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~~~~~_a~~on of a builciing is of 

2o~pare the nerformance of tif~erent 

:~S, ~ikely ventilation rates need to be 

The assessment of realistic rates 

~~n~ilation, in ~ost buildings, is complex and 

. ___ . .: ::- t~le current methods available to the 

:~~i~tration was carried out and it was concluded that 

_ ~':;;._ a::laloglle studi es. As the natural ventilation 

', .. ~-:.: ca~culatio~rJ. methods reviewed make a nv.!::ber of 

. :::-,-_=::":::00.. s-cuciles 'Nere carrled ou-c -co investigate t~e 

~a~:titJ of these methods. A computer pr 0 grarnme, vihic~ 

S. S S'j.::::e d the norLlally us ed simpli fi cat ions, ';;as '!.yi tt en fu'1d 

~sed in a series of comparative studies. Results froLl a 

~ull-scale study were inconclusive, due to errors in the 

experi~ental observations. Consequently a nQmber of 

controlled model-scale experiments were carried out. 

Calculated ventilation rates were up to 30% higher than 

the corresponding observed model ventilation rates. The 

observed and calculated pressure difference distributions 



?~e ~lso different. The observed pressure drops across 

"~ __ ::;:,i21d-"/ard faces were , relatively, much larger than 

eoretical values. It was shown that the 

~ifferences between the observed and computed results 

:,ere caused by reductions in operating efficiency of the 

~2~tilation openings with respect to their calibrated 

e:::ficiencies. Corrected ventilation rates, allowing for 

c~anges in efficiency due to pressure fluctuations and 

lateral air flows over the model surfaces, showed close 

agreement with the observed results. 

Finally, current methodologies for predicting 

lnfiltration and natural ventilation rates are discussed 

and alternative methods of predicting infiltration heat 

losses and likely ventilation rates are suggested. 



_S~ - Illustrations 

/1 -c. 

I • 

8. 

o 

10. 

Natural Ventilation of Buildings -

Introduction 

Natural Ventilation of Buildings -

Theory and Practice 

A Critical Annraisal of Previous Studies 

of Natural Ventilation 

Air Flow Characteristics of Ventilation 

Openings 

:;::Iescription of the Digital Analogue 

Deve~oped to Predict ~uilding 

Infiltration Rates 

Ve~tilation Studies 

Model Ventilation Studies 

Anparatus and Techniques 

Experimental 

Model Ventilation Studies - Results and 

Discussion 

A Discussion on Design Methodologies 

Conclusions 

Page 

9 

89 

112 

I ') 0 

150 

192 

246 

270 



Progran®e Developed to Deter8ine 

BUllding Ventilation Rates 

An Estimation of the Rate of Loss of 

Helium Through the Building Onenings 
'--' '~~ ........ 

by Diffusion in Tamura's Full-Scale 

Ventilation Studies 

Calibration Measurements for the 

Ventilation Openings Used lTI t~e 

Comparative Model Studies 

I'.'leasured External Pressure C oeffici ent s 

Used in the Comparative Model Studies 

Model Ventilation Studies - Detailed 

Resul ts 

A Suggested Function to Describe tne 

Variation of Mean Pressure Coefficient 
. __ .:. ..J....-:~ fI "',.-, .--1 ~ 

. - ,-- ---0- ~ 
.,-,...t:' T-.--.. r.": ...:J ....... -"" -, ~ 
'-'_ -'-.J..~,-, __ ,-,-C_.J...'-';'::::; 

The Use of the Digital Analogue lTI 

- sing a Simple Combineci =~atural 

and Mechanical Ventilation System 

Page 

294 

299 

310 

316 

331 



LIS~ OF ILLUSTRATIONS 

ars plac ec:~ cf 

t~9V are relevant. 

Pages 38- t1 3 

2.1 

2.2 

2.7 

2.0 

Pages 80-88 

3·2 

Ti tIe 

Relation between comfort and peak 
temperature for schools after Langdo~ 
and Loud on. 

Theoretical comfort zones after 
Hu.rnphr ey s . 

Relation between comfort and 
variabili ty of int ernal t emperattITe, 
after Humphreys and Nicol. 

Comfort zones for offices, after Wise. 

Comfort zones for offices, after "iiise. 

open single and double glazing, after 
rord and Kerry. 

Spectrtl.TIl of l"lOri zontal vvind spe ed 
near l:;11e ground, after Van den doven. 

Illean wind velocity profiles for 
sux:Cac8s 0f uiff8:CCilt l'QUE;l.cl::LCSS, c:,,:.L WC:C 

:Qa"venport. 

Variatic21 of velocity gradient 
exponent, c< , with wind speed and 
temperature gradient in open country 
in "LDe ilrS"L 20 rn., after JoMson. 

The effect of wind speed and direction 
on the air change rate of a house, 
after Dick. 

The effect of wind speed on the air 
change rate in a house with a 
temuerature difference of 5.56 oC. 
(lOuF.) acting, after Dick. 



4 

, 
.5 .. 

3·9 

tIe 

ven-c 
oet\'leen 

rates, 
served 

ic bui 
represen-ca-cive 

ss, aftex~ 

forms assumed 

Theoretic 
stor 

den Ouden. 

ration 

-cypi 
son. 

the l.B.V.E. de, 

s of 
ci s on a model 

estimates from B.R.S. 
A QP1:l r, 1;1 

_-_ Ii> .~ ;;; __ .. • _-_ ,.. 

The 
and 
en erence on 
vlindows over 811 2cS 81)me 

1 ITl'TI . . pressure 

Ori ce 
narrow slop 
Reynolds nw'TIoers, 

Variation 
eSS"LITe 

opening, 
Lenk 

t 

s. 

in 

ow 

e 
a simple 
Thomas, 

\V s , 

n, 



S l 4-128 

.l(a) 

5 l(b) 

~ 

-, ( ,... '\ 
$ -- \ .~ J 

s -149 

c. 

-c 

s 1 

t e 

ion infi rat on co 
flow exponent reciprocal, 

_r->, -'-.~ r- r-. 
v.i. ... lcLu I!> 

SS Cl""' 

windows: desi fi es, 
ability, after Jackman. 

ediction 0 
ti 

Calculation of venti ion rates due 
to one, oars c dered in 
is 

Cs.le' 
rates. 

s 

of house No. 1, 

one ght. 

'''''''''"''''f~+ 
v '-:';_4 v 

e 

er 

C son of ohs l 

rate with eed, after 
lson. 

Assllilled 
B.R.S. 

C son of c 
with wind eed. 

9. 

Comparison of s 
observed and comput 
an exponenti 
wind ed and 

d Is. 

ci s ed on 

of be t for 
results assuming 

p ween 



./ Ill> 0 

--;-.10 

- .. ll 

:.12 

Title 

Section through internal pressure 
measurement model; 2'.5 mm. diamet er 

E~ploded ~ie~ of in~er2a~ pr2ss~~8 
measurement model, showing external 
pressure measuring positions and 
ventilation opening grid. 

Section through orifice plate model. 

Detail section through orifice plate. 

Schematic layout of orifice plate 
calibration equipment. 

Calibration of standard orifice plate. 

Calibration of orifice plate model, 
showing the effect of the model front 
_ ...... 1 .--. -l- .-, 
.l-'-.:.::... ..... ::; .. 

Ca~~trat~c~ of orifice plate =odsl, 
with model back plate in position. 

Orifice plate model mounted in the 
\-;lnci tt!lI11e~.-.l G~:' tl12 surface :cc'-~6::'~:cess 
in position. 

Variation of velocity and turbulence 
i~t~~s~t=T \,r.ri-t~ hei,s1-'~t in !noci'?l tests~ 

Experimental apparatus used with the 
orifice nlate model. 

Schematic layout of model ventilation 
rate measurement apparatus. 

8.1 Observed model pressure coeIIlcients 
at different angles of incidence. 

8.2 Opening positions used to evaluate 
variation of internal pressure with 
opening configuration. 

2.3 Observed and computed internal pressures, 
opening configuration A, boundary layer 
I. 



6, 8 ~ 7 

. , 8.9 

. 10, 8.11 

8. 2. 8.13 

G' 1 /t 

EL 1 , 

8 18 

.19 

tIe 

served 
c 

1. 

served comput 
opening configuration 

Variation of observed and computed mean 
pressures 

idence of flow, 
c ion C, 9 x 2.5 

e. 

Variation of obs 
ernal pressures vvi 
idence air 

confi ion C, 3 
e . 

Variation of observed 
internal pressures 'Ni 

idenc e of 
configuration C, 

e. 

Vari ion of observed 
internal pressures 
::2:lcide:r:ce of ail'"' 

e. 

ion served 
pressures wi 

c tion C, 
e. 

Vari ion observed 
internal pressures with 
lllcldence of r 
configuration e, 4 

e. 

Vari ion 
and relative 
\vi th e 

ed Ele9..LJ. 

ed mea,n 

2.5 mm 

iO, 



.• ~C 

0.2.1 

e.. 24 

6.29 

8.30 

:ritle 

Variation of olJserved and computed 
ventilation rates with air velocity, 
ape~i~g ~s2~~g~~~~~a~ C, ? ~~d 15 z 
2.5 mm. openings/face, boundary layer 
! . 

Variation of observed and computed 
ventilation rates with air vel06ity, 
opening configuration C, 9 ~nd 15 x 
2.5 mm. openings/face, b01 .. mdary layer 
I1. 

Variation of observed and computed 
ventilation rates with air velocity, 
opening configuration C, 36 and 60 x 
1.0 mm. openings/face, bmmdary layer 
I. 

Variation of observed and computed 
ventilation rates with air velocity, 
o:gening r:onfigur?tion C, ~6 ?nd. r::O ~ 
1 .0 mm. openings/fac e, bOL:L."ldary la;yer 
11. 

Variation of relative ventilation rate 
with angle of incidence, 2.5 ITl.lIl. 

Variation of relative ventilation rate 
wlth angle of incldence, 1.0 mm. 
o1Jenin2"s. 

- -

Variation of non-dimensional ventilation 
rate, with angle of incidence. 

Variation of computed orifice operating 
efficiency with magnitude of pressure 
fl uctU2.t ions. 

Vari3tion ofaver?ae R.M.S. DreSS1)re 
coefficient with angle of-incidence. 

Variation of orifice operating 
efficiency with lateral flow velocity. 

Variation of mean lateral flow velocities, 
with angle of incidence. 

9.1 Variati Cll of design wind speed vIi th 
external temperature at Abbotts 
Langlev. 



:: .. --

': . -

-~ ."", 

, -

Title 

Nomogram for predicting wind induced 
infiltration. 

:I"Ol1logram i'o:c pTco.icting stack induced 
infiltration. 

Variation of maximum combined 
ventilation rate with position and 
rela~ive magnitude of wind and stack 
effects. 

Suggested nomogram for estimation of 
maximum ventilation rates available 
for environmental control in sum~ertime, 



list of the nomenclature used in the thesis is 

The list covers the nomenclature used in ~ne 

___ UCil't of t11e thesis ana the appenalces, apar~ from 

~~~Je~dix Al. In this appendix a separate list describing 

~culating natural ventilation in buildings is given. 

The units used are given in the listing. 

-~c thesis air flow rates and pressures are presented in 

:~~~ts of m3/b.r. and lmn.wg. respectively, as these types 

1 m3/hr. - 0.278 lis. 
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Total leakage coefficient for windward 
face of building, at 1 mm.wg. pressure 
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Total leakage coefficient for leeward 
face of building, at 1 mm.wg. pressure 
difference. 

Window crack air leakage coefficient, 
at 1 mm.wg. pressure difference. 
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e ofte~ Dore difficu~t external 

_~~:: :;"ie.lle.oili -cy 0:[' this tecL"lologice.l atili ty ioplies 

- :_:;~-: L;."'.e c:ieslgner has a considerably greater desTee of 

:;-urt.i~-,2rmore .ne mUSL; ce 

~l~ -:0 DrJvide a solution zJ:;le 

-. ~~JYl~e ~~e 3tarrdards of cJciort, eco~ and 

~erforffiance nhich are required. Consequently it lS 

c=c:e~,- :'lecessary to provide ace-u_rate co:qJe.risons of tLe 

----~- ... } 

r
v-'. 

- . --''-' . 
Cll::L::L er'Sll.0 sol-v-ing the 

~::':::._:.S ~:;rooleE13, a.'1Q 30 the lI.:roor-cance of ~lethods for 

::;.;::;sesslng, qCl.anti ta-Cl vely, the TIerfor8ance of building 

.." - . -=:.:::-: c:~::::: :-:cCo::: l::" C 1"' ea s c; ~ 6::' &J.:u l (; i::.:U c: -'-Ji lil re c en-r; year s . 
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ce.l ventilation or e.ir conc:iitionlng . 

.1 ~ c!wi c e o:;:~ technique used t Cl c ontrol t~1e int erne.l 

t~is decisio~ normally affects many of the other 

c~aracteristics of a solutio~. TLe type of ventilation 

~sed often dictates permissible building depth, and 

lS In turn, ~ill affect many other principles of 

on " ch the buildi~g ~ay be based. The type of 

2 



__ -~=-:.::.-'c~Jn [nay also influence the degree of 

ication ';.,ri th \'!hich the inter}:.al environ:"e:rrc cc-m 

Air conditioning and mechanical 

- =~~-':: ~ =--a-'ci on pre sent U:e user ':ii th mucl~ more cl'o sely 

'=~-'::rollable internal conditions: na 

_;2 ~LS1Je:rlQen-C \lpOn ext err...al C oncii t ions '{,l}-li Cll are higll1~l 

7ariatle and so such close control of internal 

~:~i~-'cions is not possible. Finally air conditioning 

a~~ ~echanical ventilation also represent additional 

:::a tal and rl).I'~'l.ing ccsts ','ihich must b::: added to other 

~ith some types of building this cost may be 

~:'O~J.~T or partially recovered because of the possible 

v/hich can made in other aspects 

e d2Sign~ 

t~,c~:oes of building where air conditioning or natural 

~~~~ilation may be obvious choices because of the over-

~~~2e or huilding cost li~its. 

i~~ c: ernal envirorEnent be economically produc:::d uSlng 

:?~~~~,c of several methods, a..D.d In these cases quantitative 

1.1.4 As has been shO'.\TI above the decision on a 

mec:hod of ventilation for a building may have a great 

influence on many other asnects of the final design. 

~l).antitative estimates of likely ventilation rates under 

Ul erent conditions may be required for several reasons, 

3 
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::~~ >:;si&'1er to l-:.elp L::..:-:: nredict appropriate 

.. _~::. _C:.tion rates i.mder S-V.C}2 cO:r1ditions trE:l:r1 lS 

er aspect S of en'Tironmental de si gr1. 

1n this thesis, in an attempt to impro7e 

in tLe first part of the eSls, chapters 

the predictive t ec~:.nique s J...l ' 
u~la-c are currently 

e knowled~s on which they aI'S ~2sed _8 

This work was csrried out In order ~o 
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ods 2!Q tile areas in,vl!i ch there l s most 

as "1 - S v -

J. e 

rements of ~uildings are established, 
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'.<.::::: reCO;-:llnend.eQ rl';e-C!lOQS Ior estaol.lsning ven-cilation 

::.'ates :;::resented. :::n Chapter 3 tlle stUdies 'lihich have 

~'?'?n carried out i:r1 order to attempt to verify or 

I~ Tl te to ventilation theory are reviewed. 

stUdies are classified broadly into full scale studies 

:':~-l ~:3t in6 bui lclings and vari ous analogu.e studi es, a.::.rlci 
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~~e dependability of t~e information available are 

considered. 

first section of the thesis suggest that the 

predictive tecL1"1iques 'iihich are currently availa-ole 

are ~e~ng increasingly based on 
_. ., - -

Cil6l""t2..-L S_I~2.~cgD~e 

me~~OQs OI predictlng ven~ilation ra~es. -,-'nese me~IlOds 

aSS"LLll,e ~na~ quasl-sL;aL;lc pressures act over the 

natural ventilation. JLl1alyses of the internal 1'10\'1 
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flow resistance. 

type of Emalysi s bee!l 

comparative experiments, a serious omission which, it 

vias thought, required investigation before design 

recommendations could validly be made using such 

techniques. Consequently in the second section of the 

thesis, Chapters 5 - 8, 2....1"1 attempt '.'.'208 mad,,? to 

investigate the inherent accura C~T of the assumptions 

e in these methods. From this Qnalysls an attempt 
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S,",lggest ed imlJroVement s to the de si gn methodol ogi e s 

'-_~-G2. Final in Chapter 10 the conclusions reached in 

~~~e thesis.".'ere sUJTIlTI8Tised and the areas in.",l1ich most 

:=csrtainty exists, and their relevance to present 

-rsdictive methods, discussed. 
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~rovision of openings in t~e building fabric, and so~e 

c~ance, because of crac~s ~n the fabric. " eI'S 

~e1J.tilation ~s caused 

~ifferential ~ind pressures or differences in air density 

bet~een the air inside the building and that outside it, 

acting across openings in the building, it 1S knov~ as 

na~ural ventilation. 

0-, c:;+ CYrl Q 
'- " '-- '-- -' +-~ '-

ventilation or air conditioning. Some ventilation ~ill 

Ve1J.~l~a~lon norma~Ly ta~es D~ace are nomlna~~y c~oseQ. 

1hlS ~VDe of ven~ilatio1J.. ~~e natural ventilation 

in=iltra1;ion. 

natural ventilation in buildings have been appreciated 

for a considerable time. 'I:'~le natural forces of '/"ind or 

buoyancy act to produce pressure differences across 

elements of the building. ~he relative resistances to 

a';'': of' the vari ous openings through v/hi ch flo'."/ can 

occur, dictate the pattern of air flo~ through the 

- 9 -



flo~ resistances dictate ~~e rates of air 1'10""'; 

the ouilding. In nractice the nredictions of 

~st~iled ouantitative air flo~ rates for a particular 

e~a=TIle can often be very cOillulex. As the forces ch 

~c~ tc ca~se ~atura~ ve~ti~ation occur na~ural 

are likely to be variable and difficult to represent 

The couplexity of possible natterns of 

~~ a large building and the effects of various 

inaccuracies in the nredictive cethod become 

correspondingly more difficult to evaluate. Furt~-:cer-

:-:-,ore, the amolmt and effectiveness of t~1e venti12cti on 

~ill normally vary over a large range l~ a building of 

S.2-::'~T complexity. 

r.r~1e ~ec}miaues used to describe ouanti t2.tivplv 

~he~ are to 5escribe adequately the effectiveness of the 

The slITlnlest meas~re of ventilation used 

is c;he vol u-,,,e of the ventilating air suppli ed. 

=easure is more often expressed as an air change rate; 

a voluJlle flo·!/ rate expressed in terms of the room or 

building volwne being considered. A crude measure of 

e may be of use ln slillp~e cases, such as the 

calculation of total thermal loads for a building, but 

for ~ore complex requirements, for example the 

uation comfort conditions and detailed thermal 

- le -



~r~s of the building will be reauired. Evpn this leve l 

,- - -'l~' 
'- - ---- ion is far from ideal as a full description 

ventilation occurring In a building. 

l~S physical properties, especially its theroal and 

~ygienic condition, to air entering the roo~ fro= 

This asnect is particularly ionortant 111 

~--:.ospi tals '/;here control of bacterial content ,Jay 'ce of 

t,,~e ut::~lOst import2..c'1c e. 

U _.1 c: 

~~us ~lle eIIec~ivEness OI 

""C __ e ne',"/ 

iJ2~ its fl n;".' Y' ~ -t C 111 j -7- Sl l ~ n n-,.'] + 1,,, Cl c. .;'...D"; r.""; '":",..,.., ... - - ,-, ...::' ....L -; - ---
- - '. - -' - - -'-' - '- ~ - - - - - - -~ ~~ ~ - - ~ ~. ~ - - '--' v' ~ - - - - "-' 

~ixin2 of the ne~ air with t~e old. 

~~e new a1r De1ng introduced to a space 1S perfect 

mixed with the old alr, approximately 63 per cent of 

old alr in the room Hill be replac ed in LLDi t time '//hen 

the nominal air change rate is unity. If, with the same 

rate of supply of fresh air, no mixing takes Dlace there 

could be no effective replacement of the old alr, 

although the nominal ventilation rate v/ould be the same 

,:is the previous case. In calculations of ventilation 

requirements or performance, conditions are normally 

- 11 -



,~C CUT2-t e 

-':;~:.:::or ::"c21 verification of this s,~s"JI:lption for 

cicu12r situ2tion is not Dr2-ct~c2~le at ~fle present 

~l=e, 2-nd no fully comprehensive s~udies of intra-room 

:-::ixi::lg ',-"ere noted by Hi tchin and ~::ilson (Hitcl'in, 1 0 67) 
J ' 

- -,..-, s of 1..] "' •. !:2\-.~""''''' 
, ~ , ~ - , 

seci tile results of seVer2-l'"ior~e(ers \,,'110 ~-laci 

=-~vestig2-ted the v2-ri2-tion of 2-ppare~~ vent=-~atio::l rate 

cases the maximUw'TI variations Vfere '/:i -'::~:i21 :::'0 L'er cent 

of the :-::'ean rate, vihich suggested ~~:2~ reaso::l2bly good 

-,-ariations tended to be hig~1er in t~1e tests carried 

:::;'J,t ','lit}:. lovver mean ventilation rates, and it 1S 

]088l0~e, par~icu~arly In conal~lons 01 re~a~lve~y ~o~ 

c,-entilation rate, that significant 'Iariations 1n quality 

-: O:Cllr tr:.=Lnsfer from one area of 2- rOOlTI to ano-sher, anc. 

18 ~no\'~ as the tr2-nsfer index (lid~e:::'l, 1960 a). The 

1:':1'C.2X l S defined m,urJerically as: 

transfer index (2.1) 

where c is the equi1ibriu,JIl concentration of 

contamin2nt at a st'udy posit:'..on 

qc is e rate of contin:l),ous rele2se of 

cont2minant 2t a reference position. 

- 12 -



tr8_nsf er ind ex 
1 . 

/ . / qt 

~s the contamin~nt 

at ? stn 

o-e 1S the -eotal quantity of contaElinant 

( ;:' .2 ) 

released at the reference position. 

c~-:.a:,acteristics between any tViO specific ~ooints El a 

The index has been used to describe the results 

JOEO },l 
>.- ;' , 

spec~fic for general use. 

In practice ventilation rates must still be 

ra-ees, as these are the only types of exnression ~hich 

ca~ ~~ assessed sufficiently easily to be of use ~~ 

This type of speCl~ cation 1S 

2=-:~lrlest teclmique for descT'ibi11g v-reY'.!.t~J.-2tic11 

Other factors, in narticular +h c nrevious 

history of the supply a1r, may have to be considered to 

achieve an accurate assessment of the effectlveness of 

the ventilation. 

- 13 -



~snt~lation reQuire~en~s in buildings 

~~~~alngS lTI order to maintain comfortable conj~tions 

Rsplacs~ent of 2lr may cs 

These are: 

a) to urovide adeouate oxygen for breat~~~z and 

ez:cess c de; 

b) to remove nor~al occuuation products, 

generally odours, ~rom the air; 

c) to remove any speCl_ C artificial conta~inants 

-:;hich may be produ.ced in the environ!nent; 

d) to assist in controlling the thermal conditions 

the 

...L:~ -,'""l -=: ::: u __ -"- '- __ 

. - :;...:, -,..---. -==' ,"' ,-,,'-TC:,i-:-:::::'"Y""> -L~...., ,'-' ~., 0r 

-

,ieterr.linin&: the environmental acceptability of -:::.:lS 

2.2.2 The provision of ventilation to satisfy 

reouirements for respiration is related direct to the 

l:'l;_':lber of oc cupant s in the bui lding. .c . 
, l 

~or this type of venti12,tion is 3.6 m3jhr.jperson, 

This figure is considerably lo':,'er 

e 



the contro~ of odours norrr;a~ 

s consequently is e 

for culating i ion 

1. e amovn-c of ventilation required for 

~exova~ 0: normal oducts of occupation, parti 

_-: se 

c 

odours, is more comn1ex to det e. 2::-: is t 

oc 

space er consideratio~. 

Cl '":v1'en -: i -L2. t i on es for f:erent 

tions of occupancy are in 'rable 2.1, 

3 
c 

o 
.-' 

12 

iJ...ation rates -co 

Guide 197 0 and A.S.H.R.A.E. Eandbo of 
J 

Fundamen::a1 s), o..J/hr, /nerso21. 

F .• SaH~R.P~hE9 
Handbook of 

-c s, 

socio-econ 
2.l:~).S 

,- '"' -+::$\...I 

28.8 
21 r 

1 r"\ f'" ,.:: . c 

c 

Guide, 21021-
smoklng 
areas 

40.6 

25.4 

18.6 

14.4 

Guide, 

p 

,r ~ 0 14 Cl 

38.5 4 

28.0 2 

21 h -; ,2 ./ 

~~ 

--- $ 

20 

6 
") 
-' 

1 .8 
0.8 

es being taken from the r.H V.E Guide 1970, and e 

Fundamentals CA S.H R.A.E. 1 2). 

Ol,ur s for ef eci c arti ci 



~~~~aminants may occur in Dany specialised types of 

-c'~,_ilding (typical examples teing kitchens, laundries and 

sr~ain types of laboratories). These cases must be 

CJTcsidered individually in order to lay lio'/,'n suit3.ble 

,,:i::-li:l1UITl ventilation rates. 

2.2·3 Ventilation is OI~en used to heln control the 

therDal balance of buildings. Several differen~ c 

cri~eria are used in liescriting desirable therffial 

conditions in buildings. Of these the Dore i2portan~ 

are the air temperature, equivalent temperature, globe 

t erature and environmental tem1Jer3ture. 

..!::' "I l ....... ,' ~ . ...; -.-' ~ _ . ...., '=c. I r--...L": '"' _._ -:- l_':' -....... -, " 
-~--'-""---~ '-'_v-- ...... ---l'-'''-' .. 

Environmental temnerature:tei 

uivalent temnerature:teo 

~_ De tempera~ure:tg 

~here tr represents ~ean radiant temperature, 

;/ represents mean air speed, m/so 

Of these criteria the air texperature is the least 

satisfactory index, but is often used because of its 

e envil~onmeIltal temperature, a :::lodifi ed 

obe temperature assuming conST;,int air veloci ty, 11as 

ed recently for use in calculating comfort 



It !:.ss been 

~ev91oped as a compromise ind9z, bei~g sufficiently 

accurate to give reasonable co~fort predictions and 

s-,),fficiently simple to use in analytical design !Tiethods. 

~GrE complex indices, and are no~ normally used for 

specifying building performance requirements. B,otl} 

. ...,. -, ,.., , -

~~Q~ces ~re ~~=ec~ed l'2.te .. 

er normal ccna~~~ons the cnange 111 el er cornfort 

index value directly due to c~ange 111 alr velocity is 

likely to be mUCD smaller than that due to the c~ange 

in air temnerature caused by replacing old alr ~ith 

cooler outside air In nractice 

then the effect of the ventilation, in ter~s of 

cO:':ltrolli~lg thermal comfort, ':,rill normally 1::e assessed 

its effect on the internal temperatures. 

n-f' "'::"'V""I-r..-"c,"';"-"":,--,-.,--,-,.-,.-,-, 
- ---·~·~--G-'-'~----"-· 

=-ticy:s 

ventila~ed buildings. done 

in an attempt to find relevant comfort criteria and to 

i~prove prediction methods. 

(Kibblewhite, 1967) that many occupants of this 

type of building suffer appreciable discomfort due to 

overheating. Surveys (Loudon, 1968), (Langdon, 1970) 

have correlated perceived comfort conditions with 

calculated peak environmental temperatures (Figure 2.1). 

LoudoD suggested from their survey of schools 



_~c.l-;; :::c IJe:::ck environrnent:::cl t , of ',CoC ',,','l'll, erc~-:;ure ~' , __ _ 

:::-'ssul t 1n less than 10% of e 1 cling }J ation 

~ ___ sring serious discorrcIJrt. le more recent 

~~a~ the long-term, monthly, Dean in~ernal temneraturs 

lS 

little change in perceived com~ort. 

-;;~ey suggest, 1S due to the fact that the individual 

~~~~ be atle to choose n1S clothing to suit the mean 

HUJTIphreys et al 

a_so suggested that comfcrt is much Dore closely 

re~a~eQ to ~he shor~-~er~ var1a~10n 1n ln~ernal 

temnerature and suggest comfort criteria based on this 

- ~ \ 

\ _ ~ b-0~l ~ L... III 5) 9 

standard deviatior of the globe t er2. tllre, 

~~r~ng ~orking hours, should not exceed IJC. 

i~pliss that the globe te~~2rature should be maintai~ed 

:::C:::1Y one month. "Ni se (\h se, 197:') has extract ed, 

largely from the above '.'"ork, comfort criteria for 

natural ventilated office buildings. These are: 

a) for a high environmental standard, 

(2.6) 

b) for an accept e environmental standard, 

" 2~oC + ~,,:oC 'tel = ') (2.7) 
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sratures are taken from Eump~reys' cnar~ 

(~i :::::V.re 2.2), assD_ming sedentary ers. 

-_ ........ -- c- t ] 

assessed using the method of calculation derived at the 

3uilding Research Station, (loudon, 1963) and no~ used 

in t~e r.B.V.B. Guid~. 

charts, showin~ the effect of t~e ma:or factors 

affecting internal temperatures for a s~a11 office. 

ve ceen Some of these are 

ShO"Tl in ?ignres 2.4 2~nd 2.5. 

- - ~ -.- ...!......: -, -- - -

- - -..-. -, - -.' --- '-"" ~-

-- ,"",- - -,--,,~_ ,- :~ i' ,'"'-.-; -~..:: ..!.-..:: r-\_·~I e' ,-, ~ .- --, --
~ v_' __ .....-....... _'-' V'-'_J........,l.._ u_v .... _"-.! ''-'~_J.. ~ __ '-' '.....~'-'~ __ 

2.2. C T"1:1e reouirements for the sound reductio2.1 

indices of ~ui1ding facades are of lncreaslng 

"ficance lTI restricti 

Roaci trcdfic noise '1.'2,S sho",':!1 \:0 oe ':'l1e OJ: 

tre er'ceatest sources of annoyance to people In the 

likely that this situation will continue. The sound 

reduction index of a facade is reduced very 

considerably by the introduction of ouite small open 

areas, and this phenomenon tends to restrict window 

ening habits. Some evidence of this effect lS shown 

i2.1 the results of a survey of schools by the Building 

-- 19 -



~~~2E:'lrc::c Station, (Langdon, 1970) which are SU-=:J":larlSSc.l 

tIe . 2. Re sDondent s from many scho 01 S'-iere 

C:2.:-=ed:ihether they \":ere "sometimes too hot", 3.::-:.d t~,e 

T~sults were classified with respect to type of 

-_-":;::1tilation and auietness of the environment. s 

~~s~~~s s~o~ clearly t~at fewer users from aUle~ arE~S 

ered from overheating, suggesting that users lTI 

arsas restrictsd their ~indow 
- _., 

e~'1.l:l1g ~~~ :=::::... L 2 

~ecause of the noise and consequent ',"iere ~l2- e t c 

The effect of noise on comfort in ::1aturally 

ven~lla~ed scnools,af~er Langdon and Loudon. 

,,"", __ .:''':: _L ..:: 
__ " .. '"' ci. __ """,""","- v vJ.. ..... \....\.-I.- u...!... V.J.-..:..0 

Si::-:.gle sided ventilation 51 Ll2 

sc~eti~es too hot 

The use of staggered opening double glazing 

accsptabls level of sound attenuation, \vhile 2_l1m'iing 

~~e use of natural ventilation. The sound reducti 0~1 

indices of single and double glazing for varyin~ amOlQts 

:,-£' oLen s.rea are given in Figure 2.0, after measureElelHS 

?ord and Kerry (?ord, 1973). The Eleasurement s 

were made uSlng a spectrum t lC of road trs.ffic 

- 20 -



..c e ',we of' this technique lows ~reater ODen 

re2S ')J:~ f;J.cade to be used while :ret:=~ininF" +'v>:::: sar.:e 

,:::~C ou .. st i c perforr::1ance. 'This advCL.1J.tage is offset to 

20!'!18 extent by the greater resistance to f10",' of t~lis 

glazing:nLL reduce the thermal load on the '01..1ildl:c:.g. 

Ventilation requlrements can oe seen therefore, 

~O be de~endent on many factors. 

ventilation rates are normally determined 

c ont2~minant control requirement s, vihi ch are related to 

t~e ty~e and density of occuDation. 

, ' -
-Gl:..e Q l; C:1->r~-1=""_-"-:il1.6 =CCO ·J~=-r'clLcl-___ -~ .. 

gJ..aZlng a21Cl. l:;:ne ll1l:;ernal sources of lleat, iacl:;ors 

, , 
--:: . ....,..,. ..... -, - ....... ""--"-'''''-'' ~..,......- 1-~~-; I,..::)..:.., ..... ~ .~·l~....:: ~\ - --_~- --, 

·v "" .... - ~'-"---~b "-"'- '-'-<.-~ ---~--,-"",:"", 

2.3 ?actors influencing natural ventilation 

Tl':.e tViO main fact ors vihi ch 1)r odt~.C 9 na tursl 

ventilation in buildings are the differential pressures 

caused ty air lYlovement around the building, and the 

Dressures caused by differences in buoyancy of the 

internal and external alr. A third fact or '.'ihich 

causes ventilation is turbulent diffusion. This effect 

is norlYlally of secondary importance, but may oe 



~:-::';:::::::::'~L:2~'lt i~ SOUS cases, :or example in ro oms:'~-cere 

there is no cross , . I .L' 
venL:~J..alclon. In order to 8 C Cl)_r~l t e l~,r 

a8s9Ss t2'le pattern of ventilation these pressures and 

e -:~rocesses by whic}: --:- ,. Q"\T 
-.) -- --- .. / are ccl"used rnUSL; be 

2cC C'.U'8,t elv de scri bed. 

.--: ~. 2 ~~'2.e ma£TIi tuds of t118 cliffeT'entis.l -'or8S21)_reS 

C2,,-~~~_Sec. ~ind are deter~ined by the wlnd speed ana 

- • 1 • 

\l~reC-C2..on~ snee~s 2~d directions vary a Cl 2-:-

constantly In normal aL:~osnheric conditions, so L:hat 

they are best described statistically by a mean ~ind 

sneed and a sDectral distribution. _4. t ~,T1Ji c 3~l S :::S 2 t ~1)~~, 

VV''-'',,'-'---• ..,r-~ '1-,-,.- iT,-_..-. --- = ~ .::... --- :::: '-"- )~ v' -
~ '::''-' "I...I ~ -- ....... ,,""'-

- - -" • ::""-_k 

('r~ __ 
\ . ,-",~- " .L_C-,,-2~:, 

-,r-.--.--\ 
~:-; /' i ) 

~' 

0- . ~-- - - -, --- vC Seell u __ c::., v -C~-:C: .3~&G~~~ --C:J'-

of t}~ e 8. tm 0 S1J~ eI'i C v.ri2'l '5_ l2 "\TerlT hj_ ph ~_ ~ t~'I 0 SY'D ('+~"'CJ l 

62.~, ,::C;~~-~=CSJ. 0~J. CL per'~c,,~ C:L le-cO nlllilJ..tes~ ~·.fle 

1Jerform2cnce of ventilation svstems is normal}" sncrl "'0 

+1, -,.....-,.c.l -:::+-i (1-", 7{'1 'Y'oY"'ln-,;"-s-1 n~ nn~+~~~~~~~~ n~ n~~ 
~ --- - , ....... _-----_ .. _- - '-

~ea~, and co~seo~e~~ =--2 ?ss'Lt~:ecl to ~=,C? ~,~_~f=·:=;,~teci 1,,~"" 

shor~-terD var~ations ~~ flo~ rate; as t~e resultl~g 

variations in contaminant concentration or temDerature 

In t~e room will norma~~y be imperceptible. 

Consequently a design \'rind speed averaged over a tiLle 

in the spectral gap region is normally used and the 

effect of turbulence is ignored. 

2.3·3 In terms of specifying design ':find speeds for 

ventilation calculations the mean ~ind sDeed profile 1S 

also required, ,,',rind sl]:?ed lnereases ',':i th height and 

,)? 



~~e ra~e of increase, or the shape of the ~ind sne~d 

~rofile, 1S dependen~ on the ~ e of terrain over 

\','hic~l e \'iind has flO\\'ed 2.nd U1JOn tl::e atmospheric 

sta"oili ty. This variation in velocity has been 

w~~~e~ exte~si~e:y (=ave~PGrt, 19G~; narr1s, ~~iU; 

,IOnSOn "iOh O ') 1,"b,o"Te .Lhe l.-,voY' o·f TY'lc+-ional -ic'T~l-]oY1Co ,-' '--- __ v .......... , ~-"JJ. ..£4_ \ L.,_ _G.....) '-'_ _..J.,......:... ....... u_ .L --'- ~_...I. __ ....LL~,-,1..l ,_, 

of tl'le e21'">-c~~, ·\~.rl1icl-: e):tends for 300 ~& - cC10 ~0, t}-_e 

air ;:loves sOlely ",.J.l1der the _uence 0= the 1JreSS":.re 

graciients and moves 2,t the 'gracJ.ient' veloci t=r. 

Closer to the ground the air flo'N is slo'.'/ed dO'!\11 

the drag forces at the surface and by the turbulent £10\-\7 conditions I 

which also create momentum excha:lges between the layers of 

be air flow. 

- ~ ~ $ -;-
2,=~::l~~~:~~3 ~,:: __ -:::v.vu~,~l ~ Vc:.,~I...L"":""'~ -ctf' v~_~ 

variation of veloci-r;y with hei~ht can normally be 

adeouatelv mOcielled bv the Fr~ndtJ lo~~rl+~~i0 nrnTilo 

( .- S'''Q~n -I Qc"), '). ,_'--" __ ........ ·c __ , __ .J'-,' I!> 

, ~-
-'-'~6e 

11 ( " ~ \ 
~ " ,~ ) 

" .. Cl 

\v/here 

1,','-, k ha 
7~ 

r;:;::-
is a friction velocity, defined asJI7f:; 

(v/here k: 1 s the shear stre ss at the surfac e) , 

and is dependent only upon the rouglli'1ess of the 

surfaCe and the free wlnd speed. ha is the 

rougrmess height, a paramet er descriptive of the 

:r"182. ts of the irregularities In the surface and 
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'::;:';c3=-:::: 2. 3 Averaf!e vallJ.e s of exuonent. c< • and ·'T!'9di ent 

height, hg, for use in exponential '.',rind sueed 

nrofiles, after DavemJort. 

gradient heig-ht, m. 

::la~ onen cOlLntry 0.16 280 

0.28 400 

~eavily ~uilt-up urban 
0.40 4 

This type of treatment may be used to estimate 

approximate relationshins for flow above these types of 

terrain (Figure 2.8) hL'.t does not give accurate estimates 

conditions belo';,: the roughness heig:r.!.t. l.ll -';;l1is 

r2f!ion flow patterns are more cOffinlex, no well-~ofi~ed 

;e~eral relationships exist and conditions are deps~jent 

.. '_~ __ -'.:~'le det2.iled confi6xra~ion of the ne2.rest o·cs~2.cles. 

+l~ Q -r:-;~ l "(-. -i -1- .... -
~~ ~ - tJ 

~,...,,.-..,- --,-, ............ c- ---~,~-:..--- .... 
L"''': ..L..L _;:: :_ , _ _ !...... ~ ~ _,_, 

__ v v ...:.. \..-1... "--' e "'" '-' c...:... 

which is normally of the same order of height as 

then be expected to be of exponential form to ~ithin 

approximately 1.5 times this height. Values of the flow 

characteristics '.'.'i thin tl:e displacement height (lre n 

~ell established for urban conditions. Values calculated 

assu!.1ing no displacement height are generally used 

1970) 2.S the values SO calculated f!ive u 
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s l~I~ilence of these factors on the Dind climate is 

Consequent ese factors 

::l~e ~lOt nOTrc;slly taken into account In esti;natil~g design 

:::ea~'1 ,,','ind speed; hov/ever this is an omission '.r;hich ';,'ill 

speeas, especially in conditions of laD wind sDeed. 

Or::.ce the lTIeal'2. 'nind speed and veloci t di el1~ 

~f t~e ~ind a~ s buil~ing site is determined, ~he 

relat~ve serodynamically induced pressures over the 

:::,uilding 2lust be estimated. The pressures cam'lot be 

d~ stri buti ons 'nhi ch l1:?cve been carri ed out on ,-vina tU.Y'.J:'lel 

1965; Dal2:1eish. 1967: 

~elGcity profile and local obstructions on deter~ining 

::;~le se T::re SS'),Te s l s ::Lenr well documented (Chi en, 1951; 

1965; Bailey, 1943). These pressures are 

~cr~ally ex~ressea as pressure coeffici s, Cp, '·:;llicll 

aTe defined as: 

CD 

',,,'here p 

(p - Pref) • g. t'w 

~. p .\i 

lS t:te external pressure, ill ~ '.~,Ig ~ 

Pref lS a reference pressure, r.111v'/g~ 

,\i lS ':0 c" reference \'find speed, m/so 

'0,,, :s the denSity of water, 1000 kg/m3~ 

(2.11) 



1 
Pis tl1e air density kg /o~. 

g is the gravitational constant, o/s~ 

~ind speed a~ a height equal ~o the helgh~ of ~he 

~~ilding. Particular pressure coefficient values 

::.nele"IS'1t to design situatio~s are ciiscv,sseci ir: Dare 

~et~il J~ C~aDter 3. 

2.3·9 One further aspect effect 

t:::'e pressc)re distributions over the s'J,rfaces of a 

building is the influence of turbulence. 

C ~ ,_1. 

values of turbulence intensity are dependent upon t~e 

type of terrain over which the air flO\'/ has Y8.ssed, and 

can ce described for general types of surface roug~Dess 

( -7 i lO~C) . .'-arr _ s , _./ I • Turbulence levels are of iODortance 

'cecause -r;}:ey affect the rrlagrll tude of the ~ean ;ressures 

and because they produce large short 

uressure fluctuations. T:::'ese fluctuations are not 

cOY'~siciered i:r~ cu,rrent teci-::"::''1ioues for the calc~.laticl 

i.ren~ ilati on rat e s in buildi~gs, and their iopor-canc e 

significant effect s particularly in si tuati ons ',::here 

ventilation is obtained using a single ~indoD opening. 

2.3.10 The second mechanism which produces ventilation 

is stack effect. Differences in the internal air 

temperature of a building and the external air teDperature 



IJroduc e differences in air densi t~". ese 

i~fferen~~al densities in turn result in v~ri~tion2 in 

Tressure ~it~in t~e ~uilding and between t~e interior 

Tl~e dE:tlSi t~l of 

DO\\eVer v.nder ~10rmal amOi ern c oncE tl ons 

t~"2.e effect of }1l.inidi ty is negligible and air density 

Dro~ortio~ to t~e absolute temperature: 

T is tbe alr temnerature expressed in oK 

1.29 reDresents norT'1al air densit" Slt oOe 

~he pressure caused the weight of a C01UE.J1 of air of 

') '7-=i 
'j ~ L ~ e :...-~ 11> 

Conseouen~~y in a erential uressure 

Clue ""GO t~le differences in v/eight of air colu..=ms of 

Ti and To oK will be given by: 

dP 1.29. h .273(_1- _ _ 1_,) 
To Ti 

mm.wg 

~ ~ ~-. ,.-- - -.-< ,- ~ 
- ~~ .. l- ~- -.-"- '" ~'- ....... -- 0 

(2.14) 

!~ssuJning an internal temperat-t..Ire o of 20 C and an external 
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ified to: 

dP::::::: C. OC 4 4 • ~"l. ( - - To) (2.15) 

'.-:here 'I'i and To Day oe expressed In uc. 

~c~ proQuces a cons~an~ ra~e 01 

variation of uressure difference with hei t, 2~cting 

Urcder conditio~ls e 

building at the lo~er levels equates with the flow out 

in the upper part of the tuilding. rrhe height at 'flhich 

the internal Dressure is eoual to t~e corrcsDondin a 

This height is normal about half way up the building, 

,,'I ...!..1" r-."'~ ..--~.-. +1"" 0-
_", __ ~ __ ~._ :...~__ '--' ... ..1. __ 

....... "V'"I -. ~...: ....... ,....., 1,-..-, S - - '-'-'-] ';"-./J.... :::: ___ >~:-=..- _ '-' '-' _~ ~ _ '-'_ .... 

e buildin&:. 

Iding ~~~h re12~ively large openings in the 

'ce less than :n.2.1I~ ':/'ay up ~i1e building, In one with 

large openings in the upper half the reverse ~ill occur. 

As changes in internal and external air temperature are 

relatively slow the pressures caused by stack effect 

l)-L"llike ';lind induced pressures S}10';; no short term 

variations in value. 

2.3.12 Under most c ondi ti ons stack effect and '{find 

will be acting together to produce natural ventilation. 



