra s sme n t ,  but a l l  
properly des igne d ven t i la tion sys tems , n a tura l o r  o therwis e ,  s ho u l d  have a proper contro l sys tem 
so tha t the ven t i l a t ion can be reduced or e l imina ted as require d ,  In this r e s p e c t  it is in tere s t
ing to s e e  the pro gre s s  made ove r the pas t few years in s e a l ing c l o s e d  venti l a tors agains t 
unwan ted a i r  l e akage . ( Fi g .  2 ) . 

Such s e a l ing is , o f  cours e ,  v i ta l in any bu i l ding which mus t be he a t e d  in w in t e r ,  
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T HE  EFFECT O F  TEMPERATURE DIFFERENCE 

The e ffec t o f  tempera ture difference be tween the ins ide end outs ide of the building is the main 
fac tor in design of natural ven tilation sys tems for indus tria l and connnercial bui ldings , and the 
d e s i gner ' s  endeavours are usua l ly to l imi t this to an acceptable leve l .  

When calculating performance o f  natural ventilation s tandard formulae can b e  used for venti lator 
performance , rela ting height and temperature . There are severa l of these formulae of varying 
degrees of e laboration ( ASHRAE ( 3) ,  Hansen ( 4 ) ,  Thomas et al ( 5 ) , Hemeon ( 6) ) ,  The use of thes e  
formulae invo lves knowing the aerodynamic free area de fined a s  fo l lows : 

"The rate o f  flow of gases through an orifice such as a vent is less than would be expec te d  from 
energy cons idera t ions and the orifice behaves as though' its area was less than that actua l ly 
measure d ,  This reduced area is known as the aerodynamic free area" . ( Thomas and Hinkley ( 7) ) . 

This can be es tablished by wind tunn e l  t e s ts . U s ing equations for ventilator performance and con
s e rva tion o f  hea t ,  it is pos s ib le to calculate the ventila tion requirements tor various tempera
tures and the position of neutral layer . 

As mentioned earlier,  pres sure d i f ference caus es f low at inle ts , the pre s sure outside the bui lding 
is higher than the pres sure ins ide , thus there is a f low of air into the bui l ding. 

A t  the exhaus ts , the pres sure ins ide is greater than the pres sure outs ide , thus there is flow out 
from the bui ldin g .  Somewhere be tween the pres sures ins ide and outside will be equa l .  This is the 
leve l o f  the neutral laye r .  This is important pa rticularly i n  schemes which invo lve both natural 
and mechanical ventilators .  

POWERED VENTILATION 

This is the fourth of those factors a f fec ting the natural ventilation of a bui lding: the pre ssures 
brought about by any mechanical ven tila tion s ys tem. These pressures can be re latively high and so 
in some locations di fficulties may be found in opening doors , whi l s t  rain can be drawn in through 
she e t  laps because there is exce s s ive exhaus t  and no provision for inlet with the result that air 
is drawn in through any opening a t  very high veloc i ty .  

I n  indus tria l and connnercial buildings ven tilation is provided f o r  a purpose - usua l ly t o  improve 
the working environment because o therwise it would be too ho t or because there are exc e s s ive 
emis sions of fume or noxious gas e s  cau s ing, to say the lea s t ,  irrita tion and if cons ideration o f  
f i r e  is inc luded , l i fe hazard . 

In many such applica tions results can be achieved by j udicious application o f  some powered ventil
a tion . One obvious case is overhea ting ,  where the additional air movement by fans can contribute 
additional cooling. O thers could be where process extraction exhausts air from the bui lding. 
Probably the mos t  extreme case here is the bo i ler house in a power s tation where the air exhaus ted 
for the bo i lers is a t  the leve l of . 46 kg/s per Ml� , and s ta tions of 2000 MW capacity are no t 
unknown. 

In such bui ldings the leve l of neutral layer is important whether the ventila t ion is powere d ,  
na tural or a combination o f  bo th. 

Thus in a · laundry; for example , with excessive mois ture emi s s ion the leve l of the neutral layer 
must be above the top of the doorways to adj o ining s e c tions , o therwise mo is t and s teamy air wi l l  
flow out from one sec tion to give condensation in another s e c tion . This can happen if there i s  
larger· ins talled inlet capacity than exhaus t capacity. 

S imilar cases can occur in , say, a we lding shop where the working leve l may be clear, but welding 
fume in the roof space above working leve l can spread in to , say, adj acent fabrication shops through 
high leve l openings , 

The reverse s i tuation can o f  cour s e  occur , In the s ame laundry an excess of exhaus t capacity such 
tha t the neutral layer was towar ds the top of the building could mean high level windows would 
a l low cool air to meet warm, very humid air giving loc a l  fog, condensation , or perhaps even rain . 

The s ame s i tuation can occur in emergency heat and smoke exhaus t  s ys tems when an excess o f  exhaus t  
capacity over inlet capacity could mean openings in the bui lding above the smoke layer ac ting a s  
inlets , b lowing smoke down t o  bre a thing zone . This cou l d ,  o f  course , defeat the obj e c t  o f  the 
exercise .  

Having said something about the more bas ic cons idera tions , i t  might be appropriate to cons ider 
some particular advantages o f  n a tural ventilation . 
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A natura l ventilation s ys tem 1 )  u s e s  n u  power 

2) is s i lent in opera t ion 

3) gives resu l ts which ( i f the hea t  to be dis s ipated is under 
es timated) are c loser to the de sign temperature difference 
than tha t achieved by a to ta l ly mechanical ven t i lation s ys tem 

4) can impo s e  l e s s  s tress upon the buil ding s truc ture 

5 )  can provide psycho logical re lief to occupants 

Advantages 1 )  and 2) are s e l f  eviden t ,  but advantage 3 )  needs enlargement by means o f  the 
fo l lowing examp le 

Bas ic data ; e s tima ted hea t �oad =: l MW, ambient air tempera ture 293°1<. ,  a�d tempera ture o f  air 
leaving the bu i l ding o f  303 K,  thus the ven l l la t ion U L1:1 mus L be 85 . 3 2 rn  /s . 
This can be provided by powered ven t i la tion with fans capa�le o f  handling thi s  capac ity or by 
na tural ven tila tors with an aerodynamic free area of 46 . 6m ( as suming a s tack heigh t  of lOm) . 
IJqw�v:g , U !ll?Y _Ji� _ t;h� t �-h�- !! �_i!ll!l 1:�_d a�Q_ _ ac tl,!a_l hea,t; _ lo_ads_ diff� r .  fi_g . 3 s_hp_w!j _the results 
achieved i f  the e s tima te of the hea t  was too low. App lying a 1 , 5  MW hea t load to the graph-we 
see the temperature rise with na tura l ven tilation wou l d  be 13 . 2°C and with a mechanical sys tem 
it would be 15 , 4°C .  I f  the heat output is doub led the respec tive figures are 20 . 9°c for the 
mechanica l sys t�m .!I n d  l 6 . 1 °r. for n R t11rR l v1m t i l a t i nn ,  

The facility o f  flexibility i s ,  o f  cour s e ,  extreme ly usefu l  i f  heat loads canno t accurately be 
determined ,  or if they are known to vary with proc ess  - and , of cours e ,  in fire s i tua tions , 

The examp le shows only temperature differences liable to be encountered in vent i lation o f  
indus trial proper tie s .  I f  the fire s itua tion is cons idered , this facil ity needs t o  b e  even more 
care fu l ly cons idered.  Data for the heat output from a fire is not like ly to be exac t  and mos t  
mechanical units do have an opera ting tempera ture limi t .  I f  this i s  exceeded the uni t  will  s top 
running. A powered ven tilation uni t  fai ling in a day to day ventila tion s ys tem can be regarded 
as inconvenien t ,  in a fire s i tua tion i t  could be regarded as catas trophic . 

A natura l ven tilato r  wi l l  no t be oubj ect to this s ame opera ting tempera ture l imi t .  Re ferring to 
Fig.  3 for examp l e ,  doub l ing the heat load increas e s  the tempera ture difference in a natura l 
venti la tion scheme by about 60% and in a mechan ica l scheme by 1 10% . Thus , designing for condi
tions where the hea t  load is l ike ly to vary, generous safety factors are needed when using powe red 
exhaus t ,  The re is too ,  a " domino " effect - i f  one powered exhaus t fa i l s  there wi l l  be a reduction 
in vo lume , which w i l l  automatical ly raise the temperature causing quicke r fa i lure of the remaining 
units ; 

The fourth advantage is s tress on the bui l d ing,  This is mainly a que s tion of roof loading,  
Natura l ventilators have been used to render a roo f permeable and thus reduce the wind pres sure 
e f fects , N a tura l ventilators , by virtue of their re lative ly light we igh t ,  can also impos e  less 
s tress on a roof than powered ven ti lators o f  s imilar capacity, 

Re ferring to the data given in the examp le for advantage 3 ) , the rate o f  85 . 3 2m3 / s  cou ld be 
provide2 by 14 individua l powered exhau s t  un its with an individua l weight of about 1 10 kg spread 
over lm giving a to ta l we ight of about 1500 kg.  

2 
The 46 . 6m o f  aerodynamic free area could be provided by 27 louvred natural vents with individual 
weight of abo ut 110 kg, spread over an area of abou t 1 .  lm x 3m giving a tota l we ight of abou t 
1 1 00 kg , 

Ps ycho logica l relief is i l lus trated by Figs , 4 ,  5 and 6 ,  which show j u s t  how much na tural daylight
ing autl a clear v iew o f  the outs ide enhance the working environment.  

CONCLUSIONS 

To s um up, therefor e ,  s ys tems for vent i la tion o f  collmlercial or indus trial  bui ldings can be 
des igne d u s ing na tura l venti la tion and incorpora ting powered ventilation as appropria te . 

C lo s e  contro l o f  bo th s ys tems is pos s ible , 

Energy can be saved by reduc tion o f  running power and tha t same close contro l ,  

The s ys tem can reduce the lo s s  in fire s i tuations . 

Figs . 4 ,  5 ,  6 ,  7 ,  8 ,  9 ,  10 , 1 1 ,  1 2 ,  13 , 14 and 15 show some appiica tions . 
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FIG . 3 SHOWING THE RESPECTIVE INCREASES IN TEMPERATURE 
WITH NATURAL & POWERED VENTILATION. IF DESIGN HEAT 
LOAD IS EXCEEDED. 

