TILATION OF BUTL

:!
£
—

ING

wn

Ralph Edward Bilsborrow,

.A., Dip. Arch.

o

:,r)
d-‘
s
®
U
}J
[&]
u
-
o
=
‘._J .
ct
ot
®
joN
=3
O

fulfil the

e degree of

Doctor of Philosophy

Depzriment of Building Sclence,

Universitv of Sheffield

joT]

®

[
3
+
b
oy
0
2
pod
VO
i
{P]



T T TN
SJ et ."‘J f
TTAMTTRDOAT TTRTMTT M~ AT AN
[ R i T .
™t TTIroTT oS mTT omoanT o
- —_—— ——e - — P S N —

cresdsrarlis imrorTtonce 28 1t affects many aspects of the
e, Lo craer To o compare the performance of cifferent
“L..niomooetooas, Llikely ventilation rates need To De
coournT ooy wrsdicted.  The assessment of realistic rates
- . wentvilztion, in most bulldings, 1s complex znd

._u2 22 the current methods available to the
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L LnIfilzration wes carried out and it was concluded th
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ALZ1Tz o znglogue studles. As The natural ventilation

TsrlIl 4 stuGies were carried out to investigate the
these methods. A computer programme, which
zssumed the normelly used simplifications, was writ
used 1n & serlies of comparative studies. Results from a
fuli=-scele study were inconclusive, due to errors in the
sxperimental observetions. Consequently a number of
controlled model—-sczle experiments were carried out.
Czlculated ventilation rates were up to 30% higher than

ne corresponding observed model ventilation rates. The

St
2

chserved and calculated pressure difference distributions
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vere zlso different. The observed pressure drops across

feces were, relatively, much larger than

Tweir theoretical values. 1t was shown that the

cifferences between the observed and computed results

were caused by reductions in operating efficiency of the

=U10n openlings with respect o thelr callivbrated

eiTiciencies. Corrected ventilation rates, zallowing for

changes 1n efficiency due to pressure fluctuzations and

lzteral air flows over the model surfaces, showed close
with the observed results.

Finally, current methodologies for predicting
1l%ration and natural ventilation rates are discussed

nd alternative methods of predicting infiltration heat

o)

losses and likely ventilation rates are suggested.
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1ist of the nomenclature used in the thesis is

_S-nn ueilOw. Tne 1list covers thne nomenclature used in the

P

L.l wart o tne theslis ana Tthe appendices, apart Irom
“vyendix Al. In this appendix a separate list describing
-2 variable names used in the digit=l anzalogus for
- _culating natural ventilation in buildings 1s given.

The units used are given in

ot

he listing. Throughout

L

“n2 thesis zir flow rates and pressures are presented in
mits of mB/hr. and mm.wg. respectively, as these types
o7 unit are most commonly used in work on ventilstion in

LAllilngs.  Yhese units may ke converteda ToO The

1. UNITS uSlng the conversion ractors:

1 m°/hr. = 0.278 1/s.

2
1 1/s. = 2.60 ' /hr.
E IR .~ = 0 Qa -n-r/,,__2
..... ® e = e i SN/ e
2

! N/m =0,102 mm.wg.
_23% 0of Nomenclature
Srrool Unit

A Area m2

A Total leakage coefficient for windward m3/hr.
face of building, at 1 mm.wg. pressure
difference.

3 Total leakage coefficient for leeward mB/hr,
face of building, at 1 mm.wg. pressure
difference.

. . 3
C Window crack air leakage coefficient, m~/hr/m.

at 1 mm.wg. pressure difference.
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lleen difference in pressure acting
gcross 2 huilding, expressed as =
vressure coefficient, (preportion of
th? dynamic head of the air velocityr,
).

mxternal pressure, expressed as a
nressure coefficiens.

Difference in mean pressures on
opposite vtullding faces, expressed as
a pressure coefficient.

Average 0If mean pressures on opposite
building faces, expressed as &
pressure ccefficient.

Internal pressure expressed &s a
pressure coefficient.

Mean pressure on leeward fsace
expressed as a pressure coefficient.

Mezn pressure on windward face
expressed as a pressure coefficient.

O £ mm o
[ S W

ficient oi discharge.

iy

coe

M

W

"
“

T

Egquilibrium tracer gas concentration,
proportion by volume.

1 tracer gas concentration,

Initis
rtion py volume.

Trazcer gas concentration aiter time t,
rreporiion by VOLumEe,

Crifice plate, pipeline diameter,
Orifice plate, orifice diameter.
Fressure Giiference.

Temperature difference.

Coefficient for estimating flow
similarity in model studies.

Mean ventilation opening ovperating
efficiency relative to calibrated
efficiency, openings in leeward face.

Mean ventilation opening operatin
efficiency relative to calibrated
efficiency, openings in windward face.
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Orifice plate velocity of approach
Tactor.

Aottt nnas]l pcongtort
e e O U VU N e S O LD WALl U oe

Height
noughness height.

Gradlent height.

Tnfiltration rate or ventilation rate

through a bullding.
von Karman's constant.
Window crackage length.

Flow length of air path through
section of window crack.

Number of ventilation
face.

Reciprocal of exponent value used in

estimating air leakage through
ventilation openings.

Dynamic head of free stream air
veioclity at a height equal to the
puilding roof heignt.

Air pressure

Perimeter of exposed building face
past wnich air rIlows.

Rate of release of tracer ges,
proportion by volume.

Total cuantity of tracer gas
released at a reference position,
proportion by volume.

Reynolds number.

Hydraulic radius.

Opening radius.

Temperature.

Air temperature.

Unit

m /o
-

mm.

mm. wg.

mm.wg.
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Environmental temperature. °C.
- N ‘ 0
Bguivalent temperature. C.

(3 + 0
Globe temperature. C.

: o
Mean radiant temperature. C.
Air wvelocity in wind tunnel tests. n/s.
Volumetric air fTlow rate. n”/hr.
Molecular velocity, n/s.
Volume. m-
Wind speed. n/s.
Air velocity. m/s.
Grzdient wind speed. m/s.
Wind speed a2t a height h above m/s.
ground level,
Friction velocitv., m/s.
F e U - M .
e e LSO G g W L d Ulae PETEITEN
Exponent value in logarithmic wind
Velocity proiile.
Crifice plate expansibility factor.
Meen Iree path length of helium m.
morecules atv HN.T.FP.
T PR ; 3 4 R N Z
Dynamic viscosity of air. N.s/m
Density. kg /m°

~ s Sl

Surface shear siress. N/m“.
Angle of incidence between mean air degrees

Tlow direction and & normal to the
building FTace being considered.
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imoortance of ventilation

SN

environment

cceupied speces in order O control the levels of

iranle conmbaminants. In

TO control internsl

cemperstures by

environmental control in summer, and

CILLLEESTUay Uy @alioCTlaiig Yot CUmiort U

l.1.2 The building designer today hzs = repidly
gxpanding field T technology to assist him in solving
nls mroblems. However the complexity of the situa
wnich he must control in his design work zre greater

- o

ever beiore because of the higher reguirements of




T lrmencs, The often more difficult exvernsl

IrmEnces, Tl

--leomment With vhich he has to contend aznd even

t

v
il
"

- ~ cm A Ty e A S R N [T A
cwiz To provide g solution whicn 1s demonstraioly zble
o rrovide Tng standerds o comiort, economy and

CZTaen necesssry 0 provide accurate compzrisons of the

S 2T s An T o o e
—— izl QeI Urinianncs O

sziE propiems, ana S0 the importance oI methods Ior
zssessing, cuantitatively, the performsnce of bullding
CEABSU SLglliiCanily 11 recent years.

oIS Type 01 comparison is oiten 0i the grestest

IS JOOTULIIIIG LTl Le WellliLalsa wsiiig aavural
Temvilziion, mechaniczl ventilation Or 2ir condltioning.
Tre choilce o7 technigue used ©T0 control the internsl
Sol.aTe 0 Toe oulading 1s 0I Iuncamental importance as

this decision normally affects many o0i the other

{

characteristics of a solution. The type ©

ventilation

-

veed often

b dictates permissible bullding depth, and
this 1n turn, will affect many other principles of

desizn on which the building vy bte based. The type of

i
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ztion with which the internsl environment can

conditioning and mechanical

the user with mucn more closely

ventilstion

1

onditions: natural

~omtroilanle internal

a

r

_s sspendent upon external conditions which sre highly

-

-rerizhble and s0 such close control of

and running ccsts which must b2 zdded To other

sus, With some types of building this cost msy ke

n0lly or partially recovered because of the possible

=ZZ=2cting the economy of the design. There zare many
t7pes 0o building where zlr conditioning or natural

riiing inriuence 01 other deslign constrazints, such as
~rt=e 0 bulilding cost limite, Howerar theras ove mosr

T 1lding st 1imite Howewer ther e many
“ves 01 bullaing where zn zdecustelyv controlled

cconomicsll

1n these cases guantitative

1 A Ag has been shown above the decision on a

|,_l

=

metnod o

=y

ventilation for a building may have 2 great

influence on many Other asvects of the final design.

guantitative estimates of likely ventilation rates under

onditions may be requlred Ior several reasons,
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assume That quasli-static pressures act over The
curlocze of o Tulllding ond produle Sveadly lates OF
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n trhis Type of znalyeis have not heen ve
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comparative experiments, a serious omission which, 1
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inally in Chapfter 10 the conclusions reached in
rea2s in which most

<~-2 Thesig were summerised &nd the

rteinty exists, and their relevance To T

iictive methods, discussed.
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mere, the azmount and effectiveness of the ventilation

normslly vary over a2 lzrge raznge in a building of

Zetad Thne technigues used 10 describe cuantitatively

ventI.oation. Ine simplest megsure 0f ventilation used

is The volume 0f the ventileting zir supplied. This

a2 volume flow rate expressed in tTerms oi the room or
puilding volume being considered. A crude measure of
this type may be of use 1n simple cases, such as The
calculation oi total thermal lozds Tor a building, but
07T more complex reguirements, 1or example the

evaiuvation of comfort conditions and detalled thermal



cmas ror individual spaces, 2ir change rates 1n many

corte of the bullding will be reguired. Even this level

7 InTermation is far from 2deal zg 2 full description
°T the ventilation occurring in a bullding. n

varticular, ventilating air which enters =z sn=ce Trom

its thermzl znd

wygienic condition, To air entering the room Irom
cutdoors. This aspect 1s partlicularly ilmportznt 1n
nospitals where control of bacterial content mzv Te of
the utmost lmportance,

SO T encloged gypscos with Limited arezs 07T the
zimigslon 2nd extrzcetion of ventilating &ir vios

ventllation rates throuchout the varioug sectinomae nf

tThe new zlr peilng introduced 10 & space 1s perrectly

mixed with the old air, approximately 63 per cent of the
cid air in the room will be replaced 1n unit time when

the nominal air change rate is unity. If, with the same
rate c¢f supply of fresh air, no mixing takes vplace there

ould be no eifective replacement of the old air,

1though the nominzl ventilation rate would be the same

[_

he previous case. In calculations of ventilation

equirements or performance, conditions are normally
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comtaninants may

© ding (typical examples teing kitchens, la
cerTaln types of lzboratories). These cases
considered individually 1in order to lay
minimum ventilation rates.

2.2.3 Ventilation is offten used to
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thermal balan of Ttuildings. Several diifersnt comIior
criteria are used in aescribing desirable Therms
conditions in buildings 0 These the more portant
zre the alr tTemperature, egulvalent temperature, globe
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improve prediction methods. It has been shown (Langdon,
1965), (Kibblewhite, 1967) that many occupants of this

ype of building suffer appreciable discomfort due to
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erheating. Surveys (Loudon, 1968), (Langdon, 1970)
have correlated perceived comfort conditions with
czlculated peak environmentzl temperatures (Figure 2.1).

Langdon end Loudon suggested Irom their survey of schools



inter

580

n

TONT

LATrin

2ny 0

17 8 range oF

peak environmentzal T

lJ
less than 10% of

serious discomIiort nwalle

=3

(Humphreys, 1970 a), (Humnh

¢

the long-term, monithly,

Qo

21 temperatures (Figure

L
comicrt

suggested that ni is much

TC Tne snort-term varls

and suggest comt

LTnElT SUugse

.‘j‘ '"\7

5

standard deviat

working hours,

m

ne month.

worle

rik, comiort

h

4

will

ng population

ce
Ce

mea

more closely

criteria for

e = B @ »

?

71

Humphreys et =21



_ne mezn Temperatures are ftaken Irom humpnreys’® chart

I Li
E_J
o
©~
@
o
o
g
£
0
w
=
=
‘._l
5
st
@
ol
©
o}
t
W
=
o
=
i
b
=
ol
=
65

e v il S LICCU ol VEITUL G riwii TZucd vl uidsT
T g e U
i Ty allooliian vellpolbval’'cs Lil L o ddiie=s Call wo

[
w)
O]
et
}_J
A
~
Q)
O
8]
ct
ot
oy
)

zssessed using the method of calculation &

Building Research Station, (Loudon, 19€8) =nd now used
in the I.H.V.Z., Guide. 4 series 0I simple desisn

shovm in rFigures 2.4 z2nd 2.5 The importance of
T e S Vs B
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indices of vuilding facades are of incressing
signiTicsnce in restricting the maximum =smount o
indow opening mermissible 1n naturallr ventllataad
rul_.oaings. Road Ttraiilc noilse was shown TO be one 01
tre greatest sources of annoyance t0 peopie in The
TomAsn Woige Surver 10142 (Wilgon, 1072) ond 5+ &g

likely that this situation will continue. The sound
reduction index of a facade is reduced very
considerably by the introduction of gquite small open
areas, and this phenomenon tends to restrict window
opening habits. Some evidence of this effect 1s shown

in the results of a survey of schools by the Building



Z=zecearch Jtatilon, (Lzng gaon, 1970) which are summarised
in Tavle 2.2. Respondents from many schools were
zssed whether they were "sometimes too hot", znd the
rzgults were cléssiiied with respect tTo tywpe of
Tezntilation znd cuietness of the environment. The
TIS5ULTS Snow clieeriy tnat fewer users Irom gulet areas
zulfered from overhezlting, suggesting that users in
n2isy zrezs restricted thelr window opening #2blts
Tscause 01 The noise and conseguentl ere liztle to
Tecome uncomriortably hot.
TLBIE 2,2 The effect 0of noise on comiort in naturslly
ventilavea scnools,aliter Langdon znd Loudon,
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his technigue allows grezter open

zrezg 07 Tzcade 10 bhe usgsed while reftzining +

zcousticazl performznce. This zdvantage is oiiset to
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some extent by the greater resis
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tvne 0F window, although the mnregennca of +tho Annhle

glazing will reduce the Thermal load on the ouillding.
2.2.0 Ventilztion reguirements czn be seen thersior
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impcriant in some cases, Ior example 1n rooms vnere
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Jensen, 19c3). Above the layer of Irictional iniluence
0T the earth, which extends Tor 300 m. - €00 m., the

the drag forces at the surface and by the turbulent flow cconditions,
which also create momentum exchanges between the layers of

the agir ilow.
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zdeouvatelv modelled ©bv the Prandtl logsrithmic nroiile
(Zensen, 19c032):
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The profile agrees well with ex

Tor heights up to 50 - 100 m., but over That helght or

- - - o
form (Davenport, 19635 a).
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the data from many studies and suggests The values of hg

2nd o< shovn in Table 2.3. )
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TLEIE 2.3 Average values 01 exponent., o< , znd gradier

-
height, hg, for use in exponentizl wind speed
r

profiles, aiter Davenvort.

o< gradient height, m.
0.16 280
C.28 400
Zezvily vullt-up urban
crece 0.40 430
2.32.2 This type of treztment may be used to estimate

zpproximate relationships for flow zbove these tyvnes of

Terrzi (Hlﬂvre 2.8) but does not give accurate estimates
cf Zlcow conditions below the roughness height. In this

ey

region flow patterns are more comvlex, no well-defined
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aprroximately 1.5 times this height. Values of the flow
charzcteristics within the displacement height zre not
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Tre mearn wind speed. Upserved changes in the
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site in open country are shown in Iigure 2.9 (Joanson,
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01 these wicroclimatic iniluences
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1g likely ©T0 be even more complsx 1n the urvan situation.
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cuilding. Perticular vressure coefficient wvalues
relavent to design situations are discussed 1n more

2.3.9 One further aspect of the sifect of wind on
the pressure distributions over the suriaces of =2

can te described for general types of surfsce roughness
(Farris, 197C). Turbulence levels are 0Ff imporitznce

Teczuge Thev aifect the magnitude 01 The mean Tressures
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ventilation is obtained using a2 single window opening.