'oressures caused t'::o effect s are ded to 

-fe the total yJl;,essure difference acting at a2'C OIJenin?' 

discharge coefficients the ventilation rate can be 

cie-::ermined. 

and infiltration 

There are t~o ~idely used met~ods of predicting 

natural ventilation or infiltration rates in buildings; 

t!18 alr ch2nge method and the crack m9thod~ 

..!..."l ...... ~ -2...._-....-.. 
--'0 ~-

........ L" l~ - -..: -. ~l"":: -,.--, 
, ,~'-';--~ -'-

The air 

'" r-,-. .-. '" --,,-,-,*.'" ,-' ~ 
\..... ---- ~- -_'":: -'-

anQ ltS eXDosure. The method is entirely emnirical. and 

buildings adequately represent values in new buildings 

ef the same tv~e. 

t~~ ventilation rate from the estimated infiltr2~ion 

ccaracterlstlcs of ~~e bUlldlng envel 

ex-::ernal IJressure distributions. The crack method is 

regarded as being more accurate, but is more co~plex to 

carry out. For the purposes of estimating infiltration 

a2:1d natural ventilat;lOn heat loss the l.B.V.E. Guide 

~ O~2) 1...../( 

1970) and the A.S.H.R.A.E. Guide (A.S.H.R.A.E., 

each quote both methods. For estimating 

ventilation rates in summer conditions the l.H. V.E. G'Llide 

presents a separate set of recommendations. 



2ecor:-unel:ded design. \rentilation rates for 

~i~ter ccnditions, using the alr change method, are 

classified lTI t~e I.B.V.E. Guide ~it~ respect to 

Allo\v::mces are made for the degree of 

exposure of the building and for the area of glazing. 

are presented 1n Table 2.4. ~n1s me~~od may De 

co~pared ~ith T T given lD t~e A.S.~.S.A.S. Guide 

~hich gives values applicab~e to residences. 

figllres are classified accorjing to opening distribution 

::i th no allo',vanc e being made for the shelter of the 

buildings or The amount of glazing. Representative 

figures for this method are also given in Table 2.4. 

T~le fig,lres given in both cases represent room alr 

change raTe allo~ances. 'l'ne J:.H.v- • .b. GU1de recommends 

that approximately one half of the total individual 

room leaKage va~ues oe TaKen as Tfie ~OTa~ OU~~Qlng 

infiltration rate, as air entering T~e buildlng w1ll 

TJrmal travel t?:.r ~nore than O~le room. The Guide 

:ill en t:n e 

Guide suggests that, for lings, the total rate for 

all rooms should be used to calculate the infiltration 

heating 10Gd for the 'iihole OL'.ild 

As an alternative method, infiltration rates 

~ay be calculated using the crack ~ethod. _ e !.H.V.E. 

Guide method is based on :..'t deslgn:.ind speed ·,",Licl1 



2.4 Design infiltretion rates for Tooms in 
------'-

dwellings using the air change ~ethod, froG 

the l.B.V.E. Guide and tne A.S.H.R.A.E. 

Gl1ide, cnr chan2'es/}lr. ,,,,inter C'0:Y'ditjnns. 

- --;- '\T ~ 

_ ~ _..;,. '" " 4o...J.....; It 

Slassification Sheltered ~ormal EXDosed Allo~ances 

ving rooms 0.7 

r. -: 
VO-J 

1 . 3 

:Lavatories 1 . 0 

St s.irs, 

A.S.B.R.A.E. Guide 

cm Classification 

~ -, ~ " -, 
\'_~l.I...A-\-"T'::'" VJ... 

ernal doors In 

~indows or external 

doors in two walls 

Windows or external 

doors in three walls 

Ell t l~ all C e S 

1 .0 

\'-.-'1 .go ') 

2.0 

1 . 5 

c 
, . -" 

1.5 

2.0 

2.0 

1 r::; . ./ 
0.0 2 

3·0 

2·3 ?~% l n ~'--o ...... .// __ U " 

or :no=ce 

·"Iea t:rler rl ppe 0 



~sents an Eluuroximate one-percentile ~ind sueed. 

A representative tot 

::... s -',:;:::d-::2n vihi ch delJends lJ.1:)On the \':indovl di stri buti on; 

~eing one half of the total glazed area for a building 

-~ I ~: _ ~...=:J r..-", 
,=---..~ '-" '-<. ...... -~ :sces S"''"'GS __ ...L '....- _"~ 

::iiagonal plane tnrougn -S.:le o'u_i1riing for a ::mLJ_Gln£ 

~ressure coeI=lClen~ of C.55 across tne 

::laxi:'2UL1 infiltration r9.te lS calculated. 

is presented El greater rietail in paragraph 3.4.13. The 

GuiQe presen~s a met~od viliich is 
, , 

caseG on 

si2ilar principles. A des i gn \-:i n d s pe e d iSle sed ','.'i t ~l 

no allo\'.anc e for shelter or height of the 1:;'),ilding. T~le 

reuresen~a~lve area cnosen lS el~ner ~ne ~eaKage area o~ 

t}}e face '>vi th the greatest leakage area or one h9.1f of 

To calculate ~~e tota~ infiltration rate a 

uressure difference COe ~_cient of 0.64 is assuDed -so 

~ct ~cross this glaz2d area. 

For the purposes of estimating li~ely 

ven~ilatlon rates in me summertime generGl 

recommendations are made In the l.H.V.E. Guide. T:!:le 

re c o::li'nended rat e s are cased on -,','indo'.v openiI~g 

stribution and opening times. 1;0 allo'fiances for 

building exposure or open ~indo~ area are made. ~he 

recommended rates are shown in 'I'aole 2.5. 



=c':,.E~3 2. ~ Recomrnended ventilation rates for naturally 

ventilated buildings on stw..nv days, 'Hr 
(' >, ,- -', :ccp s/-,-, r ,-,_~ct.l_,"<,-, __ ... ~ 'ill' 

IT7"'; -y-- ~ ,....., ••• C'" ...: --,~ J...._- r " 
,j...L..I.._V\.J.,"-..' __ .L '-.."'v 

r\""" C:"'Yl 0 r=:l - ~ ~-- - ~.~ 

,--......... ~"'" r'I-,-''-'" T •• , __ '" -, =--
'-'_ ._ ... -./....1... '-' , ........ ~ __ '"-' 

Day Night 

Closed Closed " L-

ODen Closed. ~ 10 
.J I 

O-oen Open 10 30 ~ 

2.4.5 Tbe tecl'miQues for estimating :r'latural 

recouuended air chan~e rates. Desi~ rates for tDe 

_____ J... --: ----. 

v. ____ ..;.:.., '-' _ v 
..., ...., ~ -.- ~~ 

1.......'·:.:::-~~--6 

~hlson's full scale ~ests in Chapter 5, for examDle. 

change metl'lod, O. 2~ or o.,1e alr change s/~~r. (de!' ent 

upon ~~e~ner ~ne house is occupied) t ~1 e I. E • V • E • 

air change !~,:ethod, and 0.46 air changes/hr. the 

A.S.E.R.A.2. crack method (assuming the standard 

6.7 m/s design wind speed). The air change methods can 

only be used for producing very broad approximations 

as they have, in particular, no method of correcting 

for the amotmt or airtigbtness of the glazing used. 

The crack methods used to calculate building 

lnfiltration rates sho'.\' significant differences in 



e _Lc.S.H.n.A.E. fig)Tes are rather more 

~Q~2ervative 111 the calculation of their equivalent 

areas and in not allowing for the effects of 

sl-:.el t ering on design vlind speed. This 1S compensated 

to some extent by the I.B.V.E. Guide recollL.mendation tbat 

occupied, to allow for ~he effec~s of normal OccuDation. 

~O~~ the crack methods given are 2uited to estimating 

infiltration loads for ~he purposes of heat 

loss calculations. They are not ~ell suited to 

predicting infiltration loads 1)--'.~::ier normal condition.s, 

in order to assess rurnling costs -".'hen, particularly In 

sheltered areas, the importance of stack effect may be 

rnucn greater. 

- ..: .,......,..,_" .~ .... ..!.... ,_ ~..0 
-- ,.. - ____ ~_~_ v:""' .. __ ',-,,':":;: \"'_ 

lnIl~~ra~lon and ventilation ra~es in buildings 1S 

Dri:-IlariLI of sls"1lficance 2S a c_ets_iled element c:;-~ 

cuildlng performance. 

ven~il_aGed buildings in sum.L'11er condi tions. 

infcr:-:1ation :n.ay often be more sie;."1ificant in 

det er::rl.ning the form of a particular design, as it ma)' 

dictate the need for mechanical ventilation if results 

suggest that acceptable comfort conditions could not 

be maintained in hot weather. 'The information 

concerning surnmertime ventilation rates in buildings In 

the l.E.V.E. Guide 1S very genera~, and makes no 



~e~~issible open area of glazing or building depth. 

_~e ~re~lction of suc~ ventilation rates is made more 

iifficult because 1S o_ependent upon t::le pattern of 

occupation by the users. However a more accurate method 

2."eis. tea -c 0 t!~e se Cies~&1 IJaramet ers and appropriate 

c-i=atic ccn~itio~s is required in orde~ to be able to 

ascer~al:..r'l ',',~le-;:;Eer acce1Jtable comfort co~ditions are 

canable of being ~aintained in a proposed solution. 

- ~7 -
J ' 
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~ .0. Sound reduction indices for partially open single and 
doub:e glazing., after Ford and Kerry. 
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2.9. Variation of velocity gradient eyponent,c<. with wind 
.~ .. -~---

<'elocrty gradient 
2X!XXlE'nt volle.o< 

-BAm). 
0.20 

0.16 

0.12 

speed and temperature qradlBit In coen country In 

-O.015~ lapse~O.O, cC kn 
rete 

x 

xx 

0.08 '--_--' __ --' __ .....;:.;. __ .....l-__ ...l-__ ..l.-_----J 

estimated 
veioclty 
exponent value, ex: 
(3m - 2Om). 

C) 

0.20 

0.16 

<:) 
u 

Vv'iilG 

wind speed 
i;;6 m/so 

s GnC.brd 

. , 
I .... 

.mean 0.08 ~----"-__ --..J..._+-_.........l.. ____ ..........l--l 

to.05 tOJO 
inversion 

temperature gradient. "C/m 



-r'- ~ - '"1.--"> r-" 

<...' ~-- ---~. 

ventil ion blJ,il and t re terns 0:' 

i tioYl :::'8 re~at 

s to i 021 

re. s be 1940's. 

lS C ex because 

er-r tors 

ventilat on. A li aT' e ~ost ort l: of se 

., ~:::-: 

,,-,',-'.._- ....... ---6 

th 8ir infi rati cteristics of 1 s 

I t exi these s 

si 

S l S. S s o as ess 

C CJ21t lon sting veni:;i:ia OIl 

been evolved to e. From s assessme:1t 

it s been possible to seover some e maJor 

areas of uncert y desi te s. 

tiOl1 1s 

2,21t t 01 e BS 1..1Se 



observations froD full scale buildings. Ventilation 

rates were measured, the characteristics of the various 

ope~ings described and measurements of ~he climatic 

variables acting on the building recorded. These 

studies have been of great value ln detern:inin,g the 

factors affecting ventilation rates anQ ln producing 

elementary rules describing their behaviour. There are 

Firstly, beca-).se natural ventiJ.a ti on de-penis on 

cli::2atic variatles over '.'ihich the obserVer has no 

control, he r.J.v.st accept vvhatever combin3.tions of 

conditions occur, in order to carry out his measurements. 

This fact makes the analysis of data from this type of 

study very difficult. Secondly, because of t~e nlL~ber 

of variables ~hich affect ventilation patterns, any 

type of systematic study is severely limited by the 

large ~umber of measurement s '.',chi ch must 

second type of study ',",hic"!:} has been c,one 

involves the uSe of analogtle models of the ventilation 

system. Ini t ially hydrauli c and el ectri cal anal og1J_e s 

were used, and more recently digital computer 

programmes have been used to assess the patterns of 

ventilation. This type of study is able to control the 

external conditions accurately and give the 

experimenter much greater freedom to carry out 

systematic studies. However it is necessary to 
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~A3LE 3.1 Air change rates noted by 3edford 

e of ~~c~dence of wind Averaze air change 
-.... -::! ,- ...!....:. ---=- I", =:" ~ -= -~, /.J.. ~ v ,-,'-J... 

3. 0 

1.6 

1 .2 

ven~lla~or on leeward face 1 .2 

ventilatic~ rate in a small do~estic t~~l 

'IE'Tiation of ventilation rate ':I'i th viind speed Vias found 

to be a co~plex relationship, but no explanation was 

offered. It was shovm that, generally, the ventilation 

rate increased as the wind speed increased. The lack 

0: a slmp~2 relationship may well oe due to variation 

lTI wind pressures, as only the extern?} wind sDeed and 

The directionality of a 

".=..-..,-~ 

_ ...... , - - -.. _. ~. _--, _L __ .":: __ ~ _'": ._. _. __ ,' 

v'J_.J..v...L..L"c;,u c ... .J..u 

~as s~c~~ that as flue area increased the average 

ventilation rate increased until a flue area of O.oog 
? 

v '" V -L L ll'l '-I C::..3 ~{' ea C 11 t; U ~ 

tl~is 2rea t~1e change in \lentilatioll rs.t8 becaLle ::JUC}1 

less significant. This was interpreted as meaning that 

~he flue area of O.oog - 0.012 m2 is r eq valent 

to the onen area in the windows and doors of the 

).ilding. For flue areas greater than this value the 

fabric crackage area controls the ventilation 
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rate, whereas for flue areas lower than this the 

controls the building's ventilation rate. 

lS of some significance as thi s Vias the first attem1Jt 

to make a quantitative estimate of tr..e ~eakage 

characteristics of a building. 

ventilation on full scale buildings are a series of 

studies carried out Dick, working for the 3uildin~ 

Research Station (Dick, 1949), (Dick, 1951). tir1e 

studies 'Nere carried out on a number of s1Jecial 

constructed exnerimental houses. The houses used were 

S 2:==- - ,3. e -: 2. c l':. 2:::, ,,-; ..... _: '.~_~..:...,...!.... ...:_~-, ...L.~'.'"" 
' ........... ~~'..A. > __ ../_~_ v ___ """ 

2S 

desi~ed to be tVDic2,l of other ne',\' housin2' beinq 

buil~ a~ tha~ ~lme. i'. seconCi se~ 0:: CJoserva"Cicns;,as 

made at a later time Vii th the houses under normal 

e to 

buildings of this type and standard of construction. 

3.2.4 The importance of these observations lies 

major factors affecting the ventilation rates. Wind 

speeds and directions and pressure coefficients were 

measured on the buildings. The pressure coefficient 

readings give values for the coefficients of drag of 

about 0.9. Measurements of the pressure drop across 

the windward face of the buildings give values of about 
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pr e s SDI' dr across 

e e 

e area of T eutl ts, 

e e e of so 

s servations, that essure 

co oi s on 1 

ed th the e of idence of in 

~r":"i nTl -'-0 cos2n v v _ ~__ u '=' • 

made. suremen-c s ;':ere e both of 

rat s ro S 1. 

-:.es J...cr s 

e "tracer s " 

ouse and de s. e 

be c 

aeauced 11 form: 

(3.1) 

e lS concentration tTacer t t, 

x is the of e room 

time 

l S -c volUIne th ro 
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?ro~ these studies a series of empirical equations were 

presented showing the relationship between infiltration 

r:::,-::e and ','!ind speed and direction. 

These were of the general form: 

v/here I relJrese21ts infiltration rate, 

'::as 

a,b,c,d, are c021stants, 

W represents wind speed, 

G represents angle of incidence of vllnd to 

the building face. 

Sfl0\'vTI that the effect of wind directio21 ~as 

(~ ~. \ 
\ .) .~ ) 

210rmally of secondary impor~ance to wind speed and that 

a simpler and adequate relationship: 

I = 8 + bW 

~as acceDtable for reDresentin~ the ~~ole house 
- ., 

Values of the const2,nts \vhich best fitted the 

o~servations were chosen. l~ was shown how ventilation 

design affected the values of these constants. The 

different methods of ventilation (Table 3.2). In the 

results for house 13, which has a living room 'Nith no 

flue, the effect of wind sDeed is the most marked. In 

house 33 the living room has an open fire and the effect 

0= ',lind speed is less. In house 10, where there is a 

heated flue with underfloor ducted air supply, the 

- 50 -



eed is seen to have very little effect 

on t~e infiltration rate. Average ventilation rates for 

t':~e vill01e house:,ere 2:S0 given for these tr-_yee "!-~ol).ses 

and ~ay be seen in Table 3.3. The Variation in these 

cases, where the houses are in general respects siDilar, 

roo:ms alone. As alreaay mentioned, Dick showed that 

rection ~lays a y 2ti'IS 

__ t;;rpi c2l 

set of results is sho(,C,": for h01).se nmnoer (Fi e 3.1). 

The llouses ·:lere also observed -:;~ce::'l under 

normal occunation (Dic~, 10~1). 

shed, "Llt'1der nOrI~al C021di tions at tviO sites. The 

,.,..... 0 0"" , - 0 r....-; -,." . .,......, C'" 1 ..... ..-., '._/' ...: -........ r;1 ,_ - _ f.~ ""' 
_ ~,~ _ ~_ ._ '-'~~ '-' '- -- ~ '-_ ___ _ ~ ____ - '-' ..... fi> J * 

t~e ventilation rates are generally higher ~ith hi£her 

~ind sDeeds actin~. Dick showed that oecs~se of th~ 

expec~ed If s~rict pro~ortionality to wind speed were 

assu~ed $ 

In a third paper (Dick, 1950), Dick showed 

theoretically how the ventilation rate in a house should 

be approximately proportional to the ~ind speed, or the 

sqL1a:ce root of the internal/external temperature 

difference He showed that the total ventilation rate 

is deter~ined by whichever set of forces produced the 

- ~,l -



TABL~ ~.2 RelaticnshiD bet~een observed r~tes of ~lr 

(D " 1_ l0L10) l Co!::'" , -,' J j • 

House 13 I O. 2 O. - 1, 1; ~ 7 + tJ " 

Ho'),se ~3 T 1 6 + O. ?O W 

B01JS e 10 T ') .1 + O. 1 :: n! 

infi::Ltratioll rate, 

., is the ";;ind <:',,00,'1 m/s 
t-...J 1--' '-' '-' '-"-,.i.!. " 

li \T~ng room Le} house l 1, S ':10 flll.e . -J 

Tlle li \T2.ng rOO2~ i21 1'::.ous8 ~") s a ~-l.ea t e ,::1 fl 1).e . .J.J 

The living ro om ln house 10 has a heat ed flue 

duct ed 'LLYlderfloor air supply. 

TABL3 3.3 The relationshiu between observed rates of 

alr change and external 'Hind sDeed for ":;hole 
,- - - .-,-.~. 

G....L u 'CJ.. 

- i 03 
~ 

nouse ..Lj .L · + V · L:DLt \, 

nouse jj 1. ~I · 29 + 0 · i '~; () V"I 

uouse ::La , c · GO 
~i .--I + G · c:: I " 

..L lS the infiltration rate, air cbanf!es/nour. 

rates and ~ind sTIeed at t~o different 

after Dick (Dick, 1951). 

Design conditions 

Av. infiltration rate, all 
,";indov/S closed 

Increase in infiltration 
rate/open top ~indows 

Increase in infiltration 
rate/open casement ~indow 

3.8 m/s. 
~ 8°c d" ~ ~ (. lII. 

1. 51 

C.46 

0.65 

2.0 m/s. 

8.9 0 e Ciiff. 

0.28 

0.56 



~re~ter rate slng~y. 

'::ind -;:;akes control may be :;:ou.nd by equating tl-:e estimates 

of the a~r flo~ rate produced separate 

temnerature difference. The results of series of full 

scal e EleasureDent s on an experimental house are gi yen. 

_ sss s~o~ ~~at a~ ~i~d speeds telo~ t~e cri-;:;ica~ speed, 

yen~l a~lon ra~es are general proportional to the 

+Vio '.,.1_1,-, ventilation rate lS 

approxiEately proportional to the ~ind sneed. The 

results of U'..e stud~r :212;/ be seen in FigJTe 3.2. 

co -y-• ...., QC n -F' -T1" 1 1 
,-----'- ~- -----

r'l -: 

the se exneri:-:lent s "'c-1.sed the rat e of decav of a l-:eli ll.TD. 

relationshin of the forD given in equation (3.1). T~e 

of 

ou~lding infil~ra~ion rate ~i~h external condl~ions, o~ 

t~o domestic buildings. The results were corrected 

ass·JJnin.g a relatio21ship betv:een infiltration ra~e, '::ind 

s}J2ed and temperature difference of the form: 

I = a + bW + c(dT) 

'i:l1ere I represents infiltration rate, alr changes/hr. 

a,o,c are constants 

':/ represent s the external ':Iind speed, m/s. 

dT represents the internal/external temperatuTe 

di±'ference, °C. 
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Jordan showed that measurs~ alr 

change rates, corrected to 4.5 m/so 

- - ".,oC 
s~eeCi ar:c. c:~ 

an e~pirically derived rslationship of the form of 

equati on (3.4) could be expect ed to be in the rEL'l£:e of 

c.~ 2clT 

A calculated rate, using estimated window le2ckage 

S"2.d _t_ac::.e:cJJach compared several differe21t t'-u.::=-dings; a=-l 

s:call docnestic buildings, of different age an::l 

construction. They found that higher infiltration raL;es 

tended to occur in two-storey buildings and also in old 

frame-built houses. Vihether thi s \"1as due to the frene 

construcTion or to deterioration of the building racrlC 

,','as not det ermined. Values, corrected to 4.5 m/so -sind 

speed an.d 22
0

C temperature difference varied between 

0.3~ and 1.0 air changes/hr. Approximate eSL;lQates ~ere 

loosefitting at the other. 

A study was also carried out G. :::'amura and 

11.. ',':ilson (Tamura, 1963). This again gave results for 

t\'IO small domestic buildings in suburbEL'l areas. Tests 

',iere carried out under swnmer conditions ':.'i t~l little or 

no temperature difference between the building interior 

and the outside air. The results showed t~2ct t~e 

infiltration rate was proportional to the ~ind speed. 



~':?sts ':ver::: also carr2.e:l out "lmder cO!lditions '::~::.ere -n~ere 

~ere small ~ind speeds and large temperature differences 

aC"Glng. 

~as proportional to t~e square root of the differe~ce 

i:::l temperature. They also showed, from a series of tests 

acting together, that the infiltration rate is less t~an 

in:iltratio~ rates G~ the t~o sets of forces co~~d be 

Slr:Tuiled directl:l ~ 

infiltration rate due to vyind alone \';o-tJ,ld be sie;::.ificantly 

greater than that due to stack effect, the co~~i~ed 

infiltration rate ~as observed to approach that ch 

~ould be expect~d fro~ ~ind alone. 

3.3 Discussion of the results of the full scale studies 

,;- ....:.::::-.j \..,..-'".L 

'"""' - - - -- -.: ..., ..,' 
'-,v~--'-'-'-~-""b':'" <&> ---'-' .... ) ' ........ ..:.. C \i'--""'~ ......... '--' ,~(:..v0-.v"~"-'~ '-'---':;0 

establish e~pirical re~ationships bet~een the vario~s 

factors affecting infiltration and ventilation, a~i give 

- - - .. 
'/ . ..LUC i"8.11ge vI. i.illl...LGI"e:.."ClOll :CE:.,\.:,-2S _J.."·~e...Ly 

condi tions. 

::: . 3.2 terms of establishin~ 

predictive rules for natural ventilation and 

infiltration is limited t'::o Sie:;l1i fi cant f2ct ors. 



-, the range of ldings studied 1S entirel~T 

liDited to one or two storey buildings. In these 

sit~ations forces generated by stack effect are 

relatively small, and cases villere stack effect is of 

greater importaIlce, as in tall buildings, l"mve onl:'1 been 

TLe i~pcrtance of ,:ur 

ciistri-ou:tion internally is also relatively sm211 i21 

docestic buildings 2nd is not studied in the papers. 

'Il-~i s f2ct or is of much great er inmortanc e in larger 

buildings. Secondly, there is a lack of correlatable 

data from each study. The empirical equations derived 

in eac~ paper are only applic2ble to the particular 

building studied. The techl1iques are not sufficiently 

refined to show accurately the importance of factors 

sucn as ~ype of cons~ruc~ion, building shape, degree of 

shelter of the building, the influence of other near-by 

GU1~Q~ngs or ~ne lnIii~ra~ion characteris~ics of the 

~ne s~ud1es 00 emphasise the wide range of 

lnfil~r2tion rates likely to be met in practice. 

Ventilation rates in some buildings are greater thEn 

other nominally similar buildings by factors of 5 or 10. 

';,'hile all the studi es conclude that the measured 

infiltration rates are approximately proportional to the 

external '/;ind speed, the studies differ in their 

treatDent of stack effect. Dick and Tanmra carried out 

stucii es \'ihere t attempted to isolate the effects of 

- ':7 -
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=To si21i::ficcmt quantitative results '"re de!~onstrst!?(L 

t t}~e 
-I- . 
u l:TIe c 0:::1 

eauslizstion due to changes in ~ind sDeed was very short, 

ofte~ less than one second. Ra:agopalan and Rao used a 

-i;;Le '.','ater flo'N patterns through models and -the flo':: r2.te 

02.S established from the pro1Jorti on2.1 er 01"' 

'Ihe 12.rge open areas reql).ired, 2. :::linimum of 2 

"NaIl area, suggests that the teclL.'lique lS only reall=r 

applicable to work In troDical climates. 

lV~OSl:; of the ana.L0€sue studies Villlcn Eave oeen 

,~ ,,-,r,.......-.":: ~...::) r"'"\ 1 .,..L .,., C'.-, ,-.,"""r: r)....L .,..-,":: ,..., <:: -, -~ ~..L _ •• ,-, _,..-,1 - r- -c'"" ,_ ..., __ .~.::.-, ,,.,,.~.~ -L""l _____ -: ~. 
'-''-'''' _____ '-'~ ~'""~v " .. ......, ....... '-'_'-"'-'v,.J...._'-'~ __ ............ ~"v ____ '-"'_ ...... '-""....LJ'--'-"--' ~~ ... '-'v<>.-_'-' ....... '--'II/I 

All ~he digital analo~~e tec~~iques use similar 

"I I"'"' -:: I:; \ 
--'- J L· "--' ;' , 

1967), 

( 1. 

(Svetlov, 

• -...-"'- ,j ---0 

, ~ 
\. 'uaGl-°.i2..l.._S0il, 

~ r ) 
-'JI , 

~ ,.-... -.--.. \ 

--L J " \J) , 

1966), (Bcgoslovskii, 

describe the analogue tec~YliQl).es in general forT or for 

one specific case. Harrison (Harrison, 1961) assessed 

·:;l".at the likely infiltration rates '!ihicb v!ould occur 

over a range of typical building types would be. Jackman 

(Jackman, 1968), (Jackman, 1969), studied infiltration 

rates in office buildings under varying co!}ditio!}s a:::1d 

O!} the basis of his work, the infiltration section 

the 19("0 I .H. V .E. Guide has been '/,-ri tten. This has 

- ~~O -



::;se21 based largel~T on nomograr::ls from ',','hich estir:1::itions 

of L1filtration rate can be Elade in desig:n sitv,gtions. 

=;elson, in the A.S.E.R.A.E. Putlication on "Snerg;yr 

Requirements for ~eating and Cooling in Buildi21gs 

(~elson, 1971) TIresented a me~~od Rujtqhle for 

~ompletely compu~erised calcula~ion of infll~ra~ion 

rates in buildings. 

The earliest cOr::lTIutational st' 

5arrison (~arrison, 1961). A simple, l~~iformly glazed 

slab block of ei tl:cer 50 ft. or 100 ft. in !'_eig~1t, ','fi th 

solid end walls was taken to be 

'~-

-r-; • 
. -,-- ..:::.-.-.-~ :::
--.!~ .... '" ',-,_ -..1..,-,,--'-

n -F' -:-...., ... ,..:, I ri-; -.h.""'" C"",-.,,-,.....:.......: '"""V'< 
- -~-- ------0 --.... -' - - - ~--

... ~~.:. r.l-
·, __ ....... v __ 

as Dul tiples of t~-:.e extern2,1 ',':2.1:'_ resistances, tl-Je 

~ressure drops across the external wall were calculated. 

_~1 average and tv:o extreme design pressure droTIs ':;ere 

extracted from all the cases studied. Typical average 

and extreme crack widths, crack infiltratio21 

characteristics and crack lengths per cubic foot of 

building v;ere assumed. From these figures average and 

extreme infiltration rates Rere calculated (Table 3.5). 

1 
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rates ~ay be inferred. Tl:.e does not se 

e alr movement patterns inside t~e building ana 

provides only a slmple esti~ate of t~e orders of 

ventilat i on rat e s 'nhi ch may be ex-c ect ed. T~;.e 

calculation is valid for a slab buildin~ only. under 

internal resistances to air flo·.':, ·:.~:.ich 'sere defined 2.S 

(j ~ ~, , 1 ,. 0 or 1 05 t ~=~e s 

resista~ces, are at varia~ce ~l 

I 0;:::.'9) -- ---' "-' , 
(cTack:r:lan, 1969) which suggest values n .1..-

Ol l>rle order of 0.5 

ti~es the outside wall resistance as being normal. 

These assUlnptions would lead to a ~:.eavier \'1eighting for 

the buildings with lo~ infiltration rates 

to occur in practice. The paper is most useful for its 

collection of data on typical crc.ck ·'ridtl:.s in ':lindo',','-

~all co~struction. Earrison reco!:"";.r::.ends :-:1e2,n clearances 

of He suggested that t. 

cracka~e length in modern construc~ion vary bet~een 

Having studied typical '.':all/floor re.tios he recommended 

typical figures for minimum and maxi!:1um crackage of 

0.03 and 0.04 ft. of crack/cubic foot of building 

(0.3 - 0.4 m/m3 ) respectively. 

Several papers l:ave been noted ';;hich describe 
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so::ill not be discussed. 

for S200th terrain and values of pressure coeffi0:o~+ 

of +C.2 for the windward face and -0.6 for all ot~sr 

faces. These values diffp~ fr~~ +~e .- ,... ......... - -. -
'-...-.... ,,~ "'-' ~"-~_~ '-' '-"'- ,-1._, 

vtl,-er ,,'or~,zers, (coefficients of drag of 0.95, :.0 and 

1 .1 are ass1Lc:.sd by the :Suilding Researc~ Statio:::! (:::.2. S., 

Values for typical componsn~ infiltration 

coefficients ~ere taken from surveys of buildings, the 

values being for external ~alls, inter:::!al barriers and 

bet'.','een floors. Tamura SYld VVilson sho\"ied t;~at the flow 

of air directly betvieen floors \';as insig:Lificant in 

also, 

be expected, that the characteristics of the extern~l 

ogue method again based on 2"e::-:eral 

t e c t_c"li cru, e s • The governing eo_uati ons for fle": t 

lcli~lg C onents were described and ~he ventilation 

rate calculated from the pressures outside the building. 

The assQ~ptions are generally similar to ot 

n:ethods. Infiltration through walls and floors was 

en to be insignificant and therefore disre ed. 

-:::100-,' thr ':,'indO'.'is and doors was descri bei} an 

equation o:;:~ tl~e form of equation (3.5), '::here the value 



0= n for a~l openings was taken to oe 

lein (Rogelein, 196~) demonstrated a 

.--:; YY1 0,,...:J ~ I 1--,- -...: -, -1"': .... --. ~ 
___ '- _0- ~ _ "-- "" __ ~ "-"--~-6 10 

~arr1son, and is used on a simple slab building with 

~ell se~arated floors, so that vertical natterns of flo~ 

Rogelein argued 

from \'vini tll.1LYlel model studies, the infil tr8.tlon rate 

~ay be calculated from an equation of the forG: 

'/ 
( -;:::'/.-1)3/;:; .~2/' -J( ...:."-1. '- J 

, ( -p' / AI \ 3 / ') 
- \~/-~j i-I 

( 3 • 6 ) 

;mer2 A repre sent s the t ol:;al leakage co effi ci ent 

of the windward face, 

-, 
~ represen~s ~£e ~o~a~ ~eaKage coeJ:Iiclen~ 

of t~e lee~ard lace. 

,~ 

'.On 1S pressure co e:;:- cient &Ctil1~ across 

the ol).ildin2'. 

1 S t 11 e dynarni c roof 

___ c of the expression estimates ~ne 

~Jroport i on of the total pre SS"LIT'e drop acro s s t!"".;e ',vind-

simple :')'~liforT!ly glazed building -;;here B' = "L{ the 

infiltration is worked out from a pressure '.'!hich 1S 

~alf the cean coefficient between the two faces or 

zones of t~e faces of the building. A further 

si~nlification 18 e by substituting t equation: 

- 66 -
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(n~ n,-
, -- - -- , 

''';r:-;). 
~ ~ ) .. 

I ~ ::; \ 

'* "" .. "'.. \ ~ • ,--,' / 

'::l1ere 'v 1 s t ne vol Ulne fl OVv rat e 

dP 1S the nressure difference 

e Dare norosl exuonentisl ~or~. 

sl=ul~=~ed exaDples are given In order to demonstra~e 

tl-::.e tec~-.2:.ique, but no detailed Quantitative results are 

1969) . 

n~ 0.......,6l "'''''''''''''C2 C....l-...,..,ri-l00 1--''-;'''''''0 hQ8""V"1 --'s"V">""""'; .~---l - - -,---:.....~- -' D~'~'-' '- - -'~~-- - '- - '- '-' ~-- ~~--- - - ---"-

in:eQ\ 
...:......~'-'-j, 

Den Ouden develoued an electrical analo,gu.e for 

8.SSl)'""l"tions "'n ri -i :".:\C,+ 
- -

data are renorted to give a very good correlation of 

The s~udies ~ere based on two slmple mul~i-

storey building shapes; a simple slab block lJ.niform12." 

glazed on tl'lO sides and a square to'.':er, lUl.iformly gl'azed 

on all four sides. In the studies a velocity gradient of 

a form tJTpical of suburban flov\T, 'iv'as assumed: 

( 3.9) 

'/;~lere 18 the alr velocity at height h, m 

v is the velocity at a reference heig!lt m 

0,8 



- ". ~ _v' .. 

correction factor for c 

site froD knowledge of a resote meteorolo£ic~~ ~lno 

'""'. ,- -.-)..,.-, r ,,~- ,"",--
'--'v..1..~::..''-"''-'_v~...J... "c:......::; 

~avenport (Davenport, 1 0 6'" b) who has sho':m th~t over J j , ~ 

typical onen country the veloci gl~adi ent is of L:'l e 

\11 )lh 

is the gaostrolJhic speed 

hg lS ~he geostrophic WlnQ height, typical 

the for::n: 

.oh 

,) 

g 

"--'--- '-' -~6 

l. 
/ h \ .j 

1-. I 
\ll f;J 

(:~.lO) 

(3.11) 

'!:'hus for open country at a height of 6 m. (slJC'sti tuti~'lg 

W6m = O.58.w g 

'I'hen at any height in a suburban area: 

- c. o -

(3.13) 



re BDeed measlJred 

at a ~eight of 6m, the define~ 

meteoro~ogical ~ind speed 

model measurements. Values for the 'Nind'\",'ard face of the 

slab block varied bet~een 

the ~ee~ard face ~ere constant at -0.4. ues fo!.~ tl-:e 

lee~ard faces and values of -C.55 were taken for the 

sides of the building. These values are in reasonable 

3·4.12 Den Ouden and Jackman used an air flow 

eq~ation of the sace f2r~ as t~at used Gs. t·ri e 1:;:; 0::(1 

and Porra (equation 3.5) but allowed each ouening to 

infiltration rates var: ~ith ~indow leakage Iac~cr, 

9QC'''-;'''''''''';''Ic:r' 'n";...,~ 
"-- "- - "----~ ---0 

Q Q , , 
_.0 .'lY''''-''""' :-::'-'--'r-: -- ~-,...--.-:::. 

u '-'~--l--' ......- - -,. '-' ~'-- "---

-ns..,.-.+-i ,.-.,' .-:;-v> ---..,.....,.., n..--, 
, - , -!;../ .:....--

air changes/hr for a la',,,, building and u,nder 1.3 air 

r-- ~ , 
_ ... _03::=: 

values for the same conditions from the I.B.V.E. 09Sign 

Guide which are 1.5 to 1.75 air changes/hr respective 

It \'JP,S shown that 1 'LL'lder cendi ti ens v/here Qat}:. ,,":ind and 

stack effect are acting together, the net infiltration 

rate for the wh , 'l e ou::!._ ,,',2S approxi el,:," equi v2,1 snt 

to that of the 12rger force acting alone (Figure 3.5). 

'-r'" 
IU 



e Dsttern of the intern~l flo':/ rates '!las sno\yn to be 

altered considerably by variation in the relative values 

of stack effect and wind sDeed acting. 

~ec!llllaue usea 1n ~ne l.h.V.E. GU1de, 1970 for 

infiltration rates in buildi~gs has been devised 

that tLe 

infiltr~tion rate may be calculated from the ~ind sDeed 

alone, as the stack -C',-' , 

e.L:J:8C"U, in maximwn infiltration ::::oate 

situations, will be of secondary importance to the effect 

caused by large wind speeds. r'or a buildin2: of k:::-lo':.':"l 

hei ght 5 

aSSUlIled to be acting across the buildin2' . 

...I:' ,_ '"""I..L... '"' _,...... ...: -, -, .-, _ .,...: ~ _,_ _ _ ~ __ ...L_ 
_,~._' ...... "" ___ _ 0 C:V..:...V __ IIV __ C,,;,J..v U''-"' '~ __ \-r .... _-.........~-'-

.-, ,., . -, 

,~~ ~~.,:llS CC)2J:::~ 

multip~ied by the dynamic head of the wind at buildin2: 

roof level. 'The ',vind s:Jeed is th e11 c 

assD-,~e':5_ 'Tleteorolo2'ical desizn::ind speed, 2::ld corrected 

~o sneLuereo, uro~n or eXDosed si~es. 

does ~l:.is calcul~tion is S110'.,,'11 1n gure 3.6. I],he basic 

velltil~tion rate is then fotmd by reading fro;Tl t11e 

nomogram, against an asslJ,Jned windovl wall leakage 

coefficient; the ventilation rate being given per metre 

of -::inr::l eY;: crack. Corrections can be made for the 

internal resistance to air flow of the building; the 

correct i on fact or being 1.0 ,,':here there is little or no 

internal resistance and ciropp1ng as the internal 

airtightness increases. 



3.4.14 r!le algorithm :for infiltr2Ti021 r3tl? c 

uublished A.S.H.R.A.E., ( 8021, 1 0 

reco111mended procedure for computing i~1filtration rate 

digital computer. 

greater cO;~lplexi ty. Allo~ances are Dade for infiltration 

t~1rough ':lind (J'{,' cracks, ';"all s"Llrfac e s ::end mechani cal 

ventilation syste8s. The eo~::etions relating air fl(J~ ~o 

pressure difference ::ere of the form used In eauation 

(3.5), t~1e -r::ellle of expo21e~1t, _", being 1.66 for all 

The method is o:f particular interest for 

its method of computing the pressures due to v:ind acting 

on the building, the results of v'.'hich ::ere sUITEl1arised in 

Table 3.6. 

and the pressure at any point on the buildin,g: found bCT 

Ylei ght ~ 

Dressure coef:ficient v~lue over the tllilding face, 

though this approach may well give eqllally realistic 

--_ v _'- -" :.....: '"-' ...l._ ',-, U 

correspond to the real . ..L ,. SlGua""C1on. It is surprising 

although the corrections :for surrounding buildings, In 

the A.S.H.R.A.E. work, are quite complex, no correctio~s 

for the sh::epe of the subject building ::ere made. A 

comparison of pressure coefficients found this and 

other methods for a building may be seen 1n Figure ., ~ 

, I. 



TABLE ~.6 Values of ~ressure correction factor for 

Space/ 
~Jt.li....:... uli16 

""T, ,;:;j ..L 1" 
., _....A.- '-' __ 

O. s 
> 

1 .C I 

2 .0 
~ Cl 
J' 

c:; . 0 / 

C>(j 

uJ:~~c/ 

builciing 
,.....L ~ v":.:.. 

O. 5 

1 .0 

2.0 

-:J. • 0 

5.0 
0<5 

Space/ 
1:, LT 2. l ding 

',\iidt11 

!' ~ 

~ . / 
1 .0 

2.0 

3·0 

5.0 
c":::) 

various building confizurations after 1:elson 

in ~he A.S.E.R.A.E. Infiltration Algorit~~ 

Smaller buildings upstream of subject building 

iVindv/ard face Sicie face Leeward face 
~ ~ '" n - '+]~ <,; <Lt]" ,+5 0 <'e'<,:;:,0" 90'::; ~ ;; ~2 i0 v 

O. 10 cos c. -0.<'30 cos 9 _n ~(\ . ~"~ 
-0. 10 cos Q -0.50 cos G -0.25 

C. 10 cos G -0.40 cos G C ',::: - )" ~/ 

I~" "iO cos -0.40 cos G -0&25 \j <t '=" 

0.25 cos G -0.60 cos G -0 . 35 

0.60 cos G -0.70 cos G -0. l h, 
J/ 

Equal height or taller buildings upstream of 
subjec-c building 

~.-~ . ~ - C' ~. ~ ---, 

~2 8 '/.,:8.1-'0. II :"l~Cl. ,,'er' (l -l..~122 0lCL2 .idee :Lace 
- 4 hO < G < 11:::

0 450 < G < 90
0 

90 0 <, Id < 270° 'J -.J 

-0. 50 cos Id -0.45 cos Id -0.25 

-0.50 cos G -0. 30 cos Id -0.20 

0.00 -0. 30 cos G -0.20 

O. 10 Cns C. -0. ")h ~0S Cl -" ')" 
~ 

~ " 

0.25 cos r~, -0.Ll5 C S Id -0.2:::, '=" 

(\ ;:0 C (:::: c. _n C-:(\ 
~os G -0. ' ~ , ~ . v ~ I '-" J/ 

r;-Js:l"l s-,.., 1-'ili ~ ~i2'"2: '\~ le?'~Ts"Y'~ 

subject building 

c..; ~;~ r-,~ 
"---.- ~-- - ~ -

ViinQviard face Side face Lee ';,'ard face 
,~ ::: 0 / f' <-=-:::;0 45° < G < 90

0 ge o ( G /~~Oo - '-..'e: ~L/ '-";" ./ , / 

" :,f' ~ ," . - -, .-..,-, ~ 

"-' <ilI./ .... '-''-'~ "'" v"'i/ \....<1,..,.10 'C' 'v? '"1.../ 

0.45 cos G 0.30 cos G 0.30 

0.45 cos Id 0.10 cos G 0.10 

0.45 cos n 0.00 0.00 "=1 

0.50 cos G -0.10 cos G -0. :0 

0.60 cos G -0.70 cos G -0·35 

G is the ~ngle bet~ee~ ~ plane normal to the building 
wall being c onsi dered and the direct i on of the vvind. 

r-' ., 

- i) -



~To Quantitative results of cO~TIuted venti13tion retes 

OTC [iven with the er. 

~ . 5 Di scus si on of the sigr:.i fi C2.~'2.C e of the 2.naloC!ue s",::l).di e s 

of the problems of natural venti12tion when compared -::0 

full sC21e studies. The interrelation of the facters 

be studied individually. 

~hich h2ve been studied, hydr2ulic and digit21 electronic, 

the digital electronic analogD.es 2re of mucll great er 

nrecticel imDort2.11ce. - -

ventilation rate In new buildings. Several digital 

.- -." .~ -, ~ -.- ~ .-, 

~."~- . ./_- "-' C ... /k-=: 
~...l..._~ _:....:: .-, ,_, 

.-:..- v '-''..'-'-_ C.::: 
. ,--, . .., ...L _,_._ .. .L ...: 

carrled Oelt, In :2urolJean coun-tries and the U~lited St2c;es. 

s~udies make similar basic assumntio::-ls 2.-tJOUt 

l.tr2.tion mec~l2.nisms. =ro~ c;hese studies t~o t e s (::f 

prealc~lve ~ecrmlque nave ceen evo~veQ. 

in tIle l.B.V.E. Guide, 1910, 1.:.ses simplified nomograrr:s 

~ith cerrections for different ty~es of building and 

climatlc condition. The second, as in ~he A.S.H.R.A.3. 

Infiltration AlgoritD..m, requlres a complete computer 

study for e2ch building 1..mder ~=no';:,---: climatic cor:.ditic~J.s. 

Hone the digital 2nalogLle stUdies quote:S. 

have been c2rried out on a comnarative b2sis. In all the 

studies '.'.'here Quantitative results l:ave been presented 



~~e results are from calculations on real or othetic 

cuildin2's ::C2:1 -"ihich no fv"ll sc<=:.le or model sC<=:.le es 

l·~ave been atter:1pted ln order to verify the analog'Lle 

r2sul t s. 

~aQe ~o es~aD~lsn el~ner ~he relevance of many of the 

factors aff2cting ventilation rate, or the accuracy of 

1-~:2 data assumed i2:1 different theoretical 

studies differs considerably bet~een the studies. 