41 



NATU R A L  V E N TI LAT I O N  BY D E S I G N  

F i g .  4 - A lu minium Extruding Plan t  F i g .  5 - High B a y  Wareho u s e  

F i g .  6 - F o o d  Wareho u s e  D e s pa tch B a y  F i g .  7 - Fruit & Vege table Marke t 
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F i g .  8 - Manufacturing P lan t F i g .  9 - Improvement to o l d e r  fac tory 

F i g .  10 - S po r t s  S ta d ium F i g .  11  - Power S ta tion 

43 



NATU R A L  V E NT I LAT I O N  BY D E S I G N  

F i g .  1 2  - Shipbu i lders F i g .  13 - Theatre s ta ge area 

Fig. 14 - Ro o f top P lant Room Fig . 15 - Underground Car Park 
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NATURAL V E NTI LATION BY DESIGN 

NATURAL VENTILATION IN THE MODERN HOSPITAL 

J . M .  Singh CEng MI MechE 
Pr inc ipal  Eng ineer , DH.SS 

INTRODUCT ION 

Thi s  paper asseses  the ro l e  o f  natur a l  ven t i l at ion in a modern ho s p i t a l  
wi t h in the l im i t s o f  c urren t  knowl edge . I t  con s iders opt imum st andard s 
o f  a i r  change ra t e s  for winter  and summer cond i t ions and reviews fac tors  
within  the  ho s p i t a l  con text that  are  l ike l y  to a ffec t the  rea l i s a t ion o f  
natural  ven t i l a t ion . Re ferenc e i s  mad e t o  ac t u a l  mea suremen t s  in a new 
hospi t a l  and to  other theoret i c a l  work .  There is a l so some comment on 
fut ure trend s and the in fl uenc e of energy consumpt ion on the use o f  
n a t ur a l  ven t i l at ion . 

" The very fir st rule  o f  nur s ing is to kee p  the air  the pat ient breathe5 as  pure as the external 
a i r  wi thout chi l l ing him . The que s t ion is  o ft en asked - when ought windows to be o pened ?  The 
answer is  - when ought they to be shut ? "  These ext rac t s  from "No te s  on Nur sing" 1 85 9  are a t 
t r ibuted t o  Fl orence N i ght ing a l e  and exprj s s  her sen t imen t s  on the therapeut ic e f fec t s  o f  fresh 
a i r  and by in ferenc e n a t ura l ven t i l a t ion . Tod ay t h i s  c onc ept  s t i l l  ho l d s  good for ho s p i t a l s 
in the Un i t ed K ingdom a l be i t  to a l e sser degree . Whereas the general  level o f  po l l ut ion has 
inc reased dur ing the in terven ing years  var ious Ac t s  of Par l iamen t have sa feguarded the pur i t y  
o f  the atmosphere and l im i t ed contaminat ion . Amb ient a i r  i s  s t i l l  sui t ab l e ,  w i th few excep
t ions , to natura l l y  ven t i l a t e  l arge areas o f  the· modern ho s p i t a l  a l though the cond i t ions under 
wh ich i t  i s  no.w used have a l so changed s i gn i fican t l y  due to advanc es in med ic ine . 

Over the pas t  few yea r s  there ha s been some rethinking on the l ike l y  s i ze and fun c t ion a l  conten t  
o f  the Di s t r i c t  Genera l  Ho s p i t a l  (DGH ) mos t  appropr i a t e  for tomorrow' s  need s .  Th i s  rea s s e s smen t 
has  come about by an awaren e s s  o f  the d i sadvan tages o f  l arge s i ze and changes in adm in i st e r ing 
hea l th care . A greater  emph a s i s  i s  now p l ac ed on the ,ro l e  of the pr imary hea l th c are t e am and 
the pr ac t ic e  o f  preven t ive med ic ine . Th i s  i s  l ead ing to an inc rease in prov is ion for Out 
Pat ient and Day Care treatment fac i l i t ie s  and a red uc t ion in the overa l l  number o f  bed s prov id ed . 
A fut ure DGH i s  l ike l y  to c a t er for a popu l a t ion o f  some 200 000 w i th approxima t e l y  600 bed s o f  
in-pa t ient accommodat i on compr i s ing ac ut e ,  ger iat r ic , m a t ern i t y ,  men t a l  i l lness  and ch i l dren ' s  
n ur sing un i t s . At c urrent pr i c e s  capi t a l  cost s fo r the bui l d ings and equ i pmen t wi l l  be about 
E35 m i l l ion . 

In pas t  years  the Na t ional Hea l th Serv ice ha s had prob l em s  with  the const r uc t ion o f  l arge 
ho spi t a l s .  Prac t ic a l  ex per ienc e ga ined from those a l read y  bui l t  has ind ic a t ed tha t a l arge 
sc a l e  dev e l o pmen t shou l d  be avo ided . There is a l so ,  qu i te under s t andab l y ,  a re l uc tance  to 
commi t  l im it ed resour c e s  to  one spec i fic pro j ec t  bui l t  in a s ing l e  phase . Consequen t l y  there 
is a tendenc y for the hos p i t a l  to be bui l t  in two or more pha s e s  wi th  the first pha se l im ited 
to about 300 bed s .  A t yp i c a l  first  phase ho s p i t a l  i s  shown in Figure 1 .  It i s  in fac t an 
exampl e o f  a po ten t  i a l  DGH b ased on the "Nuc l eus" des i gns  devel o ped by the Depar tmen t  o f  Hea l  th 
and Soc i a l  Secur i t y  (DHSS ) .  Th i s  par t ic u l ar t ype o f  ho sp i t a l  i s  l ike l y  t o  con s t i t ut e  about 
40% of a l l new proj ec t s  p l anned for the next decad e . The des ign rel ies on most per imeter areas 
be ing natural l y  ven t i l ated throughout the yea r .  

APPLICATION 

Pa t ien t s ' wound s c an become in fec ted wi th m ic ro organ i sm s  emanat ing e i ther from the pa t ien t 
h imse l f , or by cross in fec t ion from other pa t ien t s  and s t a f f .  Where c ro s s  in fec t ion occur s  
aer ial -bourne con t am in a t ion i s  o ft en the first  cause con s i d ered a l though there may b e  o ther 
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c on t r ib u t ing fac t o r s  s u c h  a s  t h e  t e c hn i qu e s  em p l oyed to r a s e p t i c  pro c ed ur e s . The u s e  o f  
c en t r a l i s ed sh a r ed t r e a t m en t  fac i l i t i e s  a s  com p a r ed w� t h  ward b a s ed t r e a tmen t room s h a s been 
c l a imed a s  one m e t hod of c on t ro l l in g  c ro s s  in fec t i on . I n  a r e a s  o ther than t h o s e  need ing 
s pe c i a l  as e p t i c  cond i t i on s  n a t ur a l  ven t i l a t i on may be ac c e p t ab l e  i f  i t  can pr ov id e a s u i t ab l e  
env i r onmen t . 

Th e r e  are o f  c o u r s e  many ar e a s  (wh i c h  a r e  1 i s t e d in DHS S  d e pa r tmen t a l  Bu i l d ing No t e s 3 ) t h a t 
mus t have mechan i c a l  ven t i l a t ion fo r func t i o n a l  and c l in i c a l  reason s . I L  wi l l  a l so be pro v id ed 
L u  u l l 1 e 1  JJ< H L ,;  u [  t l ie  l n:. ,; p i t a l  to sa t i s fy s pec i fi c  o pe r a t i o n a l po l ic ie s  or to max im i s e  us e 
o f  ac c ommod a t ion . U s ua l l y  t h e s e  spec i a l  requ i r em en t s  a r e  id en t i f i ed in c on j un c t i on wi t h  the 
C l ien t Group a t  the proj ec t b r i e f i n g  s t a g e . Mechan i c a l  ven t i l a t ion and / or a i r  c o nd i t i on ing 
is used in the se s p a c e s  t o  m a in t a in ase p t i c  cond i t i o n s  - o p e r a t ing the a t r e s ; to m a in t a in fixed 
t em pe r a t ur e  and re l a t i v e  hum id i t y  c ond i t i o n s  - s pe c i a l  c a r e  b a b y  un i t ;  t o  d e a l  wi t h  proc e s s e s  
- s t er i l i z i n g  and d i s i n fe c t i ng ; t o  c o pe wi t h  s pe c i a l  need s s u c h  a s  a c o us t i c i so l a t i on o f  an 
a u d io l og y  room ; t o  prov i d e  s u i t ab l e  env i ronmen t a l  cond i t i on s  wi t h i n  d e e p- p l anned room s . 

The rem ainder o f  t h e  ho s p i t a l  gener a l l y  r e l i e s  on na t u'r a l  v en t i l o t i on wh enever and wh e r ever 
t h e  qua l i t y  of t h e  amb i e n t  air i s  s u i t ab l e .  Th i s  is  us ua l l y a c c e p t ab l e  a l tho ugh t h e r e  wi l l  
b e>  t i m c> r. wh nn o i r  ch:mge r a t e s  a r e  adver se l y  a f fe c t ed by h i gh wind i; peed � ,  l uw o u t s id e  temp
cr o t ur c c  :ind o t h e r  fo c t o r s . 

In the exem p l ar ho s p i t a l  5 0 %  o f  the to t a l  area o f  1 4 1 1 2m
2 

i s  n a t ur a l l y v en t i l a t e d . Ex t r ac t 
v eu l i l <1 L iu 1 t  ui <1 ,; s i s t t:J pa s s i v e  ven t i l a t ion is prov i d ed to 30% . These a r e a s  u s ua l l y  inc l ud e  
ab l ut i on zon e s  a s  we ! l a s  t h e  in t e r n a l  corr i d o r s  and c i r c u l a t ion s p a c e s  thro ugh wh i c h  t h e y  
a r e  ven t i l a ted . The rem a i n in g  2 0 %  i s  prov id ed wi t h  cond i t ioned a i r  - 1 8 %  a s  o f  r i g h t  fo r 
c l in ic a l  or o t h e r  need s and 2 %  d ue to in t e r n a l  p l ann ing . When t h e  ho s p i t a l  i s  fu l l y  d ev e l o ped 
in t o  a DGH t h e s e  perc en t a g e s  m a y  no t change very m uc h  a s  mor e wa rd a c c ommod a t i o n  w i l l  be ad d ed 
in sub sequent pha se s .  I t  i s  m o r e  l i ke 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 ur a l l y  v en t i l a t ed a s  
l e s s  L h an a L h i r<l uf  L l 1e  a r e a  in  a wa r d  t e m p l a t e  i s  mec h a n i c a l l y  v e n t i l a t ed - s u p p l y  o r  ex t r a c t 
o r  b o t h  .. 