2.3.10 The second mechanism which produces ventllztion

is stack effect. Differences in the internal =zir
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temperature of a rtuilding and the external =zir temperature
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e simpliiled TO:
¢P A 0.0044.0.(T1 - To) R =
where Ti znd To may be expressed in “c.
ZeBean SteCs =iifect proauces a constant rate Of

variztion of pressure difference with height, acting
ding. Under conditions vhere
stzck effect 1s operating The mean internal Pressure 1in
until the flow into the
wuilding at the lower levels eguates with the flow out

in the upper part of the oullding. The height at which

ve less Than hell way up Thae building, 1n one with

s in the uprser half the reverse will occcur.
As changes 1n internal and extermal air temperature are
relatively sliow the pressures caused by stack efiecsd
untike wind induced pressures show no short term

varigtions in value.

2.3.12 Under most conditions stack effect aznd wind

7111l be aclting together tTo produce natural ventilation.
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N2 pressures caused 0y the Two effects are zdded

Lve the totzal pressure diilerence acting 2t any oOpening

na hence, with g knowledge 07 the open areas =nd Thelir

2.. Technioues ZIor the vrediction of natursl ventilation

2edal There zre vwo widely used metnods of vredaicting

Ahenme~ca moThAAd acaiimaoo arn oS Ao e T A DR B NN
DOATNEe MeT oo celnle s 2 4 nee = e el Lz

= o
o A R M 2 T < A am e s mmna o A
pm— - A - U N [ - = =

5

znd its exposure. The method 1s entirely empirical. znd

JTesos Wil vl LoSwhiruovln Ul VALUED Lil oSyl

external pressure distributions. The craci metrnod is
regarded as pbeing more accurate, but is more cocmplex to

carry outb. or the purposes of estimating inriliration
and natural ventilation heat 1loss the I.H.V.E. Guide

I.4.V.E., 1970) and the A.S.H.R.A.E. Guide (A.S.H.R.A.E.,

—d

1972) each guote both methods. For estimating
s oo

ventilation rates in summer conditions the I.H.V.]

presents a separate set oI recommendations.
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an a2pproximaete one-percentlle wind speed.

Trnis wind speed 1s corrected for puilding height and

tive totael leakage

o

rez

n wnhich depends upon the vindow distribution;

-
4

ceing one half of the totel glazed area for a building

A.D.H.R.A,T. GUice presents 2 metnod which 1S pased On
similar principles., A design wind speed i1s used wWith

T1E LOTal leaxage ares Or Tae CULLQLlNEg, WRlCHevVer 1S
grezter, To calculate Tihe totzsl niiltration rate a
vressure difference coeificient of 0.04 ig zssumed o
2¢T 2Cross this glazzed zrez.
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2.4.4 For the purposes of estimating lixely

ventilation rates in the summertime genera

recommendations are made 1n the I.H.V.E. Guide. Thne

recommended rates d on window opening

RPN
re C

(B

gy
P}

48]
[¢8]

distribution and opening times. Lo allowances Ior
burilding exposure or open window aresa are made. IThe

recommended rates are shown in Table 2.5,



CARTE 2.5 Recommended ventilation rates for naturally
ventilated bulldings on sunny days, sir
caanges/nr.
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| | | =

. Day Night [ /

| |

Closed | Closed 1 | 2 |

| |

Open Closed 3 ; 10 :
!
\

- Cpen Cypen 10 l 20
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2.4.5 The technicues for estimating natural

rznge method, 0.24 or 0.48 zir changes/hr. (devendent
upon wnether The house is occupied) by the I.E.V.E.

air change method, and 0.46 air chenges/hr. by the
A.S.H.R.A.Z., crack method (assuming the standard

6.7 m/s design wind speed). The air change methods can
only be used for préducing very broad approximations

as they have, in particulasr, no method oi correciing

1

for the amount or alrtightness of the glazing used.

t

The crack methods used to calculate building

infiltration rates show significant differences in
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srprezcn.  The 4.5.H.R.ALE, Tigures are rather more
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congervative 1n the calculation of their eoguivalent

crening areas and 1n not allowling for the eifects of
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loss czlculations. They sre not well suited to
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much greater.
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Tieure 2.1, Relaticn between comfort and peak temperature

for _schools  aier Langoon and  Loudon,
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Figure 2.3, Relation between comiort and variability of

internal temperature, after Humphreys and Nicol.
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“oure  2.0. Sound reduction indices  for  partially open single and

couble glazing , after Ford and HKerry,
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Figure 2.7, Spectrumn _of horizertal wind speed near the ground
agfter, Van den Hoven
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Figure 2.8, Mean wind velocity profiles  for  surfaces of different
rouahness, after  Davenport,
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cure 2.9, Variation of velocity gradient exponent, o<, with wind
speed and temperature gradient N open  country  in
the first 20m., after  Johnson.
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APPRATSAT CZ PREVICOUS BSTUDIES CF
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Ut IoYwerc 2ny JuUsnTilTative gulidses TO Ventilation

oy

natural ventiletion 1s complex pecause there are many

] - o N - Kol b .t : -
3,.1.2 Eecguse of complexity of these factors
ard in corder to =2id undersiasnding, manv of The stusliss

which have been evolved to date. From Thls assessnment
1t has been possible to discover some of the major

areas of uncertainty Iin current design technigues.

S T =T el o ~ srtilation T2 1a
.13 The egxisting vwork on natural ventilation Zzils

into two main types. Llost of the early studies used



observations Zrom full scale buildings. Ventilation

~

rates were measured, the characteristics of the various
openings described and measurements 0 The climatic
varizbles scting on the building recorded. These

‘)

Firstly, beczuse natural ventilation depends on

climstic variliszsbles over which the observer has no
control, he rmust accept whatever combinztions of
conditions occur, in order to carry out his measurements.
This Tact mzkes the analysis ol data from this type of
study very difficult. Secondly, because of the number
of wvarizbles vwhich affect ventilation patterns, any

vre of systematic study 1s severely limited by the

prohibltively large number 0T measurements which must

2.1.4 The sescond type 0i study which hzs been done
involves the use 0f analogue models o0f The ventilation
system. Inivially hydraulic and elecirical analogues

were used, and more recently digital computer

programmes have been used to assess the patterns of

ventilation. This type of study 1s able to control The

ct

external conditions accurately and give the
experimenter much greater freedom to carry out

systematic studies. However it 18 necessary to



zztziolish the validity and limits of accuracy of the model,

)

beth in terms of the inherent accuracy of the ansliocgue,

=nd the values of the variables used in the models. Thus
these gtudies must be made in conjunchtion with
studizs. D0 far this does not seem to have been done.

-~

.2 Description of the full scalszs studies carrisd out

(W)

work of Bedford in the 1840%g., The results of
measurements made on small housing units by Bedford et
2l (Zedford, 1943) show vhat for this type of puildin

The alr change rate«
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the ventilator is noted, wyplcai values celng given 1n

gpecific values for the characteristics of the opening

or Tthe wind speeds arcund the house were given.
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2202 Similar studies were carried out by Carn
(Carne, 194%) using a tracer gas measurement technigue.
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TABLE .1 Air change rates noted by Zeaiord

Lrngle o1 ncidence 0of wind Averszge 21y chznge
T S HRCH S e e,
- Tl v — = [ S U N e _..._,‘.u:;’ VAR
0 I
1, 1,0
S -
45 1.0
0
0 1.2
ventilator on leeward face 1.2
ventilaticn rate 1n 2 small domestic tullding. The
veriztion 0f ventililation rate with wind speed was found

to be a complex relationship, but no explanation was
offered. It was shown that, generslly, the ventilation
rzte increzsed as the wind speed increzsed. The lack

& simpic relavionsnip may well be due 1o variation

s e e A sl ES P - Taa s P + 3 - -~
Jregsure CCeIilclernl was used. 1le cirecwvlonalivy 01 &
= T - - “m el M - e AN N
e VTSIl LULD an agnillil LivuiliclUy o vihbpuscocd vy ulle
B TN TTmmmd e D man S ee LT ee o o o moamdead oo D e D
e T _— T e T T T R VIt ST N R T A = SRR
< ze shorm that = 27 crman Yrierescacsd She Sgvers o
Y asg SLUUIL vhnatl as ilde arred 11CrezZscll Tlie average

less signiticant. This was interpreted as mezning that

2 .
+*he flue 2rea of 0.009 - 0,012 m™ 1s rou

2

ghly ezguivalent

to tThe oven area in the windows and doors of the
tuilding. For flue zrezs greater thazn this value the

cuilding Iabric crackage area controls the ventilation



rate, whereas ior flue areas lower Than this the Ilue
controls the bullding's ventilation rate. This study
1s 0T some significance as this was the first atfempt

To mak

[$]

v

a guantitative estimate of the air leakage

characteristics oFf =2 building,.

3.2.3 The most significent studies of nztural
ventilation on full scale bulldings are = series oOT
studies carried out by Dick, working for Ths Bulldinsg

Research Station (Dick, 1949), (Dick, 1951). The
studies were carried out on a number of specizally

constructed experimentzl houses. The houses used were
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made at a later time witTh The

bulldings of this type and standard of construction.

3.2.4 The i1mportance of these observations lies
lergel- in the zeccurzer oF the ohegervyation 27 2171 the
major iactors affecting the ventilation retes. Wind

speeds and directions and pressure coefficients were
measured on the buildings. The pressure coerficlent
readings give values for the coefficients oi drag of
about 0.9. Measurements of the pressure drop across

the windward face of tThe bulldings glve values 0f about
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C.&1 of the dynamic head, based on velocities of

63}

2-10 m/s. The values of coefficients of drazg compare

well with resulits oblained in wind funnmel Tests on

model housing (Bziley, 1943). 1In the model
%

walls were
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found to ke inm oz different proportion, Teing npearer in

1ue To eacn other., The large pressure 4ro
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zce in the Tull =zecale Observetions 18

the lzrger area of the gir cutlets, and

ick also

especially to the influence of the flues. ‘

o]

suggested from his observations, that the pressure
cceificlients on the Tront and rear Taces of the buildings

£

varied with the angle of incidence of the wind 1

8]
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NOUBES Were 2180 made, Hezsurements were made

aiv cnange rates in individual rooms 1n the houges and
0T mesn reTes or The whole house. These measuremsnis

nouse and studying the rate of decay of the gas. The
air change rate Tor the volume bteing considered wes then

deauced using an eguation of the Torm:
de
YR _ =
- .. = XC ca e .1
\eo /O.t t (3 )

where ¢,1s the conceniration of itracer at time t,

¥ is the volume of air entering the room in

is the volume of the room.



“rom these studies a series of empirical eguatlions were
vresented showing the relztionship between infiltration
rzte and wind speed and direction.

These were of the general form:
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where 1 represents inifiitration rate,
a,b,c,d, zre constants,
W represents wind speed,

O represents angle o 1ncidence oI wind to
c

the bullding fzce.

I% was snown that Th ffect of wind direction was
normally oi secondary lmportance o wind speed and that

2 simpler and adeguste relatlionship:

I~
|

8y}
F

w28 zcceptable for revnresenting the whole house

R
U

22,0 Values of the constants which bhest it
Oorservatlons were chosen. 11t was shown how ventilation

Gdesign affected the values ol these constants. The

mcenltg were given Tor tThree Tiving roomg hevino
different methods of wventilation (Table 3.2). In the

results for house 13, which has a living room with no
flue, the effect of wind speed is the most marked. In
house 33 the 1living room has an open rire and the effect
0f wind speed is less. In nouse 10, where there 1s a

nheated flue with underfloor ducted alr supply, the

~

b ceee. (2.02)
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ol The infiltrztion rax

D

. Average ventilation rates for
The wnole house were 5180 given 10r These Trhree nouses
znd mz2y be seen in Tables 3.3. The variation in these

cases, where the houses are in general respects similar,

rooms alone. 428 alreacy mentioned, Dick snhowed that

winda direction nlays 2 relatlvely unimportsant part in
determining whoie house zlir change rates, 2 Typiczl
set of results is shovn for house number 33, (Figure 2.1

wished, under normal condltions at two sites. The

grezter Open zrea 01 window on the sheltsrsd slte wne
nOrE. VENT112T101 rat’te WaAS nlgner taam would oe

3.2.8. In a third paver (Dick, 1950), Dick showed

heoretically how the ventilation rate in a nouse should

o
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3
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O
=
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=
Q
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proportional to the wind speed, or the
square root of the internal/external temperature
difference. He showed that the total ventilation rate

is determined by whichever set of Torces nroduced the



TABLE 2.2 Relgiticonship between otgerved rsies oi air
change and wind speed for living rooms with
¢iiferent ventvilation systems,

(Dick, 1949).
House 13 I = 0.2 + 0.6 W
House 123 T = 1.6 + 0.20 W
Houge 10 T =24+ 0,1¢ W
T is tne infiltration rate, zir changes/nour.
/ is the wind speed, m/s.

The 1iving room 1in house 13 has no Ilue.

The 1living room in house 33 hes z neated Ilue.

The 1living room in house 10 has 2 heated flue and

ducted underiloor alr supply.