\ ..... _..L..Lci.c __ u 

,~ -' pressure ac~ing on ~ne V.l. 

n."",;~~",;y;""C" C'-t--~ .. ~...:;c.,...:J 
. . -'- -' .. - - -'- (; 

'ere ssure c oeiilci ent increasing with height, while 

.. ..::....: ..,,,... -~ 
' _ _ .~_ - _, ____ .:._, '11 

'='~1e values of tr~eassllmed coefficients of 

pr2ssure acting across each wall of the building vary 

The lowest value of (Cuw CuI) for an 

v.21shielded building lS given by Nelson as 0.95, '.vhile 

the highest assul'TIption value lS given by Tamura and 

:iilson as 1.4. Nelson also includes terms to allow for 

the shi eldi2:12' of the building \vhi ch reduc e st i 11 further 

the values of (Cpw - Cpl) under normal urban conditions. 

-er:
:) 



Sig:rlificant diff'erences are also seen 1::1 the 

ass"Luued infiltration characteristics of t}':e ezter:'Ja~ 

envelope of the building. st studies assu~e a 

relationship between pressure difference and volt:,:Le _0." 

rate ','[hich is exponential; as in eouation (::-.l;). 

nal~rlson, Svet:Lov anCi Dogoslovskil assu~me a rela'Glonslllp 

of the form given by Dick and Thomas, lD 

The values 

varies bet~een 1.5 and 2.0. This could lead to 

differences of order of or more 

estimated ventilation rates for otherwise similar 

. d 1_' . (7:1' , 0) Wln 0'.'1S over vvor.Y~lng pressure ranges, l'lgure ,).,) . 

The r2...Ylge of infiltration coefficients for t~{]Jical 

considerable range; Harrison showing the highest values 

and the T.H.V.E. Guide the lowest. This divergence may 

be accOi,mted for by variation i:r} tl'"ie Quali t=T of t~-::e 

\'vina 0':: 1).l1i t S • 

authors su~~ests that the estimations given for ~cnc~ic 

~inao~ types are nr sub~ect to Quite ~ 

El speclfic case. 

3.5.5 The re suIt s given ln the papers by J ackmcm cmd 

den Ouden show general agreement with the experimental 

resL],lts given by Dick and Tamura and \Vilson. 'They show 

(Figure 3.5) that the total building ventilation rate 

may be approximated to the rate caused by stack effect 

or ~ind effect acting alone, ~lichever being larger. 



They e~TI~asise however that the bala~ce of t~e i ernal 

flo~ TI2tterns can be altered ver~ si£nific?~tl~ 

relative iGportance of the two effects. 

_~_J..J.. the Ciigital a::1alogue ventila-clon s-cudies 

consider the effects of infiltration on the buildin~ 

~ave tee~ attempted. The choice of suitable 

c2.1 d92ig:l a ~2 not discussed 

papers -;,'i-ch the exception of the I.S.V.E. Guide. Here 

a meteorological wind speed of 9 m/s is assumed to act 

"'.....-..,~ ~.-.,"""! ~..-, r-..,....,. .. . ""-/">'-1,,,",, -l - """-.'-. _...!..-,,-,'-''-A... _"-' ,-", __ ~C __ .....<...V\.,A. 

urcan or s'u,m.xrban situa-cions. The effect of temperatlITe 

C' 0 to (1)'1 rJ r: .-"'),.,... -; VV1""Y" /"". .... .-.+ "'-;"'V"I n ~ " Y"'\ ,.::j 
v' -~~-l~~- ~~------

The general conclusions on the studies of 

natl;,ral ventilation are sUJflInarised belovi: 

1. Full scale studies, although useful in establishing 

the '9Tinciples of natural ve~:.tilation, ha-ve !Jot 

been of sufficient accuracy to establish general 

'9redi ct i ve t ecD.ni es, 

/ l 



Simule ~o~o£r~ms have been uroduced from ~i£it 

es which are useful ~n estimatinp the 

gross in='il tration rates for simple buil forms 

LmdeT extrer:e meteorological conditions. 

CalYlo-c;ce easily deduced from this technique. 

1 .,. . ':,l'lolly COTrlputerised analogu.e studies can be l).sed to 

conditions ~ith greater detail. 

5. ~i ttle go.idance is given on the c~loice of' Sl).i table 

:neteorological design data for s·oecific sites. 

6. There is considerable variance between different 

authors over the values of external pressure 

value s. 

'7 

C.' rH:; l Cl - -- ,~'"- ~ 

TIle main sources of inaccuracy in the 8l'lalo 

tecr~::i:l.ues are probably in the estimation of design 

speeds and estimation of the infiltration coefficients 

of the external wall. Extreme wind speeds for 

structural loading calculations for a particular site 

ca.'} be estimated fro:n remote data with an accuracy of 

+·C-: d" t'" 11 t _ ) ~!O accor lng 0 I.:a er e 

accuracy of estimating less extreme data should be higher 



+ Scf!. but may sti:l be - 2 ~. The estimation of infiltration 

coefficients for external walls from generalised data 

for "vindo',7 -;:ypes may be possible to an accuracy of 

+ 2Sd. l _ 10 or _esse This could be improved by s~ecific 

information from manufacturers. The effect of t~ese 

inacc~ac~cs on calcula-;:ed ventilation rates lS more 

significant in the case of vvind data. A 1% error i::1 

wind s~eed ~ay give, typically, a 1.2% error in co=nuted 

ventilation rate, vvhereas a 1% error in infiltration 

coefficie:'1t ':.'ill produce an error of less tllan 1% (see 

equs.tion 3.5), because of the presence of internal parti:icns. 

standards for infiltration or controlled ventilati~~. 

_~ c~~c~ :: ~c a~:a to assess t~is type of effec~ a more 

sophistics.~ed treatment of the climatolo~ical inuut is 

of "·.·ind s-ceed s.nd temnerature would be needed. to asssss 

~~e con-r;rol and degree of variation of performance of 

infil trati on and ventilation under normal r;orking 

conditions. This type of procedure would require s. 

computerised teclli~ique rather than simple nomograms, 

but v/ould give much more useful informati on about the 

predicted performance st~~dards of new buildings. 

- 79 -



Venti!atlon rate, 3 

air changes / hr, 
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for house 3 
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Ventilation rate, 3.0 
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1.57m/s. IS t~e wind speed at which the ventilation rete due to the 

\vind IS theoretiCal equcl to that due to stack effect alone" 



Figure 3.3. Re1ationshJp betvveen c:bserved ventJlotion. rotes 

\vind speeds and temperature differences for 

tV\lO houses, after Bahnfleth Et. a~ 
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Figure 3.5. 
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Fiqure 3.7. 

,

! ,,{ 
" I 

,'-,. I . \ 
:' I 

I 
1 
I 
I , 
I 

\.j \ 
1 \ 

1 

1\, \ 
I 
I 
I 

: I 
" I 
" I 
" I 

; I 
, \ 

\ 
I 
I 

\ 
\ 

\ 
\ 

+ G8 0.6 0.4 0.2 

Windward face 

GO 

Jackman a:ld den Ouden mcdel 
B R 5 119 
ASH RA E Infiltration Algonthm 

• I', 
I'" I ': 
I : 
I \ 

• f 

I ; 
I I 

P I: 
~ 
4 i 
J ! 

11 ! 
I, : 

'I; I : 

1 I: 
I : n 'I 

I I I 

0.0 0.2 

Leeward 

-0.8 



Harnson Gobriellson TOnlura and J(]ckman GndlRogele1n IHVE Guide, ASHRAE 
and F-orro Wil'.on G'n Ouden 1970 I orithm 

~------~~~~~--f 

Building form 5lab, unrform Rectangular Square, ,Slab.umfor m -- Square, slab Variable, 

applicable glaZing unrforTTI cJlcvg glaZing ~ rectangular, unspecified 

wind prC':Eul'el cpw + 0.5 
Input dato cpl - 0.5 

cpW + 1.0 t cpw t 0.8 
cpl -0.3 cpl -0.6 
cps -0.3 cps -0.6 

cpvv +0.7 
cpl -04 

\vlnd directJonsl90° to rroin 1450 or g:]' to 1900 to malfl 19)0 to main 
studied facades malrl facade:::. facacJes facade 

type of flowl p= av + bv 2 
equation used 

value of 
exponent, n 

rarlge of Window\ 5.0 - 11.0 
infiltration cmh/m/mm"·' 

coefficients used 

v = k(p) l/n 

1.5 

v =krp v= k(1))l!n 

2.0 1.6 

3./+ - 5.4 Cl.l- 5.0 
cmll/m~rnm05 (tYPically 3 4) 

-Q- cmh/m/mnt' 

no values 
!9lvcn, model 
studies done 

v = k(p) l/n 

1. ~) 

unrfam glazg 

cpvV .. 0.55 
cpl - 0.55 

!dependent on 
surrDlndings 
(table 6) et 

ITDX. infiltmtior as required 
situation (table 6) 

v=k(p)l/ll v=l«p)l/n 

1.6 U16 

0.75-3.8 I 0.8-Lf.3 
crnh/m/rnmOG cmh/m/mrno< 

range of internal 0 - 4 x 
flow resistance window wall 

coefticents used co eft. 

o 0.5xwindow I CJ.2XWlrldow 10.1-0.3x 0 -5x lunspeclfied 
wall coeff. wall coeft. Window wall window wall 

notes: 

coE'ff. coeff. 

cpw: mean pressurecoeff wHldword face 
cpl : mean pressure eaeff leeworcJ fuce 
cps : meon pres~;ure coeff sic le walls 

"* pressure c:oeff at height h expressed I relative to Wind speed at that ht. 
t-.... -e- expressed per unit area E>;><t. wall. 
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AIR FLOW CHARACTERISTICS 

Introduction 

~~il~~ra~loD ra~es III OU1~Q1ngs ~he assessmen~ OJ: ~ne 

a~r flow characteristics of the openings is one of the 

=:st important problems. The range o~ ~low rates 

: C ':;-).rring through 

s=all constructional defects, 1S very large, and flows 

t~rough any of these types of opening may be of 

s::"S:-'1ificance 1n different buildings 1.mder different 

O~ leakage characteristics is not of similar accuracy. 

~=:ce:5.ic~i ve tecD....J."liques both cietailed air flo\',' 

c~aracteristics and the aDDroDriate accuracv li~its of 

~~ese characteristlcs must be determined. 

gaps between doors ana windows and t~eir frames. 

,~'" air-tightness of these cOJ11nonents is c1iff:icl)Jt to 

-ere diet ~ Air leakage 1S dependent on both t~e width of 

~~~e gaps through ',vhich the all~ flo '1,'s and their geometrical 

cO~lfiguration, 'Nhich is normally of a cQmplex Iorm. 

Itration may also occur through constructional 

defects in other building elements and, although this 

~s ofte::l of secondary importance, it can be significant. 



~OT~ these sources of ~~~~Jtr~+~~~ qrp den 

of t~le materials of '.'i[lich these c 

co~:structed and the care ','.'i tL ',',l-=,=--c11 they :~re erected. 

factors the theoretical nrediction of leakage 

Dost air flo~ charactEr~stics have been 

determined by experimental s~ud~es, and many of these 

ha~e been carried 0 ,,-7-
vc v • 

sugges~ed emplrlcal expresslons ~o aescrloe ~fle 

p be~ween ~ne alr I~C~S throug~ ~~ese openlngs 

..... - _--, ~ c-., -.,- ---, -
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first section of the chanter several types of rela~ion-

-.. '_':' -.- ;:J ,-, ........ ,....., -,,''', ~ :~ ,-. --:J ... -y"'" ,.:J 
-"-';' ~ '-'- - "-' . ...::; '-'-

~l~~~e information is available on the vari ili t~! of 

co~struction or design, the eIIeC~S of maintenance or 

long-term deterioration. In the second part of the 

char:ter the available information is reviewed and the 

tec~'liques used in current practice critically assessed. 
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1 ., 
J 9 '::::::' 

thr 

CO=TIarative analyses of exuressions describing the 

infiltration characteristics of oDeni~7~. 

~ . ,--, --. . ~, 

li.01·~i.lC::.....L...L.J'- ':'(;(;'lAJ:';,=:) c;.J:c (l..i..~~..L(;-lA....L-U -cu Qf=:l'l-v-t2 vJ.·~8v:.c·c-Gl\~Ci...Li...~i ~ 

Flow through large openings, such as that throu~h SODe 

en ,,-,'i2do'::s, lS relatively simple to descri:::;e 

t!leor ically, belng similar to orifice ~lo~. 

coefficient of discharge of approxi~ately e.EC lS 

nor:-nall./ assumed, from -;!llicI'2. can be obtained a flo",\' 

equation of the form: 

v SofiO. A.J dP 

A is the open area of window, 

dP lS tl~e preSSll.re difference, ~_=. 

flo\i in long thi::1 tubes, -".'Here -::;~-_e £10'// lS 

:J..ndersi:;ood. tile case of ope:;--lil:cgs in 

C~l_~l~~S, through which infiltration typically occurs, 

u __ ~ __ ~, 'ca011 lS '000 .long Ior flow -co De moue.LJ..ea 

1 nar flo~ conditions. Because of these co~plications 

ex~ressi:ns ~ormally used have been , -, -Q-c:ve.l.0pea 

en:niri c 

'2}"::.ree i'orms of exnression::hich attempt to 

_ ell 



s~e~ing ~ave been noted. ~, '" ~-.'. YY'" r- -.'"'J l - - - ~ ~ ~ -.. 
\~ ,~---.~ ~~--'--.' '- ,- ,- -'-

expression, which has been used in oost of ~~2 

s~udies reviewed previously, (Gabriellson, 19~3) 

( fTl c:: 11"") .,. ..... C) lo::nl 
'. - ----- ,--- j - -- ~ -"' ) , 

of the for:rn.: 

C • L. ( dP) 1 / n 

e fIo'.-! ra~e lS aSSllE1ed to vary exponenti I -;-

~.j 

~ressure difference acting across the opening. ~~o 

value of the exponent used is between 0.5 and 1.0. T~e 

:9art icular advantage of thi s type of expre ssi on, ':,'t.i ch 

probably accounts for its IJOpularity, is the ease c;/ 

'::~iich it can be manipulated mathematically'. ICl 

comparison, Dick and Thomas (~ick, 1953), after a 

carefully planned series of experiments, suggested a 

re~a~lonsnlD or the form: 

.~ 

dP (V + 0.22V~) 
c:. y 

'fihere dP lS the pressure differenc e, mm. ';;g. 

V lS the volumetric flo\"/ rate, -:"/ ,-, ,-'-y-> ITl __ -,-, 

Y lS the opening gap width, nw. 

!n this expression, as flow rates increase, tte t e of 

flo\r,r changes from one in vvhicl1 the preSSllre difference 

and flow rate are related almost linearly to one in 

~~ich the pressure difference is more close related 

to the square of the flow rate. A third me~hod of 



exp:.--essing this relationship, (Lenkei, 1965), is to 

aSS')..:::e a relationship of the t;:rpe: 

! 
v L.y,CZ'J p 

where L lS the length of gap open to flow, rrlil> 

H is the opening g&.}J -;ii d t11, ;riln. J 

CZ lS a discharge coefficient. 

S ::..s the g-.cavi tEtionEl constant, m/s~ 

/J is the density of alr, kg 3 /m . 

This is an equation typical of orifice flow, but uses 

eO~Jiri cally deri ve-d di scharge c oeffici ent s which vary 

'Vii tll orifice geometry and Reynolds number. This 

tec~~.!'.'lioue has been used in a sllggested design method 

(I.~eckler, 1967). 

4.2.3 The most widely used eXDression for determining 

eXDo~ential foro. Many measureoents of air leakage rate 

have ~een made over small ranges of pressure difference, 

&.nd :-:cave been used to obtain design values of the leakage 

coefficient, C, (equ&.tion 3.5). The relationship between 

the leakage coefficient and the crack dimensions does not 

seem to have been investigated fully. Simi lar ly th e 

accuracy of the expression does not seem to have been 

studied over larger ranges of pressure difference. Values 

of the reciprocal of the flow exponent, n, are normally 

taken to be between 1.5 and 1.66. The variation of this 
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e th op ge ry again does not seem to have 

been inve i this value can be 

ance det leakage es om 

es reference pressure fferences ( 3.9). 

e1,'/ of some a8 surned eSt? 

er8 is given in gure 3.8. 

4.2.4 the exp s ed out ck 

s a nUEber of short s of se ion 

mber ow Vlere tested se v.'ere 

d so that e vli , y, c d be ac e 

c rolled. ~b,. s b ~{;re e~1 
("'. 12 !:=~ ~ \.,.i ... 

-V;/eerl . :.; 
Di 01nas 

f the 

~he seetlon of the r path VVhl Vias narro'Nest, 

t the 1 of 8 :::: ctiO:>1. +,., 

c e::C 

tions. OV~I rat e '.J.es to 

mean ue8 compl e 0\"18 

found re 8 showed a..D average error less 

t c ed e results found for e 8h 

1 8 of windovv. s was explained the effect of 

ation of t gap width around the window. Furthermore 

ey suggested an expres on to desc be e relationship 

t form in on 4.2 8 gave an average 

error + - 12% when compared to the obs re 8 



the complete windows. A representative section of their 

test resu~ts are glven in Fi~~re 4.1 . 

.in the t eClmique sugge st ed by Lenke1, an 

2quation, representative of orifice flow, 1S used ~o 

calculate the air leakage rate: 

v L' r,Z j'2 g .dY .y.J. ,P 

),_ large number of experimental value s of the di scharge 

coefficient, CZ, have been determined for the range of 

types of opening given in the paper, and these values 

are us'ed in determining the flow rate. 'The discharge 

coefficients, vvhich vary with Reynolds number, are shovi1l 

in ~'igure 4 . .3. In cases of infil trati on through cracks 

01 u.lliform wid~h, ~he Reynolds number based on a 

hydraulic diameter of 2y, was taken to be: 

Re = 
2 . \'1' . y • /J . 10- j 

18 I.lOW velocl~y, 
; 

m/ s. 
? 

~ 1S dynamic viscosity, N.s./m~. 

Flow rates are found using an iterative technique: 

initially a discharge coefficient value is assuJTIed and 

then an approximate flow rate found using equation 4.3. 

Using this flow rate value a Reynolds number can be 

calculated and a more accurate discharge coefficient 

found. By means of successive approximations an 

accurate value of leakage rate may be found. The method 
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has the advantage of giving acceptably accurate results 

over a large range of flow conditions, although it is 

tedious to use for many repeated calculations. 

~~either Lenkei Vs nor lJicy;: l s expressions for 

determining air flow rates have a constant exponential 

relationship between volume flow rate and press1)xe 

difference as the pressure difference varies. Thi s can 

be seen in Figure 4.3, where curves h8,ve been d::.~a'::n, for 

a simple window crackage section, using both expressions. 

T::~e two curves show good agreement; the air flm\' rate 

as shown by Dick's curve being approxir.r3,tely 10% higher 

~~is agreeGent lS 

"~ C::.Hll G[~e order of accuracy given oy :0i ck for :ni s vwrk, 

of 

Cen De seen from t:ne curves that they may be reasonably 

closely auuroximated by a si~ule 

--, ..: ~.,_':' ..L ~ ___ ~ 
_...:....~ ...... ....I- v e u. 

~a~ge of u~essure differe~ces. I~ ;ar~icular ei~her 

curve may be represented by an exponential expression 

over a range of pressure differences of 50:1 with an error 

of less than 10%. Furthermore if the curve is carefully 

fitted at a maximum design pressure difference, the 

absolute error values, even when relative errors become 

large, do not cause large inaccuracies when compared 

to the maximum flow rates. This effect is demonstrated 

1n Table 4.1. It may be C onclu'ded from these c ompari sons 

that the three types of expression are all similar, and 
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acceptably accurate in comparison to the accuracy of the 

available data on window crackage. Consequently the 

exponential form, being simplest to use in practice, can 

reasonably be used. 

7A3LE 4.1 Com~arison between air leakage rates af~er 

Lenkei and an exponential relationshi~, 

eouated at a design nressure difference of 

Pr'8ssure 
difference, 

~ 

./ . V 

r; 0 ./ 

C. 
-_. 
J 

O. 2 

(' ('h - . -./ 

Leakage rate, m3/hr., 

after 
Len.1-cei 

Q -; 
0'4 .) 

6 · 2 

3· 9 

2 · 0 

(' Ch 
~ · -~ ./ 

exponel1tial 
form, n = 1.6 

Q ~ 

' ..... ) ~ .5 

h . n 

3· 9 

2 ? 

(' n(' 
~ . -'~ 

Error Error relative 

% to max. leakage 

% 
/ 

(' C v 

-"2 -') c::; 
/ 

0 0 

+10 -L..? " 
_;- )0 "' (' 

...J-' -. 
~ 
. ~ 

The exponent value appr'opriate il1 this type of 

expression is dependent on the geometrical characteristics 

,,-...,.1:' ....!.-~>_"-:::: (i"Y"--:J /".1.-.-:: ~~.-::: 
'-'- "--'-' ...... ..l... '-"-'-'--'-"-D-' 

dimensi ons are not accurat ely known, a.1'J.d most workers 

make no allowance for variation due to this factor. The 

expressions developed by Dick and Thomas, and Leriliei 

imply that as the ratio of crackage width to flow length, 

y/l, decreases, and as the Reynolds number decreases, the 
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appropriate exponent value approaches unity. This 

phenomenon has been investigated further by Kreith and 

Eisenstadt (Kreith, 1957), in short capillary tubes. 

They show curves relating the y/l ratio to Reynolds number 

and exponent values for these openings, which are in 

reasona~le agreement with the previously discussed work. 

To suw~ar1se this information for all types of opening 

1S difficult because of the many factors involved. The 

problem may be simplified however, as in most window 

types the flow length, 1, will be relatively constant ln 

comparison with the other parameters involved. Air 

leakage curves were drawn for several different crack 

dimensions, (Figure 4.4), using Lenkei's method and 

ass1)Jning a flow length value of 5 :mm., Y..'hic~ is similar 

to the values fOQDd by Dick and Thomas in standard 

window types. The values of the exponent which best fits 

each curve for the pressure difference range 0.1 TIun. '.':g. 

10.0 )TLlTI., • were found, and the reSlllts \Vere co"!'pared 

with values obtained by analysis of Dick and Thomas' 

otJservations. 'l'he results, which shmv a distinct 

relationship between exponent value and leakage 

4.2.8 The flow expoDsnt values have been related in 

Figure 4.5 to crackage infiltration coefficient rather 

than to the crack width, y, as this is a more commonly 

quot ed figLlre. It may be seen that these re suI t s ShOVl 

reasonably consistent agreement. The results also agree 
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qui t e vvell vvi th the figures given by Krei th and Ei senstadt. 

Other results may be expected to be sub,ject to somewhat 

greater variability due to the range of possible flow 

lengths, and also changes in the detailing of other parts 

of the window crackage. Although these results caY1~Ylot be 

said to be accurately representative of all types of 

crackage it is likely that they give an approximate guide 

to the characteristics of many types of 'Nindovv l..mder 

normal conditions. The results suggest that significantly 

higher exponent values are appropriate at infiltration 

coefficients in the range 0.1 - 3.0 m3/hr/m, measured at 

1 IDIn.wg, than those normally assumed. This may be 

caused either by the continued assumption of exponent 

'Iahws appropriate to tb.e less airtight types of wi:>:1do1,'I t 

or testing at relatively high pressure differences, 

typically 5 - 50 m.rn.wg., w'hich is well outside the normal 

working range. In either case the use of exponent values 

:yf' ?pproxi"lately 0.6 - 0.66 for high perforEl82lCi? windo;'is 

':,'Ol).ld lead to sifT"J1ificClnt differences in nerlormance 

when compared to values calculated from the eXDonent 

values indicated above. As an example the calculated 

rate of 12m3/hr/m. at 20 mm.wg. pressure difference 

vlould be 0.16 - 0.58 m3/hr. over a range of pressure 

differenc~s of 0.1 - 0.5 mm.wg., if an exponent value of 

0.82 were assumed. Using a typical exponent value of 

0.63, the leakage rates uJlder the same conditions would 
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e c ed as 0.44 - 1.20 m3/hr. Although '3 re ts 

e 4.5 are om a t set 

t ive relationship between exponent 

ion coeffici is sugge ed ( e 4.2) whi 

may ease the accuracy of air leaka C c' 9+:i OYlS , 

Suggested exnonent values to be used \'lhen 

sted ed 
c ent Exnonent at 

1 mID. wg. , values reciprocal, n 

m-' /hr/m. 

~15 >- 72 0.5 2.0 

0:; 1 I::; :>6 
~ 

r;''') C.6 ~ .66 

, ~ 

I .. J - 5 16 O. 7 1.4 

o ~ 5, 1.5 8 -16 0.85 1 .2 

~ U.J ~ 1.0 1.0 

I]. 3 

4·3·1 e ion of 1 es 

ffer types of windows is complex. P ormance es 

with e de of the windovv, mat of which 

is e, care whi it is fabri ed. 

ormation on which ion cUlations be 

s can be ained ei er from general guides or 

speci c The sentation de si es 
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lS ven s er s by 

reI ene es, ough all references present gures 

c ow types. I.H.V.E. Guide es s 

ion co ei s a rel1e press'vTe 

e of 1N/rn2 (0.10 mm. ) , _A~rn eri can 

0 ··• 'h s give Il es, same ern, 

0.3 In.wg. or 1.2 s-wg. (7.6 or 30.5 mm.wg. ) 

s.s t erence pre sure enee ( I ) , 
1st B refere:2c 

10 rnrn.wg. is used (Van ere, 19(0) . 011, 

as an orrent ion p, an orrent 

0.67 or 0.63, order to e e 1 

rates pressure di erenees is ree ed by 

Se sources. The A.S.H.R.A.E Guid es s 

estlmates at ssure di 2.5, 5.1, .6, 10.2, 

12.7 ITilll. There is no de I s.ti on of 

s lino 

il: __ Itration coe c 1 es 

esenteci for fie essure erenc s v:O'. S 

e a moy's use sy ern, on 

-t 0 Cl e ion eS ot pressUTe 

erenees c r:;ore e"'.siJ 

of a at ent ence ssures then eCOmes a 

less pr ern, th id one 

be used. 

4.3 2 de 1 rates these sources 

ShO'ill reas close ernent, as be seen 



:2ig-c!.re 4.6. However the range of leakage rates found ln 

~i~60~ types in anyone of these categories has been 

f'OU~ld, in various studies (Sasaki, 1965), (Van Ackere, 

(Jackman, 1971), to be very much larger. In each 

Of the studi e s 2 number of st8noaro w:in(l0'.'! 1.)Jlj t 2 nf 

var,J'lng standards of design and construction were tested 

at ,i~:::ferent pressures. The results caY'...J.'1ot be 

acc~rately compared as the variation Wl Ciepend u_,Jon 

the size of sample studied and the classificatioT:. of 

"'ri~J.elc:; types. Jackman's figures hovlever suggest -'::;hat, 

gS~lerally, in anyone of the standard classes of ,,-;indo'll 

UDlt snecified in Figure 4.6, 33% might be expected to 

have coefficients either greater than double the design 

~al~e er less than one half of -'::;~is val~e. 

of t~:.ese stUdies are summarised briefly ln Table .1.3. 

The range of leakage rates in this type of classi:::ication 

is ~~early too large for the accuracies or the coe:::ficient 

n 0 l ("lo l l! S ...;......:; ,--. ",-- C' 
,-,~.--',-, ~'--:'-~ ~ - '---"-''' 

Many manufacturers provide leakage rates for 

window types, measured under test conditio:::1s. 

Results taken from these sources should be of considerably 

greater accuracy as the variability due to differences 

in design and material is removed. Information on the 

accuracy of characteristics described vvi th regard to 

specific window type is not generally available. 
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TABLE 4.3 Variation in leakage rates in general window 

classifications due to changes in design and 

standard of construction, 8 3/hr/m., for a 

\'Iindo'!\' Type 

pivoted, 
weather
stripped 

sliding, 
·,~:e2 __ tl1er-
stripped 

pivoted,not 

Van Ackere and Jackman. 

I 
I 
I 
i 
I 

i 
! 
i 
I 

Sasaki 

mlnlm"Lnn maxlmum 
meastITed measured 
leakage leakage 

O. 14 1 .0 

C,LO 2.3 

Van Ackere 

minimum maximQ~ 
measured measured 
leakage leakage 

0.0 3.8 

C.6C 3.2 

~I--~~-~ 

0.25 8.0 
I 
I 

I 
I 

I 

I 

I 

I 

Jackman 

16 84 
%ile %ile 

0.18 1 .2 

0.64* 

1.6 6.0 

I sliding,not 
1. 40 5.4 2.4*1 

I 

* \TSJ-I"'l~C' 
.~~~-~.-

oJ l 1 -+- ..-. .-.....L ~ _""! 
v;::::..::) v t:.:: '-'--

the British Standards Institute has proposed minimum 

. - --CL1-Ottgli 

v.'indows, (B.S.I., 1971). For three grades of exposure 

(sheltered, moderate and severe), the draft suggest s that 

maximuE air infiltration rates should not exceed 

12 m3/hr/m. at test pressures of 10, 15 or 20 mm.wg. 

pressure difference respectively. These performance 

values are roughly equivalent to 2.4, 1.8 and 1.5 m3/hr/m. 
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2t a pressure difference of 1 mm.wg. The present 

recoR~endations are of limited use to the designer. 

~:equire!:lents for air-tightness of individual l,'iindows 

v2.ry vvi t11 the type of building, the 2mount of glazing 

used aDd also with the type of venti12tion used. In a 

112turally ventilated building a minimum background rate 

of venti12tion, to control occupation products, is 

2l·:i2.Ys required 2.nd conseql1ently the reqnire:i st2.nd&.rds 

of air-tightness of windows may be limited to :7loderate 

values, and this ventilation provided by infiltration. 

~n an air conditioned building this ventilation is 

supplied ~echanically and any infiltration serves only 

to disturb the designated flow rates. The use of a 

st2ndard f!1ethod of testing \'.Ti th ::1n extended r2::1ge of 

standard performance grades, on which design criteria 

could be based wOD.ld be of considerably greater 

?ssist2l1ce to the designer. 

The fill2l factor which affects t~e ?ccur2.cy of 

data concerning infiltration in windo',"; units is the 

effect of long term deterioration. Deterior2.tion may be 

caused by mechanical damage or through normal maintenance. 

The problem of deterioration through mainten2.TIce lS 

likely to be of greater significance with materials which 

are not self-finished. Repainting high performance 

'V'lindow lmi ts, for example, is likely to cause change in 

the crackage dimensions and deterioration of performance 

because of the less even paint surface. No information 
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is available concerning the effect of factors of this 

type on uerfOrm2TICe. 

4.4 Conclusions 

71-18 conclusions cvncerning the tecrmiques 

aV2ilable for predicting the air flow characteristics of 

crenti12tion openings are slJlIl1Ilarised below: 

1. The infiltr2tion ch2r2cteristics of openings of 

type found in normal 1Nindow crackage can be 

adequately described by an exponential relationship 

cet':.'een 2ir :10':1 rate and pressure d=-f:erence. 

=-,::;"er tl:an t~-:'e present studies indicate as appropriate. 

re=-a~ed to lniiltration coefficient values, becoming 

c2sed on c12ssi:ic2tian by general ~i~~c~ type, and 

v,t'.ich are presented in this form in design 6L-lides lS 

very lovv. This is because of the wide variety in 

st2-Yldards of design and construction 'Ni thin eac:l 

general window classification. 

5. Test results or a grading system based on test results 

for specific window models are likely to be 

considerably more accurate, although no information 

is available on the likely levels of accuracy. 
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Figure 4.1. Infiltration through window gaps, after Dick and Thomas. 
metal wooden 
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Figure 4.2. Orifice discharge coefficients for nor ravv slit openings at 

drfterent Reynolds numbers, after Lenkei. 

GaD width 
flaN ~ngth, Vt 

for norrON slit apertures: 

V= L.y.CZJ2;ocR. ________ .... (4.3) 

Re= 2.y.W':Oxl0-: _________ .
H

_ (4 .. 4) 
)J.. 

? 
- I 



Var iation of air flow rate with pressure difference for a 
simple opening, after Dick and Thomas" and Lenkeiw 
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Figure 4.4. Infiltration through v.llndOlJ gaps, after Lenkei. 

\0ume fbN rate, m
3
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Figure 4.5. 
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5. DESCRIPTION OF THE DIGITAL ANALOGUE DEVELOPED TO 

PREDICT BUILDING VENTIJ-1ATION RATES 

5.1 Introduction 

J~~0i Digital arlalogu~e tecrmiques are -being used to 

Droduce design information on infiltration and natural 

ve~tilation 1n buildings. This is being done despite 

tr-_2 lack of any comparative studies to establish the 

acc"'J.racy of the ass"l1l11ptions and data used in the analogue 

t e c:r-,-,'1i que s. _A_ maj or part of the work in the the si s was 

concerned \vith comparative studies between a digital 

tl-:.e inherent accuracy of t.he digital analogue method and 

Consequently a prograJIl..l'Ile was written which calculates 

nat~ral ventilation or infiltration rates ln a simDJe 

bU::i..lding. 

~ .1.2 'I'::~e progr2cTll.,,'!le used the same basic assumptions 

as 'v.sed by ot~:.er natural ventilation preriic-cion programwes. 

ese are: 

1. that the building is considered as a series of 

compartments, each of which has a limited number of 

air flow paths into and out of it through which 

natural ventilation or infiltration may occur. 

2. that each flow path has a characteristic flow 

resistance, representing a doorway, window, air duct 
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or open area, which ~2y be expressed ty an equation 

relating air flo~ thro~gh it to pressure difference 

acting across it. 

3. that there is no resistance to alr flo~ inside each 

4. that wind forces and stack effect produce external 

pressures outside each external opening in the 

-building 'I/nich are time-invariant over -'c;~,-e peri od 

of time considered in the calcul&tion. 

5. that the internal air temperature in the building 

is LLYliform throughout the building. 

5.2 Programme Snecification 

'5.2.1 In the nr02"ramme the maximum !llLrYlO"'r of 

v~ents ~filcn may oe ana~yseQ was 21~. -Lnese 

consisted of a maX1TIlLUYl of 200 sin2:1e rooms~ ')n to 10 

on~ 

distributed as a maXlETUEl of 20 on each of 'xc to 10 floors, 

each floor being able to have a unique number of rooms. 

1- e rooms could be of any required size as veTltilation 

rates were expressed directly in m3/hr froEl a knowledge 

of the room opening characteristics. Each single room 

vvas assuJlled to have two ventilation openings, one 

connecting it vvi th the exterior of the building and one 

connecting it with the corridor on that floor. The 

stairwell compartment was assumed to be linked to each 

corridor and to have no other ventilation openings. The 
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stair~ell compartment could be used to represent either 

one or several stairwells all opening onto the central 

corridor. Some representative building plans suitable 

for analysis by this type of programme are shoV'm in 

5.2.2 Each room in the building, and the openings 

in and out of that room, were identified by a floor 

nUTlber and room lllxrnber. The lov.'est floor is tal-:::e~1 to be 

floor 1. The rooms could be numbered in any order, thus 

allo'::ing the user to choose a nu..rnbering system suited to 

the building plan. 3ach opening in the building ~as 

CllaTCict erl st l C 

1 , 

v C.L.(dP)'/n (5.1) 

~ ¥alues of the total leakage coefficient, C x L, and 

flo:; exponent, n, could be unique for each openin,g In 

--
v 

iT~put infor=ation required the 

cons~sted of the foll00ing values: 

2. floor to floor height, m., 

3. nwuber of rooms on each floor (even number), 

4. values of total leakage coefficient for exterior/ 

room opening and room/corridor opening for each room, 

m3 /hr /rr.2Yl. VJg. 0.6 
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r:; v2-~lJes of flow exponent for ext':?rior/roo::J openine; 

for each room, 

6. values of total leaka~e coefficient and flow 

exponent for each corridor/stairwell opening, 

pressure coefficient with respect to free stream 

wind speBd at building roof height, 

O. 2-SsT:led meteorological wind speed, m/s, 

9. 2-ss'L"'J.ed meal1 intern2-1/external ternperat-in'e 

di=ference, °c. 

C~'1e sig.~~ficant limitation of tl1e progr2"El.!!le lS tllat 

!:lodelled. In these situations a renresent3tive externa! 

ctor lS llxely GO 

-oe im}Jorta:.1t the flow from one window to the other conl·~. 

C' -<.-- -.'"",
...... _- --- ~ 

~he prograrrune v'as designed to compute 

ventila-cion rate either for O:.1e specified set of design 

meteorological conditions covering the combinations of 

~ind speed and temperature difference normally 

encountered. The array of meteorological values used 

consisted of wind speeds of 0.001, 1.0, 2.0, 4.0, 6.0 and 

8.0 m/s and temperature differences of 0.0, 8.0, 16.0 
·0 

and 24. ° c. The design meteorological values may be 
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ea or ..:.. fference ch 

was 8..."'1 asslJJ1led nd speed fro~ 2 ~ e s:te 1'V1 

open count a height of 10 m., ch was tten 

as the slte 'to oe 

an urban area. This form of input may easily be 

altered as was done in the comparative tests, to use the 

site ~ind speed as a direct input, or to produce site 

spee cl:araot ic or open sites. 

The output ion ven the pro 

cc::: s~ed o'Ning va:J..ues: 

1. evi' of input information used the 

2. meteorological wind speed, ro/s, 

interior/ext or t diffe~ence, 

total '"'j..L. .J-' J..l>rai.:lOn e for t 

( . , ., 
tOTa..L of r ow r:?tes 

./ . room ventilation "' e, !!l ....... . , 
o andard deviation of roo~ venti 

'7 

pressure differences acting across the ext 

and internal venti on openings, expressed in 

mIn. wg, and as pressure coefficient values, 

ow e and direction of ow, m3/hr., 

8. ow rate and direction of flow from the stairwell 

to the corridor at each floor level, m3/hr" 
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each 

r ovv rates pressure 

gramme was: 

All flows towards the central c dor on that floor 

level, from any other part of the floor, are e~ 

to be po t All pressure ere!lces 

~ould act to cause po tive ow rates are ~ake!l 

to be positive. 

5.3 P:ro£;rarrL~e De scri uti on 

5.3.1 The programme was written in Fortran 1900 

for use on the Sheffield sity I.C.I.:. -'S07 

ccmpu-c er. ine programme vvorKS on -ehe basi s of 

successive approximations of e ventilation rates 

lJ.n-cll -::;he eSi:; .ed 

rai:;es are red accura 1 e 

::latlon te ques 'J.sed e are 

illustrated by the s ese 

are ::'::"scussed mOre det secti O~: 

and r ed to the appropriate steDs e 1 

prograTwe. A print-out of the full progra~~e is 

Appendix Al. the owi paragraphs fi s in 

entheses refer to line numbers of the programme s}:ov'm 

in .!I.ppendix 

The analy s is carried out ee main 

consecutive steps the prograw~e. These are in 
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Figure5.1. Initiall~ the external Dressures outside each 

8~e, 

are fOli:l:l. Each floor is analysed separately, considering 

~t to be isolated from the rest of the building. The 

+1"0 ~l (\,("\"'Y> ~ Q -f'n1;"V"',;:] ---- -~~~~ -~ -----~, 

t~e absolute pressure on the corridor of each floor. A 

:;:'18"",' diasram of thi s secti on may be seen in Figu.re 5.1 (s.) • 

~c deta~led operations are noted below: 

1. Ea.c~-=- floor is considered in turn, (74, 152). 

'l'~-.:.e convergency rate figure is set to 

Initial internal pressures are set UD 

one, 

( ~r (0 -

(75) • 

85 ) : 

t~e external Dressures acting outside that floor, 

reDD pressures are set to ~alf the difference 

be-c,,';een the corridor pressure and the appropriate 

exc:ernal pressure. 

Q~\. 
'- , I" 

sc+ to LI~1, lI~2; at the end of the cycle the 
T T-:"rf., :- T",,} 
~ ~-- " ~ -' -- . 

t~e pressure di~~erence values have cha.~~ed by core 

than 1/1000 of tl-.:.eir value durine the cycle LITvT1 

and :s II.22 are set to the new current value sand t::-.:.e 

5. Tl-:.e ventilation rates are calculated thl~oug~1 all 

openings on the floor and are balanced, (88 - 104): 

for each room in turn the flow rates in and out are 

equated, each being set at the average of the two 

flow rates, 

for the corri dor, the net flo\-\' is found and the 

room/corridor flo'."1 rates altered proportionally so 
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t }~~ e n""7 ~ '\ is zero, 

e cf ,~ 

" -'-

che ed and i ju ed, 

e e air c lS 

eeked and If neees adjusted. 

The pressure ences are re-c2~c1 

ed, ) : 

are correlated e 

-oressures and erect so t th ar e 

tl':e se ues. 

er eye es Cll e eel. 

s is over 50 s is 

eye sand curr values be 

(1 ) . 
relevant pressure fferences a2:'e 

T. 

e ~ci 0::' cycle is r 

e e -;le s used to cal te 

es a:ce set 

sec secti the 

ed, number 

tten o'Jt, 

c 

r-'''-. -, .... ..,."'l"... J- _, 
~~ ' ....... ""' • ...:...,~ "'C 

l 0) & 

d 

t, assu=e to be act cn ,i CC2S dered. 

zone }-) is fou.nd net OV! 

is zero. e corri s 

are ssmned to at era ive to each ot 

forces ct. essures 

Ol)J1d t s are to elevant 

i ed ssures in ti analy s ep. 

Pi e 1(b) O'NS a fl di s sect on 

e detailed eps are noted belO\';: 
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1 . /'.~ S S -ljIil e all initial neutral zone hei half of 

t~(le 1 hei and e t\Ap 
"~~ SS11res 

- -~ 
-~ 

( I ("\ 1 v , \ - ./ 1 \J j . 
~ r: 1 :::, ... ~-:e ~" -'- C OI'l""i :10:C / v '-' -

s~alrwell (lbl-5). 

f t net ow o the 

reI level 

curr 

zone (166, 129 5) . 

/1 ...,. . I the net _OIV o e st is 

decrease t neutral zone hei :pro ss 

"'1 /r;:.. rl(\, l-""l .:; ., ,::;..: "''"' 1""": -~1-. .!... 
'/ -" - '-"-~~-Q 6..1-.,,- v , 

z 

if e net ovv beco:n.es zero e~ SSUrne 

n zone hei ".r9~ J 1) e , 

OYl becG:::es ne vl'/e assv .. 1:1e 

C"1J.rrent 

p:c le, 

~evant stac~ pr ssures ~o ea eve~ 

t e 

f ovv o e is ne i "le 

rease e zone hei es 

st ps 1 00 buil hei i net ow 

becomes zero or sitive, (166, 8 :::; ) . 
J • 

t ow becomes zero assume the current 

if COnies po t asstune a 

f ween the and value 

used le, 

ssures to each level 
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-; 1 
.... ' ,. -,,,! c d l ion rates, as both 

to ane are 

secti 

001'"4 SSllC of 

Gn8 appropriate pressure, taken into 

account. ow rates are balanced until net OIN 

to centTal corri rooms on oor 

e s is zero. These re s are 

eSent e imated ilation 

ern for e is 

C 

gvre 5.1(c) and the d led st s 

or is c02"lsi ed in turn (200, 2 \ 
) . 

~ ..::'..t::'~-v>c;;"V"> n:.::- 1~ 

lr>" ...... _ ~,~ ....!-.:., L -: '"' ~.""' 
~'-' __ ,,_ >.; ..... v_~ 

Q> 
'- , 

ons, 

...... .L '-" ............... "-' "-' 

e 

er 

sS"luned to be !net vvhen The 

to eset limit 

is culated (201, 202). 

(?",\. 
\--<..J-..JI <11 

a S es of 

e 

accuracy 1 ts are 

tal S becor;;e 

s. 

S'tELl to c dor pressure erence is 

creased a or of one (204-5) : 

as tern fer floor was pr ously 

balanced, the intro tion of t 

ssure \'Vi cause 

to be tered, e corridor 

st at a 

corridor pressure 

ssure becoming 

nearer In to st rwell pressure. 
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All pressure differences on the floor are re-

calc-u.lated, (206 - 219): 

approximations; the pressures ca11.J.'1ot be simply 

altered in proportion due to the different 

possible flow exponent values of the openings. 

0. The flow ~ates a~e calculated for t~ese new 

pressure differences, the flow for each room 

bala~ced, and the pressure differe~ces re-calculated 

from the balanced flows (220 - 239). 

7. The net flow into the central corridor is calculated, 

(240 - 250): 

if ~~e ne~ flow is positive and the stairwell to 

net flow is negative and the stairwell to corridor 

pressure o_ifference is negative then the corridor 

pressure has not been altered sufficiently to 

balance the total flow on the floor: the stairwell 

to corridor press~re difference is reduced further, 

if these conditions are not met then the corridor 

press-:).re l~as been co:;;-oensated least enough and 

~~e accuracy check is made. 

o. rrhe value of the increment lS checked, (251 - 254): 

5.3.5 

if this is larger than the preset limiting value 

factor of ten, the corridor pressure reset to its 

previous value and the calculation repeated from 

step 4, 

if the incremental value is sufficiently small the 

analysis is stopped. 

Swmnary ventilation rate values are calculated 

from the final calculated detailed ventilation rates 
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Figure 5 .1(a). Calculation of ventilation rotes due to wind alone, 
floors considered In isolation. 

Set floor n~~ber to 1. 

r-------~Set convergency test, CYCLE to O. 

Set up initial asslL'::ed internal room 
pressures. 

1---1 Set accuracy Ji:rli ts, LT::1, LI::2. 

Increase floor 
n~l.r:lber ':)y 1. 

Calculate flo":1 rates tl:ro'c1r:h a] 1 
openings fro!'] the initial pressure 
~iffercnc8 valups. 

::alar-.. ce all fl')~-Js so ~~:a~ ... ;~~et flo ... ·~~ 
tate into e2c~ roo~ i3 Z0r0, a~d net 
flov.T rate intn ,·,1--01'-' n -:''''.~ j S :C"';:'''). 

t 
~ecalculate the prcss)'re diffe:cences 
fro!'] the balanced flr;~'1 rates. 

~alance all :)ress~lre ::::i:Cfercmces so 
tnat i:,ney are consiS"CC1:\" in.~n. 'l.!1e 

0;(t~r!:al pr8::E::'!.~'8:~ .. 

. :'dd 1 to CYCLE. 

No. 

Calculate corrirlJl' prCfSl1r0 and set 
up variable values' to 1:,8 used to 
calculate the cO~l:-,incd ventilation. 

-,iri te CyeLS. 



l 

5.1(b). Cale ulation ot neutral zone heiqht. 

---------- ------- -------

Asslli~e initial neutral zone height 
~~d calculate relative corridor/ 
ste..ir~·~ell pr8SS~GS dl.:e to st2~ci~ 

effcct. 

Calculate floH ratcs into and out of 
stai!'1'!ell fro:n each corridor. 

Increase neutral ~0ne 
lJy one increment, and 
recalculate corridor/ 

l-,..L __ L 

o. 

by one incre-,1ent, and 
recalculate corridor/ 

s~ci~~·7ell pre s sure s. 

Recalculate flow rates 
fro~ eacj corridor to 

the :otair1:el1. 

:tccalct'latc flo~'J rctte s 
fro:: e8.c:"1- corrieor to trie 

o. o. 
-rl ve. 

Decrease the neutral 
zone hds:lt -1 increl:lent 

IncrcD.se the neutral z,one 
heicht ,;:,y + incrs:-r:ent. 

Calculate t;le stac;, pressures at each 
floor, fro:: neutral zone l:.t., .1~:.d aod 
to corridor and exterior pr'c::;suJ:es on 

t.J.J.t floor. 



Ficure 5.1(c), Cale ulotion of combined ventilation rotes. 

-------_._-----

Set floor nQ~ber to 1 • 

...................... _-1 Calculate corridor I 
pressure differences. 

--"'" 

I 
I 

i 
I 

Increase floor 
nU"1b€r b~r 1. 

Set increment value. 

Redlj.ce corridoj'.'/ stair~ ..... ell pressure 
difference by one increment .. 

Rebalance all pressures after the 
change in corridor pressuJ:'e. 

Recalculate all fIo"T rates fro:r1 
pressuJ:'e difference values. 

3alance flovl rates so net flmi into 
each roan is zero. 

from all r,oo:)]s and the stairi'iell. 

Reduce ir.crement 
dze by a: factor 
of ten. 

Return corridbr 
pressure to its 
nre'irious value. 
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-, -, - v-. ~ "' ~ 

-i.-":'::<"J.J.;'V-..L. c.:v s 

o he 1 .1. It lS a e 

~''''''''''C,''':'''' 
- - --'tJ , 

,-,_~ _: c 
-·---~---b' 

__ .~.l...-;_ l,~r- ::::"""0.--;;--7 
>-....1-....... v.o,,,...l.v,;,J. v f'> 

~::CQ,., J..118 8.11 area lS 77. 

seme::1t, 

Pi s 

to t of 

sh, st ed 

ndovvs, the fi sed on data from the 

Data ok. se fi s are 

e 6.1 . 

. 2.2 l ion es '.vere 

mea sur er rate of 

of cone ion gas d the house 



All internal doors were open during the periods of 

measurement. A circulating blower was also onerated 

c0litinuously during e~c~ test. It was asswned that a 

:Cairly tt:niform cone ent:cat ion of :neli wn '::as aCIH eveo. under 

test conditions. Wind speeds were recorded by a cup 

anemometer mounted next to the house and at a of 

7.6 m. T:!:le house was situated on the edge of a housing 

are2~, vvi th its south wall facing a wooded region. 

6.2.3 The results of the full scale leakage tests 

are glven in Table 6.2 and are also sho':,,"'1 in Figure 6.2. 

'rhe air change rates given are net rates including the 

basement area. The line of best fit, computed assuming 

a linear relationship bet~ee~ ~i~d speed and air change 

rate, is drawn. The increase in air cha::1ge rate for 

eac}:} metre per sec and increase i~ rrLnd s:;e ed =- sO. 037. 

~~o si&'lificant effect of \'"ind airection can ce ~'1oted 

fro~ the records. 

onl~ small te~perature aifferences. 

6.3·1 In order to carry out the comparative 

calculations it was necessary to make a furtjer set of 

assumptions. The height of the building ':;as taken to 

be 4 m. This allowed sufficient height for one storey 

and sufficient basement above ground level to let in 

windows. The recorded average wind speed ~as corrected 
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C 1. ( 
1/ ~ 

) Lb 
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~,~~ as the pressure differences prod~ced across the 

:~ ').=-1 are proportional to the square of the ~ind 

S~'C: ed_, \iV 

then dP 0< (w)2 

CJI' V t'''\ 1 ?h. <><. , \1) • - ) (b.b) 

Initially the results from the computer study were 

analysed in the same way as the full scale results, in 

order to form a valid comparison. T~e l=-ne of best fit 

':.'as computed assuming a linear re12vtionship betvveen vvind 

sLeed 2-'1d volUJne flovY rate, As this is not the actual 

"'-CO ('Pql!)0t-iOYl 6 6) +'ho l-i~Q 0.0 bec.l.. -"'"-"- '''-ill dopo"'ld 0"" ,-,,-::~--.:,--, \-LJ ~I..-ov"":'" ..!.. .... J '" LJ~.l.,-" _.l..l.\....- '..1- 0lJ ~_ U "_ _ '-' '-'_..... ' ..... ~ 

u __ V -:v-a1 t:_ C: S 0 f ;,Lld speed. e:llGSen for ana:J..ysis. 'lne line 

"'C::-,J a.--LSO i-ia ~\l e sorne apparent ventilation rate at zero '{rina 

8;;,9 90 ~ 

6.,1.3 In order to illustrate this effect both sets of 

r9s'c).1 ts '.'.'ere analysed assllni:c.g tl-:.at t~-~e relationsl'~ip 

0L?~'::ee2"l l,~!i!lc,- spe:?d S-~d -\"'o~'~~V:s =lc -, l~=--::O -,~:s.,s 2,S 6i-v:-e~1 

er:I')?tion 6J',. Tl,e Y"?tes n'+:" ';>~""~Q0C'c; r:: the '/en~;12t;c~ ,,'-'r::...L. ~c 

f'or a standard increase of '.','ind speed are aga:::.n ver-;/ 

similar. The difference in apparent ventilation rates 

'h~.l.."~Jn +'h~ ~~J S2~S of rC3~:ts, O.C~S ~~r cL~nbes per 

hou~ is also very similar. However the computed results 

show a reduction in the apparent ventilation rate at 

zero wind speed to less than 0.002 air changes per hour 

(Figure 6.5). Thus the error is reduced to one fifth of 

the previous error. The apparent ventilation rate at 

zero wind speed of the full scale results is increased to 
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=-~-=-ter:l3.1 2~ ~" ~ixing systern durirlg the tests \~/as d2signed 

~o =i~imise this factor. Because of the high air 

~ove~ent Tstes inteT~ally, due ~o t~e ~~~3, t~e quality 

of the mixing, and thus the eTTO~S i~ d P }Jar' ell T~ 

v"ei~t~=-ati0n l'ate are Wllikely to be affected greatly 

by the infiltration rate, and any error is likely to be 

relatively constant with wind speed. 'The loss in 

accuracy of the katharometers at the very low air change 

rates observed is likely to be significant; the observing 

:period being quite long to establish a sig!lificant amount 

of loss of tracer gas. Although this ','/ill affect 

The small ~emperature differences acting during 

the tests will lead to overestimates of the ventilation 

ra~e causea oy wind ac~ing alone. The !'12.pitude of this 

e ect is extremely difficult to isolate ~n the f~ll 

scale observations. It may be seen fro~ the Telationship 

, • ., ....L. ....L (~ 
~~~ c~~e -V-enT1 '~'-J..on r~Les '.l'a01 'ra v_2-,-, ,.],-,",-1.:...1 _ .... v_-L-'-"'V ..... __ .........., ~llVL, 19(5), given in 