AIR CHANGE RATES 

The m in imum a i r  chan g e  r a t e  need ed fo r var ious t yp e s  o f . a c c ommod a t i on wi l l  be o f  d i f fe r e n t  
m ;ien i t 1 1 rl P  rl P pPn rl i n e  o n  t h f'  fun c t i o n a l  u s e  o f  t h e  s p a c e and the se v a l ue s  wi l l  a l so v a r y  t h ro ugh
out the yezr .  The amoun t n e ed ed fo r 1 i fe s u p po r t  and m a i n t en anc e o f  a l ow l ev e l  o f  co2 c on
c en t r a t ion w i l l r e ad i l y  be ach i ev ed wi t ho ut much a t t en t i o n  - for exam p l e  0 . 3 a i r  c h a n g e s  pe r 
hour wi l l  s u f f i c e  wi t h i n  a 6 -bed ger i a t r i c ward . Op t imum ra t e s  wi l l  ther e fo r e v a r y  from m in imum 
r e qu i r ed in win t e r  fo r the d i l ut ion o f  bod y  odour s and b a c kg ro un d  sme l l s  to a m ax imum in summer ; 
t h e  hi gher summer r a t e  wi l l  red uc e in t e r n a l  tem pe r a t ur e s  wh i c h  wo u l d  o t herwi s e  be i n t o l er ab l e .

· 

In t h e  ear l y  1 97 D ' s  DHS S  s po n s o r ed r e s e a r c h  on od o ur s w i t h i n  an a i r  cond i t i on e d  ho s p i t a l . 
The r e s u l t s  ind i c a t ed th a t  s o ur c e  room s wi th a c u t e odour s needed a i r  change r a t e s  g r e a t e r  than 
6 p e r  ho ur . 5 Som e con f i rm a t ion of t h i s  pa r t i c u l a r wo r k  is wi t n e s sed a t  the t o t a l l y  a i r  c on
d i t i oned Gr eenwi c h  DGH , one o f  the De pa r tmen t ' s  e a r l y  d ev e l o pmen t pro j ec t s .  Her e  odour wi t h in 
t h e  Ge r i a t r ic wa rd is e f fe c t iv e l y s u p pr e s sed by an a i r  change r a t e o f  a pprox ima t e l y  8 p e r  hour . 
Such a r a t e  wo u l d  have to be ma i n t a ined througho ut the 24 hour pe r iod b u t  i t  c o u l d  no t be 
sus t a i ned n a t ur a l l y  and wou l d c a u s e  draught s and o t he r  prob l em s . I t  i s  t he r e fo r e  un l i ke l y  
t h a t wi t h in the pr e se n t  l im i t s  o f  ex i s t ing t e c hno l og y  n o t u r a l  ven t i l a t i on c an e f fec t iv e l y c o pe 
w i t h ac u t e  odour s . Fur t he r  r e s e a r c h  is c on t i n u ing in t h i s  fi e l d  and wi l l  inc l ud e  exam in a t ion 
and f i e l d  t r i a l s o f  other t ec hn i qu e s  of odour c on t ro l . I t  t h e y  a r e  s uc c e s s fu l and ac u t e  odour s 
c an be reduced to an ac c e p t ab l e  l ev e l  o f  t o l e r anc e fo r pa t i en t s , s t a f f and v i s i t o r s  then i t  
wi l l  be po s s ib l e  t o  re l y  on n a t ur a l  ven t i l a t ion in the a f fec t ed s pa c e s . 

The ear l y  s t ud ie s  a l so d emon s t r a t e d  tha t wi t h in gene r a l  sur g i c a l  wa r d s  and s im i l a r ac c ommod a t ion 
J a i r  chan g e s  pe r hour wou l d  d i l ut e  in t e rm i t t en t  bac kg roun d  od our s to an ac c e p t a b l e  l ev e l  o t  
t o l er anc e . Tod ay i m proved nur s ing t e chn i que s ,  t h e  ad o p t i o n  o f  Cen t r a l  Tr e a tment S u i t e s  and 
b e t t er st and ar d s  o f  mechan i c a l  ven t i l a t i on wh e r e  i t  i s  need ed have a l l con t r ib u t ed towa r d s  
b e t t e r c onrl i t i on s . AeA i n s t t h i s bac: ke;round i t  s e e m s  l ike l y  t h a t  n a t u r a l  v en t i l a t ion w i t h  l e s s  
than 3 a i r  chan g e s  pe r ho ur c an pr ov i d e  an ac c e p t ab l e  env i ronm en t wi t h i n  nur s i n g  un i t s  and 
o th e r  l i ke a r e a s . 

The h i gher r a t e  need ed in summer wi l l  be in f l uen c ed by s e v er a l  fac t o r s  b u t  t h e  und er l y i n g  
r e qu i r emen t i s  t o  en sur e tha t  in t e r n a l  t em pe r a t ur e s  do no t r i s e t o  un ac c e p t ab l e  1 e6 e l s .  The r e  
a r e  many a u t h o r i t a t i v e  pub ! i c a t i o n s  o n  summer - t ime t em pe r a t ur e s  and t h e  C IB S  Gu i d e  i s  a s  
good a re fer en c e  po in t . I t  r e c ommend s  t h a t 2 7

°
C sho u l d  no t be exc eed ed o ft en in non- a i r  c on

d i t ion e d  b u i l d ing s .  Som e p a t i en t s  wi l l  und o ub t ed l y  be l e s s  ab l e  to c o pe wi t h  h i gh s p a c e  t em
per a t ur e s  bec a u s e  o f  t h e ir wea kened ph y s i c a l  s t a t e . However the we ar ing o f  l ig h t  c l o t h ing 
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wi t h in the  ho s p i t a l  env ironmen t wi l l  he l p  to  a l l ev i a t e  the  l ev e l  o f  d i sc om fo r t . 7 In prac t ic e  
peak cond i t ions d o  no t happen o ft en and d o  no t last  v e r y  l ong . Th e y  normal l y  occur when wind 
speed is low and thi s  co inc ides wi t h  h i gh extern a l  temper a t ur e s . Dur ing these t imes n a t ur a l  
ven t i l a t i�n can on l y  mat er ia l ise  through t empera t ur e  d i f ferenc es be tween ins id e  and out s id e  
and the air  change r a t e  i s  l ike l y  to b e  l ower than tha t produc ed by t h e  wind . The l as t  ho t 
summer o f  1976 was indeed an except ion and weather d a t a  for Kew 1967 i s  regarded as be ing more 
t y p i c a l  of amb ien t cond it ion s . In that year there were  on l y  6 days when an external tempe r a t ur e  
o f  25°C was exceeded and for a tot a l  t ime o f  24 hour s . 

Figure  2 gives  an ind i c a t ion o f  in ternal air  tem pe r a t ur e s  tha t are l ike l y  t o  prev a i l  wi thin 
the shaded t o p  f loor 6-bed ward in Figure  1 .  It i s  based on compu t er s imul a t ions o f  the space 
for Ju l y  16  us ing the Kew ' 67 weather dat a . The room has  two roo f l ight s  each 900mm square 
and 23%  o f  the south fac ing external wa l l  i s  g l a zed and prov ided wi t h  internal  vene t i an b l ind s .  
Air change ra t e s  are assumed to be con s t an t  throughout the 24 hour per iod . These graph s  show 
the mar g inal  reduc t ion in room tempe r a t ure when the air  change r a t e  is inc reased beyond 6 per  
hour . In fac t an inc rease from 6 to 10  lowe r s  the tempe r a t ure  by on l y  0 .  s0c .  S im i l ar pat t erns 
were no t ed for 17 Ju l y  when the external  tem perature rose to  28°C for 2 t  hour s . The resu l t s  
demon s t r a t e  that between 5-6 air  changes per hour wou l d  prov ide t o l erab l e  tempe r at ures  wi thin 
this  par t ic u l ar room dur ing pe ak cond i t ions . S ince thi s  spac e is  no t unrepresen t a t ive of  o ther 
natura l l y  ven t i l ated par t s  of the ho spi t a l  the d a t a  c an be a p p l ied e l sewhere w i t h  some degree 
of con fidenc e . In a l ive proj ec t  i t  may be j ud ic ious to c atego r i se the ac commod a t ion into 
v ar ious space t ype s and simu l a te  each t y pe for a more acc ur a t e  asse s smen t . 

Rec en t  t es t s  to wh ich re ferenc e is made l a ter on have ind i c a t ed that  a wind s peed o f  2m/ s 
wou l d  generate  an a i r  change ra te  o f  6 per hour in the c ase o f  the exempl ar ward . It wou l d  
the r e fore have achieved ad equa te  ven t i l at ion as wind speed recorded i n  t h e  Kew 1 9 6 7  f i l e  aver aged 
2 . 2  m/ s and exce.eded 4 m/ s mos t  o f  the a ft ernoon . However the same room in a c l o sed cour t yard 
l oc a t ion , w i t hout the e f fec t of wind , wou l d  no t have fared as we l l .  I f  the space temper a t ure  
mus t no t exceed 2 7°c when the  amb ien t i s  a t  25°C t hen the  d r iv ing force for na t ura l ven t i l at ion 
is l im i ted to tha t c a us ed by a tempe r a t ure  d i f ferenc e o f  2°C .  Such s i t ua t ions wou l d  need spec i a l  
a t ten t ion par t ic u l ar l y  wi t h  regard t o  the type and s i ze o f  windows tha t m in im i se so l ar gain 
and read i l y support  n a t ur a l  ven t i l a t ion by t h i s  method . 