TARLE 2,3 The relationship between observed rates of
alr change and external wind sveed for whole
- ~ P . =~ N
nouses aiter _ick, (Dick, 19497.
mouse 153 I = 1.03 + U.cod w
nouse 33 [ = 1.29 + C.1%0 W
mouse 10 I = 0,98 + 0.270 W
— . . o . o s - I
I is The infiltration rate, air changes/nour.
7 ie the wind sveed, m/e.
TADLL 3.4 L€ TS1aTi0nSn1in velween CLServeQ Venuvioation
rates gnd wind speed at two different sites,
efter Dick (Dick, 19%51),
Site 1 Site 2
Design conditions 3.8 m/s. 2.0 m/s.
- a0 0. -

Av,. Infiltration rate, all
windows closed

Increase 1n 1niiltration
rate/open top windows

Increase 1n infiltration
rate/open casement window

*T

(8]

1.51 0.8
C.46 0.28
0.65 0.56
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0T the eir T1low rate produced seperately by wina and oy

in3
. = o e Aar “s B TS
results 0 the study may be seen in Figure 3.2.
af)ao L oo oo 0T R arnc o Q""Y’\Q'W‘\MQW"\_F‘ M o 1
A mvm s ot d A Teaa S T3S e e ce =l en Amamas AR A e M ment mo e

cuilding inrllitretion rate with extermal conditions, on
two domestic bulldings. The results were corrected
gssuming =2 relationship Ltetween infiltration rzte, wind

faa ~

speed and temperature diiference of the form:

xﬂ

,,J

[¢V]
}_s
0]

s the external wind speed, m/S.

4T represents the internal/external temperature

e 0
difference, C.

(]



cf b and ¢ for house 2 zre given zs 0.027 zir

for ezach m/s. increase znd 0.000 air
-
= /- g e g J A . D T
cranges/nr, /LU temperaiture dilisrence increage.  Ihe

TN o o trrmme N B 3 e e e B s S PR T
houses were described as naving similar window crack

lengthng, altaocugh insufficient information is given 10

pernit any theoreticzl comparisons to be made. The

Ty S ] by
I

tgner infiltration rstes, oObserved in house 2 =&

g and tempesrziures
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ventization rates. The agreement was not expecte

2 winds and small temperaiture differences
were acting.
1.2.20 Similar studies were carried out by Jordan et

21 (Jordan, 1963), and Coblentz and Aachenbach



speed azna 22 °C (4OOF) temperature diiference, assuming
z2n empirically derived relationship of the form of
eguation (3.4) could Dbe expected to be in the range of
C.7 50 C.4 air chnanges/hr. for the bulldings studied.
4 calculzted ratve, using estimated window lezkage

- ' - T - /- )
cherzcteristics, was 0.23 air changes/hour. Ccblentz

frame-~built houses. Whether this was due to the frame
construction or to deterioration of the building fabric

was not determined. Values, corrected to 4.5 m/s. wind

5 R On , - . .
speed and 22 C temperature difference varied between

0.37 and 1.0 air changes/hr. Approxime

5
>
5
o
W
mn
-
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i

looseritTing at the other.
3.2.11 A study was also carried oul by G. Tamurz znd

A, Viilson (Tamura, 1963), This agaln gave results for
two small domestic buildings in suburban arezs. Tests
were carried out under summer conditions witn 1little or
no temperature difference between the bullding interior
and tne cutside air. The results showed that the

infiltration rate was proportionel to the wind speed.



Tests were also carrisc out under conditions vrmers there

(\1

-cting. Uzder these conditicns the infiltreticn rate
was proportional to the sguare root of the difference

in Temperature. Thev elso showed, from a series of Tests
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t0 Le present in thess types of bullding under zormal

2.3.2 Their value in terms of establishing

tive rules for nztural ventilation and

infiltration is limited by two significant factors.



7, the range 01 buildings studied is entirely
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ne or two storey bulldings. In these

ituavions forces generated by stack effect are

n
Q\

relztively small, and cases where stack ef

greater importance, as in tall bulldings, have only been
gtudizd in 2 few cazces. The importance of air movament

Tnis rzctor 1s 0 much greater importance 1in larger
buildings. Secondly, there is a2 lack of correlatsble
data Irom each study. The empirical eguations derived
in eacn paper are only epplicable o the particular
building studied. The techniques zre not suifficlently
refined to show accurately the lmportance of factors
sucn 2s Type OI construction, bullding shape, degree 0T

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

DUliGIags O Tae 1nIiltratlon characterlstlcs 01 tne
openings.
LTI 1Tne stuales a0 emphasise the wide range of

1ilgretion rates likely to be met in practice.

5

Ventilation rates in some buildings are greater then
Other nominally similar buildings by factors of 5 or 10.

YWhile all the studies conclude that the measured
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rates are approximately proportional to the
externzl wind speed, the studies differ in their
treaztment of stack effect. Dick and Tamura carrlied out

stuaies where They attempied to isolate the effects of
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07 the errors will be different in sach case cuzniita
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2.4 Descriviion of znslogue ventilation studiszs

her than Tor producling
scourate messurements. Helther paver mentions zny
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The lzrge open areas reguired,
wall area, suggests that the Technigue 1s only rezlly

applicable to work in tropiczl climates.
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describe the znalogue techniagues in generzl form or for

one specific case. Harrison (Harrison, 1961) assessed

what the likely infiltration rates which would occur

over a range of typical building tyves would be. Jackman
1963), (Jackman, 1969), studied infiltration

rates in office bulldings under varying conditions and

on the basis of his work, the infiltration section in

the 1970 I.H.V.E. Guide has been writiten. This has

[



been based largely on nomozrams Irom vihich estimstions
01 infiltration rate can be made in design situations.
Nelson, in the A.5.E.R.A.E, Publication on Energy
Reguirements for Heating znd Cooling in Bulildings

(felson, 1971) nresented 2 method suitable

3.4,4 The egriiest comvutstionsl study was thast b

b
+
¢

Ezrrison (Harrison, 1961). 4 simple, uniformly glzzed

slab block of either 50 £%. or 100 £t. in height, with

o= Yy
0lid end walls wzs Ttzken to te the typiczl building
e v el P T S S T I, TVl e T e~ e PR
ot 0T TZTLTC " Cil%e LACSTLE . Pressuled wel'e
D m memiaend am ee oM N SR S o e S
LSRRI E & 5y ¢ O o Llpal aIll Speclh, aepericiilg
onn The desree of sxvosuras of The building, =2nd nresgur:

Coglllicients 0 +u.o ana -U.5 Zor tne pullaing races.

. - ro A0 .
L temverature diifference 07 257F wag =21g0 =ggumed, Fov
cotroral Furmoa AL et 0 Ad e cmats o Awa (TS ~ 4N . AP |
cewvers] Tirmes of 1ddine cection (Tl 3,40 Inmovmich
The internzl and gtsirwell rescistences vere curpreszed

=25 multiples of the externsl vwall resistances, the
rressure drops across the external wall were calculated
in average and two extreme design pressure drops were
extracted from all the cases studied. Typical average
znd extreme crack widths, crack infiltration
characteristics and crack lengths per cubilc foot of
building were assumed. From these figures average and

extreme inTiltration rates were calculated (Table 3.5
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ion rates which may be exvected. The

calculstion 1s valid for =2 slzb bulldiz

: LN . . - e mm S el T T e o X - 17 .-
reslsiances, are atv veriznte WLt Tl more normall]

sssumed vslues for tall tuildings (Tzmurs, 1269),

times the outside wall resistance =zs being normal.

These assumptions would lead t0 2 rhnezvier welighting T

the builaings with

0 occur in practice, The paper 1s most useiul for 1if

ct

collection of da

@]

wall construction. Harrigon

o7 0.04 inches (1 mm. ) with uvver =nd lower design 1i
of —~ 25%., He suggested that Tvniczl va_ues of window
crazckege length in modern CONSTruUCTLION vary vetweer

Nrrer valie Fodines csvrrlicohlo A Tavesr cim Ao

low infiltration rates tThen is 1ilk

a on tyvwical creck widths 1n waindovw-

W
n

C.

\Jt

Having studied typical wall/floor ratios he recommended

bty

typical Ifigures for minimum and maxinum crackage O
0.03 and 0.04 ft. of crack/cubic foot of building

(0.3 — CU.4 m/m”) respectively.

N

3.4.0 Severzl papers nave peen noted which descripe
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an eguation of the form:
V= 0.1.(37) /n
where V is the volume flovw rate,m/hr.
C is the inifiltretion coefficient ¢f The
opening, Mynr /m/am. wg.
L 1s the length of the opening, m.
dP is the essure difference across the
Opening, mm.wvg.
n 1s an exponent, dimensicnless.
oI The exponent n was taken zs 1.5 for =11
Irnis zliowed Open sreas To oe sumnmed znd thus

(Tamura, 1970) demonstrate the
tTechnigque in pr ef’?

o the spread of smoke during a
determine design parameters for

end Wilson (Tamura, 1969),

use o1 a computational

ect of ventilated stacks
fire. They are used to



Tor smootn Tsrrain znd values of pressure coefilciesni

O S o N R S TS e R S,
. O Tor the windward Face znd -0.8 Ifor =211 other

coerficients were taken Irom surveys cf bulldings, The
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values velng for externsl walls, internzl barr]
netween Tloors. Tamurse snd Wilson showed tnat the Tlow

0T alr directly between Tloors was insignificant in
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reiztion to the other TZTTerns Cx ;.luw, G 2180, as may
W [ S, £ e R 4 Bl R -

e expected, that the characteristics 07 The extern=l
wzll zre most significexnt in deftermining Ths ventliztion
rate.,

= - - - -~ 7~ =ma - —~ amma ) - Rt Y R
2,45 L vever by Ka»ru el (Haralelr, 1270, descricss

technigues. The governing eqguations for T1low throuzh

rate calculated from the pressures outside the bullding.

The assumptions are generally similar to other anszlogue

)

thods. Infiltration through walls and Iloors was

0

taken to be insignificant and therefore disregarded.

Flow Through windows and doors was descritced by an

equation o7 the Form of eguation (3.5), where the value

=T
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well seyparzted floors, so0 that vertical paitterns oI

5

may be czlculated Irom an equation of the Torm:
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wrners A represents The

mn .

of The windwsrd Taceo,

—1 . - NI
D TEPreSEenTsS Tne Toval iegaxage coerriclient
0T The leeward Iace.

e centrz_ part 0l Tae expression estimates the
Droportion of the toftal pressure drop across the
Jard laCe T thnat across tne leewara race. 1aus
simple wiformly glazed building where B'= £ the

infiltration 1s worked out from a pressure which

zones 01 the Taces of the building. A further

simplificztion 1s made by substituting the equation:

total leakage coeill

3

1T the mezn coeificient between Tthe two faces or

S

Trom wina tumnel model studies, the infiltrztion rate
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t0 stack efrect or differential wind effects are
involved., Another limitation isg that The pressure
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poundary layer.

errors in the

o~

mztoematicalr methods 0f solving the sets of simulizneous

eguations involved. The paper contains no significant
guantitative information in terms of input datz., In a
peper by Bogoslovskii and Titov (Bogoslovskii, 1967),
the assumptlons made are similar to those made by other

worXers alitnough the relation, between pressure

Terence and flow rate for window crackage, 1is
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svrnreceed in *the Torm deduced by Dick and Thomag (DHclkr
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daztz zre reported to give = very zood correlstion ©

rTSSULTS,. ihe studles werese pased on Two simple multi-

E_J

storey building shapes; = mp slab block uniformly
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2 square tower, uniiormly glzzed
on all Tour sides. In The studies a velocity gradient or

a form typical ¢i suburban flow, was assumed:
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wnere Wh is the zir velocity &t helght h, m

W 'is the veloclty at a reference he



Uging This assumption znd =2 similsr zssumpiion for 1200
cver ornen ground z den Cuden obiziznel =
correction factor Tor comnubing the wind epoed =+ fha
site Irom xnowledgze 0I a remote meteoroiogcics? wing
zreed, Thig Ccorrectlcon vas Lased Snoviade WwWora uli
Dzvenport (Davenport, 1965 b), who has shown that over
typical open country the velocity gradient is of the

T ;
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Trus Ior open country at a height of

Sioequavion (3.10)
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the vwind speed measured 1n oren count

s
at a neight of €m, the defined

meteoroliogicael wind gSpeed used L7 asn
MyA men mem @ Te Alree o
b olat oo,

Fressure Ccogiiicients vere ovtained Irom wind tunnel

model measurements, Values for the windvward Tace of th

2lzb block varied between +0.4 =2nd +0.% z2nd v2lozs Tov
S = crrem o Eay . N ER TT < o A
the Zeeward face were constent at =-0.4. Jalues for tThe
gausre building nlasn were thz gcome for the winarvzryd and

leewerd faces and values of ~L.55 were taken for the

sides of the building. These values are in reasonable

(v

greement with other mezsured zlues
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3.4.12 Den Ouden znd Jackmszn used an zir flow
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values for the same conditions from the IT.H.V.E, Design
Guide which are 1.5 to 1.75 zir changes/hr respectively

Tt wz=s shown that, under conditions where poth wind and

e Tor the whole building vwas approximately equivzlen

to that of the larger force zciting alone (Figure 2.5),



The pattern oi the internzl flow rates was chown to bhe
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situations, will be of seccndary importance to the eifect
caused by large wind speeds. For a building oi knowm
height, in =z ghelftered oy evros=2d vogifticn o nrIssires
factor ig calculzted. 2 coelficient o7 drsg of 1.7 L=

P N

SUulVE_Cilv UL sl li&a 4 UL Lils clegliicien

rmamic nead of the wind a2t building

does This calculation is shown in Figure 3.£. The basic
e 15 then found by reading Irom tne
nomogram, against an assumed window wall leakage
coefficient; Tthe ventilation rate being given pPer meire
o crack. Corrections can be made Tor the

internzl resistance to alr ilow of The building; the
correction factor being 1.0 where there is iittle or no
internzi resistance and dropping as the internal

alrtighiness increases.
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3.4.14
published by A.S.H.R.A.E., (Nelson

recommended procedure Ior computing infilitration rate

zl computer. The eou
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similar to those used bhv Jzclman, =sltkonch oF comovlha™
T ; ¥ £ Toocoms

gregter compiexity. A4llowances are made for infiltration

through window cracks, wall surfaces znd mechanical

pressure difTference are 0 The Torm used in eguaticon
(3.5), the value of exponent, n, being 1.66 Tor
window crzcxs. The method is of particular 1nterest for
its method of computing the pressures due to wind acting
on the building, The resulis o which sre swmmarised in
i
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multiplying the fzctor by the zssumed wind spesed 2T that
height. This gssumption gives a pressure patiern vhich
changes, 28 the velocity vrolile of Ziz wind, wizts
heigzgnt. 1I0st other znalogzus etudies =sesume =2 ~onetznd

Thougn this apprcach may well
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although the corrections for surrounding buildings, in

vl

the A.S.H.R.A.E. work, are quite complex, no corrections
for the shzpe of the subject building zre made. A
comparison of pressure coerificients found by this and

(e

other methods for =z building may be seen in Figure 2.