tests 12 and 19, took place with temperature differences 

significantly less than those which 1,">'ould cause 

an effect equal to that caused by the wind. The 

ventilation rates '."lhich would be caused by these 

temperature effects acting alone can be estimated 

generally as 50-60% of those caused by the wind alone. 
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e re sand comnuted results. 

The results of e two sets of tests were so 

c ed in terms of de e of spr of s 

best fit. surning a i 1] 
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ion in 1 e observations is 0.010 

s. t computed re ts e R~YI~Se d tio~ 

is O. s. As an enti ion-

P t ion e full scale re s s 

0.007 e e c ed ts error is 0.01 1 

I' s per hour. ere is re as goo 
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re ts. 
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C sons 

c cl-.._:..2. -~ J~}S ' ... 18 a di 

l~e are good e 

-L -~ ~-

" i'G, :; of 

d eed . sis as 

a 1 i 

nd s:peed s a better 

-l-
G 

___ ._ .... ,... <-_..1_ ..: 
'-"" ,-' ... ~_:.:....:; u ___ C;.. •• 

, se e 

~10 el . e ca-,-c t Q 

V/l e 1 se e re s 

e 01 l..L T;lon ra:;e 

an i rather 

ween ventilation rate 

tion of e zero error. 

The e ts agree \vi th 1 scale re s 
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tLclTI the computed results. This difference is caused by 

several factors leading to overestimates of the full 

sc~le ventilation rate; 

t e:Ilnerature di fferenc es acting being pro~ably 

sig::l.i:Cicant ones. Any eS(;lmate of the magnitude of the 

error is extremely difficult but it may be of the same 

order of magni tv.de as the difference betv,'een the 

obServed and the computed results. 

6.5.2 Although the agreement between the observed 

and computed rates of increase of ventilation rate v"i th 

:iind speed are good, it must be emphasised that this is 

probably largely fortuitous. The ass~~ptions made In 

the data used for the calculation and the possible 

errors In the full scale observations are of such 

magni tude that only general conclusions may be dra'·,'.n. 

~ c sGudy emp~asises t~aG the llkely accuracy of the full 

se e results are not high enough to enable results from 

this type of study to be used to establish the accuracy 

of the as SDlTIpti ons us ed in analog"ue t echnio, ues. Further, 

closely controlled comparative tests need to be carried 

out before the limits of accure.cv of t}le cnrre".t 

computational techl1iques can be established in practice. 
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Figure 6.1" Plan of hruse no. 1, after Tomura and Wilson.. 
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FigJre 6.3. AS9Jmed pressure COEffic ients based on 

B.R.s. Oioest 119. 
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FiQJfe 65 .. Comparisons of lines of best fit for cbserved and computed 
results assLrnlng an exoonential relationship bet\veen wind 5prrd 
ard vent ilation rate. 
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MODEL ON STUDIES -

AND TECHNIQUES . 

. 1 Introduction 

7.~0~ to a~tempt a more detailed study of 

the ediction natural venti on rates a s 

mo ion es were carried 

es were on a comparative is' wind 

model re re s om di 

o es. this way two major as s 

em of natural venti ion were studied. 

\vere: 

a) to e d 9_' ed es 

ventilation of a knovvn obj e er c 

b) to assess accuracy e di 
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ctors e some 
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ese 
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II ' __ eo. 
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ern l ion or Itration is 
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s form. ion shape of a 
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number stribution these openings and 
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7. Model theory 
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are typi c3,1. No studies have been noted '.'.'here 

ventilation and infiltration rates are ~odelled thrc' 

open areas of the order of one per cent of the facade 

area, ~hich is more typical of the situations 

7.2.2 

parar:;eters vvhich must be considered in order to enS"UTe 

and the full scale case are geometric similarity, the 

ReY~'101ds nU21lbers of the t'NO f10,::s and the blockage 

tilE: cqua t i on: 

Re = 
Vl'.d.p (7.1) 

'::~:.ere Vi' is a:::..r velocit;;c, ~/s. 

d 18 a scale dimension, m. 

-='[ .,.,"':,..:J -l .-.-.~,,..,:, -1- __ 
-!,,"':"'\.JL_L<.. u.:':::_":'0...l...L!J' 

;':J - -,..-, r: .... ~....: n - -~ ("'1 .~. '""' C:'..:: ...L ~-
-"-0 ---.::..------ -' . -"- '-" '- ,~- '-' .. ) , 

The Reynolds n"U2T!ber for ~odel 2~nd flIll sC2le flo':s 

should be equal to ensure exact similarity bet:leen t!le 

air flo~ patterns in the two situations. :In model ':.'ork 

around buildings it is normally very difficult to 

produce the same Reynolds numbers as '{wuld occur in full 

scale situations. However, as objects with sharp edged 

corners and plane surfaces tend to produce the same flo\,1 

patterns over a fairly '.vide range of Reynolds numbers, 

- 152 -



tl1i s c ition is r az ,:1 • 

i " ~ ~ L • j ( e a er 

investigations in v/hi ch he ed to det 0 e v 

ex-cent to which Reynol er be relaxed. 

In s es he used r Sl ons of 

lee of as a t on 

for ty- • studied S dif er 

s air ies and model 

s. The reattachment positions ed 

c , but st certain limits e re ts oecaue 

l L-le used a a e E to 

expre s ese -c s : 

E 

::mt are::i, 

q s p er 

.in his mod tests e fO-c:_2:.d J.. .., 
Y'0 -: J.. t1-P v v ,-'~ 

[,0 
~ v 0 1

// ter~ d r \',/2 

" J.. 0.25 me:: /s. 1 tl1 S t ed. I.! 

E ea some of s "vi th s e 

obs ions on a for J.. of E 'Nas u 

ely 16 
? m-/s, and f re s c ent 'Nith 

model tests on a s e model. Smith's work does not 

refer to t tions of e te s or t g 

ct ios of s c:r~ may ter ow 

c tions considerably t reI s of E 

e be used to some er 

1 3 



ma€1li tll.de to the extent to v/hich Reynolds nu::-::.be::.--s C2.::l :Je 

relaxed, as little at~er ~ork ~as been done i~ ~~~s fieli. 

7.2.4 Smith also compared air flow patterns in the 

m00els with ~he patterns in a full scale experimental 

building. The results show that provided the details 

can be faithfully reproduced. Givoni (Givoni, 1962) 1n 

a series of =odel experiments sho~ed that air speeds 

measured inside a model building bear an almost constant 

relationshin wit~ the external wind speed. 

gives no co~parative full scale 

eS-'cimate the accuracy of the results. Ho other s-cudies 

llave oeen noted whic:n give modelling criteria for ·:find 

en considering Dodelling 

s~all orifices, and relating these values with values 1n 

DQ--,,~~j2 
• v . 

..cl --",." ...!.- ~~ _,_, ~- ~ _~.,. 

'"' --- '-' 1...'<"'0"'-

a~ld be of the same order as that thr 

scale openings. The Reynolds m.Enber is defi~led e,s 1n 

Re 

A sui table scale dimension which may be used \\·i t2, 

( ~ l ) I. -

openings of differing geometry is the hydraulic radius 

(Lenkei, 1965): 
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Rh (7. ) 

s rl 
\j 

is ui ent 

en t t 0 f O'llr t s e c 

a 1 thin crack, typic the type of 

ch 1 tion or c led 

occur: 

y.L 
::::: 

2(Y + ) 

~ -,,., :::::: L is , 
..L 

Y is the crack ath, 

as ,~1 this ion L» y 

.,.L -~~ ~ 
'-~ -.~ ----'" 

',V,. ~-:. 21~ s 

'7 2. I 

R 

" n 
l~ '-' 

A 
., 

10 "",5 

di erenae 

Rh ~ y 
2 

y is t 

e 

ers 

tiol1s 

er 

for 

may be 

infi 

0 6 

5 mm. 

e 

3 

,vidth in mm. 

t e of 

esti ed 

ion co 

e 3~8) and 

e maximum 

- 155 

I --: J' \ 

" -'j \10 1l''' \. J '" ~ 

ds er 

es ed as 

( 
r/ ::::) r • ./ 

1 s e 

. 5 ) . 

ei 

a ssure 

ion e 



V, ,-;i11te 

tre of 1 oeity, 

~f be seen to be: 

subst 

as 0 - 1 

7.2.7 

ana 

e 

op 

VI' C.2 

y 

~ 1000. 

se e 

d 

uation (7.5): 

of 

It 

-".l. x 10 -' 

ion 

8 

mo 

's ers for f10w 

may be taken 

ernal flo\'" simi 

/"),..-- I D j ~; 'Y", -: ..: ~'," ,'"" -_-. -:,"': -. -"-, 

\"r,-",~~" ~~_ ...... __ .... ~ ... _~'-'~.!....... -.J~~ 

t ',":8.. S 0 J.i.uH 

velociti s b 8'-1 2.5 2 were 

tests for eorre ues 

" er E were 0.9 - 1.8 m~/s. ion 

the models were s s 1.0 mIn. 2 + 5 IlLm to 

er holes. these the ie 

be c 

= 

ed as: 

2 nr 

2 TT r 

. (7.7) 
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r::'~:.c:~:. -::-~-_'2 :::10·.·.' Re:rnold' S :::llj.ill.ters for these openings may 

~e _,-,' as: 

Re = ::.. 'ir'f .r. p X 10- 3 

F 

= 
rr,r'r 

(7.8) 

'='~'le E',aximllIYl values of volu-"lle flow rate at a pressure of 

0.19 m3/hr. and 0.03 m3/hr. 

for t~:e 2.5 illl":1. diameter 8..J.'1d 1.0 mm. diameter holes 

respectively. l'hus for the 2.5 illlll. diameter holes: 

Re max" = 

~ IbC0. 

C'~:; 6 x O. 1 9 x 1. 2 

n x 1.2 5 x 1. 8 x 
-~ 10 ./ 

And for the 1.0 illlll. diameter holes: 

0.5 cl x O. 03 x 1. 2 
X Oh y 1 Q -- 1,,-5 n i.,J ~. • U A • U 

T-:--ms t!'le \vorking range of Reynold Y s numters throug~1 

the model openings may be taken as 0 - 1800 and 0 - 700 

for the 2.5 illlll. diameter and 1,0 mm. diameter holes 

respectively. The blockage ratio of the model was 

approximately 3%: no blockage corrections were made In 

the experiment s therefore. 

7.2.8 It vvas also decided to attempt to design the 

model with the same order of porosity as is normally 

found in buildings with all 'nindows nominally closed or 
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some en venti ion. A 4:; . 
~l c cu~il 

er:ne 1 . _l .C' or ~\//l C·:;S 288.. 

is B$R. S. Di (B.R. S 1 0 ) a~s 0, 01 to 

0.05 per cent the e area. some 

"'-. ~->..., ........ ~ 
l"';C..l. .:.- ... :::: OwJiliti s s 

maximum the order 5 per cent the e 

areay s were tested \'/l nUJ!lb s of 

, the m)Jnber repre sen-'::; a 

ty approxi:nat 0.0 lJer c .l- of e mo 1 L, 

of f\ 1.)0" C V. .L ~-e area, and the mum a 

7.3 s 

been l).sed s 

for assess 

venti t on methods lab1 eir 

i.0118 

r-;\ 
I ) • e s 

tracer gas been used to indi e 

}12 rnea21 ilation e lding (see CtiOl1.2)" 

In ome ss s r cities been 

e er to help edge flo':: rates 

and erns. These have been done 

flow indi ors or 

an err; ous types r,10d so 

beeri. c which OVo' been 

observed ors, and 

e ilnates of l on rates made by 0 ,·, 
;v 



te po an ers 

( ber 7) , 

ch 

ed are not able use 

!::.od tracer s, 

8l sta e cont tiol1 or e rate 

o dee of tracer in a model s di 

ere are -ties 111 

esent 'le position and 

a i mi d eet 

vo::u;lJne of e eOl1..1lect leads s 

e er the conc ion ser is in 

to e vol1l..lJle of e mod and to 

c e aCCV.T2:t ior s e ct; lS also dl cult. 

rate of tracer release req red in the 

sma.L.L curac wlt;n wnlcn 

this ould be eo~t ed is o be gh. or 

e :ceaso:::-:.s it \vas 1 ed terrmt ouse 

I'ate que 

d s. 

7·3·3 technlqu used some ous mode 

s by ot s, of mea f:iow 

velocities discr e po s a mod is so 

ta e ln pres measured flov\! 

cities, e ers in a grid of 

posit ons a ( '--'-0 0) mm. x rurn. x 500 mm.) e1. 

He used the mean velo r as an ion of 

1 9 



V8~:'--::; lation rate the model. e the 

C8.l.iCe the O'N r were corrol; ed u 

es These es were ed 

s the osities were of 

order 25 ner cent the buil face areas. tl:e 

ss es, e porosities are of e of 

one flov'l patterns aTe liable to be 

ss pre less ea ly seen 0\·'/ 

Vl sation es. the same t flo','l veloci les 

are to be less t t r:lodel 

ffil1C}1 1 oV'Jer; me8 .. n ocities 11 be O. 1 or 

less 10 eeds the of 

poro ties b is near limit of' 

ocity m82 es. 

aus ques were 

suita e monit e mod 

+ 

es 

one in cl: 

ssures ins de were measured ese 

mod s information ac 

ague te que could be erred 

~ h 
• j. ] the set mod es int 

pressures side were gi 

te que es es the 
• .l.. ln0 pressures the 1 QV'!} of 

pres s the eri cs, 
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the net alr flow into the buildi~g is eQual t~ 

using calibrated openings in the model it is 

-cossi ble to calculate what the internal Dressures should 

,-. .-. ~ --..--- ~; .-.,-v-> 

'-" -- '-'---'-"-

internal pressures in the model and comparing the 

results it is possible to get some infor~ation on the 

accuracy of the computer method. . .l.. 

1G 

decided to attempt to use a model \';!lich ::.s a1r tigl-:.t 

aDart from the ventilation openings. and ln '::hic~1 -';:;::.:.e 

i~lt er::.al pressures may be measured. 

A second set of model studies was carried o~t 

using·~~e same model shape and orifice positions, in 

.., . , -
0..l ~c C C: ~v ...!...~Y- • .1. u 

decided to attempt to use an orifice plate mo-tJ.n.ted in 

,- .-. __ ,.... ~.-, - _ ~ ".-,.., r- _; _ -, 

G...\..-..L vD0 V_-,-C .u.lvul;_ 
- -.-- --, --.-. - --

'-' v c._J.cc..,.:::, ",,-'_-,-- c:; u __ :.::: 

In ~~lS way estima~es can De Daae 

T,;ean vol1..JJlletric flo\"[ rate throug~::. tile ][:0:5.21. 'I'!le effec~ 

of the orifice plate system on t~,-e model ':.:ill be ','sry 

can be kept small in relation to the pressure drop ac:::~oss 

the model.. A pressure drop across the orifice of one per 

cent of the pressure drop across the model ';:ill lead -';:;0 

a reduction of flow through the model of approximatel:." 

0.5 per cent. The system has the advantage of being 

simple to use and gives an accurate reading of the actual 

flow rate through the model rather than a deduced flo':: 

ra t e from velocity measurement s at di scret e points .:::'~::.e 
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cii of s e of model is that 

1 be 00 ed osite 

s. 

7.4.1 The mod s us ese measurements were 

ex ds. ons were 120 mm. x 

or eac model was 

decl t"iiO oars at s of mm. and 60 Illi'1l. 

cors ro of model were constructed aLl 

b Eh'Tl. 1] ex et, the s 3 mm. ex e 

6 l l ~cr-:l 8;:) 
'-~---.- , 

r ti working essures. e models 

-=- .::; ex 

2 mm. ch could be p sitioned 

e el 

e of 1. se ion 

'NI1l the mo be 

ils ea mo,tde er s 

the mo e positions formed a square d 

at es of mm. The sitions these openings 

be see!l e 7 3. ional op 

posi tion '::as lac ed the centre e 

erme ate mod er t simul e 

ic a's b en oars. l ion op 



~ BS were used in the model tests, holes of 2.5 mm. 

di.a::1eter a!:1.rl holes of 1.0 rnm. diametE:r. Tllese ope!:1.ing 

si.zes were chosen to reproduce the flow characteristics 

of open windows and typical building infiltration 

Y"ClC""Y)00+~ ,Tol" 
- -- '- .,:.- -- -' - - . '-' - J ~ 

T", 

di2.T:1eter holes one opening vvas located at each grid 

'.J... • 

-oOS::"iJlon. In the models using 1.0 mm. di2.meter holes 

= C'j.:::' openinss in a square pattern, a::ld at 2 ill,:n. centres., 

:;ere located at the grid position. 

7.4.3 On one face of each model twelve extern2.1 

p~essure t2.ppings were made. These t2.pp~ng positions 

aJ..so iormeci a square grid at 30 mm. cen~res, the 

Eleasuring positions being established miciv/ay between the 

,.-, ....., ~.~ 
0CC.J..j.. ..L.l.!.C pressv.re 

t2.ppings were made from lengths of 1.5 ID_TD.. int ernal 

c-l- '"" t'"""\ -, ...L~ ~l--.""; ....... .-.... .......-, ("'''_ -,_,..-,...!- ~.;::. ,,::>"'"'1., ... C"'.~ .""-= ..L-:_ -:-'l.~-=:, 
>---",::::::;v __ .... "" ... "-'---6 _ .. Vv'-'--_'"''-''-''- __ ,-,'~,,-,_..L. "_'-'.10-.1.- V..J.._,-, 

face of t~e llio~ei, and 
, . . 
~aKen Ok~ ~nrougn ~ne 

Gase of t~e ~odel. ~wo pressure tappi s, HlaQe from tl1e 

type of tubing, were mounted at each internal level 

of t}-ce 211odel. 

the openings on their floor, at opposite sides of the 

model, 5 mm. from the inside face of the model 2.nd at a 

horizontal distance of 10 rnm. from the centre-line of the 

openings. In the model incorporating the 1.0 mm. diameter 

openings tappings were located near the centre of each 

floor of the model, in order to check that the pressure 

measurements obtained were representative of the mean 

internal pressure in the model. Each internal pressure 
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+?~;~~'i!:'C '.".'8.S b12:,,}=ed off v:he!:' not in use \'!i th a nylon cap, 

~~ E~s~re th2t =~ leakage occurred into the model from 

outside the v/ind tunnel. 

7.4.4 The ventilation openings used in the model 

tests \'lere calibrated in a small air duct u2'":.der c0r:di-:i:::ns 

::: c::~'1s-:an-: fl::'::. :Pressure difference across the plate 

:.as :.Jeasured using an inclined tube manometer, and flm',' 

::'2,-:2::as TJeasur2d using a fGapmetert floYlmeter. The 

calibrations were carried out over a range of pressure 

fferences bet':ieen 2.0 mm.\'/g. pressure difference and 

.::25.C ;-:-.:;~.:;g. press'.lre difference, vvhich is representative 

of i:;{le range of 'l'vorking pressures in the model tests. A 

iull account of the calibration and the tre'atment of 

The calibrai:;ion 

curves obtained for the two orifice sizes were: 

in 3 nun. 

-1.1 ~ ,~ 

If = O.OLlCH. (dP)/ ~I .oj 

and :for the 1 • (I JP]!l. diameter holes, in ..., 
ITn']} • thick s~leet .5 

If = O~CC59r7 ("1=l1'/1 .68 
Q- I . . . . . ('7.10) 

-'.""t::: e;(i...Li'ol'Cttion lS in gooci agreement wi th results 

calculated fror} Lenkei Vs paper (Lenkei, 1965). The 9 

confidence limits for both calibrations have values of 
..L 

the order of ~ 4% of the coefficient. 

During the calibration tests variOUS methods of 

blocking the ventilation openings to air flow were 

attempted. It was found that two layers of selotape 
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2~ «~~esi ve tape d over the es, ed 

e s Ow rate from ow 

te e same number of holes in an otherwise 

s id perspex sh Cons ly s me was used 

bl off order to e 

the venti ion 

el 

7, .1 plate csen as b mo e 

for ilation rate measur s was t en 

om B.S. 1 2 (B.3., 1964). It was a conic entrance 

ce ylate, based on desi given 10 the 

It 8 l suit e 

rates in scous ds as co ci 

ds ers b:,e 250 2 

"tea a Cl 

6 rrull. ss [; 

of vi lne, 

~ -0" pS e &:-::1 sec t i l::ell \":2re 

at ea to face orifice e. ori ce 

was po tioned concentrically th e pip ines. The 

te was It to cOrJply vvi th e cific ions 

ven Q 1042, I 1 ssi e !!' u ~ Is. _A_ 

sec ion t ori ce e is 

gure '7 ,4 a d 1 section the I fice e 

Sl10\'ln gure 7.5. 
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The orifice 

::Oicctl.Ons flau nominal o.l&,me-cers of 58.5 ITllIt. The pressure 

tappings were located in the walls of the pipes, 

i:-:.:.':J.ediately adjacent to the faces of the orifice plate 

s2i flush with the pipe surfaces. The upstream pipeline 

e=,=te::'J.ded a dist2-nce of 64 :-r1'TI. from the orifice pl2-te, 

-:.~lich is approximately equivalent to one di2-me:ter of 

t~~~e pipe. The dovmstream pipe ext ended from the orifice 

1]1e.te for 9. distance of 20 llTYJ., 'v"jr,ich is e~~ro:xiYY1e.+;ely 

orifice plate satisfied the specification of the standard 

=-'engtl'-,-s of tile upstream and dO'lmstream settling pipe 

lengths. Because these p1pe lengths did not meet the 

s~:Jecliication 1a1d 0.0\-;::1, and because the orifice -olate 

IJ='-.ate \','as independently calibrated over t:c.e 'Norking range 

the results compared ~ith the standard calibration. 

The standard calibration for an orifice of this 

type is given by the equation: 

v = O. 01 252 • C Z. E • F. (Do) 2. ( dP /,,<J ) 0 . 5 ••.. (7. 11 ) 

'Nhere CZ is the orifice discharge coefficient, 

E is the orifice expansibility factor, 
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is 'l oci of oacll tor, 

is the fi e t er , rili::t., 

D s the" r; Y'>':' ce e . ..'-'- -

e ds number of floyv is the 

eQl)~e.tion: 

e ve:Locity tor, F, i e 

I' ti p: 

F = 1/ ." .. (7.13) 

?or the ori ce geometry eci ed F = 1. 

in B.S. is 1. QjlJ 

r'a-c: es. co Cl of s e ori ce 

te is stated as 0.734 for ers 

6 e 2)0 u -r;hese s the st 

cEll ti eq ion or e ori ce e becomes: 

v = c: § CiO J ( '7 .1 L1 ) 
J · . . . \ ! 

pc~ 
~"-';:, for R Vs er becomes: 

Re 12 · . . . (7.15) 

s over 0.2 to ") 0 m e ..) · , 
of ds ers 11 be oximately 250 to 

4000. 

'7 rc, C ion of t ce e vvas ed I '0 ./ '* 

over O'N es with the fie 

- 1 



position in the ventilation rate model. The layout of 

the calibration equipment is shovm in Figure 7.6. Air 

.. ~, S + 2l "Y">1 (:) + (::).,..-. 
_ '-"" '" ___ ~ ... .;.. \.....- ..; ,-"..J... Ill-

cO~Decting the pressure tappings to a micromanometer. 

The electrical output of the micromanometer was 

cO!L'1ected to a 11 Solartronll data logger, whicl1 v/as used to 

operate an electric typeviri ter in order to obtain 

automatic printout of the output voltage. 

7.5.6 The syst em was c ormect ed as in Figure 7.6. A 

s'u,ction pmnp was used to provide the necessary flow rate, 

the flow being accurately controlled by a valve on the 

tube con...c'1ecting it to the flo\y met er. A seri es of 

readings were then taken. In each case a recording of 

the zero flow micromanometer output voltage was made, a 

sequence of five readings being taken at one second 

intervals. The flo"l was then started anr1 IT'88.sured 

the f1o':; meter. Simultaneously a recording of ten 

readiEgs of the mi cromanoElet er outDu,t voltage \'.;ere TnaDe. 

A fur~her record of five zero flow output voltages was 

flow voltages was converted to a pressure difference and 

plotted against the flow rate. 

7.5.7 The calibration curve for the orifice plate 

wi th no impedance is shovm in Figure 7.7. The calibr2,tion 

equati on was found to be: 

v 2.890 F (7.16) 
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G red ~. d 1"'" + C O~ ... e ':F)/0 conIl ence lIlll"tS oelng -. I dP, equivalen-;:; 

to an error of ~ 2.5% of the flow rate. This calibrat~on 

The calitration 

..l.....":: 0,,,", 
; .... ....!.... 'u_..:.. 

plate In place, then with the rear plate of the 

ventilation model in place, to check the effect of these 

obstructi ons on the cali brati on. Figure 7.8 ShOVIS the 

calibration with the front plate in position. The 

calibration in this case differed from the previous one 

by up to 30% over some parts of the ,;vorking Tange. 

Several alterations to the model were tried in order to 

remove this discrepancy which v/as thought to be due to 

~lstortlon of the flow by the small openings ln the model 

front plate. The introduction of a spreader plate, vlhich 

~as placed across the fron"t of "the upstream plpe ln t~e 

forr:1 to 

t~at for the orifice plate alone. The snreader nl e ~as 

posi tiO~~2d 3 rrL~. in front of tt.e LI"CstreaE1 pipe. 

i:as a 4 :-:l2:l. gap at each side of the plate bet',':een i tse::":f' 

and the model ~all. 

configuration of the model front plate all air reaches 

the orifice plate from the same directions. The 

calibration of the orifice plate with model front plate 

and spreader plate in position is also shorm in Figure 

7.8. Fi gure 7.9 sho\vs the cali brat i on 'Ni th t~-:e model 

rear plate in position. The calibration agrees reasonably 

\Vi th that for the orifice plate alone and consequentl~T 
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ion us the p s ed 
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~ ant~ ion Vias used " 
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o ed 
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_,_e2~n zero 
flow 

-,-==--'::::'';2, 
:nV 

+ 102.25 
-L 102. L1 5 

102.20 
102.00 
101. 90 

+ 102.80 

+ 101.25 
1C1.I:W 

+ 15.34 

15.61 
1S~69 

_,_ -?2Il zero 
" 

..L -L v ,~' 

-\~rJ~ t 2.ge 

m'! 

+ 0.05 

+ 0.20 

+ 0.35 

- 0.10 

- o. 15 
- 0.26 

- 0.32 

- 0.37 

- 0.42 

Mean flow 
voltage, 

mV 

+ 16.90 
+ 29.50 
+ 43.00 

+ 55·30 
+ 64.90 
+ 71. 50 
+ 77.50 
+ 78.70 
+ 88.70 
+ 7.00 

+ 12.27 

+ 14.26 

Voltage 
di ff erenc e, 

mV 

59.80 
46.70 
37.00 
30.05 

25·30 
22.55 

13·10 

8·34 
. ~',"\, 

~. I V 

PreSSl.xre 
difference, 

mm.wg. 

0.756 
0.621 

0.484 
0.383 
0.311 
0.263 
0.233 
0.136 
0.0864 

0.0347 
0.0149 

Flow meter 
volume 

flow rate 
m?hr. 

2.4'9 
? ?7 _il __ j 

2.02 
1. 82 
1. 64 
1. 52 
1. 40 
1. 07 
0.864 

0.036 
0.:::22 

0.354 

C~libration OI orliice pla~e wit~ model i'ront 
...:..-.. "Y"\! 0 r ..... ~ 
--- 1'-'- ........ '-' '-" 

I/Iean flo'{y7 \Tolt2.ge Pressure Flow meter 
vol tage, ciil-i t:l't:'SlC e, ciiI fere2J.c e, volume 

flo',\' raGe 

mV mV rmn. m/hr. 

30.30 30.35 0.314 1. 58 

- 23·30 23·50 0.244 1. 38 

- 17.55 17.55 O. 181 1. 19 

- 14.50 14.40 0.149 1. 08 

7.90 7.75 0.0800 0.768 
6.42 6.16 0.0638 0.642 

4.89 4.57 0.0473 0.522 

3.08 2.71 0.0281 0.360 

1. 51 1. 09 0.0113 0.228 

Furness micromanometer calibration 96.5 mV == 1.00 mm.wg. 
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TA~~= 7.3 C it~ation of orifice plate ~it~ model front 

plate and snreader pJate ln place. 

_"san ze:co 1,=8an I ~ow Voltage 
flo'."l voltage, difference, 

-;/0 ~ t ces8, 

Ili v ill v rn-v-

+ 19.75 14.70 34.45 

+ 20.30 5.34 25.64 

+ 20.85 + 2.80 18.05 
., 0'1 . 50 ...;- 120.35 18.85 

+ 83.50 T 1CO.00 16.50 

+ 107.40 + 120.40 13·00 
+ 21 .45 + 11 .30 10.15 

T 
? IC.::? 
'-- e> ,/ ~ 9.68 7.16 

+ 11.03 + 0.00 11. <:n 

4.83 + 8.08 3·25 
2.21 0.67 1. 54 

.l (:. nr:; .l (:. '7(:. C. '7(! 
, ~ 

Pressure f~OW meter 
difference, volume 

mm.'Ng. 

0·357 
0.276 
O. 1Q'7 

I ~ i 

O . 1CS 

O. i 7 i 
0.135 
0.1 C5 

0.C'":'~2 

o (!IC.::1r.:: -
0.0337 
0.0160 

" (,1'-,-..., 

. -

ilov/ rat e 

1. 75 
1. 51 

1. 29 
1. 20 
1. 05 
0.924 

0.510 

0·360 

?urness micromanometer calibration 96.5 m\! == 1.00 ELTYl.wg. 

TABL~ 7.11 Calibration of orifice nlate ~ith model regr 

I'IIea~ zero Illean flovl Vol tage Press-~;re Flo':.' meter 
f2- c ',~.r "\Tr1I+s:cr:::, 

y\....l~"-'----c~, cli~fereJce, d_iffel-'~~_: e, -IJ1"J .. Jne 
vol tage, flo',\' rate 

illV "YY1""\ ! mV ITL"TJ • ':. g . m7hr. .;.~~ . 

+ 14.20 + 2.50 11 .70 O. 121 1. 03 

+ 33·45 + 22.85 10.58 O. 110 0.966 

+ 33.25 + 26.15 7.10 0.Oi38 0.780 

+ 12.55 + 7.96 4.59 0.0475 0.636 

+ 11 • 51 + 8.36 3. 1 5 0.03 0.498 

+ 9.89 + 8.25 1. 64 0.01iO 0.360 

+ 8.75 + 6.54 2.21 0.0229 0.426 

+ 2.97 + 2.20 0.77 0.080 0.234 

Furness micromanometer calibration 96.5 mV _ 1.00 mm.wg. 
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and 0.45 for t~e urban flow. These val~es 

are of Si~:lilar oagni tude to those generall;)! assuIned for 

t~ese ty~es of flow (Daven~ort, 1967), alt~ouz~ t~o 

t~lrlrulence intensity values are rather lower than 

typical full scale values. 

- - -
I .0. j During all sets of tests the all' velocities 

"'''ere measured using a TIi t at-tube mount ed on the c entre-

line of tile tml.Ylel, with tI~e rp-odel in posi tio:;:}. In 211 

initial set of measurements the reading from this pitot-

tube was correlated to the reading from the pitot-tube 

placed at the model roof height but with the model 

removed. This was done for both sets of flow conditions. 

From these measurements a correction factor was fou11d, 

for each set of flow cona.l-cions, by whicn -cne centre-lIne 

velocity pressure was multiplied to give the model roof 

level velocity pressure. ~nlS corrected veloci-cy 

pressure vias the::l used in calculating all pressure 

coefficient values in the test results. Prior to each 

new set of read~~gs this correctio:;:} factor ~as c~ecked 

by measuri::lg a repre senta ti ve set of ext ernal pre s S1)xe s 

on the model and comparing the coefficients with the 

initial set of pressure coefficients found for the model. 

7.6.4 The internal pressure measurement models "",'ere 

used initially to determine the external pressure 

coefficients on the faces of the building. Pressure 

measurements were taken, at each of the 12 measurIng 

point s shovvn in ?igure 7.3 , relative to the tmmel stati c 
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sure were me the ined tube manometer. 

model was turned to es (G + 180°), (360 - G)o 

( 1 the S Vlere 

d. Fin::::Jly the c of e r 
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A secoTI~ ss~ of terDinals ~ere short-

~P0sined st zero pressure difference relative to eac~ 

The electrical outnut of the m~nometer was 

cperat ed an electri c typevrl'i t er. The system was 

calibrated using an internal calibration system in the 

cromanometer and measuring the electrical output at 

the calibration values. 

'( iO 6 ~ 9 IdeaSllrements of ve=-~tilation rates throu.gh the 

models were then made using ~~e following procedure. 

i1'he tLLYl.J.'1el was set to the reo_uired speed and the dynamic 

~lead of the air flow measured, using an inclined tube 

manomei:;er, at i:;~e pi i:;oG-Gu-ce mOUIHeQ on the Gunnel ceni:;re-

line ~ The output voltage from the micromanometer was 

The terDinals fro~ the orifice plate were then 

s-,"/i t ched =-n and a s et of t',-,e~l voltage readings, 

=e8sured at half seco~d ~nte~¥als, fr~D the output ~ere 

recorded short-circuit was then 

S\-l:itched in again and the output vol ta,ge for zero nressure 

difference again found. Finally the dynamic head of the 

air flow was again observed. The results of each set of 

measurements were repeated at an angle of (360 - G)o to 

the flow in order to compensate for the effects of flow 

not parallel to the tunnel centre-line. 