PLANN ING 

Qu i t e apar t from ex ternal  in fl uences , sever al  charac ter i s t ic s  o f  the ho spi t a l  i t se l f wi l l  he l p  
t o  determ ine the manner in wh ich and the degree o f  n a t ur a l  ven t i l a t ion that wi l l  be achieved . 
The bui l d ing shape and form for exam pl e wi l l  in fl uenc e the exten t  o f  n a t ur a l l y  ven t i l at ed 
accommodat ion . In norm al s i t ua t ions the ho spi t a l  i s  no t l ike l y  to be more than 4 s t oreys 
and as windows can be opened at th i s  he ight any ac commod a t ion on the per imeter is a po ten t i a l  
cand id a t e  for na t ur a l  ven t i l a t i on .  

S inc e an e l emen t  o f  deep p l ann ing can se l dom be avo id ed i t  make s sense to l oc a t e  wi thin the 
core , whenever po s s ib l e ,  those room s tha t must be mec han ic al l y  vent i l ated fo r func t iona l reasons . 
Th i s  po s i t ion wi l l  a l so sui t room s wh ich have a t r an s ien t occ upanc y .  

The in t rod uc t ion o f  internal  and ex ternal cour t yard s wi l l  open up grea ter areas t o  na t ur a l  
l ight ing and ven t i l a t ion a l be i t  at  a h i ghe r c a p i t a l  bui l d ing cost . The wa l l  t o  f loor  ra t i o  
wi l l  inc rea se as wi l l  the winter he at ing load . Never the l es s , there wi l l  b e  a s i gn i f i c an t  
red uc t ion i n  over a l l energy usage fo r env ironmen t a l  serv ic e s . Curren t stud ie s  i n t o  the des ign 
o f  a l ow energy ho spi t a  l s ponsored by DHSS have ind i c a ted that the annua l energy consumpt ion 
for core rooms is about five t imes tha t  for per imeter s pac e s · • .  The per formanc e of c l osed cour t 
yard s a s  ven t i l ators  i s  out s ide the scope o f  th i s  pa per , but i t  i s  obv ious tha t internal 
d imen s ions wi l l  have to be suffic ient to perm i t  cont inuous air exchange with the out s id e  and 
avoid st agn a t ion at ground level . 

Subd iv i s ions wi thin the ho s p i t a l  p l ay a major ro l e  in determ in ing the ease wi t h  wh i c h  a i r  c an 
m igrate  throughout the accommodat ion . Ind ivid ua l depar tmen t s  tend to ope r a t e  wi thin c l osed 
com pa r t men t s  for a var i e t y  o f  reasons . Th i s  e f fec t ivel y red uces  the con t r ibut ion made by 
c ro s s f l ow and preven t s  the rea l i sa t ion of any d r iv ing forc e due to " s t a c k  e f fec t "  be tween fl oor s .  
I t  i s  l ike l y  t oo tha t the e f fec t iven e s s  o f  c ro s s  ven t i l a t ion wh ich wa s very much a fea t ure 
of Night ingal e Ward s wi l l  a l so be ser ious l y  red uced by in tern a l  par t i t ioning . In recen t  t imes 
hea l th care pr ac t ic e s  have neces s i t a ted d irec t superv i s ion of a l arger number of more ac ut e l y  
i l l  pa t ien t s  as  we l l  a s  grea t e r  fl ex ib i l i t y  in the use o f  accommodat ion t o  nur se m ixed sexes . 
In order to achieve the se and other a ims nur s ing un i t s  have become com par tmen t a l i sed into s ing l e  
and mul t i-bed ward s  wh ich suppr e s s  c ro s s  ven t i l a t ion . Open doorways do he l p  but t h i s  canno t 
a l ways be t o l er ated in o pe r a t ional term s .  

· 
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The qu a l i t y  and ex t e n t  o f  in t e rn a l  b a r r i e r s ,  abov e and b e l ow a n y  h l se c e i l i ng s ,  t h a t  a r e  
n e ed ed t o  sa t i s fy mod ern s t and ard s o f  f i r e  se p a r a t i o n  and smoke s t o p p i ng a r e  o t h e r  n e g a t i v e  
f a c t o r s . Th e i r e f fe c t c o u l d  be l e s s en e d  b y  t h e  i n s t a l l a t i o n  o f  l o uv r e s  t h a t  c l o s e  o n  i n i t i a t i o n  
o f  som e a u t om a t i c  sen s i n g  dev i c e .  However s u c h  s y s t em s  c an h a v e  on l y  l im i t ed a p p l i c a t i on s i n c e  
an y fa i l ure w i l l  und o ub t e d l y  c om prom i s e  t h e  in t eg r i t y  o f  t h e  b ar r ie r  and t h e  c om pa r t m en t . 
In t er n a l  par t i t i o n s  wi t h i n  the ex em p l a r 56 bed ac ut e nur s i n g  un i t  a r e  shown in F i g ur e  3 .  Sub
c om par t men t s  are formed wi t h in the ov er a l l l h o ur f i r e  r e s i s t an t  c om pa r t men t to a s s i s t  s t aged 
h o r i zon t a l  ev ac ua t i o n  in the even t of a f i r e . 

WINDOWS 

W in d ows make a maj or c o n t r ib u t i o n  toward s enhanc emen t o f  t h e  in t e r n a l  env i r onm en t . Th e y  b e n e f i t  
t hf' wf' l I hf' i n g o f  bo th  pa t i f'n t s  and s t a f f  in m a i n t a in in g  the i r  v i s u a l and aur a l  c on t ac t wi t h  
t h e  out s i d e  w o r  I d .  The y  a r e  a l  so the means b y  wh i c h  pe r i m e t e r  ac c ommod a t i o n  i s  n a t u r a l l y  
v en t i l a t ed and l i t  and bene f i t  from so l ar g a i n  in w i n t e r . Ye t no t w i t h s t and ing i t s  m an y  v i r t ue s  
t h e  window i s  o ft en c a s t  i n  the ro l e  o f  v i l l a i n ; a ro t e  t h a t  h a s  b e en ac qu i r ed ov er t h e  pa s t  
few y e a r s t h r o ugh the ind i s c r im in a t e  u s e  o f  g l a s s  a s  a c l ad d in g  m a t e r i a l . Th i s  h a s  c a us ed 
d r augh t s  in w i t1 t e r , g l a t· e at\d h i g h  i n t e r n a l  t e m pe r a t u 1· e s  in summ er and even s p r i n g  and a u t umn . 
Now , t he r e  is a b e t t e r  a p p r e c i a t i o n o f  s u c h  fac t o r s  and an -awa r en e s s  o f  t h e n e e d  to o p t i m i s e  
g l a z i n g  r a t i o s  t h r o ugho ut the ho s p i t a l  and e s pe c i a l l y  in c o n t i n u o u s l y  oc c up i e d  s p a c e s . I n  
t h e  exem p l ar ho s p i t a l  the rec ommen d ed ov er a l l g l a z in g  r a t i o  h a s  b e en f i xed a t  2 6 %  a l t h o ugh 
t h i s  wo u l d  be v ar i e d  to su i t  par t i c u l ar need s wi t h i n  e a c h  room . I f  room s a r e  to b e  n a t ur a l l y  
v en t i l a t ed the t y p e s  o f  wind ows form ing t h e s e  sm a l l er g l a zed ar e a s  m u s t  no t r e s t r i c t  o r  pr even t 
t h i s  proc e s s . 

H i s t o r ic a l l y  b o t t om o pe n ing s o f  windows have u s u a l l y  b e e n  l im i t ed to l OOmm ( a l tho ugh a few 
r e c en t l y  b u i l t ho s p i t a l s have o pt ed for 2 2 5mm )  b u t  t h i s  re s t r ic t io n  does no t s e em to have b e en 
a p p l ied to the t o p  as we l l .  Pa s t  p r a c t i c e  c an no l onger r em a i n  s a c ro sanc t and in the c ur r en t  
c l im a t e  more e f fo r t  wi l l  b e  d i r ec ted t o  the se a r c h  for o t h e r  mean s o f  ob t a in in g  max imum o pen i n g s 
c on s i s t en t  wi t h  ac c e p t a b l e  s t and ar d s  o f  pa t i e n t  s a fe t y  and se c ur i t y .  

Lo uvre wind ows t h a t  a r e  a i r  t i g h t  wh en sh u t  may b e  ac c e p t ab l e .  An . a l t e rn a t i v e  c o u l d  b e  the 
v er t i c a l s l id ing window wh i c h  c an prov i d e  5 0 %  o pe n ing w i t h  max imum se pa r a t i on b e t we e n  t o p and 
bo t t om ;  a pro f i l e  mo s t  l i ke l y  to prom o t e  n a t ur a l  v en t i l a t i o n . Window shad ing wi l l  a l so need 
s pe c i a l  cons i d e r a t i o n . Such d ev i c e s  mus t no t im ped e a i r  fl ow n e i t h e r  mus t fr e quen t ad j us t m en t ,  
b e  nec e s s a r y  or a burden to nur s i ng s t a f f .  

In exc e p t i on a l  c a s e s  openab l e  roo f l i ght s c o u l d  b e  u s e d  a t  t o p  f l oo r  l ev e l  t o  inc r e a s e  d a y  
l i ght ing and n a t u r a l  v en t i l a t i o n . However , the i r  i n s t a l l a t i o n  n e ed s t o  b e  ev a l ua t e d ag a i n s t  
s u c h  fac t o r s  a s  c o s t , c o n t r o l , e a s e  o f  m a i n t en a n c e  and the l i ke . 