TABLE 2.6 Values of vressure correction Tzctor for
various tuilding configurations after Helson
in tne A,3.H.R.AE, Infiltration Alsorithnm
smzller buildings upstream of suvbject buildin

Space/ Windward Tzce Side Tace Leeward face

Ldialng - 45 <o <40 50 <o S0 GOV e 2 1uv

5 A+
0.5 0.70 cos & ~0,80 cos £ ~-0,20
1.0 -0.10 cos & -0.50 cos @ -0.25
2.0 C.10 cos & -0.,40 cos & -0.2=2
5.0 C.10 cos = -0.40 cos & ~-0.25
5.0 0.25 cos 2 -0.60 cos © -0.35
o 0.60 cos & ~0.70 cos & -0.25
Bgual height or taller bulldings upstrezm ol
subject pullding
Srace)/ niziaari facg Slae Tace Leeward iace
building - 45746457 45048907 9098 <2700
Widun
0.5 ~0.50 cos & ~0.45 cos & ~0.25
1.0 -0.50 cos -0,30 cog © -0.20
2.0 0.00 ~0.320 cos & ~-0.20
2,0 0,10 cos & -0, 2% 2ne O -0, 020
5.0 C.2% cos & ~0,45 cog © -0.25
o 0,20 coe & ~0.70 cos & -0, 3=
Meller Waildinge an losvsrd oida ofF
subject puillding
Space Windward Izce S1de face Leeward Tzce
I / ) 0 0 O
building - 459<& 259 4592 <90 oC” L e K270
width
A= [T e T [ N e o~
-~ 8 _ e e T [ D e T
1.0 0.45 cos @ 0.30 cog & 0.30
2.0 0.45 cos & 0.10 cos © 0.10
2.0 0.45 cos 2 0.00 0.CC
5.0 0.50 cos & -0.10 cos & ~0.10
o 0.0 cos & -0.70 cos & -0.35
& 1s the angle between 2 plane normal to the building

wall being considered and

the direction of th

(o)

e



To guantitative results of comruted ventllzation rates

2.5 Discussion of the significznce of the anzlogue studies
Se ek Analogue sTtudles give more controllied anzsivses
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whicn control the procegses oI natursl ventilzticn czn
e studied individuelly. OF tas TWo Types ¢ znalcgus

wnich have been studied, hydrzulic znd digitel electronic,

al electronic analogues are oI muc

vractical immortance., The nvdrzsulic onzlogies give 2nlsr
aimplo auslitative dota of 1:++7s5 122 im predictins
cimnle gu2litative dztz of 114412 m1se in rvrediciing

carried out, 1n Duropean countries and the United 3tetes.

211 the studlies meke simllsr bzsic zssumpfions zoout

inillirztion mechanisms. rrom these studles two types oF
LreGlctive Technique nave ceen evolvea.  1ng Iirst, &8

in the I.H.V.E. Guide, 1970C
h corrections for different T
climatic condition. The second, as in the A.S.H.R.A.zZ,

Infiltration Algorithm, reguires =2 complete computer

study for each bulilding under imovm climatic conditicas.

L

2 None of the digitzl analogue studies guoted

-
o)
®

have been carried out on a comparative bhazsis. In all the

studlies where guantitative

i

esults have bLeen presented



nave been ztiempted 1n order to verlfy the analogue
results. This is a significent omission in a complex
fow detailed full scale gtudies have heen

mzGe 10 esTtzbilsh eitTher the relevance oI many of the

ecting ventilation rate, or the accuracy ol

The Input dzt=.
2.9.3 The data assumed in different theoretical

studies differs considerably between tne studies. A

summary of some of the data invut assumptions may he seen
fen T ki~ o~ O - - X LM .
——— L igwiT o % B VI A VN OV R wolrTilciie aosWdpulolls al'c

Nnroocoivo NTTevm oo nlb Teas A AT o

[N —_ e T e ~oas N

P - Y N b N

SIS S L2 ol Lo plovailay a ol I'ealisuvic

A P ~ JR. T Ll e B P H T V-t (R I S
rerrecentztion 0 rezl conditicns, parviculerly Tor tail
Cmm S 34 —~ Mt e Nl ! =
cuildings., The values of the zssumed coefficients of

pressure acting across each wall of the vuilding vary
considerably. The lowest value of (Cpw — Cpl) for an
unshielded building is given by Nelson as 0.95, while
the highest assumption value is given by Tamura and

vVilson s 1.4. Nelson zlso includes tTerms to allow for

1e shielding of the building which reduce still further

ot
5
4]

values of (Cpw ~ Cpl) under normal urban conditions.



3.5.4 Significant differences are also seen 1in the
assumed 1niiltration characteristics of the extermzl
envelope of the bullding. Most sfudies assume a
relationship between pressure difference and volume 10w

‘.;_J

rate which is exvonentizal; as in eguation (2.5).
narrison, oveti0V and DogosSlovskili assume & relationenlyp
of the form given by Dick and Thomzs, (Dick, 19%53) zs in
eguation (2.8). The values of the eXponens n 2ssuraq
varies between 1.5 z2nd 2.0, This could lezd 1o

differences of the crder of 5 0oy mocre betvee:

estimated ventilation rates for otherwise similar
windows over working pressure ranges, (Figure 3.

The renge of infiltration coefficients for typical

considerable range; Harrison showing the highes

and the T.H.V.E, Guide the lowest. This divergencs may

be accounted for by variation in the cuality of the
windaow anits. e range 07 values given b ezch of The

window types are probaply subliec

in any speclillc case.

3.9.5 The results given in the vpapers by Jackman and
den Ouden show general agreement with the experimental
results given by Dick and Tamura and Wilson. They show
(Figure 3.5) that the total building ventilation rate
may be approximated to the rate cauzed by stack eifect

] [P oy

or wind eifect acting alone, whichever being larger



They emphasise however that the balznce of the internszl
s can be altered very simmificentl: by the

relztive imporvance of the two efiects.

Lad

e D T ~+1 Tthe aigital zneiogue ventilation studlies
consider the effects of infiltration on Tthe building

5 3 s+ A

e o I = R b B 2.
meteorclogical design datz is not dlscussed in the

2 meteorological wind speed of 9 m/s is assumed Lo zct

2 Ce Ferceltile wWind speed 10T 4 Typlcal 1nlana Site

L5 SrLuELin. w0 ax.lwance 10r geogrepnlical position or

o A 4~f‘\-m’*~*‘mr--w1nr IR

— T - e Ty Z e

urgan or supurpan situations. The eriect of temperature

AifTerenca ia talken 0 hoe 27 coromAdowrir Tmmortornas ond
Al T oTenao 19 Taexen To e 07 SecONIUeriT ImuorTonc ekl
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Conclusions

3.C.1 The general conclusions on the studies of

netiural ventilation are summerised below:

1. Full scale studies, although useful in estzblishing
the vrinciples of naturzl ventilation, have nct
peen oif sufficient accuracy to establish general

vreaictive technigues.

e
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2. Simple nomogrzams have been vproduced

ogue studies which are useful in estimating the
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meteorological design data Zor specific sites.
&. There is considerable variance bpetween different

zuthors over the values 0I external pressure

-
’)

0.2 The main sources 0I 1lnzccuracy in the analogue

(s

techmigues zre probably in the estimation of design wind

speeds and estimation of the infiltration coefficients

™

xternzl wall. IExtreme wind speeds for

01 The

]

structural loading calculations for a particular site

can te estimated from remote data with an accuracv of
+ o =7 o 1r7 b gl m
~ 5C% according to Waller et al (Waller, 1968). The

accuracy 01 estimating less extreme datz should be higher



but mzy still be z 25%. The estimation of infiltration
coefficients for externzl walls from generzlised dzt=

for window types may be possible t0 an accurzcy 01
¥ 25% or less. This could be improved by svecific

information from manuizcturers. The effect of thece
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wind sveed may give, typiczlly, a 1.2% errc:
ventilation rate, wherezs z 1%
ficient will produce znerror of less thzn 1% (ses

equstion 3.3), because of the presence of internal partiicns.
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Tne control znd degree oI variation of performance oI
infiltration and ventilstion under normal working

conditions. This type of procedure would require

W

compnuterised technigue rether than simple nomograms,
but would give much more useful information zbout the

predicted periormance standards of new buildings.
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Figure 31, The effect of wind soeed and direction on the
' ar change rate of a house,after Dick.

Fesutts for house 33,

Ventiiation rate, 3 - -

air charges/hr,
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Fiqure 3.2. The effect of wind speed on the air change

rate In @ house  with a tempercature difference
of 556°C(10°F) acting, after Dick.
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157m/s. is the wind speed at which the ventilation mate due to the
wind clone 15 theoretical egual to that due to siack effect clone,



rigure 3.3,

Reiationship  between cobserved ventilation

.rates

wind gpeeds and temperature differences  for
two houses, after Bahnfleth e, al,
House 1,
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Fiqure 34, Schematic building forms - assumed  representative

of typical bulding types, after Harnson

Case 1 Simple buiding, ro Case 2 Bulding with simple
conmection  between floors, sicirwell, no resistance © flow,
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I ! 1 : I T ] !
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Case 3 As cose 2, windows Case 4 Buildng with stairwell
roine slGrwed, ressung fiow Gt oeach foor lever,
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3D RZ = 4.R1 4D R2=3.Rl= 6.R3
LE R2=4,P1= 8.R3



Fiqure 3,5.

Vertilation rate,
m7nr
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rate

infiltration

LH.ME. Guide, 1570,

calculating  basic
the

buiidings, from

Nomogramn  for
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Fiaure 37

A comparison of meQsurements of pressure
coetficienis on @ model  building win estimaes
fom BRS Digest 19 ond ASHRAE Infiltration
Algorithm.
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Buldng form
applicable

wind pressure
nput data

wind directions
studied

type of flow
equation used

value of
exponent, n

range of window
infiltration
coefficients used

range of internal

ﬂowt resistance
coefficents used

notes ¢

Harrison Gabriellson {Tamura and{Jackman andjRogelein IHVE Guide, JASHRAE
and Forra | Wilkon den Quden 1970 Algorithm
Slab, unformiRectangular | Square, Slab, uniform — Square, slab | Variable,
glazing uniform gadgl glazing or rectangular, funspecified
uniform glazg
cpw +05 cpw +10 Flcpw 08  |cpw 0.7 no values cpw « 055 idependent on
cpl -05 jcpl -03 cpl - 06 |ept -Q4  fgven, model {cpl - 055 [suroundings
- cps 03  |gps 06 studies done (fable 6) *
90° to main |45° or I0° to {90° o mam [90° to main . max, infilratior{as required
facades |main facades|  facades facade situation . |(table 6)
p=av by 2 vek(p)P | vakip v=k(MM ] vk vak(p)N | vek(p)Vn
— 15 20 1.6 1.5 1.6 1.66
50 —1.0 — 3.4—5.4 0.1-5.0 —- 0.75—-3.8 0.8—4.3
cmh/minm®™ crmbirrifrnm®*f (iypically 3 4) crnh/m/mm® | crnbim/rr?®
. crnh/mimny™
0—4x 0 0.5xwindow | 0.2xwindow | 0,1-0,3x 0 -bx unspecified
window wdll wall coeff.  fwall coeff. |window wall jwindow wall
coetff. coeff, coeff.
cpw: mean pressure coeff windward face * pressure coeff at height h expressed
cpl = mean pressure coeff leeward face relative to wind speed at that ht.
s : mean pressure coeff side walls » expressed per unit area ext,wall.
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Figure 3.5.
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The effect cf variation of exporent, n, and coefficient
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through windows over an assumed working range
of 1—6mm.wa, oressure difference, ‘
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<. ATIR FLOW CHARACTERISTICS OF VENTILATION OPENTNGS

cecurring through openings, varying Irom open v2ndows 10
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is very large, and ilows

Azgion conditions. The uge of govrhigticated srnzslviicsl
Tanihmigiieg ave O0F 1ittle nige iF the sveilahls SwFormeti on

eristics 13 not of similar sccuracy.
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cnzracteristics and the avwrovrigte accuracy iimits of

—nz2ge cheracuveristics must e determined.
- ~ nr -+ T N R . o~ : R S ~ R P
—.— e 08T 1l Tryavion 1S SsUmes 0O OCCuUr TNy

T gaps between doors ana windows and Tnelir Irames.
zir-tightness of these commonents is dif
vredict. Alr leeskage 1s dependent on both tne width of

The gaps through which fthe air flows and their gsometrical

configuration, which is normally of a complex form.

M
1
J

nIZiltration may also occur through constructionzl
deiects 1n other building elements and, although this

1s oiten oi secondary i1mportance, 1t can be significant.
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infildretion are dependent on the

T At 5 - + - ~ T~ 2 AL — -~ ~ - ﬂ—'—-.-
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noworkers nave
suggested emplirical exXpressions TO descrlipe tae

relzvlonshlp between Tne zir I-Cws througn trese Oorenlngs

SN UILe [rEesluIe ULLICTCSILCEID LlITLILg LCrises UL L Lle
first section of the chapter severzl Types 0T relation-
mTed em mmaa A mamanat I, a A mam, D ma el b w2 an A A Ty e e e

long~term deterioration. In the second part of the
chamter the zvailable information is reviewed and the

techniques used in current vnractice critically assessed.

- Q0 -



o)
A

Tizthematicz]l exnressions Tor the Z1ow of 2ir

onenings 01 The tvpe through

SUTLEL ey CCCUl'S «l'e Giiillurt LU GE'LVe vieursiliCdidy.

Flow through large openings, such as that through sonme
open windows, is relatively simple 10 descrite

theoretically, rteing similsr to Orifice Zlow, A
ceoefficient 0of discharge of approximately C.cC 1s

normzily assumed, from which can be obtalned a flow

equaticn of the Torm:

o=
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[63]
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cul_iinzs, through which infiltration typlcally cccurs,
Sio2 L0 TaTa 1s TOO long Tor ILlow TO be moceried
_, Ty orifice flow and too short 1o assume

2.2 Three forms of expression which zitempt o



describe the Flow characteristice of fthese Turnes oF
cnening hzve heen noted. The most commenls soes
expression, which has been used in most oI Thz znzlozue
studies reviewed previously, (Gabriellson, 1C:58 T,
(mcnvﬂ"}ﬂo 1 C‘YCO\ <,T‘,’n e n A ,A.Cﬂ\ [ P PN AT N S~ ~
e it —— -/ T S -4y I e A
0T the form:
1

V = C.L.(aP) /n R
Ine Ilow rate is assumed TO vazry exponentizlliy wito wihe
rressure difference acting zcross the opening. Ihe
value of the exponent used i1s between 0.5 and 1.0. The

reriicular adventage of this type of expression, which
vrobably accounts for its popularity, is the ezse vy
wnich 1% can be manipulated mathematicalily. iol
comparison, Dick and Thomas (Dick, 1953), after =
czrefully planned seriesg of periments, suggested a
relztionsnin 0ol the Torm:
n NeEo ~
4P = === (V + 0.22V") R (
e
where dP 1s the pressure difference, mm.wg.
V is the volumetric flow rzte, mg/hrﬁ
v 1s the opening gap width, mm.
In this exvression, as flow rates increase, the tiyve 0
flow changes from one in which the pressure difierence
snd flow rate are related almost linezrly fTo ons in
which the pressure difference 1is more closely related
to the sguare of the flow rate. A third method of

N Q

A

=

A

N



zssune 2 relationship of the type:
= ap
V =1L.y.CZ. ~—/¢25:- ceve. (4.3)

where L i1s the length of gavp open to flow, m.