- I 



For '?s.ch set of s8e.sure:nents the mean zero 

subtrs.cted from the orifice plate volts.ges. 

voltage differences were then converted to nressure 

1:1:1e meCiIl volwne flow 

rate through the model vl'as found. This procedure was follo,tied 

in order to eliminate any errors, due to fluctuations in 

flo-.-.' rate, which viQuld be caused by using a mean pressure 

difference to calculate the mean flow rate (A.S.M.E., 

The mea:::l dynamic head of the flow was corrected 

by El1).ltiplying by the appropriate factor to calculate 

the wind speed at model roof level. The ventilation rate 

-,-,:as t-:---~en calculated as a rate corrected to 20 El/s wind 

speea using the relationship: 

1 __ ' 1 _/~ 
v 0< \ QJ:") ,_-'-

dP c< (W) 2 

IF c>< (1'7) 2/n 

( ~ l (.)) 
i .. .....1...'-..-' 

?or eGCll set of measurments the volume ow rat es v/ere 

c omput ed using the reI evant air flo'N charact eri sti c s 8.J.'1d 

lnterpolaL;ed external presstl.re coefficlent:::' and an assl-uned 

wind speed of 20 m/so The observed and computed 

ventilation rates were cOElpared. A typical set of results 

for the models are given, in full, in Appendix A5. 
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Fi 0Ll re 7.1. Wind tunnel details, 

Pion. 1: 100. 
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Figure. 7.3. Exploded view of internal pressure measurement 
model, showing external pressure measuring 
positions and ventilation ooening grid. 
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Figure 7.4. Section through orifice plate model. 
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Figure 7.5. Detail section through orifice plate. 
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FIGure 7.6. Schematic layout of orifice plate calibration 
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Fia:Jre 7.8. Calibrotion of orifice plote rr.odel, shoNing the effect 
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FIQJre 7.11. VariatIOn of velocity and turbulence intensity with 

height in model tests. 
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s of s es wi calculati s 

"~~ Cii tal o models? vvhich have been 

des e previous er, were used to measure 

e e int ssures respect 

to a r erence pressure, or the mean I' 

"1 -, 

~~~e~ v er~a~ ans 

l 

ed, using e observed ernel 

c tlj:lcti on \;ii t Gne d1 tal 

all2.._C described in Chanter ~. 

the tial s 

111 sur mod + the 

ovary :atio11 O\Jerr pos ons. 

OD dist ion pat erns v;ere used: one vvit 

6 st s 

sec ribution pattern two :najor 

es (each openings) and two sec es 

( with three ) and finally a mod form with 

0-0 in two opposite faces only. More led 

s vvere then u the model th the si!!1plest 

op c guration 1S th t,;/o 

0 site es only. s series of es e air 
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'r9loc=--'::~-, nu_mber of Opetllngs per face, opening sizes ::lnd 

altered, and the internal Dressures measured. 

second set of exneriments was then repeated, using the 

The results of the experiments were compa~ed with the 

com}JUted figures, from \vhich an estimate of the accuracy 

of the analogue technique ViaS made. 

8.1.3 Experimental studies were also undertaken to 

investisate the effect of simplifications in the input 

~ata on t~e accuracy of calculated ventilation rates. 

T~o for8s of data simplification were considered in this 

part of the work: 

\ -
2.) .Ll1e use OI mean externa:L pressure coefficient 

values for each face of the building, instead 

of in~ividual values for eac~ opening. ull S 

was lnvestigated by repea~ing the comparative 

calculations and considerlng the additional 

errors introduced. 

t) The effect on internal ventilation rates of 

small scale surface features of the model, 

which are neglected in tables listing standard 

pressure coefficient values. This was done by 

repeating one series of model measurements with 

a number of S1713.11 surface features attached to 

the major faces of the model; the range of the 

resulting ventilation rates being taken as an 

indication of the inaccuracies inherent in 
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di sregarding tl1i s aspect 0: de sign (> 

p.~ Exter~al nressure coefficient me?sureme~~s 

3.2.1 External pressure coefficient values, '/.'fllCl1 

were required in order to carry out the calculations for 

the comparative, studies, were calculated from initial 

sets of measurements of the external pressures acting on 

the models in the t'"vo different bound2TY layers described 

previously (paragraph 7.6.2). These pressure coefficient 

values are recorded in Appendix A4. The variation of the 

~ean pressure coefficient value, ~~th angle of i~cidence 

~he variation of t~e mean pressure 

pa~~ern in both cases, although the values measured in 

ml~ ~ C"' --, I'L' ~ -,..L -.. __ ~ ;_ ~ 
_ ....... _0 C:-'-_::'::~U 0~~ ..... .....,;;::: 

exp~~ined ty the reduction =ean air velocity over 

mOdel's height, due to the different velocity profiles in 

the bOlLYldary layers. Similar results have been obtained 

by Baines in model tests carried out in different 

boundary layers (Baines, 1965). 

8.2.2 The mean pressure coefficient values are in 

reasonably good agreement with accepted design values 

asstuned for this shape of building, as ShO'N11 in Table 8.1. 

In Table 8.1 the model values are compared with 

corresponding values taken from B.R.S. Digest 119 (B.R.S., 

1970) . The values measured in boundary layer I show very 
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d zr ement ~ith the de si gures, whereas t 

the less eep ocity erlt of 

11 makes the values ed 

layer lower than the de gLlre s . 
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e s each pas ion es 
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'::as ed en ion rates and 

int pressures the models, compensated for the 

ects of e s 
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5.2.4 The pressure coefficient values acting at the 

~entilation opening positions were estimated from the 

values measured at the pressure tapping locations. The 

openings were always located either in identical 

or halfway between t\'/O pressure tapping positions and on 

the same level. In the first case assl)Jfled values Viere 

taken to be equal to the observed values, while in the 

second case the values were calculated by linear 

interpolation from the values measured at the tViO 

adjacent tapp~ng positions. 

8.3 Comnarative model ventilation studies - eXDeri~ental 

results 

p.3·l In the initial studies carried 0ut the ef~ect 

of opening positions on the internal pressures in a porous 

n-'!odel ,-",as studied. Internal pressures were measured and 

calculated for nodel using different pa~~erns of 

_ _ _._....L-....:..,,.....".!- _ • ......, _.~ ,,_._ _ . __ ., ~ 
v;,:; ...... ..LU....L....L.Cl,.u-'-v __ Vl.Jt..:_J.-L.L1.5i:::l .. 

representing a un,iformly glazed building, an intermediate 

type and a building glazed on two opposite faces only 

(rlgure o.2)..lne measurements were macie In ooundary 

layer I, using 2.5 mm. diameter openings to create the 

porosity. 

8.3.2 The variation of observed and computed values 

of the internal pressures with angle of incidence of the 

airflow for the three configurations are shown in Figures 

8.3, 8.4 and 8.5. The internal pressures were measured 
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separately at each level o~ the model, and are presented 

separately in tl".e figures. The variation of intE;rnal 

pressures between floors of the model, in any set of 

conditions, was relatively small, being normally less 

in computed and observed values on the separate levels 

could not be compared accurately as the relevant internal 

resistances in the model could not be simulated exactly 

in the prograrmne, \'/hich assu.llled the J=TeSe2'lCe of an 

internal stairwell. Consequently comparisons were made 

between the mean observed internal pressures and 

corresponding mean computed internal pressures. 

with chan~es in distribution of the porosity in the three 

C2.,ses. :Ln all ~l:..ree cases -c:nere;iere slgniiicani:; 

differences between the observed and comnuted mean 

internal nress~res Pt cert2~n angles 0f i~cidence. T~ 

the simplest case, opening configuration C (FiglJ.re 8.5), 

the observed pressure was significantly 10',':er than the 

computed pressure at angles of incidence from 00 to 60°, 

The differences between the observed and computed values 

became much smaller at angles of incidence of 75 0 and 90°. 

These angles corresponded to those at which the mean 

pressure on the windward face of the model had become 

negative. The differences between the observed and 

computed pressures were interpreted as being due to 

changes in the operating efficiency of some or all of 

the openings on either the windward or leeward faces of 
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~~~ ~odel. At an angle of incidence of 75 0 the flow 

=~=::1=- tions ~djacent to the wind\\'ard porous face Bight be 

'?xnected to have been significantly changed because of 

senaration of the flow from that face. Consequently it 

~nd computed pressures might have been caused by 

~eductions in the efficiency of the openings in the 

~i~d~ard face of the model; and that these reductions 

1 -'- - lIt 1 f - - d " 0 0 
~ere re aGlve_y arge a ang es 0 lnCl ence oe~ween 

o 
~nd 60 B-Yld were smaller when the upstream porous face 

of the model entered the separated flow region. 

This hypothesis could be used to explain with 

reasonable accuracy the results obtained with the other 

vycliing c01Liigu.rations tested, (configurations .:.-._ and B, 

Fig2re 8.2). For both remaining opening confi~2rations 

oi lncidence of 300
, 45° or 60°, where botn ~~e windward 

faces of the model are exposed to positive pressure. 

S~aller differences would be expected at angles of 

15 0
, 75 0 or 90 0

, vvhen one f~c e only 

would be exposed to these conditions, as this single f~ce 

would be relatively less influential in determining the 

internal pressure in the model. Furthermore the above 

hypothesis would suggest that the discrepancy between the 

observed and computed results would be greater when the 

more porous faces in configuration B (Figure 8.4) were 

facing the direction of flow (0
0 

and 15 0
) than ,,-.. hen the 

less porous faces of the same configuration faced the 
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These trends were observed 

6.3. S These discrepancies were suffi~iently large to 

suggest that quite large differences between the actual 

and theoretical modes of operation of the model occurred . 

. P:. s eri. e s of more detailed studi e s \~.~eT'e cal~ri ed o~t in a.'1. 

attempt to determine the behaviour of the model more 

,ae cura t ely. In these studies the model was used with 

the simplest opening configurationi with equal nUJnbers 

of openings on two opposite faces of the model. The 

:-;-,eaSl,1Tecsnts of mea..1'1 internal pressv.re in the model ';Jere 

repeated a~ different velocities for the same opening 

size and ooundary layer conditions, and the results are 

pressures followed similar patterns to those presented in 

.-,-..-,;:J "V",-., 
:.....:. __ '-''-- _.I- '-' 

c:iue to tIle cliCinge in alr velocity. :111e eff ec~ 01 

'variat i en in porosity of tile model fac es on the mean 

internal pressures was also investigated by repeating 

the measurements with three and one opening(s) per face. 

The observed and computed results are shown In Figures 

8.8 and 8.10. These results showed similar trends to 

the previously observed values at higher porosities, 

although the results could not be compared directly as 

both the computed and the observed internal pressures 

change at different porosities. 

8.3.6 Comparative analyses of the results were 
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carried out by calculating and plotting for each set of 

results the ratio of mean pressure drop across the 

';,:indward openings to mean pressure drop across the 

leeward openings. This expression may be used as an 

indi c2ti on of the re19ti ve effi ci enc:' of opere.ti on of 

the openings in the windward and leeward faces of the 

80del, as is noted below: 

fIo",\, into model, 

V
1 = m. C • e (Cp - Cp.)1/n 

.Pv w w l 
(8.1) 

and flov1 out of model, 

m.C.el(CPi 
_ 1/n 

v2 - CPl) -- .rV (3.2) 

V is the voltune flmv rate, m3/hr. 

m is the number of openings/model face 

C lS the calibrated opening flow coefficient, 

O'-F'-P-i n"'; C.Vi ...,""r 
'-'--....Lv-'-'-'-~'-"'v· of operat~on of t~e 

e l lS the mean efficiency of operation of the 

openings in the leeward face 

acting outside the openings in the 

windward face of the model 

Cp. is the mean model internal pressure 
l 

coefficient 

CPl is the mean external pressure coefficient 

acting outside the openings in the 
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leeward face of the model 

Pv is the dynamic ~ead of the air flow at 

the reference position, rnrn.vvg. 

ana as the net flo~ into the model 1S zero: 

or 

m. C • e • (Cp w w 

_ 1 l.-
Cp. ) '-~. Pv 

1 

~he results showing ~ne effec~ of change ln 

.. L1.d speed or porosity on the relative operating 

(8.3) 

are shown in Figure 8.18. T'he pressure difference ratios 

o ratio being approximately 1.43 at 0 and reaching a 

maximum value of approximate 

value of the pressure difference ratio for the computed 

results varied between 1.01 and 1.03 over this range of 

angles of incidence. At an angle of incidence of 75 0 

the results showed a considerably wider degree of 

variation. The pressure difference ratios observed for 

the mOdel with nine openings per face stayed at high 

values while the values observed in the models with 

reduced porosity decreased in value. This difference 
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~as thought to have en caused because t at this angle 

0: incidence, three of the nine openings in the wind'l'lard 

e of the model with full porosity acted as air outlets, 

so the nu.mber of inlets and outl s became 1l..c'1.equal 

and consequently the essure difference 

orteci. s pattern behaviour was confirmed by 

ow visualisation. If allowance is made for this change 

OlJX in most porous mod the r relative 

orifice operat efficiency this e can be shovm 

rease si c ly, as happened in the other cases. 

e observati ons of the vari ion :Jean 

..; v-. + ,0 Y'l'V"l :::: l 
___ ~ ' .... _ __ ....A._ 

.,. • .: .J,...1·", e or i~cidence were so 

- er II, ~llsing t same opening 

c gurations and sizes. e resl..ll t s 

e S G. 7, 8.9 and 8.l1. these cases 

~e variation of both computed and observed 

e S Si).r e e ~".;"1 

et e oci Tl:e 

screpanc es between the observed results and 

COr:lputed re ts llowed similar patterns to those seen 

the re s obtained in boundary layer T. Comparative 

ses 'v/ere carried out in a similar manner and the 

variation essure difference ratio and relative 

opening operating ciency with angle of incidence are 

presented Figure 8.18. No systematic differences in 

ssure difference ratio could be identi ed due to 

ation in wind ed or model porosity. The results 

followed a similar pattern to those Observed in boundary 
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er I, the pressure di ence io 99.8 

_ O~ 

8.3.9 

tely 1.45 at 0 0 to a maxim~~ 

ely 1.76 at 45 0 and reduc 

75
0

• 

The observations were final 

in 

r 

to 8,Oout 

ed both 

e sa~e oPening cGnfig~rations 

th a second model whi 1.0 mm. diameter openings 

'f-,'2::' ~sed to :fcr:!l the ~ver:tilating openlngs ~ ation 

observed a~d computed ernal essures wi angle 

incidence these tests is shovm in gures 8.12 - 8.17, 

atic:'1 of pressure di ~erence ratios, 

calcula~ed from these results, is esented in gure 

::i:i1e observed and computed int ernal pressures showed 

~6S ~o ~hcse observed in ier tests, 

~:'1ough the tude of the differences was less. 

ranged be~ween 1.14 and 

r s meas":).red in bm.1..Yldary er I and 

1 • 1 2 1 • or t re s measured 'OOlJ2"lcary er 

cornparative es 

the fice te model was used to measure ila ti O~l 

es under simi conditions to those whi had bee~ 

used e previous studies. Measurements and 

comparative calculations were ed us 9 or 15 

2.5 nml. er openings per e or 60 1.0 T:"lJU. 

ameter per face on the opposite faces the 
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::lodel. Measure::lents 'Nere made in the t'::o bOli.YJ.dary layers 

used i~ the previous section of the study. The observed 

and computed ventilation rates are presented in Fi6~res 

8.20, 8.21, 8.22 and 8.23. For each set of conditions 

~e~t~l~t~cn rates ~ere ~eas~red at several ~ind speeds, 

and the observed rates corrected to a 20 m/se wind speed. 

The mean observed ventilation rate, corrected to 20 m/so 

','vind speed was calculated and compared to the computed 

rate. These results are s~~marised in Tables 8.2 and 

8.3. 

,Q 'J ... l 
V~..Je-"- ... The observed ventilation rates measured in 

bOl.ma.ary layer I, using the model with 2.5 mm. diamet er 

openings '[.0 produce the ventilation, sho',','ed significant 

ii~~ere~ces frc~ the corresponciing computeci ventilation 

rates. At all angles of incidence the observed 

ihe observea. ven'[.ilaT.ion rates, measured aT. different 

Nina. speeds, represented a constant ratio of the 

corresponding computed ventilation rates. The meaD 

observed ventilation rates, corrected to a 20 m/so ~ind 

speed, at an angle of incidence of 0 0 were 2.66 and 1.60 

m3/hr. for 15 and 9 openings per face respectively. These 

corresponded to computed ventilation rates of 2.86 and 

1.70 m3/hr., and represented 94% and 93% of the computed 

rates. The observed ventilation rates sho~ed increasing 

differences from the computed ventilation rates as the 

angle of incidence increased, reaching a maximum value 

at 60 0
, where the ob~erved rates represented approximately 
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t::'A3!cE 8.2 Cor-rputed a.'ld mean observed venti~E:.tio':l rates 

for a 20 m/s. wind s-peed, 2.5 rn.c'TI. ::3.ia:-neter 
oDenings. 

Angle of Comput Observed Standard 
Vel1tilatio::: Ventilation Leviation idence Observed 

of 
Rate, m3/hr. Rate, m3/hr. 

t es, m3/hr. 

--: ::::: ODO'Y1i 'Y'. '-s/face 
'/ _ '--.;':'---.J.-5 --

0° 2.86 2.66 0.04 
15° 2.92 2.66 0.05 
30° 2.78 2.38 0.06 
45° 2.61 2. 15 0.09 
1"0° 2.31 1. 88 0.04 c . 
~ .... O 

1. 51 1. 38 0.03 i? 

0 ..; oyenings/face 

0° 1 .70 1 .60 0.02 
1"\ 

15~ 1. 74 1. 62 0.02 
30

v 1.66 1. 50 0.02 
. _0 

1. 56 1 • 0.05 ,+J 
hno ~ .,Q .., ... f" C.C2 ~~o ; ""-1'-' I « i:; 

75 0.80 0.70 0.07 

Ana;le of Co~~~~4::e~ Ctse~~\red ~' &,:u. d. ar 3. 
.,..~ i,]el1ti:atioYJ. - ion i Qe:'1C e ....le 

Po.4-!:: "'" ~ /1,,,,, ~-:: s sr-~-2:l. 
--~ - - , -"-~/'---" 

t es, m3/hr, 

"', t::. 0 e tJ 

0° 2·31 1. 98 0.03 
11::0 r, ., ~ > ~ r C.C5 ' ./ 0 ;;:::.')1 1.:::;0 

30
0 

2.23 1 • 0.08 
451"\ 2. 19 1. 63 0.09 
60 v 2.14 1 .55 0.05 

9 openings/face 

00 
1. 37 1.19 0.03 

15° 1. 37 1. 17 0.03 
30° 1. 33 1.08 0.06 
45~ 1. 31 0.97 0.07 
60 v 

1. 28 0.94 0.03 
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~AE~E 2.3 Cc~~~ted a~d mean observed ventilation rates 

for a 20 m/s. vdnd sDeed! 1.0 rrL'11. diamet er 

openings. 

30undary layer I 

60 openings/face 

cs 

:-"'1,.::J~""'''Ij l !:l\rc"~ T 
- - - ...-'- -'"" - 1,.' - ~". '_ --

60 op:mi cs 

Com:;::n.l.ted 
Ventilation 

Rate, m3/hr. 

1.68 
1.68 
1. 59 
1. 48 
1. 29 

C.9S 
1.00 
c. 
C. 

1 .29 
1. 29 

" , 
•• .:::. 'T 

1. 22 
1.18 

0.76 
O. 
0.74 
0.72 
0.70 
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Ob s er~.red. 
Ventilation 

e, m3/hr. 

1 r:-!> 
"'.....,~ 

... ~t:: 
I '" "'" ~ 
1. 58 
1. 45 
1.26 

0.96 
0.99 
" . ., ,....,!' U '-.;LJ. . ../ . 
0.85 
('I 1'""7r: 
~ . ,-' 

Deviation of 
Observ~d 

Rat ss, m /::-_-::. 

0.03 
0.02 
0.06 
0.06 
0.05 

0.03 
0.04 
0.02 
0.04 
,r\ (""Ir.. 
\.,,,t. v~ 

v S8rv-2Q StanCiarci 
.J..,:"8:: ::;:2-'\:-:' ion 

1. 23 
1 .23 
1 • t:J 

1.09 
'1 .05 

0.70 
0.68 
0.63 
0.63 
0.59 

D~.J-cC" 
-.~ --~ , 

0.04 
0.03 
v.v,+ 

0.06 
0.04 

0.03 
0.04 
0.04 
0.06 
0.03 



8~% of the computed rates. The discrepancy decreased 

at an angle o of incidence of 75 , where the observed rate 

represented about 89% of the comnuted rate. Mean 

observed ventilation rates, expressed as proportions of 

model conditions in Figures 8.24 and 8.25. 

8.3.12 The observed ventilation rates measl).red in 

bc".;ndar;/ layer :l:::C, using the model 'Ni th 2.5 IErn. diameter 

openings, show similar behaviour to those measured in 

boundary layer I. The observed ventilation rates "'iere 

agai:::l lO';;er in cases than the corresponding co~puted 

ra;:;es. The discrepancies were in all cases relatively 

~arger than those measured in boundary layer I, but 

~:::c~ei a si~i:ar pattern ~ith variation of ;:;~e angie 

of incidence. The.mean observed ventilation rate at 

ccmp~ted rate, and the discrepancy increased ;:;0 a 

l::axir.:u...:'"::i value at an angle of incidence of 60 0
, ·,'.'here the 

observed rate represented 74% of the computed rate. No 

measure~ents were taken at 75 0 because of very large 

variations in the pressure difference readings across 

the orifice plate which suggested that the results could 

be unreliable. 

8.3.13 The observati ons '.vere also repeat ed in the two 

boundary layers using 1.0 ~n. diameter openings. The 

observed ventilation rates in both sets of conditions 

\'Iere lo\'/er than the computed rates, but the discrepencies 
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between the respective values were in these cases co~sid.erably 

s~aller. The observed ventilation rates measured in 

boundary layer I showed little variation with angle of 

incidence, being equivalent to 98% of the computed rate 

observed discrepancy. The results of the measurements 

taken in boundary layer 11 shovl'ed a greater variation 

'Nith ang:"e of incidence, although the variations ',vere 

not as great as those measured with the 2.5 rn",'TI. diameter 

ventilation openings. In this case the observed 

ventilation rate at 0 0 was equivalent to approximately 

93% of the computed ventilation rate and that measured 

0+ 60 0 
cc" was approximately equivalent to 88% of the 

computed ventilation rate. 

8.3.14 The mean observed ventilation rates are 

tc reduce ~ne Qa~a obtained. ~ne larges~ varla~ion in 

-v-e:c-::.-::; i.lat i C::l rat e \'I'a8 Que to t:ce change in boul1dary layer 

Ventilation rates meas1J.red in boundar? layer I1 

V qY'_ l pd beTl.,>'PPl"1_ ~,(rvd"O p-nd R1aS o-P thc COY'Y'csno-nd'; ~ ~ ~ -- . --- I.l?c ~ •• v IC l- '.-~ _. v .t"' .0. "'~-b 

measurements made in bOQDdary layer I. The ventilation 

rat es measured in the models 'Ni th 2.5 mm. openings were 

in all cases lower than those measured with 1.0 mm. 

openings. The ventilation rates measured using the larger 

openings varied between 88% and 94% of the corresponding 

rates measured through the smaller ones. Small variations 

in ventilation rate were noted with changes in porosity, 

hO'fleVer the magni tudes of these differences were within 
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the limits of the experimental accuracy. The results 

nresented in Fi~~re 8.26 suggests that for a better 

reduction of results, other non-dimensional parameters 

need to be included. A consideration of additional 

Dara~eters is made in the following section. 

8.4 Discussion of results of the comparative study 

8.4.1 Both the ventilation rates and the internal 

press"V.res meas"V.red in the model tests sho'Ned significant 

differences from the computed results. The measured 

internal pressures were in most cases lower than the 

computed values, indicating that a larger proportion of 

the total pressure difference acting across 

acted across the windward wall of the model than acted 

ventilation rates were lower than the corresponding 

comp~ted ventilation rates. The results from the two 

se~s of observa~ions appeared to be related to each other, 

a3 C;~-.2 )[,ag1'1i C;-J.Qes of oo-c;-~ ciiscrepancies followed similar 

patterns wi~h variation of angle of incidence of the 

airflo~ and ventilation opening size. 

8.4.2 In order to assess the significance of the 

results it is necessary to consider the errors involved 

in obtaining them. The observed mean internal pressures 

were subject to errors due to fluctuations in the readings 

on the manometer scale, which was read by eye. However 

for each set of conditions the recorded pressure 

represented an average of twelve observed pressures. 
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It is estimated that the recorded pressure could be 

measured to an accuracy e ord er 0 f ::: O. 25 Tr.rn" 

This order of accuracy of measurement would result 
..L 

pressure coefficients being accurate to between.!.. 0.01 
..L 

and .!.. 0.015, ch would re 

difference ratios being accurate to between:' 0.10 and 

:±: 0.15. Errors could also be caused by leakage j a..'1y 

leakage ~ight be expected to be shov'in up as vari ion 

in int ssure with changes in para ty or 

orientation t model. No gni cant variation vias 

observed th changes in these parameters. Ventilation 

rates were measured, accoTding to the calibration to an 

acouracy of ! 5%. Errors could also be caus by extra 

1 t~roug~ the model. errors t s type would 

again be expected to be sho;',:'1 up by variation 

dimensional ventilation rate th change in porosi as 

e ective porosity would increase at e same 

rate as s type 

';;ere :cent re 

e C o:::put ed val "J.e s both cases ',';ere 

systematically larger than these accuracy 1 t s, and 

error. 

8.4.3 By combining the data describing the pressure 

difference distributions on the windward and leeward mOdel 

ces and the model ventilation rates, estimates of the 

op efficiencies of e openings in these faces of 

e model were nade. These estimated values are presented 

o -



i~ Table 8.4. The a~alysis suggested that the openings 

,~ the leeward face of the model operated near to their 

calibrated efficiencies in all the mOdel tests, whereas 

t~e openings in the windward face operated at 

sigr:.ificantly lower efficiencies than the calibrated 

values. Three possible causes were considered in 

atte~pting to explain this behaviour: 

a) Variation of exter~al pressure distributions 

over the model faces due to the presence of 

pressure 11 sin.."k::s" ad~acent to the openings. 

b) Reductions in orifice efficiency due to 

fluctuations in the pressures acting across 

the openi~gs. 

c) ~eductiJ~s in ori~ice efficiency caused by 

lateral flow over the model surfaces. 

'S:'.'~~"Vi I <::1··Cr'I-,..... - (-__ ., '-' '-"' ... _ J.....-........" "-' '-' __ , ~te e~~ect of air inlets in a 

-:::lane surface is to ca'J.se va:::--iation in pressure over the 

s~rface, pressures beco~ing locally much lower than the 

~ean pressure at very small distances from the openings. 

Due to this effect the pressure differences acting across 

openings will normally be lower than would be indicated 

from the mean pressure measured over the surface. This 

phenomenon was not considered to be a significant source 

of error, because the openings used were calibrated with 

reference to pressure differences measured at relatively 

large distances from the openings, and this procedure 
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\";as r ed in the ~odel measure~ents. 

'.LA::: 1:5 8.4 IiIean estimated operating efficiencies of 
"';Y1n"'!:l'Y',.:;j -::;Y,," 1r;:;0',"-::;-"",':; .L.t:"::;co r,uo·(j.l.J.'ngs .L"::'rorn 
"--.,;..'-"-"~';" -.,..;. --.;.""" ............... _., ............ ..A., ~ ...... V..,L->"';"" ..., ~~ 

pressure difference ratios and ventilation 

rates measured in model tests. 

0::;::,'; ce efficiency as a proportion of 

calibrated value 

e of nO 11'""0 0 (', r"\ 
~~V 6C'" de:::ce v ') 4? 

2.5 ::L11. diameter openings, boundary layer I 

e 0.86 0.84 0.82 0.74 0.73 
2.9B ce 1 • C"4 1. 02 1. 01 1- 1 .01 

2.5 mIn. diam er openings, bo~~dary layer 11 

c 0.79 0.78 0.73 o '-r- Oa66 '" ' • c 'J 
0.96 0.95 0.93 () QQ r Q~ 

........ ,-<'- \ . .1 • ...., I 

~ n """I .. v ___ m" $ di er oper:.i::.:gs, bO',;I ... dsTY layer I 

':;i:::6,-":ard fac e C O? ,..;- O. O. o. 0.28 
s e .,~,' S.l~ :. ~ 

, ~ ~ 

>1 • 1 • 1- LOg c; I. vO 

1 • C' ~~~. er openir:..gs, b o~.,.c~ 
,T 

"""v -"~ 

e 0.26 O. 0.80 0.8 1 o Q~ ........ - : 

0.99 0.96 0.95 O. 0.9 L 

- ~ 

c~4.-J The effect of fluctuations in me~D pressure 

fference on the ciency of operation of openings is 

fficult to assess accurat and is normally ignored 

en calculating natural venti ion, as external pressures 

are assumed to be s ic. Si ficant essure 

fluctuations d occur mOdel studies, due to 

variations the spe and direction of the rflow and 
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to eddy edding fro:;) .. 8 model. In order to establish 

e s ese flue -'eions a simple ---'--"u si s 

'ilas carri ed out. Ass1.uning that sinusoi ~ ens in 

presstIT'e to e across the openings, int flovv 

comput I~o mvanees 

were made for inertial eets, the frequency distribution, 

e pressure flue ions, and consequently 

sis could be considered as a very crude 

est the order magnitude these effects. 

The res"c.l t s the analyses, presented in Figure 8.27, 

sugge ed that the opening efficiencies reduced 

considerably as the pressure fluctuations increased 

value. I.leaSUre::::lents the R.M.S. pressures acting on 

e 2'::06.e1 ,;vere also made, using a!! ani val ve ll essure 

.,....,~cq~"'\"\"Y'tcC'l .....,...~<;::C! .... Y":::.:J ~V">~ 
'~ .... ""'....- '-' V._ ....., W ......................... ¥"~_ __ __ __ '-" 

r. .• _"'" _ • ..., , , -..,.;t, __ __ _ e 8.28. From these measurements estimates 

operating e ciency of the openings 

, . ..: S :ect were e, and G se, together th 

e 0 G { • 

of both e 1" 0 trL':i .. 

ameter 0 due to e pressure 

fluctuations measur in boundary layer I were estimated 

to be very At most angles incidence it v:as 

e ted that the efficiency of the openings would have 

been bet".-:een 0.98 and 1.00 their calibrated 

cieneies. The largest reductions e cieney would 

have been angles of idence between 75 0 and 105°, 

and at ese angles the openings would have been operating 
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a~ efficie~cies of approxi~ately 0.95 of the calibrated 

7a:~e. 7~e reductions in efficiency due to the pressure 

The estiD2ted o~erating effi~iencies of the ope~i~gs i~ 

t~e ~ind~ard face varied between 0.91 at 0° and 0.96 at 

60 0
. Smaller reductions in efficiency were calculated 

for the openings in the leeward face; estimated values 

being bet~een 0.98 and 1.00 of the calibrated value. 

T:-:us it seems tL"11ikely that the pressure fluctuations 

are the main cause of the discrepancies between the 

observed ~d computed results. 

8.4.7 The third possible explanation of the 

experimental result s which vvas considered was the 

aitera~ion of ~he opening performance due to air streams 

floning laterally across the openings. The effect of 

iaterai alr movement on the performance of ~he openings 

usea ln ~he model tests was determined experimentally 

by repeati~g the calibration measurements for the openings 

'::i tl~ an ai::::-- strea:::., of knO',','Il velocity, flo~:,:irlg past the 

calibratio~ plate. The calibration apparatus I ~ .. . (.'"'-ppenalx 

A "' ) .1:"'. j was set up at the open end of a small air duct, with 

the test plate aligned with one wall of the duct. The 

flo'{/ velocity was measured using a pi tot-tube mounted 

adjacent to the openings and at a distance of 3 W~. from 

the plate. Calibration measurements were made with no 

lateral flo'.'.' and then in several flows of different·-

velocity. The results are presented in Tables 8.5 and 

8.6. The efficiencies of operation of the openings, when 
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~AB1E 8.5 Calibration measurements for 2.5 die.:neter 

openings with different external lateral flow 

Lateral 
flow 

velocities. 

Dynamic 
head, 

"'D'ir .,..,..,......., .~''-
..... 11, ... .-.- III "0 '" 

Pressure 
difference 

-10 l iJ...'11 e t r i c f la VII rat e , 0 • 2 1 0 m 3/hr . 

0.0 

8.0 
12.7 

17.2 

0.0 

4.0 

9.9 
18.0 

15.2 
19.9 
21.7 

23·5 

-volumetric flow rate, 0.175 m3/hr. 

0.0 
8.0 

12.7 

17.2 

0.0 

4.0 

9.9 
18,0 

10.2 

13.9 
1 5 . L1 

1 '7 • 1 

Volu.Jnetric flow rate, 0.136 m3/hr. 

0.0 

12.7 

17.2 

0.0 

8.0 
12.7 

17.2 

0.0 

0.0 

18.0 

0.0 

4.0 

9.9 
18.0 

8.6 
9.8 

11 .0 
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4.5 
5.5 
6.5 

dP/pv 

06 

5.0 
2.2 

1.3 

1 .5 
1 ,,0 

C6 

2.2 
1 .0 

0.6 

c<:J 

1 • 1 

0.6 

0.4 

:Sffer:tive 
orifice 

efficiency 
O ~") 

(dP / dP ) • -' .J 
o 

1. 00 

0.87 
0.83 
0.80 

1. 00 

0.85 
0.8 1 

O '7r:: . , ~ 

0.83 
0,'7'7 

0.73 

0.81 

0.74 
0.68 



TABLE 8.6 Cal:'..bration !1:easurements for 1.0 rrL'TI. dian:'leter 

openings with different external latera~ £10'.',1 

velocities. 

m/so 

Dynamic 
head, 

1J.~ ~"'" ,.,-
-- ", ._...!.u,. if 6. 

VolDlTIetric flow rate, 

0.0 

4.0 

7.2 
11.9 
i6.0 

VolUL"Yletric 

0.0 

1 1 0 
, I • ,./ 

16.0 

4.0 

7 2 

11.9 
IO.V 

c 

0.0 

1.0 

3.2 
8.6 

15.5 

0.0 
, i" 
I • V 

3·2 
8.6 

15.5 

1.0 

3.2 
8.6 

i5.) 

Pressure 
erence 

dJ?, mrn.wg. 

1. 
0.028 mJ/hr. 

12.6 

12.85 
12.8 
13.4 

13.5 

9. 15 
9.25 
o -J.J 

9.8 
10. 1 

5.3 

5.5 
5.8 
6. 1 

Volumetric flow rate, 0.011 m3/hr. 

0.0 

4.0 

7.2 
11.9 
16.0 

0.0 

1.0 

3·2 
8.6 

15.5 

- 216 -

2.5 
2.6 

2.6 

2.9 
3 2 

dPjPv 

o<:S 

12.8 

4.0 

1 .6 

0.9 

9.4 
2.9 
1.1 

0.7 

1.7 
0.7 
0.4 

c:XJ 

2.6 

0.8 

0.4 

0.2 

e i ".re 
orifice 

efficiency 
(d'P /dP)0.60 

-0 

1 • 

0.99 
0.99 
0.97 
0.96 

0.99 
0.98 
0.96 
O Oil 

'J"T 

1.00 

O QC , __ J 

0.98 
0.95 
0.91 

1.00 
0.98 

0.98 

0.91 
0.86 



calitrated values, and decreased as the lateral flow 

could be relat ed to the rati 0 of the :pres Sl).re di ffere:::c e 

acting across the opening to the dynamic head of the 

lateral flo','1, as shovm in Figure 8.29. The measurements 

~ere repeated with the openings acting as outlets. 

Under these conditions the efficiencies did not appear 

to be sigrlifi ca...YJ.tly affect ed by the lat eral floN. 

8.4.8 Estimates of the influence of this effect on 

the observed results were made by measuring the lateral 

flow veloci ti es arOLLl1d the model and calculat ing the 

reduction in efficiency of the openings in the windward 

Bodel faces. Measurements of the air velocities were 

Dade using a hot wire anemometer with the probe mounted 

a~Jacent to one face of ~he model. The anemome~er probe 

\":as mounted in three positions, at equal intervals along 

t~oo face, at a height of 45 rn.m., and a distance of 3 ITL:l • 

~ro~ the ~cde~ surface~ . .0..t eac:: angle .C" '-' 
0.1. lnClQenCe a 

sean veloc:" ti ">vas found, and tl'~e results presented as 

nronortions of the free stream roof height air velocities 

(Figure 8.30). The velocities fOLLl1a, although not 

necessarily accurately representative of the flow 

conditions over the whole face, gave approximate values 

of the lateral flow velocities. The reductions in 

estimated efficiency due to this cause followed much more 

closely the pattern seen in the observed results. The 

2.5 mm. diameter openings were affected to a much greater 
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SX-:;Sl:-:; than tile 1.0 In.iTh diameter openings. It is thought 

t~:at t~'lis effect occurred because the air supply for the 

"1 ~_-:: 1) ~ 0 2. s s i s t~'le air 

layer effect caused by the model surface. The reductions 

were also larger for the observations made in boundary 

layer 11, due to the higher lateral flow velocities 

relative to the pressure differences acting across the 

Dodel. The size of the correction also increased as the 

~~gle of incidence increased, the maxim~~ value being, 

for both boundary layers, at an angle of 600
• The 

correction was lower at the angle +1---0 
',.; ... - '-' 

Consequently it can be seen that the values of the 

~ell with the discrepancies between the observed and 

comnuted results. It is likely that these flow conditions 

are the major factor causing the discrepancies. 

8.4.9 Corrections were made to allow for the combined 

effects of the lateral flow and pressure fluctuations on 

the efficiency of oneration of the model openings, and 

using these values approximate estimates of corrected 

ventilation rates and internal pressures were made. These 

are presented in Table 8.7. The corrected ventilation 

rates agreed well with the observed values, the average 

error between corresponding values for all sets of results 

being approximately 3%. The corrections to the 

ventilation rates calculated for the 1.0 mm. diameter 
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TABLE 8.7 Summarised corrected ventilation rates and 

pressure difference ratios allowing for the 

effects of nressure fluctuations and lateral 

flows over t~e ~odel surf~ces. 

Corrected ventilation r2t':?s 

BOi .. L'1dary layer I 

1 .0 mm. diameter 
openings 

2.5 JT1~'TI • dia!!leter 
openings 

Boundary layer 11 

1 .0 m..:.~~ dia::neter 
openings 

2.5 mm. diameter 
C):ge~i~gs 

~ (0 ~ 2-;~ll. Qial~~c~ el" 
'-""r\C!'Y1~ ~ r:-Q '-':"'--- ............ ",,;.---0 ...... 

2.5 mm. diameter 
openings 

30""c,mdary layer 11 

1 .0 JT1_TYl. diameter 
openings 

2.5 mm. diameter 
openings 

0° ° 30° 45° 60° 75° 15 

0.99 0.99 0.98 0.97 0.95 0.96 

0.94 0.94 0.91 0.86 0.82 0.86 

0.93 C.93 0.94 0.93 0.93 

0.86 0.85 0.84 0.80 0.80 

1.02 1.02 1.05 1.10 1.18 1.07 

1 0~ • 0~ 1 '0 1 ~Q ~ 0C 1 ~~ 
,._/ ._/ ,.~~ ,.~~ ,.~~ I./~ 

1.581.541.721.881.92 

openings in boundary layer I were the smallest in value; 

the mean ventilation rate being 0.97 for angles of 

incidence between 0° and 60°, while the observed value 

was 0.98. The largest corrections were calculated for 
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2.5 mm. diameter openings in boundary layer 11; the 

mean value of corrected ventilation rate being 0.83 of 

~~e compute~ ventila~ion rate, while the observed value 

The pressure difference ra~ios showed less 

good agreement. Values calculated for the 2.5 ro~. 

tl:e "values calculated for the 1.0 lIun. diameter openings 

~e~e lower t~an the observe~ values. In all cases 

however the corrections indicated that larger pressure 

drops would be expected to occur across the wind'Nard face, 

~~e ~o reduced efficiency of operatio~ of t~ose openings, 

as ~as observe~ in the mOQeL experiments. Consequently 

t~e combine~ effect of these ~wo fac~ors was taken to be 

between the observed and computed results. 

In addition to the cooparative model results 

t";;C :-.;_rther small studi es \vere carri ed out. In the first 

~~e ventilation rate calculations were repeated, for all 

t~e ~odel studies carried out, using mean pressure 

coefficient values for the model face instead of 

individual values for each opening. The total 

ventilation rates calculated under these conditions 

shoi'.'ed close agreement with the previously calculated 

rat es. The agreement between the two sets of ventilation 

rates was within 2 - 3% for all sets of results. It was 

concluded from this study that mean pressure coefficient 
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values could be used to calculate total ventilation rates 

were well within the accuracy limits of other data used 

in natural ventilation calculations. 

The influence of small scale surface features 

O~ ve~tilation ra-:;es ','.'as also inves-:;iga-:;ed. in order to 

estimate the inaccuracies caused by neglecting these 

features ';,'l-"en choosing appropriate press"V.re coefficie::lt 

values. Ventilation rat e measurement s \'/ere repeat ed 

using the orifice plate model with 15 x 2.5 llm. diameter 

openings per face in two c~posite faces. Three separate 

types of surface feature were applied ~o ~he porous 

faces of the model and in each case ventilation rate 

o and 60 . The configu.rations consisted of patterns of 

anQ a grlQ of 'oeams ana. co:iUlTI.l.'lS ou~sla.e ~:r1e bUl.lQlng 

envelope. 1'he strips representing beams v:ere mount ed at 

heights of 30, 60 and go IT@., and those representing 

coltUYI.:t1s spaced uniforl:lly at 12 YTt'::. intervals. S:r::.all 

variations in ventilation rate were observed when compared 

to the measurements made with a smooth model surface. 

The variations were all within! 7% of the previously 

observed ventilation rates and again are within the limits 

of accuracy available of other data used and '.vi thin the 

limits of accuracy of operation of the programme. 
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8.6 Conclusions 

The results of the comparative studies of 

natural ventilation of a series of simple mOdels owed 

that ventilation rates and pressure distributions 

predicted 

~sing conventional natural ventilation theory. Calculated 

vent ation rates were gher the observed rates; 

differences b ween observed and predicted ventilation 

rates increased more turbu.lent ow conditions and 

the tests carried out larger ventilation openings. 

e pressure difference distributions also sho'Ned 

gni cant variation from computed distributions. 

essure differences were larger across t~le windward 

model faces -chan across leeward faces. In some conditions, 

using the model h two identical porous faces, the 

'" 
press~re cirop across the e reached ~/3 of the 

t pressure drop across mod 

"""' .,,.. .0-

0.0.':::: screpanc es be-c';,'een t obServed 

ventilation es ~~d pressure distributions and ..L' u[le 

corresponding computed values were caused by reductions 

in the efficiency of ..L • e venuJ.. i on openings vvhen 

compared to th r calibrated efficiencies under conditions 

of steady pressure erence. The openings the 

windward faces of the models were affected to a much 

er extent than openings in leevlard faces. 

The reductions efficiency are thought to have been 

caus fluctuations the pressure difference acting 
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2.cross openings and by lat ow along the 

ss of the mod faces. Approximate corre io~s 

ese ects showed good agreement with 

ilation rates. 

" - -O.Ooj The computed ventilation rates showed 

screpancies from the observed es CJ1/o - 2 CJ1/o • I t 

lS uossible that in full e buildings discrepancies 

of this order of magnitude wi so occur as the 

relative lateral flow velocities and pressure 

_uctuations will probably be of a simi order of 

tude to those experienced in the model work. Full 

sc e measurements of the distribution of wind loads on 

Qui ldin.gs have ShO'Nll that r i vely l-!.igh wind loads are 

carried on the windward es the bui:l dings ( 

1968), e..'1d this behaviour v?as a180 e ri '-, oo6.el 

es. The limits of ac of a a for 

s ct de ion 

coe 8 and ursssure C~ n'; ;::::.....-....L 
-- - "" - .... -_ ... < 

-ehe di analo6~e could be used to produce an 

acceptaoly accurate estimate of total venti ion. es. 

s by using mean 

pressure co cient values for the building faces, 

ignoring the effect of small scale surface features, did 

not lead to significant additional errors. 
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Ficure 8.4. Observed and computed internal pressures ~ opening 
configuration 8, boundary layer I~ variation wrth angle 
of incidence. 
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~'~Ie 8.5. Observed and comouted internal pressures, opening 
configJration C. boundary layer I, variation with angle 
of incidence. 
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Fqure 8.6. Variation of observed and computed mean internal pressures 
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internel pressure 
coefficient CPI 

OJr ~------~------~------,-------~------~------~ 

..,,:L 
U."-i 

I r 
I 1"\ 1"\ ___ 

v,v
l 

I 
-0.2, 

I 
! 

-04L 
• i 

I 
r 

-0,6t-

~ 
-0 QL _.v 

internal pressure 
cOefficient, CPi. 

0,01 

r 
-0.2r 

~ 
-Mt 
-0.5 

l 
I ., Computed 

Observed 13m/s 
19m7s 
25m/s 

.-------- J 
-0-'- I 

1 

I 

I 
...J 

-i 
! 

t- ~ 
I 
I 

/':)~ se.: 
angle of incidence. 

VCriC:io'l 0+ ofiserved and comouted mean Intemal pressures 
iN 1 t-'i engle d incider-,ce d Q1rfbtv'.. ooeniflCl confiauration C, 
9 x 2.5mm. openings/face? boundary layer n. 

19m/s --
25m/s -.-.-

BY 7~ ~ 
angle of inCidence. 



i 
I 

~L 
"I 

! 

L 

-!J.2r-

". 

Variotion of observed and computed mean internal presSJres 
with angle of incidence of airflow, openmg configuration C, 
3 X 2.5mm. openings/face, boundary layer L 

--, 

.... , , , 

I 

3Cf 

.. , 
" , 

, 
" , , 

"'-, 
" " " " " 

60' 
I t J 

75° 9Cf 
angle of incidence. 

internal Dre5SUre 
cOc;;;cier;t, CPI () 

O.3r .--~---,------.----....,----,-----.----! 

I 
i 

0.21-

t O'l 
-02~ 

I 
1-

-04L 

-oJ 

-'. '-. -. 

n:;o 
4", 

Comp.1ted 
Observed 

._________________ jl 
-------.:-:t-

J 
f[f 7'3" 9()e 

angle of inCidence .. 



00ure 8010. Variation of observed and comg..Jted mean internal presSJres 
wrth angle of incidence of airflow; opening configuration C, 
1 X 2.5mm" openings/face., boundary layer r. 
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Fiaure 8. 12. 
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Floure 8.14. Variation of observed and computed mean Internal pres9Jr~ 
with angle of incidence of airflow, opening configuration C, 
12 x 1.0mm. openlngs/foce, boundary layer I~ 
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Var iation of pressure difference ratio, (Cp.,.-CPi )/(Co;-C9) and 
relative orifice cpera:ing efficiency, (e",/e,), windward face openings: 
leev./ard face openings, WITh angle of incidence~ 2.5mm openings .. 
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Variation of pressure difference ratio .. (CpwCpi)/(CfSj-CPr ) and, 
relative orifice coeratng efficiency., (e'WleL)~ windward face openinqs: 
leeward face openings, wrth angle of incidence, l.omm openings. 
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Variation of observed and computed ventilation rates with 
oi. velocity, opening configuration C, 9 and 15 X 2.5mm. 
openings I face, boundary lover I. 
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Variation of observed cnd computed ventilation retes with 
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Figure 8.23. Variation of observed and computed ventilqtion rates with 
air velOCity, opening configuration C, 36 and 60 x 1.0mm. 
openlnos / face, boundary layer J[. 
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Fioure 8.24. Variation of relative ventilation rate with anole of incidence .. 
2.5mm .. openlnas. 
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Fi:u~e 8.26. Var lotion of non-dimensional ventilation rote V m.C. (Pvl2{n 
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FiaJre 8.27.. Variation of computed orifice operating efficiency with 
magnitude of pressure fluctuations. 
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Ficure 8.29. Variation of orifice operating efficiency with lateral flow velcx:rty. 
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9. A DISCUSSION ON DESIGn METHODOLOGIES 

9.1.1 The model studies discussed previously have 

demonstrated that ventilation rates and pressure 

~~::e~e~ce diqtributions cannot be predicted absolutely 

accurately if the simplifying assu~ptions made in natural 

venti~ation theory are used. However ventilation rates 

predicted using this type of analogue, at least in 

situations of wind induced cross ventilation, are within 

acceptable accuracy limits when considered in relation 

-co -elle accuracy of other input variables. Natural 

ven-eilation is caused by naturally occurring motive forces, 

dependent upon the meteorological conditions occurring 

r-..L ..L.1, ..... ,..., 1.--.~,.;'" ,~.:: -.,.-., ___ 
,:::,....., "'-_~ />...I'-" ... ~-,-I.,.A.~"'-6e' T~ree ~a~cr ~eteorological factors are 

normally assumed to affect natural ventilatlon; winO. 

s:!;leed (liillich may be further subdivided into mean speed, 

turbulence intensity 2...11d wind sueed profile), external 

temperature and wind direction. In order to develDp 

suitable methodologies for predicting design ventilation 

rates careful consideration of the appropriate design 

meteorological conditions must be made. 

9.1.2 The choice of appropriate meteorological design 

conditions varies with the situations the designer. wishes 

to investigate. Generally three situations will be of 

greatest interest to the designer when considering the 

design of natural ventilation in bui2dings. These are: 
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, 
~. the maximum rate of heat loss from t building under 

vvinter sign conditions. A considerable proportion 

~ ~~c tota~ ~eat loss of a bui t es e 

losses du .. e to ltration or ventila~ion. 

• Consequently an estimate of the infiltration rate 

when heat loss from the buil is a maxi!"rl"l)2:1 

must be made in order to ze ing plant and 

di ribution works. 

2. the average rate of heat loss from the building 

throughout the heat season. assessment of 

the average Itration rates must be made to 

costs ::or 

the 5~ee onrJen la e in 

proposed desi s in SQ~mer c 

age si process a deci on must be made 

on the envirorunental control metn s to be lJsed. 

The 

c roll ernal c tio~s ~ill affect the need 

mechani ventilation and may limit the 

permissible d ee of glazing or permissible building 

depth. this context the de gner must be able to 

-evaluat e the amount of vent ion pos e under 

desi -conditions so that an approximate estimate of 

the likely quality of environmental control can be 

made. 

The sign methodologies currently available 

been discuss critically in section 2.4. this 

chapter some of the factors ing the development 
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such methodologies are considered briefly in relation to 

(; me ods currently available and possible alterations 

:: ~ tiO~lS to ods silgge ed. 

9.2 The prediction of infiltration and ventilation rates 

for heat loss calculations 

The methodologies currently available for 

pr cting infiltration rates in buildings, are of two 

types; those using the air change method and those based 

on the crack method. Of the?e the more objective and 

accurate are those based on the crack method. Ful 

sed ~ethodol0 es s od 

ed ( son, 1971). 

more sophisticated analyti tec~~iques signi c 

normally be proaucea because of the 

curacies due to data errors and the simpli 

as suy:;uti ons made. Consecp.en"tl;:/ ~ Y1 ::l0 

s ; ed methodologies based on c culati ons er 

nomograms will be of sufficient accuracy. Of the 

methodolo es noted, the mo comprehensive method 

appropri e e de gn c culations is probably 

the crack method presented the I.H.V.E. Guide 

(I.R V.E., 1970). Consequently it was decided to use 

this method as a basis for discussing the limit ions 

of the current methodol es and the areas in which 

r istic improvements to them may be made. 

9.2.2 The I.R.V E. method for predicting infiltration 

rates in buildings is described section 2.4 and 
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is:::' er detail in paragraph 3.4.13. The use of the 

~ethod for estimating desi heat loss rates may be 

tic~sed bec:ause s 

~"V) oanced due to over-simpli i 021 of ~s SlLrrled 

me"teorological design conditions. The method calculates 

a maximum likely infiltration rate, rather than an 

Itration rate applicable to c tions of likely 

maximun t loss. This e is found ~ssuming an 

extreme wind speed value and cons uentl,Y- is assumed 

stack effect is always of secondary significance. 

Heat losses are then estimated by calculating heat 

to the 

ta~eous occurrence 

t e difference. Because the equency of 

d ~ind sp~e5s and :C~ 

temperatures is relatively small signific&~t overe imates 

of infi ion h losses and underest es of t 

ance stack eet de gn ions are e 

v.sing s method. 

e above method one standard meteorolo cal 

eed is aSS"llmed to be repre c tions 

over the whole of the United Kingdom. The variation of 

meteorol cal wind speed in inland areas throughout the 

country is relatively small, ten peraentile wind speeds 

for Kew, Abingdon, Keele and Renfrew b 7.2, 7.3, 6.8 

and 7.7 m/so respectively (M.O., 1968) a variation the 

order of : 10%. Consequently this approximation may be 

e th reasonable justification. However considerably 
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higher wind speeds are noted at coastal sites, for 

exam:ple at South Shields and Fleetwood the corresponding 

Q Q "1/~ an r1 0 3 TY1 I~ I~espec-'-" --ely Q'ue to S:::'-::S·::2 sre ''-'Ii' ........ :;j. 'O'-..A....Je iU/we I,;..LV, 

t~e ~~creased exposure of the sites. These should be 

allowed. for by increasing the exposure rating for areas 

of this type if systematic errors in site wind speed are 

to be avoided. The effect of building orientation is 

disregarded in calculating the maximQm infiltration rate. 

This would also seem to be justified as meteorological 

mean ':rind speeds are relatively constant as wind direction 

varies in most inland areas. At Kew, for example, the 

fift.? ::.:'erce~tile '::ind s~eed '"\raries bet\';een a minimum of 

of 3.8 m/so for winds coming from 135 0 
- 225 0

, (C~a~dler, 

2.s:::~~. 8c:csi5.erably greater variations would normally 

be expected due to different local grolmd roughness 

condi-':ions if this varied wit~ d:"rectic::: a::.~ov.nd tLe 

buildi:-:g. Consequently the desig:::l meteorological ';.:ind 

speeci :::ay reasonably be assumed to come from whichever 

is the worst direction for the building being studied. 

9.2.<1 \\'h.en consider2-~g infil-:~~_tio~ ~_e2:t losses cOt}1 

wind s-peed and temperature difference are important and 

the ra-':tern of simultaneous variation of wind speed and 

exter::al temperature will determine heat losses. Lacy 

(Lac~~, 19(2) recommends that bivariate analyses of wind 

speed and external temperature be used for determining 

meteorJlogical design conditions. Bivariate analyses 

show ':::-lich combinations of temperature and wind speed 
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occur preferentially, and, in relation to the calculation 

of heat loss, the frequency of occurrence of combinations 

of 10'.v temperatures and high wind speeds. In particular 

b:'variate analyses show that combinations of low 

te!1perature and high wind speed occur relatively 

infrequently. This effect nas been analysed empirically 

by Billingt on (Billingt on, 1966), who sugge st ed that 

ventilation rates calculated. ignoring this effect vlOuld 

represent significant overestimates of the actual rates. 

Full bivariate analyses are not suitable for simplified 

prediction techniques of the type being discussed as the 

data format is too complex to handle easily; they are 

ouch more suited to fully cO::lputerised predictive 

t eC~"lc.'1iq'J.e s. A more useful :orm for the met eorologi cal 

information would be the provision of design wind speeds 

a1J"Dlicable to specified outside temperature r821ges. Using 

t::~:. s r:1ethod a sui table desig:;. wind speed co').ld be ass')!:";ed 

9.2.5 In Figure 9.1 the -v-ariation of three design. 

hourly wind speeds with temperature are presented. The 

design wind speeds are fifty percentile, ten percentile 

and one percentile wind speeds for a site at Abbotts 

Langley (Page, 1971). The curves ShOVlll are smoothed 

curves found by calculating,Ior each temperature~the mean 

of the appropriate wind speed values for that temperature 

and the two values at immediately adjacent temperatures. 

All three curves show similar behaviour with change in 

external temperature. In particular the design wind 
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sneeds become much lower at very low external temperatures. 

Design temneratures used for calculating heat losses in 

t~e United Kingdom vary between _1 0 C and _6 0 C, and depend 

on the building shape and the overload capacity of the 

"Dlent. Figure 9.1 clearly shovvs that in this region the 

assumption of a 9 m/so design wind speed (which 

approximates to a one percentile wind for all conditions) 

o in co~bination with a -1 C external temperature, as a 

basis for calculating infiltration heat losses, would 

result in very conservative plant sizing. 

A ~ore suitable design criteria might be the 

for 

condi tions at or below this temperature t;lat design. lleat 

l~2S c?lcul?tions are made. It can be seen that in some 