S ITE MEASUREMENTS 

Dur in g  summer 1 9 7 8  t e s t s  on n a t ur a l  v en t i l a t i on we r e  c ar r i e d  out at Sou t h l an d s  Ho s p i t a l , 
Sh o r eham- b y -S e a  wh i l e  i t  wa s b e ing f i t t e d out . Th e y  we r e  c ond uc t ed by pe r so nn e l  from We s t  
M i d l and s Reg iona l Hea l t h Au t ho r i t y  und e r  the aeg i s  o f  t he DH S S . Th i s  ho s p i t a l , s e e  F i g ur e  4 ,  
i s  s im i l a r in pro f i l e  to t h e  Nuc l eus shape and h a s  fo ur s t o r ey s  o f  wa rd ac c ommod a t i o n  
t o t a l l in g  2 94 bed s . The av e r a g e  g l a z i n g  r a t io i s  5 5 % , pa r t  o f  wh i c h  i s  f i x ed . Openab l e  a r e a s  

h av e  v er t i c a l  s l id in g  windows l . Sm h i g h x l m  w i d e  wi t h  r e s t r i c t i o n s  wh i c h  l im i t  t o p  a n d  bo t t om 
mov emen t to 2 2 S nim .  Th i s  r e p r e s e n t s  7 %  o f  the room e l ev a t i o n  at max imum open ing . In t e rn a l  
b l i n d s  ifff' in s t a l l f'd t h r o 1 1p,ho ut  t h f'  wa r d s  a n d  con s i s t  o f  i n d i v i d ua l  Vf'r t i c ;i l  h l ;id P s  wh i c h urn 
b e  d r awn etc ro s s  t h e  g J ; rn i ng etn d se t Cit et n y  ang l e .  

N a t u r a l  v en t i l a t i o n  r a t e s  us i n g  the t r ac er g a s  Kr y p t on were mea s u red in a c o ur t y a r d  fac in g  
'>m nPP p 1 hP<l w;i n l  on t h f'  r;ro 1 1n <l  f l oor , 7 . '>m nPPp ') h P <l we1 r<l s w i t h  ex t e rn 11 l  e l ev a t i on on the 
g r o und and 4 t h  f l o o r s and a s p e c i a l l y formed c o ur t ya r d  fac ing room 7 . Sm deep wi t h i n  the 
c a t e r ing d e pa r tmen t  on the 2nd f l o or . In a l l b u t  2 o f  the t e s t s these room s we r e  se a l ed w i t h  
po l y t h e n e  sh e e l L u  s i m u l a t e  c o nd i t i o n s  fu r  s i ng l e  s i d ed v en t i l a t i on .  

The r an g e  o f  wind speed s r e c o r d ed wa s b e tween 0 . 5 m/ s t o  1 0  m/ s w i t h  a max imum o f  ab o u t  6 m/ s 
o c c ur r in g  mo r e  o ft en and from a so u t h  we s t e r l y  d i r ec t i o n . In the c o ur t y a r d  fac i n g  the c a t e r in g  
room a i r  movemen t wa s t u rb u l en t  and a i r  s pe e d s i n  exc e s s  o f  4 m/ s we r e  l o g g ed . Rec o rd i n g s  
we r e  a l so t a ken o f  wind speed s a t  window o pe n ing s and t h e s e  con f i rmed tha t wh enever w i nd 
c a u s e s  v en t i l a t i on a i r  c a n  f l o w  through b o t h  t o p  and b o t t om o pe n ing s s i m u l t an e o us l y .  Du r in g  
t h e  t e s t  pr o g r amme the t em pe r a t ur e  wi t h i n  the c a t e r in g  room rem a in e d  f a i r l y  c on s t an t  a t  2 1 °c 

wh i l s t the ex t erna l amb i e n t v ar i e d  eye ! ic a l  l y  b e tween 14 . s
0

c and 2 0
°

c .  An in s i d e  pe ak o f  
2 3

°
c wa s ch a r t ed a t  the wee kend wh e n  the b u i l d in g  wa s c l o s e d  and t h e  o u t s i d e  a max imum o f  

1 9°C .  
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Mea suremen t s  from th i s  pi l o t  st udy on na t u r a l  ven t i l at ion were no t s u f f i c ien t l y  exhaus t ive  
to advanc e po s i t ive conc l us ions . Ye t the  resu l t s  d id yield  val uab l e  d a t a  wh ich can in fl uence 
bui l d ing des i gn . The real i sa t ion o f  s ing l e  s id ed ven t i l at ion was c on firmed as was i t s  e f fec
t ivenes s  in deep p l anned cour t yard fac ing room s .  Five air changes per hour were  measured 
a t  bac k o f  the c a t e r ing room when the in s ide/out s id e  tem peratur e  d i f ference wa s 2 . 6°c and wind 
s peed 9 m/ s .  The same tempe r a t ure  d i f ference produced a r a t e  o f  j us t  under 4 w i t h  a wind speed 
o f  4 m/ s .  It was t o  be expec ted tha t  iden t ic a l  window o pen ing s in the 3 bed ward wou l d  fo s t er 
grea ter a i r  change r a t e s . Indeed a r a t e  o f  1 1  per hour prevai l ed wh en the wind speed wa s 9 
m/ s and the tempe r a t ure  d i f ference 2°C.  W i t h in the S bed ward a gen t l e  breeze ( 4  m/ s )  c a used 
1 1 . S  air  .changes per hour . 

Com puted aAr change r a t e s  based on a theore t ic a l  formul a  for air  t r ans ferred by t empe r a t ure  
d i f ferenc e were  par t i a l l y  suppor ted by fie l d  resu l t s  for cour t yard fac ing room s .  Measured 
val ue s  were mar g inal l y  grea ter  except for the 3 bed ward where they were three t imes as much . 
These ind i c a t e  the l ike l ihood o f  wind hav ing a great e r  a f fec t on natural  ven t i l at ion in these 
areas then tem pera t ure  d i f ferenc e s . In the 5 bed ward the enhanc emen t from c ro s s  ven t i l a t ion 
was found to  be l e s s  than one air change per hour . 

The work al so prov ided crude yard st icks on the charac ter i s t ic s  o f  in ternal b l ind s .  Ro l l er 
t ypes red uce nat ur a l  ven t i l at ion by 80% when fu l l y  c l o sed . The per formance o f  venet ian b l inds 
i s  be t ter with  20% to 40% red uc t ion depend ing on b l ad e  ang l e .  Ver t ic a l  b l ind s  wi t h  ind iv id ua l 
s l a t s  do no t impede air  flow prov id ing bl ades are l e s s  than 50% c l o sed . Beyond th i s  se t t ing 
the reduc t ion var i e s  from 3 5% to 60% depend ing on the r a t e  of air exchange wi t h  the out s id e . 

SUMMARY 

Presen t hea l th care prac t ic e s  ac knowl edge that a s i gn i f i c an t  par t o f  the modern ho s p i t a l  can 
b e  nat ura l l y ven t i l ated throughout the year by the in troduc t ion o f  unt reated fre sh a i r . The 
ven t i l a t ion rate need ed var ies and is usua l l y  ad j us t ed by manua l l y  open ing windows . There  
are no  spec i fic wint e r  d e s i gn par ameter s a l tho ugh 1 . 5 a i r  changes per hour i s  usua l l y as sumed 
for hea t  l o s s  c a l c u l at ions and the avo idanc e o f  draught s is an obv ious pre-requ i s i t e . Undoub t
ed l y  there  are  in s t anc e s  when an enhanced rate of  3 per  hour fo r sho r t  per iod s wou l d  be  bene
fic i a l  but th i s  sho u l d  no t in f l uenc e the des i gn o f  the hea t ing sys tem . In peak summer con
d i t ions a m in imum rate of 6 air changes per hour is need ed to o f f  s e t  hea t  g a in . 

Cro s s  ven t i l at ion i s  un l ike l y  t o  be ach ieved and design s  shou l d  be based on s ing l e  sided 
ven t i l a t ion . Al though wind wi l l  be the dr iv ing fo rce for bot h  cour t yard and per imeter l oc at ions , 
the force created by tem pe r a t ure  d i f ference wi l l  predom ina t e  in l ight a i r  cond i t ions . Windows 
p l ay a v i t a l  ro l e  and be fore  a se l ec t ion is mad e the i r  per formance as vent i l at o r s  shou l d  a l so 
be ev � l ua ted . The cho ice should  be for a type that perm i t s  max imum open ing wi t hout endanger ing 
pa t ien t s '  sa fe t y  and sec ur i t y .  Comput er simul a t ion t echn iques are power fu l  too l s  tha t c an 
be used to he l p  t h i s  des i gn proc e s s . 

FUTURE TRENDS 

Nat ur a l  ven t i l a t ion ha s many v i r t ue s  no t l ea s t  o f  wh ich are i t s  ava i l ab i l i t y  and free c o s t . 
However there are drawbacks wh ich al though no t par t ic u l ar l y  important  in pa·s t  ye ar s wi l l  cause 
great e r  conc ern in the fu t ure . 

I t  i s  no t uncommon for opt imum ven t i l a t ion ra t e s  needed to vary dur ing the cour se o f  the day . 
Ye t the ra t e  tha t ac t ua l l y  occ u r s  de fies  in s t an t aneous measurement . E f fec t ive c on t r o l  over 
a i r  fl ow is a l so e l us ive as contr ibut ing fo rc es change over shqr t  per iod s . Th i s  e f fec t i s  
more pronounced bec ause o f  var i a t ions in wind d irec t ion and speed ; the l at t er over a range 
o f  zero to in exce s s  o f  1 1  m/ s .  In pr ac t ic e  higher a i r  change r a t e s  than those ac t u a l l y  need ed 
are o ften real i sed . Dur ing summer thi s  c an bene f i t  the in tern a l  env ironmen t wi thout incurr ing 
cost ; no t so in win ter  when consumpt ion o f  fue l used for space hea t ing is increased . 