This is an eguetion typical of orifice flow, but uses

empirically derived discharge coefficients which vary

1(:0

ct
b~
'

O

=3

i

Hy

ice geometry and Reynolds number. This

echnigue has been used in a suggested design method

(lleckler, 1967).

4,2.3 The most widely used expression for determining

thne T1ow chsrsciteristics of

window crae

-

igl Torm. MNMany measurements of air lezkzge rate

+

nave peen mede over small ranges of pressure difference,
end nzve been used to obitain design values of the leakage
coefficient, C, {(equation 3.5). The relationship between
the leakage coefficient and the crack dimensions does not
seem t0 have been investigated fully. Similarly the
accuracy of The expression does not seem T0 have been
studied over larger ranges 0f pressure difference. Values

0of the reciprocal of the flow exponent, n, are normally

taken to be between 1.5 and 1.66. The variation of this

u93m



value with opening geometry again does not seem tT0 have
been investigated, although this value can be of
importance in determining leakage rates from design air
flow rates at reference pressure differences (Figure 3.9).
2 review 0f some assumed numerical wvalues for these

3,8,

-t

parameters 1s given in Figure

4,2.4 In the experiments carried out by Dick and

Thomas a number of shordt lengths of standsrd section

\”D

timber znd metal window were tested. These were
arrenged so0 that the gap width, y, could be accurately

D

controlled. A renge of gap widths between C.12% mm. and

~ A -y B R N e Lo N e o3

e I N ST LESTEU. CreSsSule ALIilgrernces pelweenl L.
=1 iR -~ ~ T -

wrmevg. 2nd 00122 mm.wg. were used.  Dick and Thomas

found thet the flow rates were eloecaly velaet+eld +n the

Touna U Tne T1low ere ¢clocaely ro_s7Ted TO ThE

Wit 0 The section of the alr path which was narrowest,

and to the length of this section., Tn zn =ffemnt 4o

[EEE S U T . - £ P R . T
seTIMNET S TOe aoounracyy CI T8 T2EALT08, 1.9 Toees LU
commlats '\’7.1’1\4@’ o I vy RN ey s oo el e T Ao
completTe ina O Tne g2me TYyPpe vwerre measursi Undelr

the geme conditions. Relating the ilow rates values To
the mean gap width values for the complete windows thev
found that the results showed an average error of less

an 10% compared with the results found for the short
lengths of window. This was explained by the effect of
variation of the gap width around the window. Furthermore
they suggested an expression to describe the relationship
of the Torm given in equation 4.2, This gave an average

.+ .
error of I 12% when compared to the observed results for



the complete windows. A representative section of their

test results are given in Figure 4.1,

4.2 inn the Tecnnique suggested by Lenkei, an
cguation, representative oI oriIice fliow, 1S used TO

calculate the air leakage rate:

Dg.ar
V:L.y.CZ./—%—(’D——— ceen. (4.3)

A large number oI experimental values of the discharge

£z

oefficient, CZ, hzve been determined for the range of

(@]

h

o]

ct

e

opening given in the paper, and these values

Al
s
[0}
n

~

re used 1n determining the ilow rate. The discharge

™
W

oefficlents, which vary with Reynolds number, are shown

@l

J

‘n Figure 4.3. In cases of infiltration through cracks

0I unlIiorm width, the Reynolds number based on =z

hvdraulic diameter of 2y, was taken to be:
- 902"77'&-"7’ e —.3
Re = = SRR ceew. (a.2)
M
wilere W' 1s 10w velocity, m/s.

. , . _ o
4 is dynamic viscosity, N.s./m".

Flow rates are found using an iterative technigue:
initially a discharge coefficient value is assumed zand
then an approximate flow rate found using eguation 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

- 05



has the advantage of giving acceptably accurate results
over a large range of flow conditions, although it is

tedious to use for manyrepeated calculations.

T L.

4.2.6 Neither Lenkel's nor Dick's expressions for
determining air flow rates have a constant exponential

relationshiv between volume flow rate

o

nd pressure
difference as the pressure difference varies. his cen
be seen in Figure 4.2, where curves have been drawn, for
a simple window crackage section, using both expressions.
The two curves show good agreement; the air flow rate

=s shown by Dick's curve being approximztely 10% higher

tnzn that Ttaxen Irim lenkei's work, 1als agreement 1s
_thnln the order or accuracy given oy Uick for nls work,

N N . . ~ +
T 129, and = figure mentioned by Tenkei of T 185, T4

caen pe seen irom the curves that they may be reasonably
closely aporoximated by =2 simnle exnonen

“ha ormnowl motd o
— ‘ —_—

3
@2
D

o e

=

)

Noe f
nge O

k-t
b3

- A e - P N - ~ = 1a
ressure differences. In pariiculer sither

N

th

curve may be represented by an exponential expression

over a range of pressure differences of 50:71 with an error
of less than 10%. TFurthermore if the curve is carefully
Titted a2t a maximum design pressure difference, the
absolute error values, even when relative errors become
large, do not cause large inaccuracles when compared

to the maximum flow rates. This effect 1s demonstrated
in Table 4.1. It may be concluded from these comparisons

that the three types of expression are gll similar, and



acceptably accurate in comparison to the accuracy of the
avallable data on window crackage. Conseguently the
exponential form, being simplest to use in practice, can

reasonzbly be used.

Tiply 4.1 Comparison between alir leakage rates after

Lenkel and an exponential relationship,

eguated at a design vpressure difference of

5 mm.wg.
Pressure Leakage rate, mB/hr., Error Error relative
difference
’ b to max. leakage
e 2iter exponential
il o ¥is . - = y
= Lenkei form, n = 1.6 %
=.C .3 .3 C ¢
2.0 £.2 £.0 -2 -2.5
0.5 3.9 3.9 O G
0.2 2.0 2.2 +10 +2.5
~oNE A= noon Ele R
- e N~ A - VI S
4.2.7 The exponent value zpproprizte in this type of

expression 1s dependent on the geometrical characteristics

Al A AT AT e Mpm Anatas I aA L
R L S S g S e T Vi e T - —

=

dimensions are not accurately known, and most workers
make no allowance for variation due to this factor. The
expressions deveioped by Dick and Thomas, and Lenkei
imply that as the ratio of crackage width to flow length,

v/1, decreases, and as the Reynolds number decreases, the

- 97 -



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
reasonaple agreement with the previously discussed work.
To summarise this information for all types of opening
is 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 in
comparison with the other parameters involved. Air
leakage curves were drawn for several different crack
dimensions, (Figure 4.4), using Lenkei's method and

ssuming 2 flow length value of 5 mm., which is similar

W

to the values found by Dick and Thomas in standard
window tyves. The values of the exponent which best fits

each curve Tor the pressure difference range 0.1 mm.wg. -

10.0 mm.wg. were Tound, and the results were compared
withn values obtained by analysis of Dick and Thomasf
observatlions., The results, which show g distinct

relagtionship between exponent value and leakage

mo@'ff"w M ot DY Mmroocen Dd “'ﬂ F]

: e A6
ielent, =re mre ed 1n gure AT

e

4.2.8 The flow exponent 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
guoted figure. It may be seen that these results show

reasonably consistent agreement. The results also agree



guite well with the figures given by Kreith and Eisenstadt.
Other results may be expected to be subject 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 cannot be
salad to be accurately representative 0f all types of
crackage 1t is likely that they give an approximate guide
to the characteristics of many types of window under
normal conditions. The results suggest that signiiicantly
higher exponent values are zappropriate at infiltrztion
coefficients in the range 0.1 - 3.0 mB/hr/m, measured at

1 mm.wg, than those normally assumed. This may be

caused either by the continued assumption of exponent
vzlues appropriate to the less airtight types of window,
or testing at relatively high pressure differences,

tyoically 5 = 50 mm.wg., which is well outside the normal

working range. In either case the use of exponent values

wnen compared to values calculated from the exvonent

values indicated above. As an example the calculated

Femfi 0t paddinn voateog For oo cdrdow with o toct ndiv dloclroos
¥ 1 i s 0T o WINMCOW WITh 7 wegh flr _szdage

rate of 12m3/hr/m. at 20 mm.wg. pressure difference
would be 0.16 — 0.58 m3/hra over a range of pressure
differences of 0.1 - 0.5 mm.wg., 1f én exponent value of
0.82 were assumed. Using a typical exponént value of
0

.03, the leakage rates under the same conditions would

w Q-



e calculated as 0.44 - 1.20 mB/hr. Although the results
given in Figure 4.5 are from s limited set of results a
tentative relationship hetween exponent value and
infiltretion coefficient is suggested (Table 4.2) which

may increase the accuracy of zir leaksge czlculztions.

TABLE 4.2 BSuggested exponent values to be used wh

e

e
calculsting infiltration for different types

of window crackage,

Lezkage Leakage Suggested Suggested
coefficient coefficient B} o _—
renge at range =t Exponent Exponent
T mm.wg., 20 mm.wg., values reciprocal, n.
> 2
m-/nr/m. m~ /hr/m.

215 272 0.5 2.0
5o~ 18 26— 70 0.6 . E6
1.5 - 5 16 — 3G C.7 1.4
0.5 = 1.5 8 - 16 0.85 1.2

£ 0.5 ¢ ¢ 1.0 1.0

4.3 Desilgn air leakage coeificlent values.

h

L,.3.1 The estimztion of design leakage rates for
different types of windows is complex. Performsnce varies
with the design of the window, the material of which it
is made, and the care with which it is fabricated.
Information on which infiltration calculations may,be
based can be obtzined either from general guides or

specific manufacturers. The presentation of design rates



erent

},x
l’“h

is given in several different ways by dif

b

8

-

[

rences, although all the references present figures
Tor generic window types. The I.H.V.E. Guide presents
infiltration coefficients at a reference pressure
difference of ’%N/m2 (0.10 mm.wg). Several American
window manuviacturers glve Ifigures, using the same systen,
out using 0.3 in.wg. or 1.2 in.wg. (7.6 or 30.5 mm.wg.)
=s the reference pressure difference (Sasski, 10£5)
wnilst in Belgium a reference pressure difference of
10 mm.wg. is used (Van Ackere, 1970).
assuming an exponentizl relationship, with an exponent
value of 0.67 or 0.63, in order 10 calculate lezkage
rztes at other pressure differences ig recommended by
these sources. The A.3.H.R.A.E. Guide presents leakage
estimates at pressure differences of 2.5, 5.1, 7.6, 10.2,
egnd 12.7 mm.wg. There 1s no guide for extrapoiztion of
ilgures 1nto the normal working range. The uss 0

inTiltration coefficients, rather than lezkaegs rates

nresented T0r specific pressure differences, would seem

giiferences can he rmore easily carried ont,  Trosentgdion

- i o

%t different reference pressures then becomes a

less significant problem, although ideally one standard

rressure would be used.

.2 iean design leakage rates from these sources

o
(Y]

show reasonably close agreement, as may be seen in



Figure 4.6. However the range of leakage rates found in
window tyvpes in any one o0f these categories has been

found, in various studies (Saszki, 1965), (Van Ackere,

|‘J
Ye)
-1

o
g

(Jackman, 1971), to be very much larger. In each

vy

Nt

of thes studies 2 number of stendzrd window units of
varying standards of design and construction were tested
2% daifferent pressures. The results cannot be
zocuratvely compared as the varizstion will depend unpon
the gize of szmple studied and the classification of

windcw types. Jackman's figures however suggest that,

generzily, 1n any one oI the standard classes of window

Q_I
cF
(@]

unit specified in Figure 4.6, 233% might be expecte

4

neve coefficlients elther greater than double the design

wrey - A EE| 1 ol T - . M1 ~ gl
r2le o7y legs then one half of this velus. The resulis

The range 0of lezskage rates in This type 07 clasgsilicztion
‘e olz2zrly too lzrge for the accuracies of the coelficlent
velinze To he gatisfzetory Tor zny detsiled czlceulztiong,
Ao, = Many manufacturers provide lezkzge rates Ior
gpecilic window types, measured under test conditions.

4

Reeults ftaken from these sources should be 01 considerably

greater accuracy as the variability due to differences

[

n design and material i1s removed. Information on the

accuracy of characteristics described with regard to

(7)

speciflic window type i1s not generally available.
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Variation in leakage rates in general window

Window Type

pivoted,
weather-
stripped

sliding,

WL Wil T L

windows,

classifications due to changes 1n design and

standard of construction, m”/nr/m., for a
1 mm.wz., vressure difference, ziter Szsziki,
Van Ackere and Jackman.

Sasakil Van Ackere Jackman
minimum maximum @ minimum  maximum 16 84
measured measured measured measured %ile %ile
lezkage leakage leakage leakage

T

0.14 1.0 0.0 3.8 0.18 1.2

C.L0 2.3 0.64%

G.cl 3.2 0.25 6.0 1.6 6.0
‘ 1.40 5.4 2.4%
or o211 gliding windows testeld
. order 0 provide a guilde to manuiaciurers
Standards Institute has proposed minimum

ALl LIlXi.oeIlavivll TLIUUELL

For three grades of exposure

(sheltered, moderate and severe), the draft suggests that

maximam lir

12 mz/hr/me

nressure difference respectively.

infiltrztion rates should not exceed
at test pressures of 10, 15 or 20 mm.wg.

These performznce

values are roughly equivalent to 2.4, 1.8 and 1.5 mB/hr/m@

- 103 -



(0

Tt a pressure difference of 1 mm.wg. The present
recommendations are of limited use to the designer.
Reguirements for air-tighitness of individuzl windows
veary with the type of building, the zmount of glazing

used and also with the type of ventilstion used. In a

nzafurally ventllated bullding a minimum background rate

O
[

ventilation, to control occupation products, 1s

of ailr-tightness of windows may be limited To moderate
values, and this ventilation provided by
n an alr condliticned building this ventilation is

supplied mechanicelly and zny infiltration serves only

To disturb the designated flow rates. The use of g

b
oy

range 0OF

t
stzndard method of testing with an ext

D

nae

¢

standard performence grades, on which design criteria

could be based would be of considerably greater

W

ssistance to the deslignher.