~~~s ~et~:~ ~o~ld still result in a conservative 

o -6 C, 

estim2.te, as the design speed 2.t this temperature would 

be still lower. However, the amount of overdesign vvould 

be significantly reduced. The determination of a 

suitable reduced design wind speed is a complex task 

which is the problem of the meteorologist. However for 

o 0 the conditions 0 C~T~-1.1 C the fifty percentile, ten 

percentile and one percentile wind speeds at Abbotts 

Langley are 0.8], 0.75 and 0.75 of the corresponding 

values for all temperature conditions. In the same way 

that arglli~ents may be made for adopting single design 
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,'iind speeds and design temperatures throughout the country 

so these modified wind speeds may be typical of other 

areas. This may be confirmed to some extent, as estimated 

ten percentile wind speeds for the conditions OOC;> T > -1.1 °c 

·.','e2:'e fOl.md to be approxi!:l9.tel~r 0.8,0.8 a:::.Ci 0.6 of -1:::e 

corresponding values for all temperature conditions at 

I'.Ianchester Airport, London Airport and Renfrew 

respectively. Consequently it is suggested that, for 

calculating infiltration heat losses, a modified design 

~ind speed could be used. An appropriate value for this 

~ould have to be determined from more detailed studies, 

but from the limited set of observations considered it 

would seem that a value of approximately 75% of the 

corresponding design wind for all terr,perat'J,re conditions 

might be suitable. The resulting design infiltration 

rates would be of the order of 0.67 of previously 

c2clculated values, vvhich agrees reaso::1ably r;ell '.'ii t}: 

10eds could be cslcul9.ted ~y .=J cc ": --...... 
_ ............ "- - 6---

rate of heat loss due to i:::.filtration. 

9.2.7 VVhen calculating maximum infiltration rates the 

assumption that stack effect will have a negligible effect 

on the gross ventilation rate for the building is made. 

Allowance for stack effect is made, when assessing the 

distribution of heat loads throughout the building, by 

increasing the calculated infiltration rate by 20% on the 

lowest floor (the allowance reducing linearly until the 

building mid-height is reached). Above the mid-height 
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cf the building no allowance for stack-induced 

i~~iltration is made as the stack effect will tend to 

cause exfiltration, which creates no additional heat load. 

T~;.e use of an approximation of this type, when 

such as wind speeds at low temperatures or wind speeds 

typical of mean conditions, is no longer appropriate. 

:::n these conditions, when the relative importance of 

stack effect is much greater, the combined effect must 

03 considered more carefully. 

T~e prediction of g~JSS ventilation rates and 

-;:;~;'3 o.istri-oution of ventila-'cion "C.Ilo.er combined winO. ano. 

s-'cac~ effect conditions is complex. However acceptably 

made by calculating the ventilation due to each effect 

C~~sequeLt~y nOffiograms for prejic~ing t~e venti~ation 

,:5.-)_2 to '.-vino.. acting alone ano.. stac~\: effect acting alone 

could be used to make a more realistic assessment of other 

design conditions. Sll.ggested nor::ograms are presented in 

Figures 9.2 and 9.3. 

9.2.9 A nomogram for predicti21g wind induced 

ventilation is presented in Figure 9.2. The form of the 

nomogram is based on the method given in the I.H.V.E. 

Guide, with the exception that the estimates may be made 

at different met eorological wind speeds, a..Yld can 

consequently be made for a greater range of conditions. 
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Also, the window cracks are assumed to have a flo':1 

anent o. as this is ought to be more 

representative of actual values (see -p' _l 4.5) , 

chart is us to obtain a basic venti ion e, ich 

is fC'JIld est +;Y\" ..; ~ . ...;-+.~ -, .- a des:" pressu.re "-'----6, .1...l. .. L . .l.. v.J- -'--.j , 

erence, dependent upon the building's surroundings, 

it's ght the meteorologi wind speed. From this 

ssure erence the mean glazing leakage 

coefficient a basic l ion e can be found. 

Sugge ed values for meteorolo cal wind speeds are given 

in e 9.1. 

TABLE 9.1 Su~.gested approximate meteorological wind 

sneeds for infiltration rate calculations 

i1tration e 

ion e for maximum heat loss 

Mean infilt ion e 

...: _,_.£"~ ! ..J...""",- .1.. -= ~ ....... 

..J- ... _ ..... ...L.. V.J.. ~ v.L V..l.L 

9.0 

6.5 

") t::: 
~ . .,/ 

m/so 

m/so 

"" 10 
'.'/ '-' . 

ration rate could be found using correction 

ors to allow for erna1 subdivision the 1 

a r cS lye c 1 ln (;11e same way as 

is reco~mended in the I.H.V.E. Guide hod. 

9.2.10 A nomogram suitable for predict stack-

induced venti ion, developed from a s studies 

c ed out using e natural ventilation ogue 

described in Chapter 5, is presented in Figure 9 3. 

The is a similar form to that ch predicts 
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~ind-induced ventilation and is also used to estimate a 

casic ventilation rate. From a design press'Jxe 

difference (found from the building height and design 

temperature difference) and assuming a relative stairwell 

door flow resistance value and t~e ~ean 

coefficient, the basic ventilation rate can be found. 

':211e magnitude of stack-induced ventilation is determined, 

to a large extent, by the resistance of the stairwell 

doors, as all the air flowing through the windows on one 

floor has to pass through the doors to travel to other 

floors. Stack .I:' ~ .J.. e.LIeCIJ may often be assumed to be less 

ioportant than is realistic because the doors to vertical 

shafts, which are designed to be relatively air tight, 

are assD.Tned to be alv.'ays closed. In practice the 

vertical shafts are major circulation routes, particularly 

in tall buildings, and these doors will be open for 

significa::rt pro:rol~tions of the tir.:e that a "!]-o_ilding is 

9,-,nn'1""1+ -I-l"'!:l l":;~."'"o -<;'r ........ "-l--+-.0"'Y"' • ., I--'..t:' "'''C~ 
~--- '...-" '--" '- - - - .... ' -- - - '"" - - ~ - --- .i- -- - .... '- - - - -'~ '-" '-' 

0f the stairwell doors. To illustrate this effect 

estimated stairwell dooor resista.'1ces for different 

the basic infiltration rate the total infiltration rate 

could easily be found using the correction factors as 

given in the Guide, and a representative crackage length 

of one half of the total crackage length for the building. 

9.2.11 The total infiltration rate for conditions 

where combined wind-induced and stack-induced ventilation 

- 256 -



TA3LE 9.2 Effective st rwell door resistances for 

different patterns of use to illustrate the 

effect of door usage on vertical flow 
r:::si STIes. 

(calculated using an assumed 4 second door . \ openlng) 

"'r'\--._ 
1 "" door, ~ rrLL~ • closed -~ J , 

m3/hr. 0.5 permanently 160 mm.wg. 

t::; m.m. gap, closed ./ 

m3/hr. 0.5 perrnan 250 rnm e V'lg. 

:J(1).'ole door, one leaf opening, 1 0.5 c . 20 t s/hr. 750 mJ/hr. mm.wg. 

e door, one leaf opening, 
m3/hr. 0.5 c. 50 times/hr. 1,500 mm.wg. 

e door, permanently open 25,000 m3/hr. mm. 0.5 

are acting simultaneously can be approximated by assumi 

"G the combined rate is equal to the higher rate caused 

one ect acting alone (Diak, 1950). This effect was 

s-r;i ea using the gital analogue for several 

ding forms. The results suggested that errors 

by the use of s assumption v;,ere small in mo 

c:~ses. errors were the wind-induced 

v-e:Cl t ilat i 02:1 e was equal to t stack-induced 

venti ion rate; the assumed values o.:::i 

smaller than the corresponding computed combined values. 

errors rapidly reduced in size at other values. 

stribution of maximum infiltration load on different 

oors may also be relatively ly estimated ~)y 

c the total infiltration rates due to wind act 

one and stack effect acting one. The variation of 

combined infiltration rate, fferent floor levels, 
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Vll the r ive magnitude st Dt.":i 
~"" ve::1ti ion 

is sho".TI in e 9.4. e rease tf'.:.e combined 

Itration rate decreases approximat 1 1,'.'i th 

hei j a simplification ch may be made with 

ion 

infiltration loads with height. It is hoped that the 

development of a de gn method based on these assUJnptions 

pr 0 d'LlC e si c 1y more accurate pr ctions 

without addi::1g too to the campl ty of the 

9.3 The prediction of uossible ventilation rates in 

buildings. 

The development of a methodology for predicting 

DOS ble venti ion 1 2-sses 

de ee of envirol1Jnental control possible is very difficult. 

1st gn ion es are mainly depend 

ss of -Lements 

+1- er2:::::1 -',-.'""> ""'., "- C& ___ C ti OllS, ion ra1;es ~ v ........ ""'" " '.,,),..:.. V-.J....V 

sro 
~ .... "'" pre ly dep t on pattern use the 

building by it's oc s. Two aspe s of ventilation 

ance wnen con derll1g the feasibllity 

of natural ventilation for environment contr ; the 

degree individual control avai e and the mazimum 

am of ventilation possible de si si tuations 

without any compromise of other aspects the use the 

1 
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ttle advice is available to de si er 

e ion natural l ion these 

ions. The only applicable tech~ique noted is that 

given in the I.ll.V.E. Guide, 1970, described in 

2 . 4 • !, • fTlh Co r e c ions are inadequate 

d ermining the feasible quality natural ventilation 

in 1 for several reasons: 

a) the method sregards building sure. 

Building hei and 10 ion largely det 

mea...Y1 site wind speeds, and the wind ed 

determines the magnitude of the e 

motive forces. 

b) the method disregards tpe permissible open area 

available ila on. The likely 

.J... • ventJl e obviously depends on e open 

arcs. of ion opening. ma...1"lY 

areas the per::lissible open area may be 

r e to S::lS se control or 

11 often ect the 

using ilation 

se areas. 

c) es 

rates. a Iding with a constant 

area of ventilation opening the change e 

is dependent upon building depth. Under 

any given conditions the r flow rate through 

t 1 will be relatively const as 

building depth changes, but t air change rate 
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will decrease as e bui depth increases. 

many situations a designer is concerned with 

e abli a pe~issible building depth for 

given te conditions in order to compare the 

design constraints imposed by the use of 

ilatiol1 th those of alternative 

methods venti ion. 

d) the ues found the t e are not related 

to parameters ';:hich the de can control 

and consequently the table gives no e as 

to how perform~~ce can be ered by 

changes in design. 

Tt'.e Ci 

to pre ct the de ee of individual control that can be 

cl 2.~1 a nat ed :i..S 

the present t Individually S~ occupant 

er the window opening ze l Y1 s roo::::, 

C::::'lS "(.:tent alter venti ion rate, 

preclse e the iveness of the ventilation 

depend upon the pattern of r ow throughout the 

lding and the previous st the ventilat air. 

the accuracy of the digital analogue tec}!...niques 

nor the accuracy of the infor::lation available on likely 

d ailed climatic conditions or patterns use 

ldings are suffici to dict any meaningful 

performance gures of this type, and consequently the 

assessment of control can only be considered generally 

on a qual basis. A more practical concept for 
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d opme::1t of a methodology is the evaluation of a 

~aximum ventilation rate for the whole building under 

conditions. A desi figure evaluated 

O~ this basis could be used to determine the 

tic lity of natural ventilation for environment 

control. J..I maximum ilation e available 

er sign conditions, 2.1''1d without interfering with 

ot a cts the use building, is ci 

to enable the me~'1 thermal conditions of building 

to be kept within acceptable limits then natural 

ilaticn may be feasible. If not, then some 

me cal control be required. 

2. .::. sign rr:et~:cdol 

these reo rem s is sted below. method 

C5.J:1Y.Lot be ea as adequa~e to dea~ W1 all desi 

tua ons. bll.t is hoped that it mi form a more 

the 

G1).i d , 19 e method is cas 

on use of a nomogram of a similar e to those used 

for pre ct infiltration buildings. A possible 

form of nomogram is shoroTI Figure 9.5. 

As an ial step estirnat the maximum 

ventilation rate possible an evaluation the permissible 

open area of opening must be made. Window opening may be 

1 ted by factors, some of which are security, 

ety, se control, or the control of the ingress of 

dust or fumes. many cases, particularly in urb~~ 
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areas, the most serious of these factors will be nOise, 

and this evaluation could be based on the required 

acoustical performance of the building facade. 

Consequently a simple nomogram is provided for 

facade. This nomogram is based on simple calculations 

of coobined sOll..."1d reduction indices for 70% solid wall, 

30% single glazi~g and variable areas of open window. 

No allo'.'/8...Ylces are made for transmi ssi on by other paths, 

and so the values f01.LYld are only approximations of the 

actual likely performance of the building facade. Having 

found the permissible open area of facade the design 

meteorological conditions must be considered. The choice 

of design vvind speed vvould be dependent upon the 

~robability of occurrence of the other meteorological 

parameters considered in calculating the thermal loads 

on ti-::.e building. In the case given a meteorological wind 

SPee~ .- -,--' "'" ::-'< ":::"J.. ca.';":) 0 

easily be used. In some cases, for example in sheltered 

areas, stack effect may be of greater significance than 

WlnQ, and so the predic~ion of ven~ilation rates due to 

stack effect is also considered. Temperature differences 

of 4 0 C or 6°C are used. It is assumed that a maximum 

difference of 4°C might be appropriate to a high level 

of environmental control, (maximum mean daily internal 

temperature 23°C, assuming a maximum external daily 

temperature of 190C), and that 6°C might be appropriate in 
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c2ses for an acce9table andard 

was di ogue studies 

~he mean ventilation r2te per unit area facade, 

for angles of incidence, was similar for 

uniformly glazed buil forms 2-YJ.d forms ed on 

..!...·~;c _ es In both C8.ses mean ventilation rate 

:cr all es of incidence ':/as approximately 85% of the 

ted for a buil eO. on triO oppo e 

es 1 f · 'd o~ 0 0
• 2-YJ. ang e 0 lnCl e21ce ... Consequent 

ting the likely ':iind induced ventilation rate~ 

s lO';;ance for Bet variation of e of 

1. e lS made. 

:Lhe nomogram could then be used in a similar 

se.YL.'1er to t ones used to i lt~2.tion. 

" , - CC:nOll1:!.2:"'.:.g loca ti on for 'uind-

ed ion, or temperature difference for stack-

i 011, 

__ "'"' .... -'" -L ..., r-..l..":' "" ~,"" 
\, ~_ ... i.;.J- ..... ";';" I.r":"" .... .1.1.. 

CO:::S~Q 

vc, 

ever creates 

ferdlce 

c'" d be _ om knowing e 

permissi e open area of de, a maximuJll likely 

e for e iing per 1l...YJ.l t area 

ade could be read off. overall venti ion rate 

could be fomld by multiplying this figure by one half of 

the e area the building, and an air change rate 

found by dividing by the building vohune. Finally it 

d be neces to make lowance degree of 

internal subdivision of the building. It is likely that 
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this could be done using a series of simple factors, by 

':;~:.ich the basic ventilation rates could be modified, in 

a similar manner to the method suggested in the I.H.V.E. 

G~ide infiltration calculation method. The development 

completely acceptable as a teclmique for evaluating the 

adequacy of natural ventilation. One major limitation 

is that the methods, both for predicting infiltration 

rate and ventilation rate, caused by ,;vind are really 

only applicable to relatively isolated buildings. In 

condi tions ,("here buildings are grouped closely the wind 

pressure acting across the building will normally be 

much lower. However this type of methodology probably 

offers a more realistic approach to the problem of 

assessing the feasibility of the use of natural 

ve~":.tilatio:'1 in relation to t~:e other design ps.rameters 

\';hi ch affect, or are affect ed. ay, ventilat i on in 

b-l.,;.ild.ings. 
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Figure 9.1. Variation of design wind speed with external temperature at 
Abbotts Langley. 

1 %i!e vvind speed at specified ~e:-npe;ature . . . . . . 
10 croile wind speed at specified temperature -*-*-*-*--
50 croile wind speed at specrried temperature -{}-O·--o--o---

externa! temperature, 0c. 
30~------~--~o---r--------r-------~------~------~--

d, 
-0 

25 

20 

15 

I 

J 
I 
5~ 
o 

-5~------~------~------~------~------~------~~ QO 2.0 4D 

50 Ofoile wind 
speed all 
conddions 

6D 

10 Ofoile wind 
speed an 
condrtions 

lUO i2.0 
speed, m/s. 

1%ue wind 
speed all 
conditions 



Fiaure 9.2. Nomogrom for preeicting wind induced infittrotion. 
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F,qure 9.3. Ncrncgrom for preeictinq stock induced infittrotion. 
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Etgure 9.4. Varjation of maximum ccrnbined ventilation rate with posrtion 
and relative rragnitude of wind and stack effects. 
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Suggested nanqgrom for estimation of maximum ventilation 
rates available for environmental control in summertime. 
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Suggested ncr:xx::)rom for estimation of 
rates available for environmental control 

maximum ventilation 

in summertime. 
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10. CONCLUSIONS 

10.1 The present analysis of tec}lJliques for 

predicting natural ventilation rates in buildings has 

oeen divided into two aspects; a consideration of the 

information required in order to carry out the 

calcula ti ons and an investigati on of the validity of t~:'? 

assu~ptions made in the calculation procedures. These 

t~o aspects inter-relate as the accuracy of t~e operation 

of one aspect dictates the accuracy required of the 

other. A knowledge of both parts of the problem are 

needed if a balanced consideration of the feasibility 

of developing predictive methodologies 1S to be made. 

10.2 A review of some previous studies of natDral 

ventilation in buildings was made. It was fo~~d that 

~ost studies fell into one of two categories; full scale 

s-7;udies a21d digital analogue stUdies. Neithe::::' type of 

;:J :::...1-.-::"'; l Orl ..... .., .. s:~+-i -I-S)+~ ...... 0 " .... ~D,rl~ r"l+-i ItO +Or"lol-.",,",-i r""1'DC 1~ --'--- ""~--'-''''''' -' ....... '._ ... _..;- ,,--..,."'-. ~ 1- ..... -- ......... -~ "'- .. -- '"''-'------'-1.'-'·.~'-'0 

particular it was found t:tat: 

1. Full scale studies have established the relations~ins 

between ventilation rate and the major meteorological 

factors causing ventilation; wind speed and direction 

and temperature difference. 

2. The ventilation rates measured in the full scale 

stUdies have been useful in terms of demonstrating 

the wide range of ventilation rates whic!1 might be 

found in these buildings under normal conditions. 
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.1 , . 

6. 

However they are of ci accuracy to 

establish the influence of other desi paramet ers, 

such as poro ty or building shape, which are 

required to establish general predictive tecr~iques. 

The full scale studies have been carried in a 

very limited range of building types (generally 

small domestic buildings), and consequently the 

ltration rates measvred are not representative 

of other types of construction. 

In the analogue work a nmnber simpli cations 

have been made order to calculate venti on 

rates. particular it is asslli~ed that the 

aerodynamic forces, which on the buildng, 

oduce a series of static forces over the 

surfaces of the building, and that the internal 

temperature distributions are unifor~ throughout 

building. Ventilation rates are then 

as the ).il ng t c be made 

a e network c Is Cl C f1 C'.'.' 

re stances e c 0 es no int 

ow resista..l1ce. 

have been compared with a..DY full scale or mod 

scale stUdies and so the signi cance of these 

simplifications has not been assessed. 

e are considerable differences the values 

of external pressure co ci s typical windovl' 

infiltration coefficients used in the variOUS stUdies 

r ewed. 
- 2 



The major information requirements for 

ing natural venti ion rates are ?peed, 

e di erence, appropriate SS1L"2 .. r'je co 

s and charact sties of t~e buil 

-~ ~ c s-nd -'-_c- v or. Inaccuracies in wind speed and air 

characteristic values were found to be gr e 

si ficance ecting calculated ventilation rates 

as ventilation rates are approximately proportional to 

assumed speed and air 1 co ci 

values. Errors in assumed essure coefficient values or 

temperature differences are less si ficant as the 

ion rates calculated are proporti to the 

SO-\lare root s these values. 1 ely ac levels 

of the major information requirements for natural 

:Lan c 

sed b 

are proba 

estimat 

estimat 

0 '" • . , . 
ons 

caused 

..... """-."l "'"" 
l'C..L C 

"'" "'V'" ~-,..., ...... ~ .... v ~ 

ieS in 

site wind speeds. Wind speeds can be 

above broad categories of ised 

es 

terrain using a logarithmic velocity profile. 

These estimates are not strictly appropriate in the 

general roughness hei , within which mo buildings 

are located, and are not correct where groups of 

buildings, situated close together, create a combined 

di ortion the mean wind conditions in the area 

er et (Waller, 1968) suggest reme 

site vvind speeds can be estimated to an accuracy of 
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the order of ::: 50%. Less extreme speeds can probably 

be estimated to a higher level of accuracy, but it 

is likely that relatively large uncertainties will 

still be involved in site wind speed estimates. 

2. Large errors may also be calJ.sed by errors in assumed 

air leakage characteristics. Errors are largest in 

the assessment of infiltration leakage coefficients. 

The use of average coefficient values for generalised 

window types may lead to quite large errors as the 

variation within each type, dlJ.e to differences in 

design, material and standard of construction is 

large. The use of test values for specific window 

units would result in much smaller errors although no 

figures for possible accuracy are available. The 

inaccuracies are probably less than those caused by 

the estimation of site '.-,rind speeds. 

3. Errors caused by the use of incorrect pressure 

coef~icient ~alues a~e likely to be relatiVely small 

in ~02t cases. The va~iatio~ ,~ values used by 

different workers sho':.' a range of the order of ::: 20%. 

This range might cause errors in ventilation rate of 

errors caused by the previously discussed mechanisms. 

It was concluded, considering all information requirements, 

that it is unlikely that ventilation rates for a particular 

building can he predicted to an accuracy better than 

approximately::: 30% because of errors in the data used. 
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10.4 A series of comparative studies were carried 

out in order to ascertain the validity of the assD ... ,'TIptions 

the calculations made using these aSS1LY!lpti.o~s. T'::o types 

of study were attempted; a comparison with the results 

of a small full scale study and with a series of model 

studies. In both cases comparisons of observed and 

calculated gross wind-induced ventilation rates were made. 

The major points from these studies may be summarised as 

follows: 

1. The observed and calculated ventilation rates in 

the full scale study showed relatively large 

differences. It was thought that the differences 

due to errors in the observed ventilation rates, 

caused by diffusion of tTace~ gas ani action ~~ 

S:'E1Ul taneo-vls stac~{: effect, and to errors in 

estimating the leal>:age characteristics of the building. 

Because of the possible presence of errors due to 

these effects it was not possible to make an aCClITate 

assessment of the validity of the assumptions used 

in the calculations. 

2. The results of the comparative model studies suggest 

that ventilation rates calculated using the digital 

analogue technique produce overestimates of the 

actual ventilationrates occurring. Measurements of 

the internal pressures in the models indicated that 

the errors in the computed ventilation rates were 
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caused mainly by reductions in the working efficiency 

of the openings in the windward face of the model. 

The openings in the leeward face of the model 

appeared to operate at, or near to, their calibrated 

3. The reductions in operating efficiency of the 

I ,0 

openings in the model studies were thought to have 

been caused by two major mechanisms; the effect of 

lateral air flows travelling across the faces of the 

model interfering with the flow patterns at the air 

inlet positions, and the effect of fluctuations in 

mean pressure across the openings. Corrections made 

to the computed ventilation rates and pressure 

distributions, to allow for these phenomena, showed 

very good agreement with the observed ventilation 

rates and reasonable ag.ceement ';;i th tl:a observed 

presslrre distributions. 

T~e effect c~ data si~plification ~as considered in 

coefficients for a building face, rati1er than 

individual coefficients, which vary vvith position 

oVer the face, for caiculating ventiia~ion rates did 

not cause significantly greater inaccuracies in 

calculated ventilation rates. The presence of small-

scale surface features on the model did not produce 

large changes in observed ventilation rates. It was 

concluded that these surface features may also be 

ignored without significantly affecting the accuracy 
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the computed ventilation ves. 

10.5 From these studies it was concluded that the 

use of a simpli ed ventilation theory, which assu..mes 

t a network of quasi-static forces acts over a building, 

will not accurat model conditions 

full-se e buildings with known 

a real building. 

leakage 

c}:aract eri stic s and assuming knovvn met eorologi 

conditions it is ssible errors between act ":.i.al 

and computed gross ventilation rates will be of a simi 

er magnitude to those observed in the mod studies, 

i:'l ch the computed es were up to 20% hi than 

ooserved rates. ci ormation on lateral flow 

oc ies ~~d pressure fluctuations and the ct of these 

vI::.. e ventilation openings is avai 8, at the 

present time, for corrections to allow for these effects to 

6.esi calculations. However the git 

ogue methods are of sufficient accuracy, compar 

to accuracy the avai e input ormation, to be 

l).sed to pre ct oss ventilation es complex bui 

10.6 In relation to the errors caused by accuracy 

J.. S t input ion avai e at the present 

time simpli cations made in the assumptions used 

ventilation c ions, the development more 

sophisticat analyti methods are not likely to produce 

more ac e de gn methodologies. The practical levels 

of accuracy which can be attained predictive techniques 

are limited because ventilation rates are decid 
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ty t~e patterns of use of a building by its occupants, and 

t~lese can...."YJ.ot be accurately predetermined. The prediction 

of meximum or normal infiltration heat loads in buildings 

could be improved by the use of design wind speeds which 

vv'eather conditions, and by a more detailed consideration of 

the influence of stack-induced ventilation. No fully 

adequate methodology for evaluating the potential natural 

ventilation rates in buildings in s~mer conditions is 

available at the present time. A simple form of methodology 

could be developed by making an estimate of the potential 

ventilation rate under design meteorological conditions and 

wi th a maXim1..1m permissible open facade area, evaluated on 

a basis of acoustical or other relevant performance 

~ere~e~ers of the building fecede. The usefulness of the 

digital analogue may be greater in evaluating the 

performance of neON ventilation systems; for example the 

prac""Gicali ty of combineci mechanical and ne.tural ventilatio::::. 

analogue for comparing the performance of a combineci 

ventilation system with a totally naturally ventilated 

system is given in Appendix A7. 

10.7 Some important limitations of the present 'Nark 

must be recognised. The most important restriction, which 

\";as imposed because most of the experimental work " .. :as 

carried out at model scale, was that the results were 

applicable to wind-induced gross ventilation rates only. 

Specific ventilation rates through small areas of the model 
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~ay vary considerably more from the computed rates than the 

total rate for the complete model did. This may be 

yarticularly important in situations where 'Nind and stack 

effect are acting simultaneously. Under these conditions, 

ps.rtiC-u.:="s.l'ly./r:'crevvind and stack effect act locally in 

opposition to each other, the secondary effects due to 

lateral flow or pressure fluctuations may have greater 

influence in amending the actual ventilation rates. 

ConseClue::ctly, although the computed gross ventilation 

rates have been shm'ffi to approximate reasonably to actual 

rates, the air flow distribution through a building may be 

considerably less accurately represented. 

10.8 The comparative model stUdies have shown that 

ventilation rates C2...YlIlot oe accura"tely represented by an 

analysis assuming quasi-static forces to act at the 

c,"v..ilo.ing slA.rfaces. Before tne relevance of the model 

studies can be firr:lly established with relation to 

conditions in full-scale buildings further evid~nce of the 

validity of the ~odel conditions in representing the 

appropriate full-scs.le conditions must be estaolisned. 

More detailed information on lateral air flow rates 

across building surfaces, pressure fluctuations at building 

faces and the influence of both these effects on changes in 

operating efficiency of full-scale ventilation openings is 

reCluired. One aspect of flow conditions around the model 

which was not investigated was the effect of changes in 

wind direction around the model and the influence of these 

on the pattern of pressure fluctuations at the model surface. 
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The effect of additional disturbance due to the wakes from 

ot~:er buildings might also be expect ed to affect the air 

flow conditions arou...nd the model. As these conditions aTe 

renresentativ8 of urban situations the imnortance of this 

2.s}:ec~ of tl~e gJ.~OLA.p:i.rlg 0: buildi11E6S must be evaluated 

before the quantitative results of the model work can be 

related realistically to full-scale conditions. 

The results of the model studies are of 

particular significance in relation to some aspects of the 

wind loading of structures. Wind loads on building 

cladding are determined by the external aerodynamic forces 

which act on a building and also by the distribution of 

the nressure differences throughout the elements of the 

bui~Qing. Several investigations of wind loads on building 

cladding have found that, relatively, very high wind loads 

are carrlea ~y the ~inQ~ard face. ~his phenomenon was 

observed in the model studies. The effect of changes in 

efficiency of the ventilation openings due to the secondary 

effects noted in the studies can be used to explai~ the 

wind loading distribution on the windward and lee~ard faces 

of full-scale buildings. 

10.10 Some other aspects of natural ventilation were 

not investigated in the present study and require further 

study before fully adequate predictive methods can be 

established. A study or stUdies of these aspects would 

form a logical extension of the work. Probably the most 

significant area of uncertainty is in the ventilation of 

- 279 -



es D21e op or openings in one wall only. 

ese c ti021S venuilation rates are probably 

determined by snt 

ffusion, which makes the use of 2.21 2.:!1alcgue of the 

e cc; cross ventilatlon in buildings inappropriate. 

A second aspect which requires further refinement, in order 

to improve predictive tech~iques, is the prediction of 

wind speeds and pressure co cient values in urban 

conditions, where close grouping of buildings means that 

the standard speed prediction techniques are no 1 

applicable. In some naturally ventilated buildings the 

et of non-u..7'li t i 0::8 cr~ 

ventilation erns or _set of terns 

in accentuating non-uniform temperature distributions, due 

to 1)2100:>::' olle~_ ica: air =CV6=e~t, is of considerable 

cane e to the -thermal comfort of the occupant s. 

order to study se tuations wi 

:L ty of t11e slmpl e re si sta:!1c e work ogues which 

e GlUSl:; oe es"t ished with eater 

ac c-Vlracy in ion to prediction of air movement 

patterns inside buil 
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APPEN1JICES 



A print-out of the Digital JLYlalogu.e ProfITamme 

Developed to Determine Building Ventilation 

Rates 

.1 this appendix a print-out of the di tal 

ogue pro , as compiled for use on the eld 

versity I.C.L. Cowp~ter, is given. pr 

i s ~,-\Ti tt en F 1900 language. the comparative 

r::od studies o Vias used as eS8nted, eXCe 

that the input wind spe was assu..med to be the on- te 

eed. In order to s card 68 \vas replaced by 

her card: 

\VINTI = NTIMET 

~n all re ts ~fie 

typical set results om the ogramme is pres ed 

.2 1. e ::Colla are tile n;aj or a 

c 

roons on floor J 

Id om number 

K Nu..mber of oors in building 

J Floor number 

FLTOFL oor to oor hei , m. 

Building height, m. 

Meteorologi wind speed, m/so, at m. 

ight in open.~co1intry 

WIND Si te wind ed, at building roof ight, m/s 

- 2 



fT1n-:h1~ 

SP 

17'7;'( T "lifT) r-.-...... 
• ~ \ '-' ,_,. V~ 

VE1(J,M) 

PDS (J ,IvI) or 

P -n"C'l (J ~rl) .......... ..i....J_ ,H 

PC O"J:;'-:i'!<'1<' (I -,~) 
~ ........ D C' ,_I.':' 

CLl (J, M) 

Z:;:(j,IvI) 

-;:::-::;-f.- ~1) ..... -.J\'-' ,.1..1 

-- r --) r .l. ( ":- ,_Tl 

CE(J,M) 

VC(J,M) or 

VC1(J,M) 

PDC(J,M) or 

PDC1(J,M) 

Interior/exterior temperature differe~ce, 

°c 

Pressures generated by stack effect, 

mm.wg./m/oC 

VOlw'TIetric floVJ rate t~Llrough the externa:i 

opening in room M, floor J, m3/hr. 

Pressure difference acting across the 

external opening in room M, floor J, mm.vlg . 

Pressure difference acting across the 

external opening in room M, floor J, 

expressed as a pressure coefficient 

Total leakage coefficient for the external 

opening in room M, floor J, m3/hr/Tnm"Hg~/n 

Reciprocal of the flow exponent for the 

ex-r;oY'"Y1<:>l O-nov,i 'V1 c:- i"Y1 rno""" H .J:'., ,r-,,",,Y> ,I .. l..:""" ___ ,--,,,_ .!.v'-" _____ ,::, ........ _ '-' ..... 1 ... , .... , .l.....L'-·v~ '-' 

External pressure outside room M, floor J, 

caused py the wind speed, mm.wg. 

Total pressure outside room M, floor J, 

Ca-u.Secl by VI:l..ncl and stack effec'G c ombineci, 

mm.wg. 

External pressure outside room M, floor J, 

caused by the wind, expressed as a pressure 

coefficient relative to the free stream 

wind speed at the building roof height 

Volumetric flow rate through the internal 

opening in room M, floor J, m3/hr. 

Pressure difference acting across the 

internal opening in room M, floor J, m3/hr. 

- 282 -



PCOEFFC(cT,M) 

CL2 (J ,M) 

Z2(J,M) 

VSTAIR(J) 

PSTAIR(J) 

CLS(J) 

ZS(J) 

PDCS(·J) 

ZTOTVENT 

ZINFILT 

ZAVVENT 

ZSTDEV 

P~essu~e difference actlng ac~oss the 

internal opening in room~, floor J, 

expressed as a pressure coefficient 

Total leakage coefficient for the internal 
" ." ~~ _ ~ /, I 1 In 

v}JcYl:i116:ill room ill, I.l.OOr u, Ifi-/llr/mm.wg.' 

Reciprocal of the flow exponent for the 

internal opening in room M, floor J 

Volumetric flow rate through the corridor/ 

stairwell opening, floor J, m3/hr. 

Pressure in the stair"Nell, mill. wg. 

Total leakage coefficient for the corridor/ 

stairwell opening, m3/hr/mm.wg~/n 

Reciprocal of flow exponent for the 

corridor/stairwell opening, floor J 

P~essu~e ~iffere~ce acti~g ac~oss t~e 

corridor/stairwell opening, floor J, mm.wg. 

Corridor pressure, floor J, due to vlrind 

acting alone, mm.vvg. 

CcrridGr pressure, floor J, Que to WlnQ 

and stack effect combined, mm.wg. 

S~~ of ventilation rates for all rooms, 
~ I~ 

m~ I hr. 

Sllill of ventilation rates for all rooms where 

the flow direction is into the building, m3/t 

Average room ventilation rate, m3/hr. 

Standard deviation of all room ventilation 

rates, m3/hr. 
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Appendix Al Digital analogue programme to determine nCltural ventilation In buildings. 
Line. Column. 