Ex tra revenue . co s t  i s  inc urred by was t e fu l  hea t  l o s s  from an overprov i s ion o f  ven t i l at ion in 
win ter . Th i s  i s  on l y  a smal l pro port ion o f  the t o t a l  fue l b i l l s  and i s  moderated by the tempe r a t e  
c l imate i n  the Un i t ed Kingdom . I n  the exem p l ar ho spi t a l  fo r exampl e ,  t h e  annua l revenue cost  
of  fue l to prov ide one a i r  change per hour in  the  C l in i c a l  B l oc k  is  £ 1 , 500 . However , as  fue l 
pr i c e s  r i s e  in real  terms ind iv id ua l el emen t s  o f  over a l l fue l consumpt ion wi l l  become more 
s i gn i fican t  and wi l l  be iden t i fied as such . Tit i s  is l ike l y  to e s t ab l i sh the need for be t ter  
managemen t o f  ven t i l at ion dur ing win ter . In s t a l l at ions wh ich sat i s fy t h i s  ob j ec t ive wi l l  a l so 
have added advan t ages o f  guarantee ing spec i fic  air  change ra t e s  throughout the day and a t  n ight s 
and re l iev ing nur s ing and other st a f f  o f  any cont ro l func t ion .  Perhaps c en t ra l  air  hand l ing 
and hea t  rec l aim p l an t  prov id ing 3 a ir changes per hour for both space hea t ing and vent i l at ion 
wou l d  be ec onom ic a l l y  wor thwh i l e .  
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ThP. bui l d ing wou l d  need to b e  sea l ed i n  win ter  b u t  windows c o u l d  be used in summer to  enhance 
ven t i l a t ion . The se bene fi t s  wi l l  have to  be bal anc ed against  an inev i t ab l e  inc rease in  c a p i t a l  
cost s and the response o f  manu fac t ur ing indus t r y  in mee t ing the need for b e t te r equ i pmen t . 
The DHSS l ow energy ho spi t a l  st ud i e s  are paying par t ic u l ar at tent ion to these and other i s sue s . 
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NATU R A L  V ENTI LATION BY DESIGN 

NATURAL VENTILATION AND THE PSA ESTATE 

B .A.TAilOR 
Property Services Agency 

The wide variety of bui ldings that constitutes the C entral Government estate 
pose many differing ventilation problems . Most bui ldings are naturally 
venti lat ed and the rat es achieved in practice are unknown but in many 
instances are thought t o  be excessive and as such responsible for 
considerable energy waste. 

The paper sets out recent PSA experience and findings in an attempt to 
obtain a better appreciation �f the interacting problems associated with 
natural ventilat ion. 

INTRODUCTION 

Escalating fuel costs over the last decade , a trend likely to  continue i�t o the foreseeable future, 
has _focussed attent ion on the use of energy, part icularly that 'used for heating buildings . For new 
buildings this has resulted in improved thermal insulation standards and greater attent ion to  
energy requirements during the conceptual design stage . While , for existing buildings , it  has 
resulted in improved plant operati on and maintenance and the upgrading of bui lding services and the 
thermal envelope . More recently attention is being directed t owards natural ventilation in both 
new and existing bui ldings because of its increasing significance on energy requirements .  

The Property Services Agency (PSA) forms part of the Department of the Environment (DOE ) and 
provides , maintains and operates a wide range of accommodation and fixed installations for UK 
Government Departments .  This wide range of accommodation poses many differing ventilation 
problems but it  is not intended in  this paper t o  examine these in detail but to  relate recent PSA 
experience and findings to the endeavour of a better appreciation of the inter.acting problems 
associated with natural ventilation.  

ENERCTY USE 

The energy conservation progranune undertaken by PSA over the past seven years has primarily 
c oncentrated on existing buitdings . This has resulted, through the selective application of 
highly cost effective measures such as the up-grading° of heating controls , improved plant 
management and additi onal thermal insulation,  in an annual energy saving for heating fuels in 
excess of 35% t o  date .  However , while a significant reducti on in overall consumpti on has been 
achieved and the mean consumption per unit floor area for heating reduced, it was of concern to  
find that the variation in consumption per unit floor area has remained relatively constant at 
about 4 to  1 .  Table l shows the results for the period 1972 t o  1979 of a sample of buildings 
located in the Midlands . 

TABLE 1 - Energy C onsumption (GJ) per m2 (Nett Floor Area) For Heating and Domestic Hot Water 

YEAR MEAN 
VALUE 

1972/73 1 .47 

1975/76 1 . 21 

1978/79 1 . 11 

95% roFULATION CONFIDENCE LIMITS 
LOWER UPPER 

0.697 

0 .635 

0 .57 

3 �093 

2.33 

2. 168 
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Figure A shows the typical frequency distributi on of the energy c onsumpti on per square metre uf 
floor area for a repres entat ive year . It is evident that there is a b i as  in the s ample whi ch 
indicat es that there exists s ome l ower limit , below whiuh few exist ing buildings can operat e  and 
maintain n omfort. , while there appears t o  be less constraint on the maximum amount of energy 
consumed. In .P2a.ctice the i�stalled capacity of the heat ing plant , which has been found t o  vary 
between 115 W/m and 375 W/m 1 will limit energy consumpt i on .  Generally buildings with a high 
energy us e per unit fl oor area were found to have' a high inst alled plant c apacity per unit floor 
area. 

Plott ing the annual energy c onsumpt i on for each building over a period of five years c onfirmed, 
as expected, that some bui ldings remained cons ist ent ly either ab ove or below the average for all 
bui ldings . The average consumpti on line for all buildings was determined as the best fit line 
through the points for eauh year. Not all the points have been plotted in the int erest of 
clarity but most bui ldings whether great er or less than the average had a reducing c onsumpt i on .  
I t  s e ems not t o  have been pos s ib l e  t o  make extra large s avings i n  most of the original relat ively 
heavy energy users . 

C learly there was a need t o  survey the buildings , but as the high and l ow energy users were of 
prime int oroct. , it was decided t o  survey those. al;1ovA or o l os e  to the upper 95% c onfidenc e limit 
and a imi la.rly thos e b elow or c l os e t o the lowAr 95% n onfi denc A limit .  

It was not possible t o  measure the venti lat i on rates f or the bui ldings but a common feature of 
buildings wi Lh a high energy c onsumpt i on WO/J that thoy wt11·e g1:merally c old and drai.iehty whinh 
suggests that vent ilat i on rat es were highel' t han need be. Simi larly f or the O ElI!lc group of 
bui ldings , the standard of plant operat i on and maint enance was not alwa;ys what it should have 
been .  The reas ons for this are perhaps many, but it is suspect ed t hat often maint enanc e s t aff 
are driven to despair, through numerous c omplaints from the bui lding occupant s a.b out low 
temperatures and draughts ,  c ons equent ly heat ing controls are overriden or incorrect ly adjusted in 
an att empt t o  s at isfy client requirement s .  

The relat ive significance of thes e problem areas could not b e  det ermined from the results of the 
surveys . The surveys did however suggest that bui ldings of an apparent high energy des ign did not 
necessarily demand exc ess ive consumpti on in pract i c e .  

PREDil!'l'lJaJ VARIATION 

A c ommon feature of the PSA energy cons ervat i on programme of work has been t o  c ompare empirical 
findings with theoret ic al predict i ons . This has generally led t o  a bett er underst anding of 
problems . 

In view of the large variat i on in c onsumpt ion per unit floor area found in existing buildings and 
the limi t ed findings of the su1P1Teys , a simple as s essment of the theoret ically predicted spread in 
consumpt ion was undert aken . There were problems however . 

In order t o  undert ake the as s essment it was first neces sary t o  decide over what range natural 
vent ilat i on rat es occur in exist ing bui ldings . It was generally felt that the average minimum 
rat e was unlikely t o  be le:m than 0 . 5 air changes per hour but the maximum was more difficult t o  
as s ess . One or two as s essmenis of draughty buildings have indicat ed that the natural vent i lat i on 
rat e  waa about 3 air changes per hour . AnothAr pointer t o  the likely maximum is that it is not 
uncommon practice for many Bui lding Services Engineers t o  as sume 2 air changes per hour in des ign 
calculat i ons , as a result of adverse experience with lower values .  Finally it was decided that 
3 air changes per hour is likely t o  be repres ent at ive of the maximum average value of natural 
vent ilat i on f ound in exfoting uul lt.Li.ngs . 

Using the air change values out lined a simple comput er aided analys is was undert aken t o  establish 
the likely variat i on in annual energy demand. for existing uffio� u ul ldlngs . The result s a.re 
summari s e.d in Figure C which indic at es that the annual energy demand varies with a raL io of about 
4 t o  1 .  This c orr�lat es with that f ound in pract ice . 

It is not possible t o  draw firm c onclus i ons from the analys is but it s c orrelat i on with empirical 
findings suggests there ma;y be c ons iderab le energy s avings through reducing excess ive natural 
vent ilat i on rat es in exist ing bui ldings . 

PERFOlJMANCE IN1JICATORS 

To aid -stair -in the -field, a s imple method of as s es s ing the energy performance of individual 
buildings has been developed whi ch wi l l  enab l e  bad performers t o  be quickly and eas i ly identified. 
The method is based on a s eries of performance indicat ors deduced from the actual energy 
c onsumpt i on charact eristics of a random s ample of existing office buildings , simi lar t-0 those 
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shown i n  the hist ogram i n  Figure A .  I t  is not intended here t o  discuss the basis of the 
indicators , suffice t o  SEl\Y that they a.re derived from established stat istical techniques . The 
indicat ors a.re intended t o  be an approximate gauge against which t o  coinpa.re the energy performance 
of existing buildings . So far, indicat ors for naturally vent ilated office bui ldings have been 
produced but it is intended t o  ext end them t o  other types of Government buildings . The indicat ors 
for office buildings a.re shown in Table 2. 
TABLE 2 - Performance Indicators for Existing Single Shift , Intermittently Operated, Naturally 
Venti lated Office Accommodation 

RATING 

dcici:Ii . - - . - . . .  - . .  - . - . - - . - . . . . .  . 

FAIR 
POOR 
VERY POOR 

PERF<iEiMANdE INDICATOR 

· Heat� & nciniestic ·Hot ·wa.t er · 
( GJ/m ( Gross Area)/annwnJ 

·up to 6�12 · · · · · · · · · · · · · · · · · · · · - · · · · · · · · · 

0 .72 - 0.84 
0 .84 - 1 .16 
Ove.r 1 . 16 

The large variat ion in energy consumpti on per unit floor area for heat ing and domestic hot wat er 
s ervices would s eem t o  be inherent in the exist ing building st ock due largely to variation in 
vent ilat i on  rates , though other fact ors do have an influence . This being so it follows that for 
buildings which compare poorly with performance indicat ors it is likely that their vent ilat ion 
rat es are excessive , subj ect t o  their heating systems being operat ed correctly. · However more 
dat a and experience is required t o  fully validat e this hypothesis but if it is verified the use 
of performance indicat ors will provide a valuable aid t o  the identification of bui ldings with 
excessive natural vent ilat i on rates.  

PRACTICAL CASE 

To ·obtairi 'an indicat i on  of the achievable savings through reducing the rate of natural vent ilat i on 
in exist ing buildings , a field trial was recently undertaken on a London Office building . 