()
.
%!
3
iy
D
_‘
-
)
v
—t

o

L, firnzl factor which affects the =ccuracy of
data concerning infiltration in window units 1s the

eifect of long term deterioration., Deteriorztion may be
caused by mechanical damage or through normal maintenance.
The problem of deterioration through maintensnce 1is
likely to be of greater significance with materials which
are not self-finished. Repaiﬂting high performance
window units, 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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ig available concerning the effect of factors of this

erformance.

tvpe on

4,4 Conclusions

Sedes Thie conclusions concerning the techniques

zvailable for predicting the air flow characteristics of

openings ©f th

1. The infiltrztion cherzcteristics

@]
—

o
-~

I

C be

B

type found in normal window cracksa
d

ge
adeguately described by an exponential relationship

o

tetween air flow rate and pressure difference,

)
i

Z. Txurlment velues normasly assumed in current use are
lcover then tne present studies indicate as appropriate.

P
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iy
D
jav)
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'3
3
O
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3
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)
l+
D
D

values would ceoom

o ko

rezated To iniiltration coeificient values, becoming

creater =g inTiltration coefficient wvalues dervosco
3 M~ ~ e R o= e e N N = T nie T N M s e Al N - -
“ —ioT Al Al nl e i e oL U wih UoDodllaturuiny vilioaowle cdl'e

very low. This is because of the wide wvariety in
stendards of design and construction within each
general window classification.

Test results or a grading system based on test results

A\
.

for specific window models are likely to be
considerably more accurate, although no information

is available on the 1ikély levels of accuracy.



Infitration  through  window gaps, after Dick and Thomas.
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Figure 4.2. Orifice discharge coefficients for narrow sihit openings at

different  Reynolds numbers, after Lenkel,
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Figure 4.3,

Variaton of ar flow rate with pressure difference for a
simple opening, after Dick and Thomas, and Lenkel.
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Fiqure 4.4.

Infiltration  through window gaps, after Lenkei.

viume flow rate, m7hr/m.
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Figure 4.5. Variation of infiltration coetficent, C, and flow exponent reciprocal, n, in _the equation Vv =CL(dP)n
after Lenkei, and Dick and Thomas.
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Figure 4.6 Irfitration raks  for standard windows : design  figures,
and _variabifity  after Jackman.,
U.S. Industry standards : steel windows A
aluminum  windows <
eliding windows !
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5. DESCRIPTION OF THE DIGITAL ANALOGUE DEVELOPED TO
PREDICT RUITDING VENTITLATTION RATES

5.1 Introduction

Jeted Digital analogue tecnnlques are belng used TO

produce design information on infiltration and natural
vventilation in bulldings. This is being done despite

the lzck o any comparative studies to establish the
accuracy 0i the assumptions and data used in the analogue
the thesis was

echnigues. A major part of the work in

concerned with comparative studies between a digital

znzlogue model and full sczsle and model cezle shtudieg,
Rl Ao -’,—%QSD oT11A7 g 14: pa=X ] %O“séﬂ +N codm ST ormestion on
o thege gstudies i 28 honad *0o gain iniorn noon

Conseguently a programme was written which calculates

natural ventillation or infiltration rates in a simvnle

71
K
A’
=
(¢}

rrogramme used the same basic assumptions

as used by oTner natural ventillation preciliction programmes.

1. that the bulilding i1s considered as 2 series of
compartments, each of which has a limited number of
alr flow paths into and out of it through which

natural ventilation or infiltration may occur.

A

that each flow path has a characteristic flow

resistance, representing a doorway, window, air duct



or open area, which may be expressed ty an eguztion

[N

relating zir flow through it to pressurs difference
acting across 1t.

that there i1s no resistance to alr flow inside ezach

compertment of The bulldiag.
4, that wind Torces and stack effect produce external
pvessures outside each external opening in the
ouilding which are time-invariant over the period
of time ccnsidered in the calculation.
5. that the internal air temperature in the bullding

is uniform throughout the building.

5.2 Programme Svwecification

5.2.1 In the programme the maximum numbesr oOF
CUMpETTLents whicn may te snelysea was 211, Lnese

consisted of a maximum of 200 single rooms, un to 10

aahehl ﬂ"(‘\'ij orne Fovr eoech Flonr of +lao T3 1 AL~ Svm A As o
corridors ne Foxr epch floox Pl iing, znd one
common stairwell, The single —ooms were zssumed to Le

loor being zble to have a unique number ©f rooms.

M
8y
(@]
)
-4

The rooms could be of any regulred size zs ventllation
rates were expressed directly in ms/hr from a knowledge
of the room opening characteristics. Each single room
was assumed to have two ventilation openings, one
connecting 1t with the exterior of the building and one
connecting it with the corridor on that floor. The
stalrwell compartment was assumed t0 be linked to each

corridor and to have no other ventilation openings. The

- 113 -

distrivuted as a maximum oI 20 on each of ur to 10 floors,



stalrwell compartment could be used to represent either
one or several stalirwells all opening onto the central
corridor. Some representaltive building plans suitable

~

for znalysis by this type of programme are shown in

b

lgure 5.2,

1

L 2.2 Fach room in the building, and the openings

(=N
¥

n z2nd out oif that room, were identified by a floor
numoer and room number. The lowest floor is taken to be

Tloor 1. The rooms could be numbered in any order, thus

zllowing the user to choose a numbering system sulted 0
g g 53

the building plan. Ezch ovening in the building wes
czzinsd 10 heve gir I10W resistance characteristic
Vellies WICL Were usSsd 1noan eqguatlion of the iorm:
1,
vV = C.L.(ap) /2 cen.. (5.1)

The velues or the total lezkage coefficient, C x L, and

flow exponent, n, could pe unigue Ior each opening in

N

5,202 The input information reguired by the programme

1. mommber of floors Inotho bullling,

2. floor to floor height, m.,

3. number of rooms on each floor (even number),

4. values of total leakage coefficient for exterior/

room opening and room/corridor opening for each room,

mB/hr/mm,wgﬁO'6



w1

. vzlues of flow exponent for exterior/room opening

=nd room/corridor opening for each room,
6. velues of total leakage coefficient and flow

xponent for each corridor/stazirwell ovening,

e s 3 A 4~ 3 cech OTenins o T e -
. WLIND FTYCoZEUre CUTEBLAC caln Opcllliig expressea as a

pressure coefficient with respect to free stream

wind speed at bullding roof height,

8. essumed meteorologicel wind speed, m/s,

Q. zssumed mean internzl/externsl temperature
D am O
diZference, C.

. . L - . N
Cne significant limitation of the programme is that
cormer woomg with vwindows cpening onts UWe racades as
Ay e vy P PN N A o Gt A mn o oy A em i e ST
v A S Fzweamt pumtazrnal pressuIes are 4nlT acluravely

modellied. In these situations a revnregentative external
LreSsurs 2L0ULG be taken. 1i tnis fachor is 11ixely To

pe important the flow from one window to the other conld

e congidered gengrstelsr ond on ocgtimotiscm oFf Sl owteo

Ilow found.
Z.2.4 The programme was designed tTo compute

ventilztion rate elther for one specified set of design

conditiong or Ior on srroc of

D
(@)
3
‘ —J
9]
3
) )
D
j3Y]
]

meteoroliogical conditions covering the combinations of
wind 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

and 24BOAOCa The design meteorological values may be

~ 115 -



innut was an assumed wind speed from g remote site im

in en urban area, This form of input may easily be
altered as was done in the ccmparative tests, to use the

site wind speed as a2 direct input, or tTo produce site

wind speeds characteristic .of suburben or op sitves.

5.2.5 The cutput information given by the programme

cecnsisted of the following vaiues:

1. review 0F the input information used in the
progremme,

2. meteorclogical wind speed, m/s,

2 + - o}

2. intericr/exterior temperature differsnce, C,

4.  total infiltration rate For the building, m°/%r.

=. sverage room ventilation rate, m~/rr.,
C. standsrd deviation of room ventilstion rates, mB/hr.j
7. Tor eszch room:

pressure differences acting across the externzl
and internal ventilation openings, expressed in
mm.wg. and as pressure coefficient values,
flow rate and direction of flo 3/hr.,

g. flow rate and direction of flow from the stairwell

to the corridor at each flbor level, mB/hr,,



VO

- 3o Fm M ta bud - b PN N Py !
. pressures in the stairwell and each internal

Siffzrences in the programme was:
All flows towards the central corridor on that flocr
level, from any other vart of the floor, ars itzken
to be positive. All pressure differences which
'culd act to cause positive flow rates =zre tslkexm
10 be positive.

5.2 Programme Degcription

5.3.1 The programme was written in Fortran 1¢C0

lenguage for use on the Sheffield University I.C.L. €07
cemputer. Thne programme wOrks on the basis of making
successive approximations of the ventilation rates

OCCUIring vaArougnout tne tulliding until the estimezed

rates are within the required zccuracy limits. The
gpproxzmation tecrnnigues used in the programme zre

= - . H 4 -~ T e b e < TN e o n - -
illustrated by the flow charts shown in Figure 5.2, These

and relzted to the approprizte sters in the full
rrogrzmme, A print-out of the full programme 1s given
in Appendix Al. In the Tollowing paragraphs Iigures in
parentheses refer to line numbers of the programme shown

in Appendix Al.

5.3.2 The analysis is carried out in three main

congsecutive steps in the programme. These zre shovn in

~ 117



S g

tne absolute pressure on the corridor of each

e externzal openings, czused by
- - - Dttt e}

detziled oOperztions are

au Hy vwind

o

q

this section may be seen in Figure 5,1

noted bhelow:

(74, 152).
(75).
5)¢

zch Iloor 1is comsidered in turn,

The convergency rate figure is set to one,

o

ial internal pressures are set up (76 -

[N

Ini

oo

=

\

the rreggurse i gQ 2vers

[®]

%
¥}
e

external pressures ac outside that floor,

the 700m pressures et 1o Lhall the difference

o w

petween the corridor pressure and the appropriate

external pressure.

ave onaT faz
~LTLUE 22 22T ur RO

J

Tvo Pressulec Qiliclellites ar

set to LINT, the end of the

ArITmmA st trs i a e maea A A ;s A

e 2 T TR

eV

the pressure diZference values

than 1/1000 of their

set

C
value during the

to the new current

rates ar

@}

calculated through 211

floor and are balanced, (88 - 104

the

each belng set at the average of the two

for ezch room in turn flow rates 1n and oug
eguated,

flow rates,

for the corridor, the net flow is found and the

external pressures outside ezch

)

are

room/corridor flow rates altered proportionally so

- 118 -



net flow is made zZero,

the bzlzance of air flow through each room 1S
checked and if necessary adjusted,

the balance of air flow into the corridor is
e

checked and 11 necessary adjust

o, The pressure differences are vre-—czleunlsted 223
talanced, (105 - 134):
they are correlated with the values of the external
pressures and altered so that they zre in zgreement
with these values.

7. The number of cycles carried out is checked. IT
this 1s over 50 the analysis 1s st
0f cycles and current values being written out,
(135-6, 141-2).

o The relevant pressure differences are checked

agzingt LIVMA, TTM2 ond if not guffi-<eontli--

~ = N ey g e v =y -4 =l i el S £ 5 3 A
the approximation cycle is repeatea, (137 - 140).
g, The varizavie vaiues used To calculate the combined
= - T
VENTLLavi0n rates are set up, (L42 - 191).
5.3.2 In the gecond section of the snzliysis trhe stack

neutral zone height is found such that the net flow from

all corridors T0 the sgteirwell is zero. The corridors

fomd
e
ct
P—l
o
!
o]
ct
@]
]
fu
(@]
i
.
Q
ct
5
o]
H

are assumed to be at rC pressure re

a r}

rom forces other than stack effect. The stack pressures

found by this analysis are added to all relevant wind

the detailed steps are again noted below:



A !

Assume an inivial neutral zone heilght of half of

the bullaing height, and calculate the pressures

A P I < J [~ = L
e TO S@tack \;nf’:,‘vj, N— ™ jw\)>.
e T P A S N [T s S SRR
Molonlats the mey 20w 1060 The COrridcor Irom eadln
- A
starrwell (1ol=5).

If the net flow inte the stairwell is zero sdd the

tack pressures o each level of The

=
[qy
I._J
®
N
=
-
&3]

bullding asswaing tne current value of neutrsl
By I S e oy -
zone height (166, 1839 — 195).

Tf the net flow into the stalirwell 1s positive,

- - 4 5 v + vy .
decrease the neutrzl zone height pregressivelr, in
e N A~taTal D N NSy P RN T B
steng of /500 bullling heighs, wntil tie net I2ow
mmm e e o mena e o e ('C’ P Rt 100 L T oY
DS ) hogENe LT S Lol i va Vi g e S JEN 3 o St T2 — P

if the net fliow becomeg zero zasume the current

neutral zone height wvalue,

If the net flow into the stairwell 1s negative

increase the neutral zone helght progressively, in
steps of 1/500 building heignht, until the net flow
becomes zero or positive, (166, 178 - 185):

17 the net flow becomes zero assume the current
neutral zone height value,

1f The net flow becomes positive assume a valus
half way between the current value and the wvalue
used in the previous cycle,

add the relevant stack pressures to each level of

the building.



EL.2.4 The combined ventilation rates, assuming both

- bl % R T T . T . T o~ B R ko
czleulated in the third gection of tlie programume.  bacn
o . .: T - PP S TR O J e o
Tlcor ig anzalvsed =a2gein, thiz time with the presence oi

into ezch central corridor from the rooms on the floor

273 the gteirwell 1s z2gain zerc. Thess resulis are

n to represent the Tinel estimated ventiletion

~

pattern for the building. Once zgain =z flow dizgram 1is
1

!

. Decn i_oor is comsidered in turn (200, 2565.
2. difFerence Lotween the reilevant
the stairwell is calculated (201, 202).
b Tre e d e ant {nea ),
. Tt A
paltern is iouna vy a series ot
altering the corridor pressure by
ineremental rzluzs are medc
smaller and the accuracy limits are
met when the incremental valuss becoms
limiting values.
Q. The stairwell to corridor pressure difference is

decreased by a factor of one increment, (204-5):

as the flow pattern for each floor was previously
balanced, the introduction of the stairwell at a
different pressure will cause the corridor pressure
to be altered, the corridor pressure becoming

nearer in value to the stairwell pressure.



. All pressure difierences on the floor are re-—

approximations; the pressures cannot be simply

altered in proportion due to the different

possible flow exponent values of the onenings.
- The flow rates z2res czlculated for tiese new

palanced, and the pressure differences re-calculated

from the balanced flows (220 - 23G).

-3

. The net flow into the central corridor is calculated,

- L
P

v =
|ORS L1 LisT

o]

¢l

|

TTO
v oz

03]

'O

=
6]
7

ive and the stairwell To corridor
rence 1s negative then the corridor
not been altered sufficiently to
total flow on the floor: the stairwell
to corridor pressure difference 1s reduced further,
f These conditions sre not met Then the corridor
Presssure n&as been compensated at least enough and

The accuracy check 1s made.