1 
? 
S 
4 
5 
6 
'I 
0 
Y 

10 
11 
12 
1 .5 
1 4 
15 
, 6 

11 
1 ;~ 
19 
20 
21 
22 
23 
24 
25 
26 
21 
?d 
(1) 

30 
31 
32 
3.5 
34 
35 
36 

D ~ ~ ~ ~ ffi ~ 00 
11 I I I I I I I 11 I I I I I I I I I I I I I I I I I I I i I I 1 I 1 11 1 I I I 1 1 I 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 I 1 1 I I I I I 11 I I I I 1 I I I I I I 

J 0 [3 IH 5 V ENT 4 / 1 80 ? R T 5 C, R [ Vi 11 0 R t~ 0 W 
~O~TqAN 1, CR0(BT5V[NT~PROG),CR0(8T5VENT4DATA),500,5000 

**** 
DOCUMENr BTSVF.NT4PROIJ 

P~OGRAM(Bi5V'o07RTSC) 
I :1 PUT 1;: C R 0 
OdiPUT 2=LPO 
t 'I iJ 

~'f\STtR VENTPI.l.lT4 
r. T 1-1 E .' R 0 G R A M C Cl M P I J T F..~ V ENT J L A T ION HAT E ~ A N [) P R F S SUR E S FI A !\ Fr>O NTH E 
eEl) U Art 0 N r () R fL 0 \ J T ri k 0 U G it A NOR 1 FIe E V :1 CL" « p [l) I/r.. ~ I I ~ 

r. £ I T H (R FOR A N A R H fl. Y I) F eLl t~ A r I C V A R I A 13 L E S 0 F v A L Il f. 1 
C wrND SPEEn 0.001 1,0 2.0 4.0 6.0 8,0 TEMp DIFF o.n 8.n '6.0 24.0 
C W HER l 1Nl Y I A L V A L U E; S H 0 I) I. DOE O. 0 0 1 I~ Is. AND 8. 0 DC. 
r. \) q F d RAN Y S P F CIF 1 CC" SEW HE,: E THE V A I U F. S 0 F T H f V A R I A R l F!:; It R F NOT 
CAN Y d F rHO') E 0 C C LJ rnn r J G I tJ T H t: C Ll M A TI CAR RAY 
r. 
C I ~4 D E PEN DEN T F L I) 0 :{ 8'( F l. 0 0 i~ A N A I. Y 5 I S G I V I N G PW ( J ) 
c 
C N ( J) I S NO. 0 F R () u ~~ SI) N F i.. 0 0 R J M 1 S R 0 0 M N U ~1 R F= r.! 
C K IS NO, OF FL()O~S J IS FLOOR NlIr.1F~ER 
r. V E 0 R V t 1 T S \I 0 L : I r 1 F F LOW C M H. F R n r'1 E X T F RIO R TOR 0 () M M 
eve 0 R V C 1 1 S V n L I J t"1 EFL 0 W C "" H. FRO n R 0 0 M M T () COR R J nOR 
C VSTAIR lS VOlIJ11E FLO\./ RATi.: CMH. FROM STAIR TO CORRIDOR 
C PE OR PT IS EXT. P"'ESSUfH ~lll,WG. QUr!'IDE ROOM M 
C eEl S P RES S Lt R E C· 1 E F FIe I E N r 0 U T S I D E R 0 0 ~~ M 
C PDE OR POE1 IS r~~SSU~F D~FFEHENCE MM,wG. FROM EXTERIOR TO ROOM M 
C P C () E F F F I S P REs S \ J R F. D I F F E I( E NeE F R I) M 0 U T S I 0 F. TOR 00 M M 
C IN PRESSURE COF.FrICIENT FJRM 
C P 1) r. 0 R P D C 1 I SPIn.: s SUR F. D 1 F FER E NeE M M • I.J (j t FRO M R 0 0 M M Toe () R R I I'> 0 R 
C pCOEFFC IS PR[SSUt\F DIFFE:\ENCE ROOM M TO CORRII'>OR 
C IN PRESSURE CU~FrlClENT F0RM 
('. PC OR PIN I S P 1-1: S :; l: R l 1 ~i COR R I r) 0 R ~: MW C • 
r. PSTAIR OR PSTATR1 IS pRES~URE IN STAIRWELL MMW~. . 

I I I r I Tl I I I I I I / I I I I I I I I I I-I I I-I / /1 I I I I I I1 I I 11 I I I I I I 11 I I I I I I I I 1 1 I ITTTTTTfTTn-n T 11-111 
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Appendix Al Digital analogue progrClffll ne to determine nClturClI ventilation In bUildings. 
Line. Column. 

3'1 
3d 
:SI) 

40 
41 
42 
43 
4/. 
45 
46 
4/ 
1,,6 
49 
50 
51 
52 
53 
54 
5) 
S6 
5/ 
5B 
)f} 

60 
61 
62 
6:5 
6 :. 
0) 
6 (J 

6? 
60 
6 f) 

70 
71 
72 

n ~ ~ ~ ~ 00 m 00 
11 1 1 1 1 1 1 I 11 I I 1 1 1 1 I ill I ill 1 I 1 1 11 1 I 1 1 1 11 1 1 11 1 1 1 1 1 1 1 1 11 1 1 1 1 1 1 1 1 I 1 1 1 I 1 I 1 11 I I 1 1 11 1 I I I I 

DJ"'1ENSIlIN PT (10,20) 1 PW(10) 
D I MEN S I () N V E ( 1 0 I ? 0) , P t) F. ( 1 I) , 2 0 ) , P 0 C ( 1 0 , ? 0 ) , v C ( , 0 , 2 () • P r: ( 1 n • ? 0 ) 
DlMENSION VF1 (10.20) ,pnE1 ~'O,?O) ,pne1 <10,20) ,vr1 (,O,2()) ,rF('O,2'O) 
o I MEN S ION Z 1 ( 1 0 , ? 0) I C L 1 ( ~ J ,20) , Z 2 ( 1 0, 20) , Cl 2 ( 1 0 , 20) , Pr. ( 1 0) , N ( 1 0 ) 
D I ~, ENS ION P S T /1, T R ( 1 0 ) I V S TAr R ( , 0) , f. L <; ( 1 0) , Z S ( 1 0) , P 0 C S ( 1 () ) 
DIMENSION PSTAIR1 (10) ,roeS1 (10) ,pcOEFFE<10,20) .PCOEFF(;C10,20) 
READ<1,101)1( 
R i; A D ( 1 , 1 0 4 ) ~ L T 0 F L 
Hr=Fl.TUFL*K 

~ 0 1 F \ I R 1-1 A T ( 1 2 ) 
D') 40 J=1 t K 
H[AD(1.101)N(J) 
0,) 41 "'1=1,N(J) 
R ~: A D ( , , , () t. ) C L i ( J ri,,) , C L 2 ( J , M) , Z ~ (J , M) , Z 2 ( J , M) 

1 0 2 F \ ) R 1-' A T ( 4 F 0 . 0 ) 
41 C,HJT t NilE 

READ(1,105)fLSCJ),ZS(J) 
L.O C JNT I NUF 

R f: A 0 < , , 1 () 4 ) ( ( C F. ( ,j I H) , 11 =, , iJ ( J ) ) , J =1 , K ) 
1 0 4 F ' ) R 11 A T ( , 0 0 F () • 0 ) 

R f A L'l ( , • 1 tB ) I,.JI 11 Mi FT. T 0 I F F 
103 J: JRMATUFO.O) 

D:) 44 ,1=', J< 
W~JTE(2,10S)J,Cl~(J),ZS(J) 

W ){ T T E ( ? I 1 0 (-, ) 
D,) ItS M=',N(J) 

I, 5 W R I T E ( ? , , U"1 ) C E ( J • ,,) , C L 1 ( J , ",) , C l 2 ( J , M) , 7 1 ( J , r"l) I 7 2 ( J I M ) 
44 C IN T J N IJE 
1 0 5 F ) P I~ A T ( 1 H () , 1 0 H F L () () ~ N \) • = , 1 2 , 1 0 X , 4 11 r. LSe , F 6 • 1 , 5 x , 3 H 1 Se, Fr;. ;> ) 
1 06 F ) R 1-' A T ( 2 0 X t 2 H Pr:, 1 0 X , ~ iI C L 1 , 1 0 X , 3 H CL? , 1 0 X , 2 H Z 1 I 1 0 X , 2 H Z 2 ) 
1 07 FIR M AT ( ? 0 x , F 4 • 2 , ,~X t ~ 7 • 1 I 6 x , F 7 • 1 , 8 X • F 4 • 2 , 8 X , F 4 • 2 ) 

WIND=WiNnMET*1.62*«HT/50J.O)**O.33) 
PWTOT=O.O 
D ' ) 4 6 ,I = 1 I K 
Do') 4/ 11=1,N(J) 

I. 7 P f: ( J ,~') <: C E ( J , r'l ) 'I< () • 0 6 2 {~ * W I ,l D * WIN D 
11 I 1 I I1 1 I 1'1 I I 1 I 1 1 I I! 1 I 11 1 1 I 1 I f I I I 1 I I11 1 11 I I I ITI III I I I I 1 I I I I IITT1TTT1TrTTTITITn I 
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Appendix A.l Digital onologue pogromme to determine natural ventilation In bUlldlnqs. 
Line. Column. 

D ~ ~ ~ ~ 00 m 00 
.. __ ..1 .LLILLL 1.1 I I I I I .ILLLJ. I.U J.l LLLJJJJLL.LL LLLLU LL LI J. LLLlJ .LLilLI I J J I I IJ 1 11 I I I lULl I I I I I I 

73 46 C ,ltJT I N 11 F. 
74 
l'S 
76 
7'/ 
'r (j 
79 
ao 
fl1 
Hi 
8S 
3/. 
85 
86 
8l 
88 
89 
90 
91 
92 
93 
94 
95 
96 
9/ 
90 
9() 

.\ 00 
101 
'102 
'j 03 
',04 
'105 
'106 
107 
',08 

D' 291:1,1< 
C 'I eLf. :: 1 • 0 
P[TOT::O,O 
DJ 18 ~"::1,N(J) 

18 PETOT=PFTOT+P[(J ,11) 
P ( A VG:: P F TOT I N ( " ) 
o . I 2 7 M :: 1 , ~J ( J ) 
pnE(J,M)u(PF(J,M)-rEAVG)/2.0 
p rJ r. (J I /,', ) :: ( P F ( J , t~ ) - P [ A 1/ (j ) I ,,: . 0 
! r ( P I) E ( J , M) • E q • 0 <, 0 ) P D f: ( J , 11 ) ::I 0 • 0 1 
I F ( P 0 C ( J , M) • E q . 0 , 0 ) P D C ( J I :1 ) :: 0 . 0 1 

27 C-JNT I NilE 
1 7 A I. I M 1 :;: P D E ( J • 1 ) 

A I. I M 2 :: P D E ( J • N ( .J ) ) 
D) 11 M::l,N(J) 
t r (P 0 F. ( J t t1) • G l • 0 . 0 ) v E ( ,I , \·1) :: C l. 1 ( J • 11). ( P n E ( J , M) .. ~ ( 1 I Z 1 ( ,t • M) ) ) 
I f ( P 0 E ( J I M) . LT. 0 . 0 ) v E ( .1 , 11) ::.,.. C L 1 (J I ~1 ) 0#1 

1 ( ( A f\ S ( \' I) F. (J f M) ) ) .. lit ( 11 Z 1 (J , M) ) ) 
I r ( P D C ( J I r1) • G [ • 0 . 0 ) v C ( ,I , ~1 ) :: C L 2 ( J , 11 ) 'Ill ( P D C ( J , M ) .. "" ( 1 I z 2 ( ,I • M) ) \ 

11 IF(PDC(J.M).LT.O,O}VC(J,M)=~CL2(J,M)* 
1 ( ( A H S ( r D C ( J , M) ) ) .... ( , I Z 2 ( ,I , M) ) ) 

20 D'! 12 M=1,N(J) 
v[eJ.M):<Vf(J,M)+VC(J,M»/2.0 

1 2 v I; ( J I M) ':; v [ ( ,j , f1 ) 
H=O.O 
D 1 2.5 M=1.N(J) 

23 H;::H+VCLl,M) 
[) I) , 9 r1 :: 1 , N ( J ) 

19 VC(J,M)=VC(J,ll)-d!N(J) 
1 F ( AB S ( A 8 S ( VC ( ,I , 1 ) ) - A B S {V L. ( J , , ) ) ) • () T • 

1 ( A B S ( v r, ( .J I 1 ) 11 0 J 0 0 • () ) ) ) G () T 0 2 0 
0:1 13 M=1,N(J) 
I F ( V E ( J I t.,) • (; E • () • 0 ) P D E ( ,J I t-, ) = ( V E ( J , ~1 ) I C L 1 (J , M) ) .... 7. 1 ( ,f , M ) 
I ~ ( V E ( J I l"i) • l T • 0 • ,) ) P D E ( ,I , ~1) :::; ... ( ( ( AB S ( V F ( .1 I ,..,) ) ) I C I 1 (.1 I r~ ) ) .. 1< ., 1 ( J , M ) ) 
I t= ( V C ( J , !VI) • (j E • 0 • 11 ) PO C ( .1 , ~1 j = (V C ( J dl ) / C L 2 ( J , M) ) .... w Z 2 (J I M) ._ - _ .. -

I 1 I I I I I" I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I i I I I I I I I I I I I I ITl I I I I liTl , I I T I I 11 I 
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Appendix ,.6.1 Digital Clnologue progromme j,) d('lernllfle [loll If 01 VClltllutlor-1 II1 uUli,Jlrlg';. 
Line. Column. 

'IO',J 

',10 
111 
',12 
',13 
',14 
'11) 

116 
i 1 7 
'I 1 ;1 
'I 1 t,' 
'120 
'121 
'·,22 
'\ 23 
124 
12::; 
126 
12/ 
',20 
'129 
'130 
" 3 i 
'j 32 
'I 3:5 
'134 
135 
136 
'13/ 
',38 
139 
',40 
'141 
'14~ 
\43 

" '. '+ 

10 20 30 IjO 50 60 70 80 
11 1 1 1 1 \ \ \ \ t \ \ \ \ \ \ \ \ \ I \ \ 1 I \ \ 1 I 11 \ \ 1 1 1 11 \ 1 1\ I 1 I 1 I I I 111 I I I I 1 1 1 1 I 1 1 1 11 1 1 11 I I 1 I 1\ I I I \ I 

1 3 I F ( V C ( J • r<1) • IT. 0 • ,1 ) P D C ( J , 11) : .. ( ( ( A R S ( v C ( .I , M ) ) ) I C I 2 ( ,J , M) ) 11- .. .., ? ( J , M ) ) 
Di) 14 H=1,N(J)/Z 
F 1 ::: P () E ( J , t}' ) + P i) r. ( I , ~1 ) .. I) f) C ( J , N ( .I ) I 2 + M ) ... P n F. ( J , N ( J ) I 2 + M ) 
F 2 ::: P E (J I M ) - P E ( .J , I~ ( ..I ) / 2 + t,\ ) 

I F ( F 1 • E () • 0 • 0 ) F' ::: ;: 1 + 0 • il () 1 
1 F ( PE ( ,J , M) - P E ( J I ,J ( ,I) I;:: + M) ) 21 ,22,21 

22 Pi) E ( J , ~1 ) :: P 11 F ( J • tl ) - r , * p n E ( .; , M) I ( ( P J) F ( J , M) + P D C ( J , M) ) .. 'l . n) 
P D C ( J , M ) = P f) r: ( ,; , 11 ) - F 1 * I) f) C ( J , M ) J ( ( P I) F ( .J , M ) t P n (; ( J • ~') ~ .. 2 • () ) 
P I) C ( J , N ( J ) 1 2 + i I ) :: P D C ( J , N ( J " 1 2 .+. t-1 ) + F 1 .... P I) C ( J , N ( J ) I '} + M ) 1 

1 ( ( P D F. ( ,I , N ( J ) I 2 ... I1 ) ... P 0 c: ( J , III ( ,/ ) / 2 + 1'1 ) ) * 2 • 0 ) 
P j) E ( J , N ( J ) / 2 + 11) :; ;) D E ( J I N ( J ) / 2 ... ~l ) + F 1 .. P D E ( J I N ( J ) / ;:> + M) / 

, ( ( P D E ( " I N < J ) 1 2 ... 11 ) + p () C ( J , N ( .I ) J 2 + ~1 ) ) • 2 • 0 ) 
G:) TO 24 

21 F::;F?/F1 
P () E ( J I r1 ) ::: P () F ( J , r1 ) * r 
p j) C ( J I /,1 ) :: P n r. ( .J I 1·1 ) * ~ 
p i) r: ( J I N ( J ) / 2 + 11 ) ::: P D C ( J , N ( J ) I 2 ... ~1 ) * F 
P D f { J , N ( J ) / 2 ... r 1 ) ;;: p 0 E ( J , N ( J ) J '2 ... t'l) .. F 

24 CdNTlNlJE 
14 C1NI'I~JUF. 

D ') 1 5 M::: 1 , N ( J ) -1 
G :::; ( P F. ( .J I M ) - PilE ( J . 11 ) ~ P [) r: ( J ( M ) - P F (J I M ... 1 ) ... P D E ( .J I t1 + 1 ) ... p n c ( .1 , M'" 1 ) ) I 2 • 0 
p ') E ( J , t" ) :: p I) F ( J , r 1 ) ... G ..... P I) F ( J , M ) / ( r t) E ( .1 , M ) + P D C ( J , M) ) 
? :) r. ( J I H ) ::: p /) C ( ,J • n ) ... (, * P D C ( J I M ) / ( P f) E ( . \ I M ) + P f) C ( J I ~1 ) ) 
P j) r: ( J I t-l ... 1 ) ::: P 0 C ( J • 11 + 1 ) - (, * P _' C ( J , 11 + 1 ) / ( P [) r: ( J , M"" ) ... P D E ( .J , M ... 1 ) ) 

1 5 p D F. ( .J , ~, + 1 ) ::: i> 0 f: ( J , ~ 1'" 1 ) - r, * P ,,) E ( J , M ... 1 ) I ( P f) \, ( J , M + 1 ) ... P D E ( J , M ... 1 ) ) 
CYCLE::CYCLF.+1.0 
IF(CYCLE.GT.50.S)Gn TO 31 
I. i' ( A G S ( A L I M 1 - rOE ( J , 1 ) ) . LT. AB S ( r D E ( .1 , 1 ) 11 000 • 0 ) ) G 0 TO 1 h 
GIJ TO 17 

16 If(ARS(Al.IM2-PO(J,N(J»).LT.Af'lS(pnE(J,N(J»/1000.0))('0 TO 28 
G" TO 17 

31 W~ITE(2,108) 

1 0 8 F) R t~ A T ( 1 H 1 , 3 0 11 CUR \{ ENT V A L U E S A F' T E R 5 0 eye L E S ) 
28 P W ( J ) = ( ( PE ( .1 , 1 ) - P I> F ( J f 1 ) ... I'D C ( J , 1 ) ) '" ( PE ( .J , N ( J ) ) 

1 ~POE(J.N(J»)-PDC(J,N(J»»/2.0 
---n-nTrmT r-n \ [r I I I I I I I I I I I I I I £ I I I I I I I I I I I I 1 I I I I I I J I lTTTllTrJ IT TT1 I I I I ! I li-IT ITl 11 
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Appendix AI Digital onologue programme to ddennine natural ventilation in buildlllgs. 
Line. Column. 

',45 
" '.6 
" 4/ 
',4d 
14t.1 
',50 
" ) 1 
152 
" 5.5 
',54 
" ~) 5 
',56 
15'/ 
'153 
" 51) 
',60 
" 61 
162 
'16.) 
,64 
',65 
166 
,6"1 
',6 d 
',6(, 
',70 
',71 
',72 
',73 
'174 
',7) 
,-/6 
',77 
',70 
" 79 
i80 

10 20 30 40 50 60 70 80 
11 I J 1 1 1 I I 11 I I 1 I I I I I I I I 1 1 I I I I 1 I1 I I I I 1 11 I I 11 I 1 1 I I I I II1 I 1 I I I I 1 1 I I I I 11 I 1 11 I I 1 I 11 I I I I I 

PWTOT=PWTOT+PW(J) 
PWAVG=P\.JTOT/K 
0.130 M=1,N(J) 
V E 1 ( J , ~1 ) ;: v ( ( J I r~ ) 
PllE1 (J ,M>=pnF.(,J ,H) 
P i) C 1 ( J , M ) = P D C ( J , 11 ) 

3 0 VC, (J I ", ) ::I V C ( J , r~ ) 
29 CuNTINUE 
C 
r. 
r, CALCULATION OF t~FUTf~AI. ZO:JE flEJGHT 
C 
218 LJ=HT/2,O 

S ,) = 0 , 0 Cl 4 4 'I< T I) I F F 
DJ?11 J=1,K 

2'1 PSTAIR(J)=-cZNN(eJ-1}*FLTUFL)-'.O)*SP 
VSTOT=O,O 
D') 21 2 J:: 1 , I<' 

1 ; ( r S T A [ H ( J ) • G F • () • 0 ) Vs T A I '\ ( J ) :: r. L S ( J ) '" ( PS TAT R ( J ) .. .,. ( 1 / 7 ~ ( J ) ) ) 
I F ( P S T t. T H ( J ) , LT. () • 0 ) V S T A J '\ ( J ) I: - C L S ( J ) .,. ( A B S ( J.> S T A I R ( J ) ) .... ( 1 I 7 S ( J ) ) ) 

212 VSTOT=VSTOT+VSTATR(J) 
IF (VSroT)240,299,242 

240 Z~=ZN-(HT/5nO.O) 
D) 21.5 J=1,K 

21 3 ps T A I R ( J ) = - ( Z tl- ( ( J .. 1 ) * F L T IJ F L) ... 1 • 0 ) .. S p 
V ;; TOT ;: n . 0 
D·.) 214 .J::1,K 
r F ( P S T fI J R ( .J ) • G F • 0 • 0 ) V S T A I R ( J ) :: C L ~ ( .1 ) .. ( PS TAt R ( J ) .... ( , I 7 ~ ( J ) ) \ 
IF(PSTAIR(J).LT.n.O)VSTAI~(J)~-CLS(J)*(AnS(~STAiR(J») .. • (1/7SeJ)) 

?14 VsTOT=vsrOT+VSTATReJ) 
If (VSFlT)240,299 .243 

243 Z~=2N+(HT/1000.0) 
G) TO ?,lJ9 

242 Z~=ZN+(HT/500.0) 
D ') 21, J = 1 I K 

215 PSTAIR(J)=-cZN-(eJ-1)*FLTUFL)-1.0)*SP 
·----.-1" I~I -r-I ~I m-rIllT I I I I I I II1 I I I I I I I 121 I I I 1 I1 I I J I I11 I 1 1 11I1 I I I 11 1111 rll rrn-nTnTrrlTlT I 
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Dlgitoi analogue ventilation In buildi,'gS. Appendix Al 
L,ne. Column. 

I )roiJrl lrlll ne to (Ietermine ncJlurClI 

'I R 1 
',82 
HU 
'I 8 '; 
185 
'\86 
',81 
'180 
" BC) 

',90 
'191 
19 ~ 
" 9.5 
194 
1 C) 5 
'I r; 6 
'19/ 
'19 i5 
" QC; 

tOO 
£01 
iO~ 
iO .5 
204 
20) 
;.:06 
~O/ 
G 0 (~ 
iD!) 
1.10 
i i 1 
21~ 
;::1:5 
214 
~15 
216 

D ~ ~ ~ ~ 00 ~ 00 
I1 1 I I I I I I 11 I I I I I I I I I' I I I 1 I I I I I! I I 1 1 1 11 I I 11 I 1 I 1 1 I I I11 1 1 I I 1 1 I I J I I 1 I I I 1 11 I I I I 11 I 1 I I I 

216 

?44 

299 

217 

219 
220 
C 
C 

V .'i T i.J T :: () • 0 
DJ 216 J=1,K 
l F ( pS 1 A I R ( J ) • G r: , () • 0 ) VS TAl,: ( J ) :: C L S ( .\ ) ,.. ( pS T A I R ( J ) 'oil ., ( 1 I 'I. ~ ( J ) ) ) 
I ~ ( p ~; T J\ T R ( J ) • LT. 0 • 0 ) V $ TAl r: ( J ) R ,.. C L s ( J ) .. ( A B S ( P S T A I R ( .1 ) ) • * ( 1 / , S ( J ) ) ) 
V~TOT~VSTOT.V3TATR(J) 

I~(VSrnT)24~,2~0.242 
Z,l=LN- (tiT /1000.0) 
G) TO ?tJ9 
D f J 2 1 7 ,I:: 1 , I( 

PC(J)=PW(J)+(ZN-«J~')·FLrOFL)-1.0)*SP 
P~TATR(J)=PWAVG . 
f),) 220 .I=1,K 
D) 219 M=1,N(J) 
PT (J , M) :: P E ( J /11) ... ( Z N" ( (.J -1 ) * F L r 0 F l) .. 1 .0) "" S P 
C,)NTINUE 

C CJ\LCULATION OF C0t!BIN[D V[NTIlATION 
C 

[lil 320 .)=1, K 
P;TAIR1 (J):;:PSTAIR(J) 
PDCS(J)=PSTAIH1 (n-PC(J) 
D r. N 0 r~ = 1 0 • 0 

:5 9 9 P C ( J ) = p C ( J ) .. r DeS ( J ) / DEN 0 t~ 
PuCS1 (J)::PSTAIR1 (J)~PC(J) 
['l J 3 2 1 t'\ = 1 , N ( J ) 
P J) E 1 ( J I fJl ) = ( r D [ ( J • 11 ) / ( P f) E ( J , M ) + P D C ( ,I t M) ) ) • ( PT ( J , M ) .. p r. C ,I ) ) 
R .. \TIO=POf1(.l,ll)/PDF(J,M) 
1 F ( RAT I () • t. T • 0 • 0 ) r; l) T 0 3 4 0 
p;) C 1 ( J I M) = P fl C ( J I :'1) * (R A T 1 u .... * ( Z 2 ( " ,1'-1) / Z, ( J , M) ) ) 
Gd TO 3.$8 

340 pnC'(J,M)=~(PDC( I,M)*«ABSCRATIO»**<Z2(J,M)/Z1CJ,M»)) 
3 3 8 Pi) E 1 ( J I ~1 ) :: ( PO E 1 ( I I M ) I ( P DEi (J I ~\ ) ... P D r: 1 ( J , M) ) ) w ( PT ( J , M) " p C ( J ) ) 

RAT I 0:: P () F. 1 ( .1 , t 1 ) / p [) F. ( J , M ) 
IF(RATIO.LT.O.O)(JO TO 341 
P J) C 1 (J I M ) = P () C ( J , :'1 ) 'It ( R /\ T 1 0 I< <It ( Z 2 ( J , t1 ) I Z 1 ( J , M ) ) ) 

11 I lIlT 11 II1 I I I I 1 1 I III I1I I1 1 III1 I I I I I11 I 11 I11 I I I I1I I I I I1I I II1 ITlTTTiTTTnrll ITrr I 



Appendix 
LIne. Column. 

11 I I I 
i:1? 
~1(j 341 
i19 342 
220 
~21 
i22 
;: 2 .~ 322 
c:24 323 
'::25 
c::.?6 
i.2l 324 
i2g 325 
1.29 321 

f,) i:!30 
',0 

c::. 31 Cl 

0::: 3 I:! 
i. 3 ~~ 
1::34 327 
1.35 328 
1.36 
c3? 
23a 329 
~~ 3 r; 326 
240 
I. 41 
242 330 
(~4 .5 
1..44 
~45 
d.46 331 
t.4r 332 
248 
1.49 
250 
i. 51 
i!52 

I I 1 r ! r 

Digital analogue ne to determine nClturol ventilation buildings. 

D ~ ~ ~ 00 00 ~ 00 
IIII1II11I111111111111111111111111111111111I1111111111I111I1I1II111I111111 

Gtl TO 342 
P I) C, ( J I ",1 ) =: - ( r () r. ( J , M ) ... { ( A a .J ( RAT I 0) ) '" .. ( Z 2 ( J , M ) I Z 1 (J , M ) ) l ) 
C lNTINUE 
I r ( PO E 1 ( J I M) • G F , () • 0 ) G I) TO 322 
v E' ( J / t>1 ) = - CL' < J , !~ ) .. ( ( An s ( I' D E 1 ( .1 , M ) ) ) .... ( , I Z 1 (J , M) ) ) 
G,) TO 323 
V r: 1 (.J , /·1 ) = C l 1 ( ,J ,14) +., ( P D E 1 ( J t M ) '* 1t ( , I Z' (J , M) ) ) 
I f ( P D C 1 ( J f M) , G F • () • 0 ) G t.l T 0 3 2 4 
V~1(J,M)=-Ct2(J,M)*«ABS(~DC1(J,M»)**(1/Z2(J,M))) 
G 1 TO)25 
VC' ( J I M) = C I. ? ( ,I , H) '" ( PO C 1 ( J I M) .... * ( 11 Z? ( J , M ) ) ) 
v {; 1 (J I M ) >: ( V F 1 ( .1 , M ) ... vel ( J I 11) ) I 2 . 0 
VC1 (J t~) =VF1 (J .11) 
Dd 326 M=1,N(J) 
IF (VE1(J,I-l).GI:.O.O)GO TO 32? 
PilE 1 (J , M ) ::; - ( ( ( A fj ,; ( \I E 1 (J , f~) ) ) I C L 1 ( J , M ) ) .. * Z 1 ( J I M ) ) 
G'} TO 5?t3 
P j) E 1 ( J • M) :: ( 11 F,1 ( J , ',1) / C L 1 ( J , /;1, ) • ". Z 1 ( .1 I M) 

I s: ( VC, (J , M) • G E • 0 . 0) li 0 TO :s 29 
pp C 1 (J I M ) ;; - ( ( ( AB S ( \f C 1 (,I , M) ) ) 1 C l. 2 ( J , M ) ) * 'It Z 2 ( J , M > ) 
G I') TO 32 tS 
p !) C, ( J , i,\ ) ::: ( V C 1 ( J , tn / C L 2 < J f M) ) * '" Z 2 ( .1 ,tJi ) 
C ;1 N T I /JIJ E 
WfOT::O.O 
D .) 3:S 0 1,1 = 1 , ~J ( J ) 
\;1 rOT:: w TOT + V F. 1 (./ , 11 ) 
{F(POCSHJ)'GE.O,O)(JO TO .B1 
V~TAIR(J)=-CLS(J)*(AUS(PDCS'(J»)~*(1/ZS(J») 
G') TO 332 
V,; T A I R ( J ) ;:: C L S ( J ) " ( P DeS 1 (J ) * ." ( 1 I Z S ( ,I ) ) ) 

c ,) N T I rJlJ E 
wrOT=WTOT+VSTAIR(J) 
IF(PDCSeJ).GE.n.0.AND.WTo'r.GE.O.O)GO TO 399 
JF(PDCS(J).lT.n.O.AND.wTOT.LT.O.O)GO TO 399 
PCCJ)=PC(J)-PDCSCJ)/DENOM 
IFCDENOM.GE.999.0)GO TO 398 

1 I I I ! I 1 1 I 1 I I I I I I I I I I I I I I I 1 I I I I I I I 1 I I t I 1 I I I I I I I I I I I I 11 IT 1 I I I I liT rrnTTrn 1 
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Appendix Al Digital analogue pm~J(]mrne to cietermlne nClturol ventilation In buildings. 
Line. Column. 

25.5 
~54 

1.5S 
;:56 
c::5l 
~5o 
t: 5') 
i60 
1.6i 
;':62 
;":63 
'(.64 
~65 
266 

. i6 '( 
ir.d 
26 rl 
270 
£:71 
~72 
c.7S 
i.?4 
275 
1.76 
i.7l 
(78 
t.?9 
iBO 
~ 81 
~82 
28.5 
t.84 
ca5 
t.86 
2W! 
~o8 

n ~ ~ ~ ~ m ~ 00 
1I 1 I I I I 1 1 1I 1 1 1 1 1 1 1 1 11 1 ill 1 1 1 1 11 1 1 I I I 11 I I 11 I I I I I I I II1 I 1.1 I I I I 11 I I I 11 I I I1I 1 I LlI I 1 I 1 I 

D t N 0 ~.., ;:; f) r NUM'" "I 0 . 0 
GI) TO 399 

398 PC(J);:;rC(J)+PDCSeJ)/DENOM 
3 2 0 C I Iln I N U F 

V[LHEAO=U.0624*WINO*WIND 
ZINFILT=u,O 
Z 'J n R 0 !) ~1 = 0 • 0 
Z T () T v r: '4 T 2 ;:; 0 • 0 
zrOTVENr=o.o 
l. I\V V F. ~JT ;:; 0 • 0 
D·, 3.s 6 ,j;:; 1 , K 
D) 33) 1'-1:;:".\1 ( J ) 
p C () E F r F. ( J , t1 ) :;; r f) E 1 ( " , M ) / VEL H E A. 0 
I F ( A Ij S ( PC () Err E (J . f I) ) • G F • 1 0 • 0 ) pe 0 E F F E ( J , M ) :&: 0 • 0 
Pr,OEFFr,(J ,~1)=POC1 (.I ,M)/VELHEAr> 
I F ( A B S ( p C 0 E F F C ( J , 11) ) • (j F • , Cl • 0 ) f' C 0 E F F C ( J , M ) = 0 • 0 
zrnTVFNT2;:;ZTOTVE~T2+(VF1(J,M)**2) 
zrOTVENT=ZTorvENT+ABS(VE1<J,M» 

3 3 5 1 r ( v E 1 (,j , M) • G T • 0 . () ) l I ; J F I L·I';:; Z I N F I LT + V E 1 (J , M) 
336 Z~OROOM=ZNOROUM+~(J) 

c 
c 

Z A V V ENT;:; 7. lOT V ENT I VJ!) R i) n t-l 
Z~TDEV=SQRT«ZTOTVENT2/ZNuROOM)~(ZAVVENT.ZAVVENT» 

C Pl{INTOIJT OF R[SUI TS 
C 

WRITE(Z,301)WINDMET,TUTFF 
W~ITE(2,302)ZI~FTLT 
W~TTE(Z,303)ZAVVrNT 

W~ITE(2,304)ZSTDFV 

Do) 310 J==1,K 
W t~ t T E ( 2 , 3 0 5 ) 
DJ 311 M==1 IN(J)~1,2 
M:1=M+ 1 

311 w ~ I T E ( 2 I 306 ) J , M , \I E 1 (J t M) , pe 0 E F F E ( J • ~1) , p () E 1 ( J , M) , P D C 1 ( .1 , M) 
, , J , M M , V J: 1 (J , M M) , P C i) E F r E ( J , M M) I P D E 1 (J , M r1) , P 0 C, ( .I • t·l M) . 

I I I 1 1 TITn J 1 -I 11 -I I I 1 I I I 1 I I I I 1 1 I I I 1 I I 1 1 I I I I I I I I I I I I I I I I I I I I 1 I I IITlTTTTTTTTTTTTIT n I 
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Digital Clnclogue dc-ten nine natural ventilation In bUildings, programme to Appendix Al 
Line. Column. 

239 
iQ 0 
i9'j 
i.Q2 
c!.9J 
L C)!. 
c.:9 ) 
c!.9 (J 

i9/ 
e:.:90 
t!.9() 

SOll 
jOl 
j02 
::';0:) 

.:\04 
'sOS 
.:i 0 () 
')Ol 
::JO~ 
.iO!) 

:S10 
::; 11 
:~ 1 2 
:)1-5 
:>14 
.51 5 
::i16 
~~? 
318 
:519 
:S20 
:)21 
-'22 
.:i23 
:SZ4 

~ ~ ~ ~ ~ 00 ~ 00 
11 I I 11 I I I I1 I I I I I I I I I 1,1 i I I I I 1 I 1 ; I I 1 1 1 1 1 1 1 I I 1 1 1 1 1 1 1 I 11 1 1 I I 1 1 1 1 I I 1 I I 1 I I 11 I I 1 1 1 I1 I 1 I I 
3'0 C)NTtNlIt 

WK ITE(Z,307) 
DJ 339 J~1,~ 

339 W~lTE(2,30R)J,VSTATR(J),PSTAIR(J),PC(J) 
301 F.)RtlAT(1H1.??HI<F.QJLTS FOR WINo SPEFI),F'5.2, 

1 29 H M / S • T I-" riP E R !\ T U ~~;~ 0 I F FER [ ~I C F. , F 5 , 2 , :~ H Dr.. ) 
302 F d R M A r ( 1 H U , ? 91\ Tor ALl tJ F I LT RAT ION RAT E, C tl H • , 21 )( , FR. 2) 
3 0 3 F ) R :., A T ( , HO. 3 5 H A V I; 1\ AGE R 0 0 i 1 V E tn I l. A T r () N RAT F., C M H • , 1 S l( • FR. ? , 
30 4 F) I.< M J\ T ( '\ HO, (,6 H ') T :\ i~ 11 ,\ R I) DE 'J N. 0 F R U () t~ V F N 1 lL A T ION RAT E S. r. M 11 • , 

1 l.x,ffL?) 
3 0 5 F ' ) R (.\ A T ( '\ HO, 1 0 \ I 1= L 1 ) 0 n R \ } () ~\ , ~) )( , 7 rl V F. ( C t~ H) , r; X I 7 H P D E ( C P , , S )( • 1 H M M ~ , 5 X • 

1 7 HP DC ( M M) , 9 X I 1 0 H r- L U 0 R R () ,) ~1 , 5 X , 7 H V F ( C 14 H ) , 5 X , 7 H P D E ( CP •• I) X , 'H'~ M) • 
2 5X,7HP!)C(MM» 

3 0 6 F :) R 11 A T ( I 4 I 3 x I I 2 , ') X , F 8 • 2 t 5 X , F 5 • 2 , 3 X , F 7 • 3 , 5 X I F 7 • 3 , 9 x , t 4 • ~ X , T ') , 5 x , 
1 nL~.5A,F5,2,3)(,F7.3/5X,F7.3) 

3 07 F ,) R 1"'1 A T ( 1 HO, 5 H F '.0 () I{ , 1 0 X , 6 H V S T" I R I 6 X , 6 H P S TAl R , 1 2)( , 9 H PC 0 R R I n () R ) 
308 FaRMAT(I4,10X,F8.2,4x,F7.S!13X,F7.3) 
C 
(; 

r. R [ r, Y eLl N G 0 F I ! T t~ f\ AND T E H P F R A 'r U REv A L U F S 
C 

TDIFF1=1000.0 
If(TDIFF.EO,O.o)rDIFF1=8.0 
IF(TOIFI-.EQ.8.(})TDJfF1=16.0 
IF(TDIFf,EQ.16.0)TDIFF1=24.0 
tF(TDIF:::.fO.24.0)Gn To 33"1 
T !) T r F = T f) 1 F F " 
JrCTDlrr.En,8.n. n R.TDIFF.lQ.16.0.0R.TDlFF.EO.24.0)GO TO 21A 
WIND1=1000,() 

337 T I) t F F ::: 0 . U 
I F ( v! T N I) i" ET. r: Q • 0 • n 0 1 ) \J 1 N D 1 = 1 • 0 0 
IF(WIND~ET.EQ.1.00)WJNn'=2.00 
1~(wtNnMET.FQ.2.nO)WIND'~~.OO 
I F ( WIN f);-1 t T • t Q • 4 • () 0 ) IJI N f)' :: (,) . 00 
IF(WINDMET.FQ,6.0)WIND1=8.00 
IF(WINDMET,FQ.R.OQ)GO TO 400 

nit I tIt I It I I I I I I I I [ I I I I I I I I I I1 I I 1 I I I1 1 1 I1 11 1 1 I I 11 I I I I I I I I I I I rl nTTTlrn T '''11 I ITI I 
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Appendix A 1 Oigi\al analogue pr09' m1irk' 10 delermi n,' "O~Jr 01 vml ilo lion In bUild 1119' ; • 

LIne. Column. D ~ D ~ 00 00 ~ 00 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I ILl I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

.::i 2 :i IJ 1 ~J D t.,!: T = WIN f) i ~2o -l;(Wl~DNET.FQ.' .nO.OR.WINDMET.EO.2.0 n . OR ,WINDMFT.FO.4.0
0

)Gn TO 44 
321 IF(WIN0MET.EQ.6.00.UR.WINJM~T.EQ.B.QO)~O TO 44 

~2~ 400 srOP 
52r) E~D 
S30 fINISH 
::>31 ***'fI 

l. 



APPENDIX A2 An estimation of the rate of loss of helium 

through the building openings by diffusion 

in Tamura's full scale ventilation studies. 

J:·~2 .1 If it is assumed that all diffusion of tracer gas 

in the full scale building studied by Tamura and Wilson, and 

used for the comparative study in Chapter 6, takes place 

through the window openings then it is possible to make an 

~ ',", f t'"" -'" ~ ..1.. * estimate or ~lle order of magnitude 0 11lS e~Iec~. 

A2.2 Considering the crackage through which the helium 

will diffuse a simplified analysis may be made by 

considering only that part of the crackage where major 

resistance to flow occurs. This will be that part of the 

crack where the width is sr.1allest. One may consider this 

as a channel of uniform width y, length 1, and total 

chan_nel length of L. 

y+= t±1. :·1 ::::: ::::::::::::: 
...... . ............ . 

j ::.:.. ::: :.:::::::::: 

: : : : : : : :: I:::: 11 . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ; ~ 
:::::::::~ 

The helium gas concentration at one end of the crack ".;ill 

be approximately equal to the mean internal concentration, 

Co while the outer end may be assumed to have a 

concentration near to zero. 

A2.3 At any point in the crack, a distant, a, from the 

outer end, considering a thin element, under steady state 
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conditions, and over a time sc e whi is short in 

comparison to the rate of decrease the mean internal 

level concentration of the tracer gas. 

or 

then 

or 

.4 

the flow into the el = 

dc/, 
dt 

is 

Q~ out e~ 

o 

C 0< ka 

C = a . . • •• (A2.1) 

where c~ is the concentration of heliuJTl at a. 

Now if two ad~2c e1 s are + .o~ n..C' .~w":: . ..:J 
' ____ , v_ t._ ...... 

viilere A is 

of }:eli'v'...'Tl 

.................. ~ ........ ,. .. ~ .. ~ ..... ~ ............ . 

One can consider a small vollune e inner element 

mensions, dx, dy, dz and a stance x from the interface. 

The s d e subtended at the interface by molecules 

travelling over their mean free path lengths can be 
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computed as: 

Jcos -1 x lA 
o 2rr A. sin G.d'A = 

>.-2 

S 
cos-1 x/A 
o 2 IT A. sin G. \ dG = 

\2 

O -1 x/" = _ (2rr • cos G)c s ~ 
o 

= 2 IT (1 - x lA ) • • • •• (A2. 2 ) 

A2.5 Then the probability of molecules crossing the 

interface from this volume 

= 
2 IT (1 - x lA ) 

4rr 

and the number of molecules escSlping 'Nill be 

= t (1 

where dV is the element volume 

=t (1 _x/\) c .dx.dv.dz a v 

and the total number escaping from the element throughout 

the building crackage 

= S~ J~ t (1 - x/A ) c .dx.dy.dz a 

= t. >-- .y.L.ca = t.y.L.~.co • . . .• (A2. 3 ) 
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but the number of molecules moving from the s9cond eleYJent 

back to the first will be 

4- \ .y.1. 

and the net loss of molecules will be 

••••• (A2.4) 

but these will move at a speed Vm, "Tihere Vm is the mean 

molecular velocity. Thus the rate of loss of molecules 

vvill be 

but the rate of loss of r::.olecules of helium from th.e b12ilding is also 

equivalent to 

\T 
dco 

- o. 
dt 

where Vo is the buildi:lg volume. 

which give s an equi va lent air change rate (c. f. equation 3.1) 

= (A2.5) 
4.1.Vo 

A2.6 

mm. , 

In particular when the units of y and 1 are in 

and L in m., Vo in m3., and Vm in m/so, then the 

appaienr air change rate, /hr. 

= 900. A .y.L. Vm 
1.Vo 

In the full scale building 

L = 102 m. 

- 297 -
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y ~ 0.4 mm. 

1 ~ 2.5 mm • (assumed) 

Vo = 3·4 x 102 m3 

Vm helium = 12 x 102 m/sec. 

>-- NTP helium = 17 x 10-8 
n1. 

and the apparent air change rate I due to diffusion of helium through 

the build~ng openings I = 0.009 air changes/hr. 

Note: Insufficient information concerning the construction of the buildir;g 

was available to enable an estimation of the apparent ventilation rate 

due to diffusion through the building fabric to be made; consequently only 

an esti:::ate of the apparent ventilation fate through the open areas of the 

bt:E:::'::; COL:ld be r:lade. Th~s figure vdll represent an underestimate of "b~e 

total apparent ventilation rate due to diffusion. 
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APPE:NTIIX A3 Calibration of Ventilation Openings used in 

the Model Ventilation Studies. 

A3.1 Two types of opening were used in the mod 

studies to simulate building ventilation. These openinfrs - -

v";;~ere cular holes of diameter 1.0 mm. and 2.5 mm., 

drilled in perspex plate of thickness 3 mm. The smaller 

openings were d in groups four, in square 

formations at 2.0 mm. centres. These openings had to be 

accurately calibrated over the working range of pressures 

order that the comparative c culated ventilation 

rates could be found. 

openings being cali brat ed, were fixed over the of a 

8:::::::.11 ;~ -'- t~:.e joints 8 ea.. 'i.as G.ravm .l. v 

through the duct from the opposite end, and then through 

a "Gapmeter" flow rate meter, a ..; n......... l'Y'1'in 
... -~~"'.L-' It 

The r ow rate om the air duct was measured b~r 

alr J..ow ra-ce me-cer, vvhich is capable measuring air 

ow rates in the range 0.06 to 3.00 m3/hr. The pressure 

di ence acting across the plate was measured using an 

inclined tube manometer. One pressure tapping was 

situated in the wall of the duct, approximately 100 mm 

away from plate; the second was located immediately 

adjac to and in front of the plate. 

A3.3 An initial set of tests with the plates containing 

2, 4 and 6 openings was carried out. With each plate a 

series of ten readings of flow rate and pressure 
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di erence were taken. The complete s of results W8'E: 

analysed by lea squares analysis to find the be 

calibration curve. The re s thi s set are given :::. .. 

Table A3.l. The best fit for these points was 

found to be: 

v = 0.0508 (dP)0.528 ( - ) 
>If •••• ;.~ .. _ ... 