The building chosen was locat ed in an expos ed position adj acent t o  the river Thames . It was 
erected post-war , and is constructed of 14" thick solid brick outside walls with metal windows on 
three sides , a flat roof, concret e ground floor , demountable internal part itions , and suspended 
ceilings . The metal frame cas ement windo-WS give a glazing ratio on 3 faces of the bui lding of 
about 50 percent , of which only half of the glazed area is openable. The building has 5 floors 
and a t otal gross floor area of 2230 square metres . 

Over the yea.rs , the window frames have become twisted and no longer produce an effective s eal , 
assuming they did in the first instanc e .  A s ilicon rubber sealing mastic was applied t o  the 
fram!3s so as t o  mat e  with the openable windows • This is a standard method of treat ing such 
windows and is widely employed. The c ost of the work was about £2300 at 1980 prices and t ook about 
two months t o  complet e .  The initial react ion from the bui lding occupants was favourable and 
c omfort condit ions were considered t o  be more acceptable . 

Before proceeding further it is perhaps important t o  out line other reasons why this part icular 
bui lding was chosen for the trial . Firstly, as a result of previ ous trials for other purposes 
the fuel consumpti on ·and performance data for the bui lding was well document ed, secondly and 
perhaps more import ant , thermostatic radiat or valves were fitted addit i onal t o  the existing 
weather c ompensat or control . . The significance of these valves ma\Y not be obvious but without s ome 
form of internally sensed space t emperature control , improvement s t o  the envelope of a building in 
the form of better insulation or draught proofing, will rarely realize fuel savings without the 
readjustment of the controls which can be difficult and often is not carried out . 

The preliminary result s of the trial a.re summarised in Figure D which shows the performance of the 
heating syst em before and after sea.ling the windows . The annual fuel s aving is estimated to be 
about 22 percent . The cost effectiveness of the measure based on the above fuel saving is as 
follows : -
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� D 5 yea.rs 10 yea.rs 

IOP * 0 . 906 2.47 · . .  
4% TDR 

PAYBACK PERIOD 2.4 Years 2.4 Yea.rs 

7% TDR IOP * 0 .75 2.0 
PAYBACK PERIOD 2.7 Yea.rs 2.7 Yea.rs 

*Index of · Profitab ility · - · · - - · · · · · 

The remedial work was obviously cost effect ive a.nd produced worthwhi l e  s avings . In addit i on a 
noticeable improvement in comfort was report ed by the bui lding occupant s ,  though part s of the 
building a.re still fu·augllty due t o  poor fitt ing window rr•aiues . 

While it is possible to infer by calculat i on the ventilat i on  rat e  prior t o  and a.fter sealing the 
bui lding, the inherent inaccuracies of such a calculat i on render the results unreliable . A s imple 
method of measuring the venti lat i on rat e  would be a considerable aid t o  validating improvement s . 

INTERNAL 'fEMPEHA'l'URE CONTROLS 

Most ci:f:ficie l:iu:iid.irigs ·a.re controlled by means of a weather compens at or; a devic e  that senses 
ext ernal air t emperature only and infers int ernal temperature condit i ons . The main dis advant ages 
of such devices are that they do not take account of the d,ynrunic c ondi t i on that occurs within 
h11 i ldi.ngs due to occupancy, lighting , other beneficial gains , and variat i ons in natural vent i l at i on 
rat es . 

The distinct advantage that internal t emperature controls offer over the more ·bradit i onal weather 
compens at ed c ontrol in minimising the energy losses associat ed with natural vent i lat i on is not 
widely recognised. 

Work tindertaken during theoretical verificat i on of energy savings as s ociat ed with the installat i on 
of Internal Temperature C ontrols over a.nd ab ove weather compensator control , revealed that 
c onsiderable energy s avings are possible when natural vent ilat i on rat es are high. Figure E shows 
comput er predicted percentage energy saving for rectangular bui ldings . Bui ldings of other shapes 
also produced s imilar savings but they cannot be represented in a graphical form. No extensive 
att empt has been made t o  test these theoretical findings in pract ice , but one closely monit ored 
trial revealed s avings of about 17% for a building with a glazing rat i o  of about 40 percent . The 
average seas onal natural vent i lat i on rat e  was not kno\-m. 1 however the building is t-hat referred t o  
earlier which i s  believed t o  have a relat ively low natlU'al vent ilat i on rate of about 1-lt air 
changes per hour. 

Perhaps the most R · gnifioant conclUBi on to be dra�m from. the theoret ical analysis �ras that i f  the 
energy requirement s for bui ldings are Lu ue minimised.>heating cion·�rolu rnus � ba of a. type that 
respond t o  beneficial heat gains and the d;ynamic changes that ooolll' within a bui lding, 
particularly in relation to a natural. vent ilat i on .  

In addit i on  i t  c an  be concluded that for existing bui ldings with a high uaLui·al vent i lat i on  rat e ,  
internal t emperature controls are ess ential where i t  is not practical or economical t o  reduce the 
vent i lat i on rates to more acceptable levels , if energy consumpti on is to be minimis ed. 

CONTROL STRATEGY 

The .interaction of the many energy related variables is perhaps one of the most undervalued areas 
associat ed with bui lding design. Much is assumed during the des ign process but more often not 
realised in practice . 

For exist ing bui ldings , the situati on is wors e in that generally little attent i on  has been 
afforded t o  obtaining a bett er understanding about their d;ynamio performance .  Where there has , 
the t endency has been t o  treat particular problems in i s olat i on with little regard to other 
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interconnected variables and inf'luenoes . As a ooneequeno e 1  opt imum s olutions are not necessarily 
evolved. 

Reference has already been made t o  the clos e  associat i on  of natural venti lati on  rates and internal 
t emperature c ontrols . The c omput er based analysis previously ment ioned also revealed that as 
natural vent ilat i on  rates a.re reduced, the necessary running hours of heating plant is als o 
reduced. The results are shown in Figure F. In practice, heating plant is generally running for 
well over 2000 hours for int ermittently occupied buildings whereas the orectioal predictions 
suggest that considerably less is required. To fully realise this addi t ional benefit however 
requires a more comprehensive heat ing system control strategy than is generally applied t o  most 
buildings . 

RETROFIT IMPROVEMENTS 

Littie work .has .been .done t o  dat e by FSA t o  reduce excess ive natural vent i lati on rat es in 
buildings . This is not because it has been considered unimportant but because the limited effort 
available has been directed t owards low risk proven measures . Work which has been undertaken 
however, generally falls int o one of two cat egories ; improvements to metal framed cas ement windows 
through the applicat i on of s i licon rubber mast ics , or alt ernat ively, minimising the gaps a.round 
large sliding doors of hangars and workshops through the fitting of eylon brush s ea.ls . 

S ome of the first applications of s i licon rubber ma.sties were undertaken four t o  five yea.rs ago, 
and have generally proven reliable in use, with the paint er perhaps being its worst enemy . Most 
s i licon rubber ma.sties a.re resistant t o  common gloss paints and wi ll in fact repel them but it is 
not unknown f or the painter t o  remove the mast i c .  For most practical purposes the life of the 
installat i on  can be expected t o  be above five t o  t en years , which s ome suppliers will guarant e e .  

I t  h as  been a problem t o  maint ain an aoceptable working environment i n  buildings wi t h  large doors 
such as hangars and workshops and in one particular type of he.ngar 2it was found that infiltrati on 
gaps a.round the doors amount ed to an equivalent area of about 158m ( 170 sq ft ) 1 enough to drive 
a double-decker bus through . Nylon brush seals have proved t o  be an effective s oluti on .  Another 
but not dis as s ociated problem was that the doors were often left open. To combat this problem, 
proximity switches were fitted to the hangar doors so as to turn off the heating system when they 
were opened. These adaptati ons were initially carried out cin twelve such hangars and the effect 
on fuel c onsumpt i on was as follows : -

Actual C onsumpti on 
Year C ondition C onsumpt i on Degree dey C orrected 

( litres ) t o  a base year 77/78 

1977/r8 No Modificat i on 481494 481494 
1978/79 Modificat i on fitted * 427545 390253 
1979/80 Modificat i on  fitted * 246159 243269 

*The modificat i on involved the fitting of eylon brush seals t o  the hangar doors and proximity 
switches . 

The first yea.r, despite a very ha.rd 1dnt er , produce d  fuel s avings of about 19 percent but for 
1979/&J the s aving was about 50 peroent . Thie large s aving occurred because during 1979/80 the 
doors were left open due to the mild weather but the proximity switches rendered the heating 
system off. However during the severe winter of 1978779 the hangar doors were kept closed as 
much as possible in order to maint ain comfort condit i ons . Thi� is a simple but effective 
s olut i on to many door problems , which demonstrat es that it mey be more acceptable to t olerat e 
high rates of natural ventilation ,  at t imes , providing the heat ing is turned off. 

BUILDING FAULTS 

So far reference has been made t o  the particular problems ass ociat ed with cas ement windows and 
large hangar doors , but there are other problem areas that lead t o  excessive venti lat i on rates .  
These generally fall int o three categories : 

. .  ) 
� i ) 
��i ) 

thos e resulting from poor design 
those due to the poor fit of building component s 
those attributable t o  poor c onstruction 

Soluti ons t o  these part icular problem areas are largely unexplored but if the wide disparity in 
energy c onsumpti on per unit floor area is t o  be reduced and energy savings achieved, a full range 
of remedial opt ions must be developed, supported by s ound evidence of their cost effectiveness . 

59 



NATURAL V ENTILATION BY DESIGN 

BUILDING DESIGN 
New "l:iUiiclings are generally designed with venti lation rates as recommended by the CIBS Guide , 
however it is not unc011DDon pract ice for higher rates to be assumed part icularly when the 
reconunenda.ti on  is for relat ively low rates .  This practice has evolved as a. direct result of 
higher than expect ed ventilation rates occurring in pract ice, which has led to underheating. 

Clos er attent i on  is being given to assessing the natural venti lat i on rat es of design options . One 
approach being adopt ed is based on obtaining a. fa.ir knowledge of the mioroolimate of the particular 
sit e  t ogether with a detailed knowledge of the window that has been selected for the proposed 
building • . This data is subsequent ly processed by methods recommended by the :BRE and 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 CI:BS Guide , though as yet there ' a.re no measured results to confirm thi s .  