Qo

~

4 The value of the increment is checked, (251 - 254):
if this i1is larger than the preset limiting value
Them The Vaiue Oi une LICresent 18 reauced ny a
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 1is stopped.

-

5.3.5 Summary ventilation rate values are calculated

from the final calculated detailed ventilation rates



(27 - 27433 and the results are printed (275 - 306).

“ne velues of temperature difference and wind speed

R 4 + : e e~ A . - B REE TR
sgeumed in the input srs 2y2l:ed in turn, and in thal
s T .S S Lo s . : : L 2 BYaRs ey
crder, if this type of znelyeis is required (308 - 327).

Lacn Timée Tthe temperature aifiierence is changed the
cecond and third steps are repeated. Only when the wind

speed 1s changed is the Tirst step reveated 1n addition.

programme which has not been discussed. The stairwell
rressure in the final analysis is set to the mean wind—
induced corridor pressure and the flow rates into and
out of the stairwell are not balanced by the programme.
However the stack pressures are calculated from the
estimated neutral zone height so that the stack induced
ventilation through TtThe staircase would be balanced

%.9). As these ventilation forces are likelyw
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Fiqure 5.1, Cakulation of ventilation rates due to wind done,
fioors _considered  in isolation.

l

Set flonr number to 1.

A

Set convergency test, CYCLE to 0.

Y

Set up initial assumed internal room
pressures,

Y

Set accuracy limits, LI:71, LIII2,

Calculate flow rates throurh 211
openings from the initial pressure
differznece values,

—alanc i
tate into each room is
1 rate int

L i

Recalculate the preossire 4
from the balanced flew rat

A i

Zalance all nressure Zifferences so
tnat they ere consisiont witn The

avternal pressurars.

Y

n
3R o

]

add 1 to CYCLE,

\ 4

present valu€®

.. | Write CYCLE.

within accuracy

lizdits?

Increase floor
number by 1.

Calculate corridor pressure and set
up variable values to te used to
calculate the corivined ventilation.

Is

fleor number >

inpnt value?




=oure 5.1(b), Calculation ot neutral  zone height,

Assume initial neutral zone height
and calculate relative corridor/
stairwell prescsures due to stack

effect,

Calculate flow rates into and out of
stairwell from each corridor.

—_—
<
=

net fiow inte
stairwell +ive,(

~ive?

A4

Increace neutral zone ht Docreace neutrzl zone Wi,
by one inecrement, and Ly one increnent, and e
(_—'recalculate corridor/ recalculate corridor/ .
stairwell pressurcess stairvell pressures.,

recalculate flow rates
from eacih ¢ or Lo

. .
A

PR,

2Creas Increase the neutral zone
. 4 . s e, s -
zone heizht % increment heizht Ly 4 increment.

> ; <
Calculate the stack pressures at cach
floor, from neutral zone ht.,, and add
to corridor and exterior precswes on
trat floor.




B
F oo

Calculgtion  of combined  vertilation

Set floor

rates,

number to 1,

Y

Caleculate

corridor/stairwell

pressure differences.

Y

Set increment value.

v

Reduce corridor/stairwell pressure
difference ty one increment.

Y

Rebalance all pressures after the
change in corridor pressure.

Y

Recalculate 21l fliow rates from
prescsure difference valie

Y

ralance fiow rates so net flow into
each room is 2

Zecalcuiate &1

from balanced flow

ail pre

Increacse floor

number

b 1.

td

t

w>w

Q

ctair/corridor
pressure -ive,

educe increment

ze by & faclor
ten

and net
flow to corridor

~ive?

rres
Is

Return corridbr

sure to iis

previous value,

accuracy 0.
within reguired

B>

1imits?,//’/ffw

o,
=

ficor number=

irput vzlue?



Figure 5.2, Typical plan forms  suitable for analysis by

BTESVENTA

S Starrwell
C Corridor
Skab  block:

Uniformly dgazed building:

Courtyard building:




S RESULTS OF COMPARATIVE FULL SCALE VENTILATICON STUDIES

c.l.1 An important part in the development of any

o

comparing analogue results with Tull scale observations.
“ne relatively small number of full scale sTtudies
carried out to date serve as an indication oi their

difficulty. However 1t 1s because of the pauclt
results that the ilmporltance oI testing the analogue

o~

technigue TDecomes greater 1T it 1s to be used as the

<

#

tasis for a deslign techniguse onsequently, in order

co attempt LU assess tne periormance Ol The analogue &

comparative study was made Detween results obtained from
Tl anallgus and &4 Series 0l Iuli stalie 0DSErVea results.
Colas Tamura ang Wilsocn carrieda ouv a series of full

results of which nave been used here in the comparison
with the analogue technique. It is significant to note
Tnet very few 0I Tne papers giving full scele results

give sufflclent information for any valid comparative
czleulations to be carried out. In particular

sufficient data about the external climate of the building

is often lacking.

6.1.3 The results from this comparison are

necessarily limited. The bullding studied 1s a small



[N

single~storey domestic dwelling witn basement. In the

paper the eifect on ventiiation rate of wind speed and

A - . P AL e e ] [ A P S o 4e - e -
LLesTy v’:/:’ =T2CEL 8lleC70 gnd S0 2 Sl eriigd \ACU,LLWE)
. 3 4+ P T e e TJoar o oema ; e e -+
ngether zre studied. It hzs only been pogsible to

cmpare resulls for tne situations with no stack effect

Yf

taking place. Stack effect teking place on one floor
& b =

through sash windows is not modelled by the programme,
2s 1t ig designed mainly to study multi-storey bulldings

[

These comparisons attempt 0 give some indications of th

e

zecuracy 01 the analogue technigue

g T el s o3

- R U - Mo s

Colol A Tull description of the test house, house

cumber 1, Zg glven in Tanmure end Vilson's paper. A plan
cr the buillding is given in Figure 6.1. t 1s a single

P
ol L SRR JH - < [ = - T e £
for furnishings is given as 320 m”., TFigures for window
crackage are given as an egulivalent length to that of

t, double~hung, wood sash, weatherstripped

at

jo)

from the

)

windows, the flgures being based on

A.S.H.R.AVE, Guide and Data Book. These figures are

given in Table 6.1.

6.2.2 Ventilation rates were determined from
measurements with a katharometer of the rate of change

of concentration of helium gas discharged in the house,

<&
H

? )
L



A1l internal doors were open during the periods of

measurement. A circulating blower was also operated

'

(@]

ntlnuously during eacn test. 1T was asswaed tnat a
fairly uniform concentration of nelium vas acnieved under
test conditions. Wind speeds were recorded by a cup
anemometer mounted next to the house and =2t a height of

7.6 m. The house was situated on the edze of a housing

area, with its south wall facing a wooded region.

6.2.3 The results of the full scale lsakzge tests

given in Table 6.2 and are also shovn in

Y

@

-
The air change rates giliven are net rates including the

basement area. The line of best fit, computed assuming

2 linear relationship between wind speed znd zir change
rate, is drawn. The increase in air change rate for
each metre per second increase in wind sreed g 0.037.
No significant effect of wind direction czn Te noted
Trom the records. An zypperent ventiletion rztcs of 0.027
21y echanges mer hour wag ohtained with mo wind erood snd
only small temperature differences.

.2 Descriptiocon of Thc SnalCguc Ca&lCUulntlions

6.3.1 In order to carry out the comparative

calculations it was necessary to make a Turther set of
assumptions. The height of the building was taken to
be 4 m. This allowed sufficient height for one storey
and suificient basement above ground level to let in

windows. The recorded average wind speed was corrected



TABLE 6,1 FEguivalent window crackage lenghtns in test
house Wo. 1  (Tarmurs and Wilson)
Bguivalient length of crackage, ft.

Slevation

Fiyet Floor
Tasomens

[

(]

B W
126,06 159.9

e

I
wn

The assumed leakage coefficient for this standard
sguivalent cracksge is given zs 60 cuft./hr/ft/0.
FTVATRYYT T o ~ e o DR . S e S : o - ~ T -
CADIE £.2 Infilivravion test results, nouse No. 1
(Tamirag 2nd Wileseoxn)
Nate Meomm Ao = ST
' I s =et e
difference. Wind Direction +
°C. Velocity,
n/s
5 1.0.07 1.7 1.36 N
10 2.8.61 ~2.5 1,88 E
1] 3.8.61 -1.1 2.69 ww
12 4.8.67 -1.1 C.45 B
13 10.8.07 -3.3 3.18 ov
14 14.8.61 1.1 1,573 i
15 16.8.61 3.3 3.62 N
16 17.8.61 -1.1 1.22 W
17 18.8.61 ~1.7 1.62 oW
18 21.8.67 3.3 3.22 E
19 22.8.61 1.7 C.45 S
20 23.8.61 1.7 2,59 E
- 132 -
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our metres helght using a power law relationship,

sith an exponent of 0.3. This seems a typical

i_ —F
o
¥
o]
o)
-
@
)
o

Sy

U2 BULGILED SLTUaTLCHn, as alsacussed Dy narris
S T amn) Ty L g pe T erotn wers 96at o e
VSETYIE, LYV ). Va.Ldes 01 crachage Lengin were assignea

to each window. These had to be estimated as relative

[

emounts of the cracksge on each elevaition from the verhszl

‘the windows. Finally wvalues of pressure

Hh

description ©
coefficient had to be assumed. These were bassed on the
Tigures given 1n Building Research Station D

end the assumed figures m2y be seen in Figure 6.3. Also

Linaov areay, o 300 m-, o compensate Ior this,

difierence of 0.3 inches w.g2., This leskzsre coefficient
e - o vem & m AT - - R - Ty i - e -
w25 assumed in the calculations., The eguation relating

s

volume Tlow rate through z crack to the pressure

%:—j Forarioe arvaas e pvealr o o s st s s e

1/
Vv = C.L. (ap) /n vee.. (6.1)

where V is the vclume flow rate mB/hr
L is the crack length, m

dP 1

1]

the pressure difference, mm.w.g.

n is an exponent.

(]
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TV 3y - N LAl [N 3% -~ e AT pnn s o T R JE SR
Topicel wvzlues of the exponent, n, for windows of the type

g
Pl N ~ T o ey e e . ) - T TS .
degerited heve been zbstracited from Tthe work oif Dicg and
Thomas fﬁﬂck, 10582),  The =zscumed value ig 1.6,

~ -~ 7 4oy Y o~ - s .
C =00 ¢cu.it./nr./iv. at U.3 1n.w.g.

A

This is eqguivalent to

5,61 mS/ur./m. at 7.6 mn.w.g.

-~

~

= 5.6 (‘;/‘7.6)1/1’C mE/hr./m. at 1 mm.w.g.

P ~ WS/ lvr v ey - 096 [y ~
= 2.02 m /hl‘,/m,/;m,“.f.g. PRI (Oad,

I

P “ - T mn PN -~ - - g -~ - .
may be seen in Figure 6.1. The zssum=sd valuss of leskzge
PR o B T S U I O P T e o - I oy e e
SOUSZTLILCLELTE IO L. lAverrals 00rs Yere tadeill to pe
Ry s 3 S P O' 6 [TUe d o o o e g o e e
vy LU T AT/ L e S . Lnas Teprescenvs a vypical
Figure for 2n oven Aoorwszy, In fzoh the regisiznce TC

- - -

0w 0I the doorways 1s 50 small as 10 have virtually

%._l

no control on the zaverage air chance rato,

e = )

20 b . . ~ N o~ f JIE S, N
.27 Teing thege figures caleulctions were corriesd
out under esch set of aversge syvitoernzl ~comdids ovmo maod oS
T The mosmeyr wher +he mean ind wazas Trom g mrimary
1m Lrlie i.,v,ﬂl]vv. 3 wnere voe meax VLT WaS TYTom 2 RGBS NN

cardinal direction. Calculations were not carried out
direction was Irom a secondary direction due to lzck of
certainty of the appropriate pressure coeificient values.
In this way nine of the twelve sets of test conditions

were simulated.

ts of the czlculations are given in

ek

.4 The resu

(@)Y
N
Lt

Table €©.3, and in Figure 6.4. A line of best fit was



ad in the same way as for the full scale resulits, that

oo osignificant spread o resuliis due to wind direction

can be seen. An apparent ventilation rate of ~0.008 zir

Procd

cheznges per hour wes found from the line of best fit wi

=0 wind speed or temperature difference.

5.3.5 A further sgnalysis of the computed znd full
sczle observations was made by computing lines of best
IiT assuming that the iniilirziion rate varied in

to the wind speed to the power 1.25. This
wes bthe exponent assumed in the analogue tests. From

TneBe snalyses tne line 01 best {1t for the ouserved

I = 0.023 W "2 4 0.050 el (F.

PR h A 3 e Eol N U B N LI PR i e S R -
=4 the line of best 711t for The computed regulits was
[l o e "»

Tound to be:

fe w125
I = 0.023 W + 0.002 ceen. (6

rnese 1ines of best it are shown in Figure G.

%)
=
<
=

gzcn of these four lines of best fit the root mean sgua

e
T

eviations from the lines were calculated. The R.M.3,.
O

jol

o

eviations assuming a linear relationship are = 0.01

ot

Tor the observed results and = 0.009 for the compute

results. The R.I.S., deviations assuming an exponent of

1.25 are = 0.007 for the observed results and £ 0.011 for

U

re

Lo



1itration figures, house No. 1.

MADRTT £ 7 g EN:
TABELE Ce 9 Computed ini

Simulation of Averzge wind Wind Calculate
Test No. speed, m/s. Direction Tnfiltrsti
Rate/hr.

O
O
s
I
=
O
.

NI
s

[ge)
0
S|
(]
()
LI
[@¢]

10 T3

2

-
P
(!
=)
[
O
&
w0

-
-
.Y
W
e
&)
O
.
1

15 3.562 N 0,086
16 1.22 W C.035

A
[AS]

— —
O a0

[
P
A
= owm =
<
-]
(»
)

N
O
N
W
O

TapLn 6,4 Summary of results given in paver

g

Lines of pest it

ol Vilson
T e e AR T el bl o @ 8 + 1 0
L o= C.037 W+ C.037 H.il.3,. error L 0,010
Linear relaticnship, comopuited results
T = 0.033 W~ 0.008 R.M.S. error & 0.CO
A= - j.} ¥ L UJO el e STy \/,\J‘VS

Exponential relationship, full scale observations from

Tamure and Wilson

4N
f e

T =0.023 W "7 4 0.050 R.M.S. error T 0.007

Exponential relationship, computed results

1.

[AS I

[
2

T = 0.023 W + 0.002 R.M.S. error & 0.0711

T is infiltration rate, air changes/hr.

iy

W is wind speed, m/s.

i,_J

Lot

[oa
!



the computed results. A summary of the results obtained

is given in Table 6.4.