A3·4 was fOtLYld hOVVe\Ter, analysing the results :-,""~ 

the three sets separately, that the value of the 

co cient varied. The best values, analysing the 

results separately were found to be: 

for 2 ope~ings, coefficient 0.0515 

for 4 co cient = 0.05 

for 6 openings, co ci = 0, 0: 

The variation was erpreted as being due to a constant 

rat of 1 ot sources eacn the three 

s s of tests. An e imated expres on for the leakage 

corrected calibration was fOQ~d by sing the 

re s as a set of t~ree simultaneous eq~ations of the 

forr:1: 

cce 

= number hole"s x real coefficient + leakage 

2 x 0.0515 = (2 x coeffi ci ent ) + leakage 

4 x 0.0507 = (4 x coefficient) + leakage 

6 x 0.0501 = (6 x co cient) + leakage 

Using this technique a value for the corrected co ci 8111, 

of 0.0493 was found. The expres on for the leakage 
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being: 

A3·5 

° t::2Q 
V = 0.0050 (dP) .~ ~ 

In order to check 

• • • •. ( • 2 ) 

accuracy of s 

interpretation the procedure was repeated t~:e air 

duct joints more heavily s ed. The results om t s 

s of servations are shown Table .2. The 

o l ion for ese resv_lts was found to be: 

v = 0.0504 (dP)0.528 ..... CA3.3) 

co cients obtained by ing the results 

separat were as shm"'lJl belovv: 

for 1 opening, coe ci = 0.0512 

2 openings, coe cient 0.0500 

for 3 openings, coefficient O. 01 

t se results in same way the be value 

correcte co oi v/as =. to be 0. 

28 
,-., w,__ ...!:" '"', _," 
v ..... J. ...i- V.,L. C v..:. ..L 

v 0.0016 (dP)0.528 ..... CA3 4) 

A3·6 Thus the corrected calibration for the 2.5 mm. 

diameter openings is assumed to be: 

v = 0.0494 (dP)0.528 ..... (A3.5) 

The corr eO. calibration curve for s s of readings 

t en is sho\'vn in gure A3.l, with flow es corrected 

for e assumed rates 

of the points ott 

leakage. The 95% certainty limits 

gives values of approximately ~ 4% 
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of e coefficie~t va:~e. 

A similar e Vias owed with 1.0 nun. 

ameter openings, results be presented in Tables 

A3.3 and A3.4. An initial set readings was analysed, 

for vl'hich the of ':,'8.S founi -';:;0 be: 

v = 0.00621 ( )0.605 ... (A3.6) 

the three s s re ts separately best 

s of the coefficients were found to be: 

for 12 0 coe cient = 0.00641 

for 24 openings, coefficient = 0.00613 

for 36 openings, coefficient 0.00606 

, 
Us these co cients ID three simul taneous uations, 

28 +l~o e corI'~e 

coe:fici for leakage, was fOUIld to 0.00588, 

and 1 expressed ay eouation: 

v o. ..... (A3.7) 

A3.8 A second se~ of result s \';as analysed, again with 

a small rate le oc For se results 

t ibratlon curve lS by: 

v = 0.00618 ( •• , •• (A3.8) 

The results, analysed separately give values t 

coeffici of:' 

for 12 op coefficient = 0.00624 

24 openings, co cient = 0.00617 

openings, coefficient = 0.00612 
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A ers.llO'.'!ing for the assl).1Tled 1 the best of 

e corrected coe ci ~as e imated as 0.00606, and 

the 1 expressed by t~e :1ation! 

..•.• (A3.9) 

A3.9 om these two sets of obs iO:!lS the 

calibration curves fO~Dd are: 

v = 0.00588 (dP)0.605 (A3.10) 

v = 0.00606 ( )0.587 • • . .• (A3 ) 

'I'he cali bration line was chosen by assuming an 

exponent intermediate in value between the two c culated. 

curve an d coefficient v{as found, assuming 

the new exponent value and equating the ow rate values 

s. eSS1J.re fference 10 IT1'TI. . , ch is 

centre of the t:te tvlO c iO:::2 

C')TVeS are 

0. 98 

0.00606(10)°·5 

F'ro:n these va::"ues the calibration curve e 

1.00 mm. diameter 0 is taken to be: 

v •••.• (A3.12) 

The correct calibration curve, for all sets of readings 

taken, is shown in gure A3.2, wi ow es corrected 

for the assumed es 1 Again t 95% 

confidence limits are approximately equivalent to :: 4% of 

calibration co ci 



r.~cBLE A3.1 Flow Calibration 2.5 rn..rn diameter Ouenimz:s 

No. of 
openings 

2 

4 

6 

Observed Pressu..re 
Flow Rate, Differenc~ 

l/min. mm. vvg. 

~ l R 
3:80 
4.45 
5.05 
5.66 
6.28 
6.90 
7.50 
8.12 
8.72 

5.66 
6.28 
6.90 
7.50 
0.12 
8.72 
9.35 

10.0 
l Ij ::: 
....... .....,,; .. V 

11.2 

6.00 
Q ")1'\ 
'-'.-"'~ 

10.6 
12.9 
15.3 
17.6 

22.4 
24.6 
26.8 

~ l I=) -1.-...-

4.35 
5.90 
7.60 
9.65 

11.60 
14.10 
16.50 
19.55 
22.40 

2.62 
3.16 
3.75 
4.40 
5.20 
6.00 
6.90 
7.90 
° 0::: Vo'-'..,I 

10.15 

1.45 
') r-,c:: '-.. {.,/ 

4.15 
') • ::0 o ,....,,,....,, 
U.Cv 

10.30 

16.90 
20.00 
?~ 7{) 
'- -..I 11' I '-' 

Observed Flow 
Rate/Opening, 

m'ihr. 

0.114 
0.134 
0.151 
0.170 
0.188 
0.207 
0.225 
0.244 
0.262 

0.085 
0.094 
0.104 
0.112 
0.122 
0.131 
0.140 
0.150 
C.159 
0.168 

0.060 
,-, ,-,°3 v. vu 

0.106 
0.129 
0.153 
0.176 

0.224 
0.246 
0.268 
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Corrected Flow 
Rate allowing 

for leakage, 
m?, hr. 

n nol'\ 
'-'.'-'~V 

0.109 
0.128 
0.144 
0.162 
0.179 
0.197 
0.215 
0.233 
0.250 

0.083 
0.092 
0.102 
0.109 
0.119 
0.128 
0.137 
0.147 
0.155 
0.16Ll 

0.059 
,-..." !"'\0,-..., 
v.vv~ 

0.104 
0.127 
0.151 
0.173 

0.221 
0.242 
0.264 



7~ (). 0 f 
cpenhlgs 

1 

2 

3 

Flow Calibration 2.5 lTl..'1l diameter Openings 

Observed Pressure Observed Flow 
Flow Rate, Difference, Rate/Opening, 

l/min. mm. wg. mYhr. 

4.44 
4.12 
3.80 
3.16 
2.57 
1.95 
1.66 
1.32 

7.50 
6.90 
6.28 
5.68 
5.07 
4.44 
3.80 
3.20 

8.70 
8.15 
7.50 
6.90 
6.25 
5 . 
h 11" "",,' If '-"_ 

4.45 

22.1 
19.4 
16.6 
12.0 

8.00 
4.70 
3.50 
2.45 

17.7 
15.0 

• 6 
10.25 

8.10 
6. 
4.55 
3.30 

10.55 
9.50 
Q 
v. 

6. 
5.65 
4.65 

2.90 
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0.266 
0.2Ll7 
0.228 
0.190 
0.154 
0.117 
0.099 
0.079 

0.225 
0.207 
0.188 
0.170 
0.152 
0.133 
0.114 
0.095 

0.174 
o. 3 
n 
v. o 
0.138 
0.1 
0.113 
0.100 
0.089 

Corrected ow 
Rate allowing 

leakage, 
mi"hr. 

0.259 
0.2LlO 
0.222 
O. 
0.150 
0.114 
0.096 
0.077 

0.222 
0.204 
0.185 
0.167 
0.150 
0.131 
o. 
0.094 

0.172 
0.161 
o 149 
0.137 
0.124 
o. 
0.099 
0.088 



rABLE A3. 3 Flow Calibration 1.0 mm diameter Openings 

::;- o. of Observed Pressure Observed Flow Corrected Flow 
openings Flow Rate, Difference, Rate/Opening, Rate allowing 

l/=i::. ........ ........., • .. t,...... mJ/hr. f ,--' -.--. l c ~ :,~ SI ,...,.. e 
----- '11 "0 e v__ -- '-" ........... -;,.. ......... 0 , 

m/hr. 

36 24.6 23.3 0.0410 0.0399 
22.4 20.2 0.0373 0.0363 
20.0 16.65 0.0333 0.0324 
17.6 13.65 0.0293 0.0285 
15.3 10.70 0.0255 0.0248 
13.1 8.15 0.0217 0.0211 
10.7 6.00 0.0178 0.0173 

8.30 4.10 0.0138 0.0134 
6.14 2.32 0.0102 0.0999 
4.94 1.67 0.0082 0.0080 

24 15.3 21.0 0.0383 0.0368 
13.0 16.0 0.0325 0.0312 
10.6 11.6 0.0265 0.0254 

9.36 9.35 0.0234 0.0225 
8.l2 '7 ')~ ~.~203 1'"""1 ~I ot::' 

I .- ...... """.V-J,..I 

6.91 5.45 0.0173 0.0166 
5.59 ~ OQ 

...,J.'-''-' o. C)142 0.0136 
4.45 2.60 0.0111 0.0107 
3.80 2.03 0.0095 0.0091 
3.21 1.55 0.0080 0.0077 

12 8.10 21.8 0.0405 0.0373 
7.50 18.85 0.0375 0.0345 
6.92 16.3 0.0346 0.0319 
6.28 l J ;::: 0.03l2 (:;.0290 -- ~ ~ 

5.68 11.6 0.028.1 0.0262 
5.08 9. 7 ,:) 0.0254 0.0234 
.1.4.1 7.70 0.0222 '1.0205 
3.80 5.95 0.0190 0.0175 
3.20 ' ,-

4.Li.? 0.0160 0.0148 
2.58 3.20 0.0129 0.0119 
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:LABLE A ~. 4 FloVI Calibration 1.0 mm diameter Openings 

J..\~ 011 of Ocserved Pressure Observed Flow Corrected Flov: 
openings Flow Rate, Difference, Rate/Opening, Rate allowing 

l/min. Ir..;..;.ry: .. Vl g 41- m1'hr. for leakage, 
m7'hr. 

36 24.6 24.95 0.0410 0.0406 
22.4 21.50 0.0373 0.0369 
20.0 17.50 0.0333 0.0330 
17.6 14.35 0.0293 0.0290 
15.3 11.25 0.0255 0.0252 
12.7 8.45 0.0211 0.0209 
10.7 6.30 0.0178 0.0176 

8.30 4.15 0.0138 0.0136 

24 15.3 22.80 0.0383 0.0377 
13.0 17.00 0.0325 0.0320 
10.6 12.50 0.0265 0.0261 

9.36 9.75 0.0234 0.0230 
8.12 7.55 0.0203 0.0200 
6.91 5.55 0.0173 0.0170 
5.69 4.00 0.0142 0.0140 
4.40 2.70 0.0110 0.0108 

12 8.1) 24.35 0.0405 0.0393 
7.50 21.60 0.0375 0.0364 
6.92 18.55 0.0346 0.0336 
r "Q 
0." Lv' 15.60 0.0314 0.0305 
5.68 13.20 0.0284 0.0276 
5.04 10.80 0.0252 0.0244 
4.40 8.40 0.0220 0.0213 
3,80 6.65 0.0190 0.0184 
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Figure A3.i. Calibration of 2.5mm. diameter openlnqs. 



I 
I 
I, 
I 

Figure A3.2. Calibration of l.Omm. diameter openings. 



APPENDIX A4 Measured external pressure coefficients 

used in the comparative model studies. 

A4.l In order to carry out the comparative 

ventilation rate calculations in the model stt1c1ies i -t i)\r2_S 

first necessary to find the pressure distributions over 

the models. Pressure coefficients were calculated from 

measurements made at representative positions over the 

surfaces of the model, and are recorded in this appendix. 

I,leasurements were made in the two bou..ndary layers used in 

the model tests, which are described in paragraph 7.6.2. 

J:'Iean pre ssure SY·vEre r:leastA.red at each of tv-ie::i.. ve 

pressure tappings distributed over one model face. The 

model face, at heights of 15 mm., 45 mm. and 75 mm., and 

nu:nbered 1-12, as sh o'.'vn in "F' -i .0"1 1 "Y' Cl 
- - 0 ~.- ~ 

'7.3. 

~orcal from the model face bei~g co~sidered. Measure~ents 

000 
were made at 15 intervals between 0 and 345 . 

A4.3 The observed pressure coefficients are presented 

mean pressure coefficient for the whole face is given, and 

also the mean pressure coefficient at each of the twelve 

tapping positions. The individual tapping pressure 

coefficients are presented, in the Tables, in a matrix 

which corresponds to the actual tapping confi~lration on 
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the f:1.ode1, as shovvn below: 

G = 0° . , Cp mean = x 

2 3 '"T 

r:: r: '7 Q 
.J v I \..J 

9 10 11 12 
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TABLE A4.l M:easured model external pressure coefficients, 
boundary layer ~ 

-!.. 

Go = Gp mean 0.76 

0.81 o. 0.85 0.81 

0.78 0.87 0.85 0.75 

0.52 0.79 0.75 0.50 

("\ 11':;0. Gp mean O. Q :: 345°; Gp mean 0.73 '::' ./ ~ 

0.68 0.78 0.83 0.87 0.92 0.79 O. 0.64 

0.67 0.86 0.89 0.86 O. O. 0.81 o 1:;0 
'..-/-' 

0.46 0.73 0.79 0.66 0.65 0.74 0.65 0,42 

Q 30°; Gp mean = 0.62 Q :: 330°; Gp mean = 0.57 

0.42 0.54 0.72 0.83 0.81 0.62 0.57 0·37 
0.41 0.60 0.78 0.91 0.83 0.70 0.58 0.35 

0.29 0.58 0.69 0.68 0.67 0.62 0.51 0.24 

Q :: 45°; Gp mean :: 0.43 G :: 315°; Gp mean => 0.36 

0.22 0.27 0.47 0.62 0.57 0.35 0.33 0.16 

o. 19 0.41 0.57 0.72 0.63 0.49 C·35 r. ... :-v. I) 

o. -: 1 0·36 (\ ') O. 6~ 0.52 n A 1 ("\ ")1 n nQ 
0,..< 11 ,./ ;...... \ . ..i 1I'"'j ! '- " ....,I , \"..r.v,-, 

G = 6 Gp mean :: 0.15 Q 300°; Cp mean = 0.10 

0.03 0.01 O. 17 0.24 O. 19 0.07 0.09 0.02 

O. O. 17 0.26 O. O. 17 0.20 0.13 -0.01 

-0.03 0 13 0.22 0.26 0.10 0.1 B 0.09 -0.03 

G = 75°; Gp mean -0.28 G :: 285°; Gp mean = ·32 

-0.10 -0.16 -0.08 -0.92 -0.95 -0.22 -0. 12 -0.11 
-0 12 -0.04 -0.12 -0.80 -0.83 -0.26 -0. -0.13 

• 1 2 .05 -0.07 -0.75 -0.76 -0.21 -0.07 -0.12 

G :: 00°· ./ , Gp mean = -0.65 G = 270°; Cp mean = -0.65 

33 -0.71 -0. .75 -0.75 -0. -0.69 -0. 

-0.38 .67 -0.83 -0.78 -0 . -0.85 -0.65 -0·35 
-0.29 -0.54 . 83 -0.89 -0.83 -0. -0. -0.29 
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TJ.5L:2: A4.1 c ont d. 

G = 105°; Cp mean = -0.57 G = 255°; Cp mean = -0.57 

-0.62 -0.62 -0.58 -0.53 -0.54 -0.60 -0.61 -0.62 
-0.62 -0.59 -0.56 -0.50 -0.50 -0.56 -0.56 -0.59 
_" r:-r:- _(1 r:-r:- -0.56 _(1 r:-? _(1 r:-'7 _(1 r:-,~ -O~5S -0 t::;l 

v"',...)./ "",e..-'./ '-' 0 ,....r L- '-" tJ ./ j '-' "'./ .... >o./f>/-/ 

G = 120°' , Cn mean = -0.52 G = 240°; Cp mean = -0.57 

n r:-O -0.58 -0.55 -0.49 -0.57 _(1 r:-a -o~ 60 -0.62 -V • ...;\...I """ ................ 

o r:-' - .Jb -0.56 -0.53 -0.46 -0.53 -0.59 -0.60 -0.59 
-0.48 -0.51 -0.52 -0.45 -0.51 -0.56 -0.54 -0.50 

G = 135°; Cp mean = -0.45 G = ""2 rO 
c:. ""' • ,/ , Gp mea..'l = -0.48 

-0.47 -0.47 -0.49 -0.43 -0.45 -0.50 -0.48 -0.48 
-0.48 -0.46 -0.46 -0.41 -0.45 -0.51 -0.52 -0.50 
-0.42 -0.44 -0.43 -0.42 -0.46 -0.49 -0.46 -0.42 

G = 150°; Cp mean = -0.36 G = 210°; Gp mean = -0.37 

-0.41 -0.38 -0.35 -0.31 -0.33 -0.36 -0.40 -0.43 
-0.41 -0.38 -0.36 -0.32 -0.34 -0.38 -0.39 -0.40 

-0.35 -0.36 -0.34 -0.33 -0·34 -0.36 -0.35 -0.34 

0 '" G 165 ; Cp mean = -0.32 n = lah~' Cp mean = -0.31 = "'=' J ,/ 1 

-0.L3 -0·34 . -0.29 -0.26 -0.26 -0.28 -0.32 -0.41 
-0.41 -0·34 -0.30 -0.27 -0.28 -0.29 -0·33 -0.39 
-0.31 -0·30 -0.28 -0.26 -0.25 -0.27 -0.26 -0.30 

G = 180°; Gp ::-:ean = -0.23 

-0.27 -0.29 -0.27 -0.27 
":"0.26 -0.22 -0.22 -0.25 
-0.22 -0.17 -0.16 -0.19 
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~A3IE A4.2 Measured model external ~ressure coefficients, 

boundary layer 11 

Q = 0°' , Cp mean = 0.52 

0.65 0.73 0.68 0.59 

0. L1 5 0.59 0.55 0·37 

0·34 0.52 0.50 0.28 

Q = 15° ; Cp mean = 0.49 Q = 34-5° ; Cp mean == 0.45 

0.47 0.60 0.70 0.70 0.i5 0.66 0.57 0.46 

0·31 0.49 0.55 0.49 0.54 0.52 0.44 0.26 

0.23 0.45 0.50 0.38 0.40 0.48 0.L11 0.18 

G == 30°; Cp mean = 0.40 G = '),~Oo. 
~ -' , Cp mean = 0.36 

""' -'r r- , , 
0.59 0.6i 0.66 0.50 0 ,. A 0.28 v • .)V \...''»~ I V.'+I 

0.18 0.38 0.47 0.52 0. L1 9 0.L11 0.30 0.13 

0.12 0.34 0.43 0.41 0·39 0.37 0.28 0.08 

~ = ,-1t:;o. Cp ~e8-~ = 0.27 fl = -:) 1 r:; O. C:p .,.....,O~Y"\ = 0923 - ,./ , _' ,'/ , .. ~ .. '-' ........ _.l 

0.16 0.21 0.38 0.54 0.45 0.31 0.27 0.15 

0.08 0.24 0·33 0.43 0.35 0.29 0.19 0.05 

0.04 0.21 0.30 0.35 0.29 0.24 O. 18 0.03 

G == 60°; Cn !'1e2,n = 0.13 fl = 300°; eT' :~e2_n == 0.08 

0.07 0.05 0.19 0.25 0.15 0.13 0.12 0.04 

0.01 O. 15 o. 17 0.21 0.08 O. 12 0.10 -0.01 

0.00 O. 11 0.16 O. 19 0.06 0.12 0.08 -0.02 

Q = 75°; Cp mean = -0.08 G = 285°; Cp mean = -0.15 

-0.02 -0.07 0.01 ..:..0.27 -0.47 -0.08 -0.01 -0.04 

-0.04 -0.01 0.00 -0.28 -0.42 -0.12 -0.04 -0.06 

-0.05 -0.01 -0.01 -0.21 -0·32 -0.09 -0.04 -0.07 

Q == 90°; Cp mean = -0·34 G = 270°; Cp mean == -0.38 

-0.11 -0.22 -0·39 -0.79 -0.77 -0.52 -0.24 -0.14 

-0.11 -0.19 -0.43 -0.67 -0.63 -0.47 -0.26 -0.15 

-0.10 -0.16 -0·35 -0.61 -0.57 -0.42 -0.21 -0.13 
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TABLE A4.2 contd. 

° Q = 105 i Cp mean = -0.46 ° Q = 255; Cp mean = -0.46 

-0·35 -0.50 -0.57 -0.57 -0.53 -0.57 -0.50 -0.41 

-0.32 -0.45 -0.53 -0.50 -0.50 -0.52 -0.L16 -0·37 
-0.27 -0.40 -0.51 -0.49 -0.49 -0.50 -0.41 -0.30 

° Q = 120; Cp mean = -0.48 ° Q = 240 i Cn mean = -0.46 

-0.51 -0.50 -0.49 -0.48 -0.45 -0.42 -0.48 -0.51 

-0.48 -0.51 -0.50 -0.46 -0.45 -0.49 -0.49 -0.47 

-0.39 -0.41 -0.50 -0.43 -0.42 -0.48 -0.46 -0.38 

Q = 135°; Cp mean = -0.38 ° G = 225; Cn mean = -0.35 

-0·39 -0.L10 -0.38 -0·35 -0·32 -0.36 

-0.38 -0.42 -0.41 -0.35 -0·32 -0.36 -0.37 -0·36 
-0.32 -0.38 -0·39 -0·36 -0.31 -0.3 7 -0.35 -0·31 

Q = 150°; Cp mean = -0.26 Q = 210°; Cn mean = -0.25 

-0.]0 -0.27 -0.25 -0.24 -0.22 -0.2L -0.25 -0.30 

-0.31 -0.28 -0.27 -0.22 -0.22 -0.2L1 -0.26 -0.30 
~ ~~ 0 ~r ~ ~~ ~ ~~ 

-~'~I -~.~o -v.~) -~.~~ -C.21 -C.~J -0.25 -0.27 

° Q = 195; Cn mean = -0.19 

-0.24 -0.20 -C.17 -0. 15 -0.15 -0.12 -0.20 -0.23 

-0.24 -0.21 -0. 18 -0.16 -0.16 -0.18 -0.21 -0.24 

-0.22 -0.20 -0.17 -0.15 -0.15 -0.1; -0.21 -0.22 

° Q = 180; Cp mean = -0.14 

-0.14 -0.14 -0.13 -0.14 

-0.14 -0.13 -0.13 -0.14 

-0.15 -0.13 -0.12 -0.14 
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APPENDIX _il_5 Mo1el ventilation studies, detailed results 

A5.1 In this appendix one set ObS9~~]"8_ti ens 

comuuted results, taken from the comparat mod es, 

:"'3 c 3c:~t ed ill det ~ 

..L. The re s are those for 

the following model conditions: 

window opening configv.rati on C (two opposite porous 

v/all s), 

9 openings per face, 

2.5 ~~. diameter openings, 

b01J.ndary layer I, 

A5.2 The results describing the observed and computed 

int pressures are not strictly comparable \'Vi th those 

describing the observed and computed venti on es 

because the two models used to measure these values 

l ences led de 

nressure measur mod '"vas ced 

ermediate oors, and t~e mean int s stlr e ';,-a S 

culat as the mean pressure from the three levels of 

not be similarly subdivid because the esence of the 

ori ce plate, and consequently the computed ventilation 

rates were recalculated assuming a mod form th no 

ec e internal resi ance to vertic ow, 

A5·3 Mean int pressure measurements are presented 

in Table A5.1, and comparative comput results are 
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pres ed Table A5.2. The experiment oce 

describing e use of int pressure ~easureme~t 

ed Ch9.yter 7, graphs 7.6.6 and 

measurements were made three velocities, 

1 3 m/ s., 'i 9 m/ s., and 25 . , e 

ee sets of measurements are presented. One set of 

observed mean flow rates through the l on rate 

measurement model is presented Table A5.3, and 

comparative computed - -'-resu...L"S are esent in e 

The experiment procedure describing the use of this 

mo is explained in Chapter 7, paragraphs 7.6.8 to 7.6.10. 

"'or s s of mo conditions the observed ernal 

e s S")~2: e co effi c i e~2.t ilation rate were to be 

-0.161 and. 1.410 m3/hr. respectively; the corresponding 

c ,.!.. 3. ~,-&l·;. S ':"er f:::" to be -0,0 8::2(1. 1. :60 ;'13 



Model internal pressure measurements, observed 

results. 

Nominal air velocity; 13 m/so 

Wind tunnel centreline velocity 
pressures, mm.wg. 
Mean wind. tunnel centreline 

e s sti.r e, rnm. 
Corrected velocity pressure, m.rn.wg. 

Obs internal pressures, 
I!l.Lll It v.Jg e 

001' 1 -1. 75 -1.75 -1 .75 -1. 75 
Floor 2 -1.55 -1.75 -1.65 -1.60 
Floor 3 -1.60 -1.75 -1 .80 -1.60 

Mean internal essure, mm. 
Mea...~ internal pressure co ci 

Nominal air velocity; 19 m/so 

tUlUlel c entr 
press"J.res, mm. ego 

velocity 

centr 
velocity pressure, lTIJY!.'!,'A'. 

Correct ed velocity pres sure, m.:n. 

s internal pressures, 
nun. \"y g (!! 

oar 1 ·30 -3·35 -3·75 -3.70 
001' 2 .10 -2.90 .90 -3.85 

Floor 3 -3·30 .25 -4.15 -4.00 

internal pressure, mm.wg. 

12. 1 , 11 0 
I I ~ -" , 

11 .95 

11. 45 

Me&~ pressure, ~a. 

-1.75 
-1.64 
-1.69 

-1 .69 

-0. 149 

24.1, 23.8, 23.6 

23.85 

22.9 

Mean essure, mm. 

-3·53 
-3·44 
-3.68 

-3.55 
Mean internal essure coefficient, CPi , -0.155 
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TABLE A5.l contd. 

Nominal air velocity; 25 ~/s. 

',','ind tW'lllel centreline velocity 
pressures, mm.wg. 

Mea...l1. V\rind turmel centreline 
velocity pressure, mm.wg. 

Corrected velocity pressure, mm.wg. 

38.0, 37.7, 38.0 

36.4 

Observed internal preSSll.reS, ~·Iea...'1 pressure, ~illl.·:,'g. 
mm.wg. 

Floor 1 -6.60 -6.60 -5.90 -5.90 
Floor 2 -6.25 -6.05 -6.65 -6.50 
Floor 3 -6.50 -6.60 -7·35 -7.30 

Mean internal pressure, mm. \vg. 

~ean internal pressure coefficient, Cp. , 
l 

Average internal pressure coefficient, 
all velocities 
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-6.25 

-6.46 

-6.94 

-6.55 
-0. 119 

-0. 161 



TABLE A5.2 Model internal pressure measurement, computed 

results. 

InUl...1-t data SU.Illillary 

(W1"111l ;l~+~ -''''O~'l-; 'Y'D.,.y;O"Yi+~ 2..~d ~or::.e~c2.3--4:~-'-~k~S ~2.~T t'e 822:1 i~ 
App~;di~ ~ AI) -->--- ~---~-- ,,-

Exterior/room openings, flow characteristics (CL1, Z1); 

Cor~idor/stair~ell openings, flow c~aracteristics (CLS, ZS); 

As calibratio~ for 2.5 mm. diameter openings; 

Infiltration coefficient, CL1 or CLS = 0.049 

Flow exponent reciprocal, Z1 or ZS = 1.89 

Room/corridor openings, flow characteristics (CL2, Z2): 

r -'-0 or 
:;:;-'10 or 
Floor 

As there was no internal resistance to horizontal 

flo'vV in the model, dummy values vvere used in the 

__ "I~-~-. 
'" c:..-.:.... 'J_;::::;:;' ~ 

Infiltration coefficient, CL2 = 10.00 

?lo~ eXTIonent reciprocal, Z2 = 2.CO 

Ra o if I 1 Room 2 Room 3 Room L1 

0.22 0.40 0.53 -0.44 
r"\ 0.28 0.46 0.60 -0.49 L 

-.; 0, 2~, O. -.;~ O. ~O -O.t'7 - -

coefficient 

Room J Room 

-O~46 -0.45 
-0.49 -0.46 
-O,Le? -O.Ll'7 

Comuuted results 

Velocity preSS')I'e 24.96 mm. 1Ng., Wtnd speed 20.00 m/so 

6 

Floor Room VE(m3/:r) PDE(mm,wg. ) PDE(Cp) PDC(mm,wg. ) 

1 0.133 6.47 0.26 0.00 
1 2 O. 175 10.96 0,44 0.00 
1 3 0.201 14.20 0.57 0.00 
1 4 -0. 167 -10.01 -0.40 0.00 
1 

,- -0. 172 -10.51 -0.42 0.00 .. 
./ 

1 6 -0.1 c9 -10.26 -0.41 0.00 
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TABLE A5.2 contd. 

Floor Room VE(m3/hr) PDE(rmn. wg. ) PDE(Cp) PDC (r:' .. lTI. wg. ) 

2 1 0.147 7.84 0.31 0.00 
2 2 0.187 12·3.1 0.49 0.00 
2 3 0.213 15.83 0.63 0.00 
c:.. 4- -0. "j19 -11 . 38 -0.46 0.00 
? 5 -0. 179 -11. 38 -0.46 0.00 
2 6 -0. 173 -10.63 -0.43 0.00 

3 1 0.142 7·35 0.29 0.00 
3 2 0.166 9.85 0.39 0.00 
""' 3 0.197 13·60 0.54 0.00 .5 
""' 4 -0.172 -10.62 -0.43 0.00 < 
-' 

3 5 -0.177 -11.12 -0.45 0.00 
3 6 -0.172 -10.62 -0.43 0.00 

?loor VSTAIR PSTAIR PCORRIDOR PCORRIDOR 
(m3/hr. ) (ITLl:J. wg. ) (mm.w!2". ) (C-:;:. ) 

1 -0.001 -0.973 -0.9"73 -0.039 
2 -0.016 -0.973 -0.851 -0.034 
3 0.017 -0.973 -1.120 -0.044 

VE represents the air flow rate through each ex-'cer:::.al 

openlng, 

PDE represents the pressure difference acting across 

each ope::1ing, 

PDC represents the pressure difference acting across 

each dUXllTIY opening, 

PCORRIDOR represents the internal pressure on each 

is uniform throughout each floor of the rr:odel. 

Consequently the computed mean internal pressure, 

expressed as a pressure coefficient was fOlmd to be 

-0.039. 
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TABLE A5.] Model ventil~ti0~ Tate measUTe~e~ts, ots8Tved 

results. 

mm.wg., 

Tllean wind tu.rm.el c entreline velocity 

Correcteci velocity pressure, rnrn.wg. 

i,Vind speed, m/s., 

rh croIJanomet er output cali era ti on/rrLTTI. wg. 
pressure difference, mV. 

11.4, 11.4 

17.4 

10.9 

16.64 

97.2 

Micromanometer zero pressure difference outnut voltages, 

rJV. 

before orifice plate pressure difference measurement: 

19, ] 19·3 19. ] 19. ] 

after orifice nlate pressuTe diffeTence IJeasurement: 

19.7 19.7 19.7 19.7 19.7 

. , 
::-r ... ::'... cromanorne~ er zero difference 19.5 

voltage, mV. 

volta2"es, mV. 

, . 7 <i.9 2~d r:; ') 1 ~ ,2, 
./ . -

6.8 4.5 2.5 1 . 6 3. 1 
3·0 1 . 3 3· 7 6.0 ].5 
3·9 

r 1 1 ,6 2, 1 2.5 o. 

Micromanometer orifice Elate readings z VOltage difference 

values z mV. 

15.8 14.6 17. 1 14·3 17.7 
12.7 15.0 17.0 17.9 16.4 
16.5 18.2 15.8 1].5 16.0 
15.6 13·4 17.9 17.4 17.0 
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T 

l'iIefu"l 

A5.3 contd. 

1 .155 1 • 110 1 .202 1 .099 
~ '" 1.126 1,198 1 " 
i~v I • c:. 
1.1 1 240 1 • 1 55 1- 8 
1.1 1.064 1.230 1 .212 

observed venti lon e! m3/hr. 

rate corrected to 20 m/so 

3 -

1 ,223 
I • 1 TI 
1 • 162 
1.198 

1 .410 



~odel ven~ilation rate measureoents, comnuted 

InnuG data su~marv 

(Full a uir 
-; \ 

s and nomenclature may be seen 
J ' 

t ics ( I, Z1) 

As tion 2.5 r:.'L'n, di op 

CL1 -. 0,0 9 
CVJ 

~ reci oc Z1 ~ v == ! . 

Room/corridor 0'.'1' characteri ics , Z2) 

C flovv c:taract sties ( S, ZS) 

.A.s t was no int re ance to the 

v;i th verJT Itration co cient values. 

tion coe 

, ZS = 2, 

r _, '"_._ '"/' _ 
er·IlCil. pressure co Clents ( ]:i \ 

.t:'_;::,;:;w.:. .. c -'-'J 

Room 1 R 0 07Tl ') '1:?OC7Tl -:) P . ., '" .1 '0,,,,,,,,,,,,,,,, D ~ ~-".' 
-' '-' '-' .. ~,.. -

01' 0,22 0, ~ i\ 0. t:; ') -0, f! /1 -c ~ r -o~ 45 '-"V /-.-! -t'"T , -c 
2 0. 2 0, Lh 0, -0, Llg -0, 46 ,~ . 
-, C, 2 5 0, 35 0, 50 -0, Ll'"? 49 -0, 47 .) , I , 

Veloei essure 2Ll.g6 ~~rn " eed. 20,00 m/so 

oar Reom ( ~ .. \ (mm, , ) (Cp) (mm. . ) ~; .. I 

1 0,133 6,4 0,2 0,00 I 

1 2 0, 175 10.g6 0.44 ° 00 I 

3 0.201 14 21 0.57 0.00 
67 -10.01 -0.40 0,00 

1 5 -0. 72 -10,51 -0, 0,00 
1 r -0, 69 -10.26 -0.41 0.00 0 
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TABLE A . contd. 

F'loor oom (m3/hr) (mm 
\ 4~L~. '" . ) (C l=' ) (::--...:~, ':.' 

2 1 O. 1 7 O. l? (I . -- ....... ' 11-

2 2 O. 1 12.46 0.50 O.CO 
,..., 0.214 ~15.95 0.04 0.00 L .) 

2 4 -0. 178 -11 .26 -O.tS (' ('.n 
v.0V 

2 5 -0.178 -11 .26 -0.45 0.00 
2 r 172 -10.51 -0. O. 0 . 
3 1 O. 141 7.22 Oa29 Cli) 

3 2 O. 1 5 9.71 0·39 0, 
":< -:( O. 196 13.46 0.54 0.00 ...J -' 

3 4 .174 -10.76 -0.43 0.00 
3 ;::; -0, 178 -11 .26 -0.45 O.OC 

"" 3 6 -0. 1 -10. .43 O. 

F'loor VSTAIR PSTAIR PC DOR PC 
(~ l -,~ 

, 
( -',' ,',' \ ! \ ! .~ ) \ _,1- . ) \ .. .;,J,...ll I! \ T . I \, Jljjll. ''-\2£ • ) \0p. 

1 o. r .9 r3 .039 -v, I.) 

2 0,000 -ohg r r3 -0.9 .., -C.039 .) 

-:( 0.000 07~ _(\ 07 l. _0 (\")0 - ...... " _ i -.-" '-r' .. "'" _..; 

re esents 0''-1 ~hrough 

re eSBYlts the assure di erence act 2"cross 

op 

esents t e pressure ere:r:ce act across 

op 

sents e ernal pressure on ea oor 

the uode1. 

c ed ~ a1 ilation rate thr the model was 

a spe of 20 m/so 



AFPENDIX A6 A suggested function to describe the 

-larie_tio~l of me8....'1 pressure coefficien-;:;::i th 

angle of incidence. 
< 

A6.1 The information available which describes +~c 

variation of mean pressure coefficients on building surfaces 

vvi th angl e of inci denc e of the wind is limited. In des i g::.'1 

guides values of pressure coefficient are nor~nally ouoted 

only for the four wind directions perpendicular to t~e main 

faces of the building, In many cases this information will 

be sufficient to carry out design calculations. In certain 

cases, in particular in computer based calculations, \'lhere 

many detailed calculations can be ~uickly repeated, more 

detailed information on the variation of pressure 

coefficients at other angles may be useful. One function 

for describing the variation of nressure coefficient ~ith 

angle of incidence, (Nelson, 1971) -,','as disc-u,ssed in 

nressure coefficients and conseQuen~ly an alternative 

frmction, vvhich is derived from model observations, 1:'2S been 

L' ~ -,~---,:o -_~-l 
- ~ - '-- ~, 

t echni~ue sui tabl e for further development, as the re 8-u,1 t s 

on which it is based are from a very limited series of 

model studies. However it is possible that a functio:'1 of 

the type suggested may provide a more adaptable method of 

quantifying this effect. 

A6.2 The effect of building shape and boundary layer 

conditions on mean pressure coefficient values is complex. 
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gn des (B.H.S, 19 \ 
/ , ov\' for these 

tors in the design pressure coeffici s quoted for the 

cllrec OllS perp cular to the building faces. The 

esent ~ion was developed to erpolate essure 

coefficient values at intermediate angles of incidence, 

the e S SUTe S measured or q-c..ot sd 

the major wind directions 

A6.3 It \"'as that the vari on of mean essure 

co Cl c be adequately described for two test 

conditions measured by using secondary ables; the 

ssure erences across e opposite faces of 

mod C the of the mean pressures on 

o osit faces of mOdel, Cpm. se vari 

chosen because, the cases studied, both d maximum 

and 'J,2S 0::--- ~ear e :na,j or directi ons, 

so tab~e for combining th essure 

[; {> T11 

en ~ rectic~ of 

e OVl and a to considered) . 

~ - ,.....-, .--, -~ -
..... > ...... "'-."" u ___ 

~-- s a 

e G 900 a value at G and 

to vary approximat as: 

((Cpm) max ( Cpm) , ). cos G mln 

t se e of e mean 

pre sure 0 cient at f ' , d Aa es 0 InCl ence '<:I 

- 327 



(180 + G)o could be found using equations of the form: 

np 
v G 

Cp 
- 8+ 180 

(A6.l) 

where the suffix G indicates the variable value at 

an angle of incidence, G. 

Substituting Cpm and Cpd in equations A6.l and A6.2 by the 

relationships noted in paragraph A6.3, the function 

(expressed in terms of the knovm pressure coefficient 

values at angles of incide~ce 0 0 , 900 (= 2700 ) and 180 0
) 

CPG = CpgO + 0.5( CPO + CP180 - 2CPgO)' 

~ 0 ~(0~ _ 0n _ \ (~0Q 0,0.5 

cos 9 

~'·/\~.!.-O -l-lbG"\~~~ ~j 

r"'! 1""\ - I ,..., ~ , 

CPG+180 = vPgO T u.)\VPO T ~P180 - ~CP90)' -cos ~ 

- O.~(C~O - C~160)'(cos 9)°·5 

Comparisons of the observed mean pressure coefficient 

" ,",-, .. -....... ~ c ,-- r- ,-" ---i": .... ~ ,--
'-' ~ - - -- '--l.~ ~ -- '-""0.-- --6 

computed values for the wind turmel model shoc"n in FigtJ.re 

7.2 are presented in Figtlres A6.1 and A6.2. 

A6.5 Although the values of pressure coefficient 

calculated using the function agree moderately v/ell \vi th 

the observed values for the model in both bOlli'1dary layers 

studied certain limitations must be recognised. In 
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particular the function has been derived from results 

using a model with a 1:1 plan ratio only, as this was the 

cniy model ferm used in the experimental work, and the 

L)..ll.ction ~(l&S not been compared. vvi t11 measured values for 

models having different plan ratios. The function is 

also only appropriate for a building in a relatively 

isolated position, where the air flow pattern is not 

sig:"2.ificantly influenced by ad~acent buildings. Under 

such conditions the variation of the pressure coefficient 

values will normally alter because of the distortion of 

t~e air flo'.".' pattern caused b=,~ t~ce neighbouring buildings. 
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Figure A 6.1. 

mean p-essure 
coefficient, Cp 

Comparison between sUq:::Jested furx:hon (to C:!CN fc; 

variatcn of argle of irciderx:e on mean press.re 

coefficients) and observed resu~s, boundary layer le 

0.8 j I I I 

observed -.+-.-
0.6 !- function - ~ I-- -

0.21- -

Fgure A 6.2. Comperison between suggested function (to O:!ON for; 
VC:~C::C:l of c.nC;le of inc :cer:ce on r-r€{1n oressure , 

coefficients) and c::served re9Jrts, boundary layer lL 

0.24- -

0.0 

-0.41-



APPENDIX A7 

tJ '7 1 __ , i;!I_ 

The Use of the Digital Analogue in iU:lalysing 

the ?erfor::l8.1'1C e of a Combined natural and 

Mechanical Ventilation System. 

carried out have shovm that ventilation rates cannot be 

predicted accurately if the normally used simplifying 

assumptions are made. In general this conclusion suggests 

that the use of simple calculation methods, such as simple 

nomograms, are of ample sophistication for design 

calculations. There are some circumstances in which fully-

computerised calculations are of particular use. Two 

circumstances in '.vhich such methods may be more useful are 

in the m:alysis of the pattern of oer.a-'liou.Y' of a 

ventilation system over a large range of meteorological 

co~ditions or the a~alysis of more compleX Ventilation 

s;/steI:1.S ; for exa:r.ple in the analysi s of t~'le :easi bili ty of 

:::;--~..!.-~........, Q 
"-'.J ........, v '-..- ..... >-' 0 

A siDpl e analysi s of thi s type, ':;hi ch us e s the 

digital analogue to show the change of behaviour of a 

naturally ventilated building, due to the addition of a 

simple mechanical ventilation system, is presented, as an 

example, below. A simple notional building form is used 

as a subject of the analysis, and is described in Figure 

A7.1. Mean pressure coefficient values of +0.7 and -0.25 

are assu.med to act on the two maj or faces of the building. 

Wind speeds have been calculated from the meteorological 

wind speeds, assumlng the building to be located in an 

urban area. The air leakage coefficient values are given 
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in Figure A7.1j and are approximately equivalent to an open 

facade area of 0.5%. 

A7·3 In the alternative ventilation system backgrOl.md 

simple mechanical system vvhich, under the conditions 

described, is able to maintain the stairwell at a positive 

pressure of +0.5 mm.wg. relative to other areas of t"(~e 

building. (This is a simplification of the real situation, 

as the performance of the fan used to provide the 

mechanical ventilation would be affected by changes ln the 

external wind sueed). This type of system might be derived 

as a development of the stairwell pressurisation systems 

used in some buildings for fire safety. The use of 

'.re:v!.tile.tors in the stair\vell doorv.'e.~Ts, which 1[.'onld ello'~' 

free air movement under norrr,al conditions and ';;auld close 

automatically in the case of fire to allow pressurisation 

to take place, could, for example, be used to al100 

In Figure A7.2 average room ventilation rates 

are given for the naturally ventilated building. In 

Figure A7.3 the average room ventilation rates are given, 

for the same range of meteorological conditions, for the 

al t ernati ve syst em. The figure s sr.ow hO'N the introducti on 

of the additional mechanical ventilation reduces the 

variablility of the ventilation rate due to external 

climatic conditions. In the illustration given, for 

example, the 10% and 90% ventilation rates in summertime 
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c ti.ons 
) ~ 

oe app!'oxicately 5 m...' /hr. and 25 m.) /l-:r. 

i ed buil 
) 

and 12 m..)/hr. and 

.- """""..-, ,"" - V"'-~ ..;. ... 6.l. V\A-.!.~ 
__ F, _"_ ..L -: 

" c ... ..:.. l;.J.. J:i SYST; em 

si c more 

llation rates under unfavourable meteorol cal 

conditions, than a i ed stem, 

cost of t venti ..L • "lon. 

igation of e of sed. 

ion stems using fferent amounts of mechani 

i ion is complex as, for each case, range 

of climatic conditions tte!'ns 

,..,.1:' +1--- 0 ere:: t S02.l: .. t " :~lS Se type S of - , " ~;;:) \.) t:: 

si ..L • on annToximate 9"nS\\ters eT"? .... ~ II "V> r1 f0Y' 2-v1 - ~ 

t~at computerlsed te ques 

are ely to t:e of gr est use to the desi 



Figure A 7.1. Building form used in iilustrative analysis. 

Typical floor plan; 

General characterlst!cs; 

Number of floors 
~~om;no: room Size 
Floor to fbor height 

LeaKcge coefficients 

External woll I room 
Internal doors 
StaiN/ell doois 

css'Jmed; 

Exponent values assumed; 

i 
I 

I 
I 

8 

27m. 

300rr0' hr./ mm.wg. 
600m!! hr.i mill.wg. 

1500 ill,'! hr. / mm. wg. 

External wall 0.55 
Doorways 0.07 
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,A 7.2, 

150.0 r-

100.0 r-

Fiaure A 7.3. 

150.0 -

100.0"-

Variation o,/: averaoe roo:n ve::t:'ction 
conditions. natural ventilation system. 

-

-

I I 
2.0 6.0 8.0 

meteorological wind speed, m/s 

Var iotion of averaoe rOO:T1 vent i1otio;i ro:e \'viH: :-neteoro!ogicd 
ccnditton s, cc:m':)ined \'e~t ;[otion system. 

-

meteorological wind speed, m/s 
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