The benefits o f  clos er attenti on  t o  natural ventilation rates in the design process wi l l  not 
necessarily be realised unless the fit of building components and c onstruct ion standards a.re 
improved. These faults a.lone a.re responsible for excessive ventilation rates in many exist ing 
buildings . 

CONCLUSIONS 

i �  · 
·Theoretical predict ions suggest that excessive ventilation rat es a.re a major contributory 

cause t o  the large disparity in consumpt ion per unit floor a.rea. found in existing buildirig1:1 . 

2. Initial result s of trials suggest that significant energy savings a.re achievable through 
reducing natural ventilation rat es t o  more acceptable levels but filrther validation is required 
before extensive upgrading of existing buildings can be undertaken. 

3 .  A simple method of measuring natural vent ilation rates and assessing average yearly values 
would enable potential savings t o  be quant ified so that investment decis i ons can be s oundly based. 

4. A greater understanding of natural venti lati on  within buildings needs to be developed, 
t ogether with its int eraction with other energy related variables , if the energy demands of 
buildings a.re t o  be minimised, 

· 

5 , A full range of cost effective options for reducing excess ive natural venti lation in existing 
buildings needs t o  be developed. 

6 .  A s ound heating system control strategy needs to be developed t o  t ake full account of the 
d;ynam:i,o changes that occur within buildings • 

7 , A proven method of validating the natural vent ilation rates of building design propos als must 
be developed t o  a.id des igners . 

80  :Building c omponent s fit s and c onstruct i on  st andards must b e  improved if the benefits of better 
designs a.re to be realised. 
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The Technical Publications produced by the Institution are arouped into several families. 
STUDY GROUP REPORTS 
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CDS TECHNICAL MEMORANDA 
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In times of rapid technological change engineers recogniae the need for clear guidance on the many 
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mendations on good practice nllative to the design of service aystema. 

A work of reference providing authoritative and topical data mainly for desipen workina in the field 
of building services engineering. 
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Volume A · Design Data 
Volume B Installation & Equipment Data 
Volume C Refenlnce Data 

CIBS LIGHTING PUBLICATIONS 
A aeries of publications dealing with the lighting design process and a number of specific applications, comprising:

Code for Interior Lighting 

CDS CODFS 

Lighting Guides-supplement the code on specific lighting applications. 
Technical Reports-deal with different aspects of the lighting design process. 

A series of codes describing procedures which represent an accepted standard of good practice and 
which are presented in a form generally acceptable within the industry. 
Current Codes deal with Commissioning various types of system and Buildin1 Eneqy U1e. 

CDS PRACl1CE NOTES 
These identify certain specific problems and offer recommendations for their solution. 

CIBS ENERGY NO'l'E.S 
A aeries of guidance pamphlets aimed at building ownen and manasers on the reduction or eneqy 
consumption in various types of existiq buildinp. 

CIBS COMPUTER PROGRAMMING AIDS 
Packages to aid the building services engineer in writing computer proarama for design calculations. 
All these various technical publications togeth�r form the CIBS Buildina Servicea Manual. 
All the publications are sized A4 and flt special BINDERS which are available from the Institution. 1bete enable an 
individual engineer to assemble together those publications most nllevant to his work. 

Separate leafteta describing each publication in greater detail than is possible in this pamphlet are available on request 
from the Institution. 

All publications are available from: Publications Department 
Chartered Institution of Building Services 
Delta Hou11e 

· 

222 Balham High Road 
London SW12 

All orden must be pro.pa.id. Tel: 01-675 521 1 
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Stu dy Grou p Reports 
CONSERVATION AND CLEAN A1.K 
A study of atmospheric pollution in Great 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 . 

DOMESTIC ENGINEERING SERVICES 
The report takes a thorough se.rvice by service look at tht. 
engineering services i n  dwellings and makes an authori· 
tative statement of the provisions which should be made ir r,t housing over the next decade. 

CI BS Tech n ica l  Memora 
NUMBER 1 The pr�utions relating to fire that have 

to be taken when design ing air handling 
systems and in particular maintaining 
smoke-f rec 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 at, Work etc. Act 1974. 

NUMBER 4 Design notes for the Middle East. 

CI BS G u i de 
VOLUME A - DESIGN DATA 
Seetloa Al 

Section A3 

Seetloa A4 

COMFORT 
The thermal environment, comfort, 
ventilation, lighting, sound and vibra
tion. 

WEATIIER 
Warm and cold weather data for the 
United Kingdom and overseas, fre
quency of severe conditions, deviation, 
atmospheric pollution. 
THERMAL PROPERTIES OF 
BUILDING STRUCTURES 

Standard U-Values; Y-Values (ther
mal admittance); decrement and sur
face factors; heat bridges; tabulated 
thermal conductivities. 
AIR INFILTRATION 

.Infiltration and natural ventilation due 
to wind pressure, stack effect. windows; 
air infiltration rates for rooms and 
factorie$. 

THERMAL RFSPONSE OF BUILD
INGS 
Environmental, mean radiant, and sol
air design temperatures, steady state 
heat transfer, convective and radiant 
heating. 

Section A6 

Section A7 

Section A8 

Section A9 

Section AtO 

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

CASUAL GAINS 
Heat produced by animal metabolism, 
electric lights, motors and other equip
ment. 

SUMMERTIME TEMPERATURES 
IN BUILDINGS 
Heat gains and peak indoor environ
mental temperatures without air con
ditioning. 

F.sTIMAnON 011' PLANT CAPA· 
CITY 
Heating and refrigeration plant, sum· 
mer and winter design temperature! 
and calculation of energy requirements 
and allowances which might afl'eet the 
total plant capacity, e.g. height of apace, 
intermittency, temperature swing. etc. 

MOISTURE PROBLEMS 
Condensation, evaporation and vapour 
diffusion. Methods of preventin1 con
densation in buildings. 



VOLU M E  B INSTALLATI O N  AND 
EQUIPMENT DATA 

Section Bl 

Section B2 

Section B3 

Section B4 

Section B5 

Section B6 

Section B7 

Section B8 

Section B9 

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

VENTILATION AND AIR CONDI

TIONING (REQUIREMENTS) 
Ventilation requirements; natural and 
mechanical ventilation; industrial ven
tilation; requirements for specific pur
poses; threshold limit values. 

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. 

WATER SERVICE SYSTEMS 
Water sources; water undertaking 
mains; storage and consumption ; sup
ply system design; equipment. 

FIRE PROTECTION SYSTEMS 
Portable equipment; fixed equipment; 
automatic sprinkler installations and 
other systems; precautions for special 
buildings and air-conditioning and 
ventilation systems; equipment. 

MISCELLANEOUS PIPED 

SERVICES 

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

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 Ll&bt· 
Ina,.. General guidance; design meth
ods; equipment; maintenance. Light
ing schedules. 

Sedlon B10 

Seetlon BU 

Section B12 

Section B13 

Section B1.C 

Section B15 

Section B16 

Section B18 

ELEer.RICALPOWER 

Electric motors; motor protection; 
starting motors; abstracts from ffiE 
Regulations; wiring diagrams; control 
switchboards and wiring panels. 

AUTOMATIC CONTROL 

Control selection and economics; res
ponse to corrective action; control r&o 
quirements; selection of control valws 
and dampers; control systems; equip
ment. 

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. 

COMBUSTION SYSTEMS 

Gaseous, liquid and solid fuels supply, 
storage and distribution ; chimneys and 
flues ; equipment. 

REFRIGERATION AND HEAT RE
JECTION 

Types of system and components; re
frigerants; heat rejection and cooling; 
controls; multiple water chillers; re
frigerant charts. 

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

MISCELLANEOUS EQUIPMENT 
Piping; steam traps; valves; ductwork; 
dampers; pumpli; closed heating sys
tems; cold water systems. 

OWNING AND OPERATING 
COS'm 

Methods of economic valuation ;  fuel 
consumption for space heating; cooling 
requirements ; energy consumption and 
costs; miscellaneous costs. 



VOLU ME C REFERENCE DATA 

Sedfoa C2 

Section C3 

PROPERTIES OJI' HUMID AIR 
Basis of Calculation, Standards, Nota· 
tion and Formulae. Psychrometric 
Properties at other Barometric 
P�s. Psychrometric Chart and 
Tables, -lOOC to 600C db. 

PROPERTIES OJI' WATER AND 
STEAM 
Saturated Steam. Water at Saturation. 
Enthalpy of Superheated Steam. 

HEAT TRANSFER 
Heat Emission from Plane and Cylin
drical Surf aces, Insulated Piping, 
Underground Mains, Calorifier Heat
ing Surfaces. Heat Transfer froin Open 
Wlter Surfaces. 

C I BS Codes 

C I BS Pract ice  N otes 

C l  BS Com puter 
Progra m m i n g  
Ai ds 

Section C4 

Section CS 

Section C'I 

FLOW OF FLUIDS IN PIPES 
AND DUCTS 
Notes and Formulae, Basic Data, Flow 
in Pipes-Water, Steam, Compressed 
Air, Puei Oiis and Gases. Fiow oi 
Oases in Ducts, Velocity Pressure Fac
tors. 

FuEis AND COMBUSl10N 
Types of Fuel. Specifications and Com· 
bustion Data for Solid Fuel, Liquid 
Fuel, Gas. Stack Losses. 

CONVERSION Jl'ACI'ORS AND 
MISCELLANEOUS DATA 
Notes on SI Metric Units. Tables of 
Recolll!Qended Units and Symbols. 
Conversion Factors. Standard and 
Datum Values used in the Guide. 
Logs, etc. 

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

BU I LDING 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 service�. 
PART 1 Guidance towards energy conserving design 

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

ation or 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 4SkW. 

NUMBER 2 Recommendations for the provision of' 
combustion and ventilation air for boilers 
and other beat-producing appliances: In
stallations exceeding 45kW. 

• 

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

I. THERMAL PROPERTIES OF BUILDINGS 
STRUCTURES 
Thermal admittance, thermal transmittance, surf ace 
factor, decrement factor and associated time 
lags/leads. 

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