&.4 Discussion of results

Gadhod The results o1 the Iull scale tests show
generally a higher ventilation rate for any given wind
speed than the computed results. The rates 0f increszse

£

01 ventilation rate for standerd increase of wind sp

)
4]
21

ere very simila They azre 0.037 air changes/metre per
second for the full scale results and 0.033 zir changes/

metre per second for the medel situation. The difference
rates between ths two gets of

' 045 gir changss per Lour

,,,,,,

- 3 e I T b - o e P A ~ e s P P -
S LDTLTe 2rror ZeTvesll T TV sets U resudlv 13
- T owr - —_—
virtuglly constant.
-

c.d.,2 In order to assess the significance of these
results 1Tt 1s necessary toe consider the errors involved
n particular, for both sets of

results, there is an apparent ventilation rabte occurring

at zero wind speed. In the cese of the computed results
the reason for this may be explained fairly simply. The
assumed opening characteristics used in the calculations,

as noted earlier, are of the form:

/1

/1.6 -
V= C.L. (aP) R

or Ve (aP)Y+62

H
ot
()
-]
§



o z2s the pressure differences produced across tile
vuilding are proportional to the square of the wind
arood W
sread,

+ )2

then dP o< (W)

-- ron 1285 N

or V oec (W) : veeo. (6.0
Initially the results from the computer study were
znzlysed in the same way as the full scale results, in
crder to form a2 valid comperison. The I1ine of best it
was computed assuming a linear relationship between wind

speed and volume flow rate. As this is not the zactual
czge (Eguation 6.6) the line of best fit will depend on
Tiie valuses of Wlnd speed cuosen I or anaiysis. Tne line
2, 2180 have some apparent ventilation rate at zero wina
sneed.

£.4.,73 In order to illustrzte this effect both sets of
results were znalysed assuming that the relationship
hetween wind speed z2nd volume Tlow rate vas as given in
eguztion 6.A. The rates of dinecresce oFf the venhiption rotag
Tor a standard increzse of wind speed ars zZgazin Very
similar. The difference in apparent ventilation rates
Lotoeen the tvo sgets of rezulits, 0.048 air changes per

hour, 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).

the previous error.

Thus the error is reduced to one fifth of

The apparent ventilation rate at

zero wind speed of the full scale results is increased to



: T 5 e Toar e e e R
O.CE0 2ir changes. This 1s probkably a more accurate

C.4.4 This apparent ventilation rate at zero wind
epeed shovm in the full seele resgulits lg relaotively

larze, The major raciors causing errors in the observed

ot
Fy
D

wentilation rates given by Tamura and Wilson are

diffusion of the tracer through the building fabric,

-
foe

n

0y

et thet the stack and wind effects could not

£
¥

joF
oF
jy
@
‘,.

W
@
&

ot

tirely independently investigzted; that is there

w5s some ventilstilon due 10 small changes in external

temperature during the tests. There are other factors
which could lead to significant errors in the observations.

WOn—G1Iorm QlsTY1loution 0 the hedllium gas, because of

imperfect mixing, would produce erroneous readings.

Che acCuracies O tne rezdrngs Irom the Xatharometers,

Tnen at more ususl ventilztion rates., The omission of

any egtimetion of the zdventitious ventilaetion occcurring

Y

Iy o Y P S U g EN et TR - - 3 I . -
i1l lead to the computed ventilation rates being too low.

E

The assumptions made in the data used in the calculation,
noted in section 6.3, will also act as possible sources

of error in the computed ventilation rates.

6.4.5 0f the factors which may affect the accuracy of

the full scale observaticas two could produce effects

‘
5

leading to systematic overestimates of the ventilation

rate due to wind alone. These zare diffusion and the

- 139 ~



welium Through the bullding will lead to z faster rate
~F Aeoecar and an zppzrent srrcr in the indiitrstion rate.

A simpliTfiea analysis, in which diffusion i1s assumed to
tzke plzce through the window crackage only, suggests an
pparaent error in the ventilation rate in the order of

i

+C.01 zir changes/nour, (4vpendix A2). This caleculation

not take into account diffusion through the solid suriaces.
Is

ate, 1s used as the tracer in Temura's

S e

Ea I T U ~ b
SIlE TILIECT 0L sxTernal wina spced will

less., The error in the full seale ventilation

rate due to this eifect is tzken t0 he positive,
relatively constant with vind speed and having a value

greater Tthan 0,01 air changes/hour. TField measurements

by Howard (Howard, 1966) of ventilation rates calculated
Trom the rate of decay of 2 hydrogen tracer, show a
similar constant positive error with wind speed due to

diffusion of the gas.

6.4.6 The second factor which may affect the accuracy
of the full scale results is the possibility of non-
uniform mixing of the tracer gas. This would lead to
unrepresentative sampling of the tracer gas and a possible

overestimate of the ventilztion rate. The use of the

- 140 -



the tests was designed

testes 12 and
these

19
significantly less than those which
ffect equal to that caused by the wind.

hich would be caused by

an
ventilation rates

temperature e

- 141 -

internzl air nmixing system during
to minimise this factor. DBecause of the nigh air
movement rates interma2lly, due to the fers, the gualivy
of the mixing, and thus t errcrs in the apparent
ventitation rate are unlikely to be affected greatly
by the infiltration rate, and any error is likely to be
relatively constant with wind speed The loss 1n
=ccuracy of the katharometers at the very low zir change
rates observed is likely 1t0 be significant; the observ
period being quite long 10 establish a signirficant amount
of loss of tTracer gas. Although this will affect
individual readings, 1t shonld not nsczszorils prcoduce
env svetematic error in the wventilztic: rzics.
. Thne small temperature differences acting during
th ests will lead to overestimates of the ventilation
rate caused py wina acting alone. The masznitude of this
eTTect 1s extremely difficult to isolste in the full
scale observations. It may be seen from tThe relationshin
petieen wind speeds znd temperature differences causing
the same ventilation retes (Tamura, 1965), given in
Tamura and VWilson's waper that =211 the *+este  ovcept
, took place with temperature differences
vould cause
The

ects acting alone can be estimzted
vj_.‘

T
generally as 50-60% of those caused by the wind alone.



The combined 2ffect of wind and temperature dilference,

mey then be expected to be approximately

SN
63}
o
fo
n
[$V]
[
<
]
joe ]
-
3
j$%,

The errors then may be of the order of 0.01 to 0.02 =zir

changes/hour.

b
o

.y
e ®

The lzst possible source of error to be

considered is ventilation through other cracks in the

oy
<

ilding fabric. Non-—consideration of this effect will

[

ead o computed ventilation rates which are lower than
those zctually occurring. Figures of leakage coefficients

for plastered wood frame constructicn obtained from the

—~

e efleMsfiele NANADDOK 0I rundamentals are oI the order

- 2 0.0 , -
of 0.025 mB/hrs/m /mm. wg . The eguivalent coefficient

J0r ma. vue walsr suriaces in the test building will be
D e 5 e 3 - T C‘6 ~ 1T A S
of the order of 10 m~/hr./mm.wg "~. Inclusion of this

inctor in the calculation will

the computed ventilation rates by approximately

5,4.9 Tt can be seen that the estimstion of the

errors in the observed ventilation rates 1s extremely

3

o

ceneral. Loss of tracer gas

his

y diffusion and higher
ventilation rates due to the stack effect acting
simultaneously are probably the more important mechanisms
causing error. Non~uniform mixing of the tracer gas and
the adventitious ventilation will also produce errors

which would help to explain the discrepancy between the



Tull scale results and the computed results.

6.4,.0 The results of the two sets of tests were alsgo
compared in terms of the degree of spread of points from
ine of best fit. Assuming a linear relationshivp

—— e o~ = T e e T e e S e ey 1y A T
betoeen wvind s G a¥ls VENTLLATLO L rate vae m.lleo.

3

[¢8}

=

¥

geviation in the full scale observations is ¢.010 air

changes. In the computed resulits the R.IU.5. deviation
is 0.009 air changes. Assuming an expcnentizl relation-

ship the R.M.S5. deviation in the full scale results is
0.007 while in the computed results the error is 0,071
alr cnanges per hour. Here there is reasonably good
agreement between the observed and computed sets of

results.

6.5 Conclusions

£.,5.1 Comperisons of the varistion of iull scale
infilTreticon rates with wind 8peed vere meds vetween Iull
grels oheerveiiong on o zZmzll Jomestic dVeLlllilg and
calculzslons using a digital model. The calculated

IS

Ioovermms ol v rate 0I cnalge 01 iniiitration rate with
wind speed. Anslysis assuming an expcnential, rather
than a linear, relationship between ventilation rate and

the zero error.

iy

wind speed gives a beltter explanation o

The computed results agree with the full scale results

§,J .
e

showing that the total infiltration rate is more
sensitive to wind speed than to wind direction. The full

scale results show consistently higher ventilation rates

- 143 -



tlien the computed resulis. This difference 1s czused by
al factors leading to overestimates of the full

temperature differences zc heing prokzbly the mcre
Signiilcant ovnes. Any estimate of the magnitude of the
error is extremely difficult but 1t may be of the same

order of magnitude as the difference between the

observed and the computed resulis.

£.5.2 Although the agreement between the observed

and computed rates of increase of ventilation rate with
wind speed are good, 1T must be emphasised that this 1s
probably largely fortuitous. The assumptions made in
the data used for the calculation and the possible

errors 1in the Tull scale observations are of such
magnitude that only general conclusions may Dbe dravm.

Lxe study emprasises tnat thne likely accuracy of the full
scale results are not high enough to enable results
this type 0of study to be used to establish the accuracy
of the assumptions used in anzlogue technicues. Further,

1y controlled comparative Tests need to be carried
out before the limits of accurzcv of the current

computational techniques can be established in practice.



Figure B.1, Plan of house mo.1, afer Tamura and Wilson.
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; ¢ ‘:..:.w.“k. Gl ,‘_
Assumed leakage  coefficients.
Opening Elevation Crackage Lengths Cosfficient,

M. m>/he. mm.wg6

Door, 1 N 1.8 23,7
Window, 2 E 0.6 21,3
Window, 3 E 10.6 - 21.3
Windows 4 E 6.1 12. 3
Windows 5 E 10.6 21. 3
Window, 6 w 0.6 21, 3
Window, 7 W 24,3 49.8
Door, 8 W 1.8 23.7



Comparison of observed ventilation rae with

Fiqure B.2,

Wilson.
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Figure 8.3, Assumed pressure  coefficients  based  on

B.R.S, Diest N9,
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ventlation rate,

sufixes  dencte wind drection

ar changes/br, during each test.
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Comparisons  of lines of best fit for observed and computed

Fiaure B5.

between wind opeed

relationship

results  assuming  an_exponential
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7. MODEL VEWNTTILATION STUDIES — EXPERIVMENTAL APPARATUS

AND TECHNIQUES,

7.1 Introduction

Telet In order to attempt a more detailed study of
the prediction of natural ventilation rates & series of

model ventilation studies were carried out. These

=

u

tudies were maede on & comparative bhasis: wind

N

h results from digital

i3
O

del results were compared wit

}_J

nalogue studies. In this way two major zspects o the

m

problem of natural venvilation were studied. These
were:
2)  to mske detziled studies oFf thz mabtural

NS R W S VI O LA

ventilation of a known oObject under controlled

B) 10 assess the accuracy of the digital enzlogue
predictive technigue by comparing the oressrved

and computed results.

7.1.2 The number o Tactors wnich have some efiect on
the emount and pattern of ventilation or infiltration is
too large to enable a comvrehensive study to be m=de., T%

was therefore decided to limit the study by using one
standard building form. Variation in the shape of a
building is influential in the pattern of ventilation
mainly because & change in shape affects the pressure
patterns at the ventilation openings of the building.

As this effect could be studied alterna%ively by varying

the number and distribution of these openings and the

- 150 -



gerodynamic properties of the wind siream

@
oy
N

building 1t ght that one standar:

would be sufficie T0o show these effec

=

have been bullt =0 that a variable number

paernt %I

used to or

be s

=

e}

orifices can

ventilation in the building. Pressure ta

heen introduced into one face so that

wressare coefilci ve measured

of the

(')

Tunneld

] I
W

7.2 lNModel theory
7.2.1 Model studies of naturally indu
patterns have been carried oulb previously

suthors, (Smith, 1951), (Givoni, 1962).
have dealt, generally, with situations of
to be met in troplczl and sub-tropical countries

ery high ventilation rates through large

~ 151 -

vs.

c st
Wlthn & C.L0

imensiong of

P T

aClley Uiy

i1 as

building form

The models

of

ventilation

-
v

nave been

0

sed
tne working

IR S,
B T

ced zir flow
by several

These sgstudiles
the type likely
where
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are Typical. No studies have been noted vwhere
ventilzation and infiltration rates are modelled through

open areas of the order of one per cent of the facade
arez, which 1s more typical of the situastions

encountered in ronl temporste nlimatcoe

varemeters which must be considered in order t0 ensure

and the full scale case are geometric similarity, the
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d 1s a scale dimension, m.
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The Revnolds number for model znd full scele flovs
should be equal t0 ensure exact similerity between the
alr Tlow patiterns in the two situations. In model work
around buildings 1t 1s normally very difficult to
produce the same Reynolds numbers as would occur in full
scale gituations. However, as objects with sharp edged

corners and plane surfaces tend 1o produce the same flow

patterns over a fairly wide range o Reynolds numbers,

Re = — 2t ceeee (7.1)



this condition is normally relsxed.

[eF}

2.3 Smith (Smith, 1951) made =z number of win
tunnel investigations in which he tried to determine the
extent to which Reynolds number modelling may be relaxed.

gitiong of +}

[¢3]

In his studies he used the reasttachmen

53

ot
I"j
O

geparated flow 1 the lee of his models as a criterion
Tor flow similarity. He studied several different
Llding shapes using varying air velocities and mode
shapes. The rezttachment positions remained relatively

certain limits the results became

very variable. In particular hne used & variazavie B to
express tnese 1limlts:
DA OTY
L e 3 —
EZ e % 2 ® <§Io2>
4

q is perimeter past which air flows, m.

in his model tests he found that the lower 1imit of =,
pelow which the Ilow pattern did not remain stable, wzs

-

approximately €.25 m®/s. for all the model shapes tested.

T

He compared some 0i the resulits with full sca

-
w

observations on & bullding for which the value of E was
approximately 16 mz/sw and found results consistent with
model tests on a scale model. Smith's work does not
refer to the flow conditions of the tests or the limiting

"

zepect ratios oif the models which may alter flow
conditions considerably and the relevant values of E.

However the work must be used to give some order of

-~ 1583 -



1ittle other work

Smith also compared

moaels with Tthe patterns 1n a

to the extent to which Reynolds numbers czn b

(T

L
s

] ~ : L.
Ta8 Deen aone 1 TIIL S

fielsZ,

C

alr flow patterns in the

full scale experimental

building. The results show that provided the details of
the model 2re zccurztely reprcduced the &lr Ii0wW patterns

reproduced. Givoni
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[.2.5 When considering modelling Z1uid T1ow Tarough
n e 1 R ~ , 1 ] e N oo s - vt = mr e s -
smell orifices, and relating these values witn vziues 1n
el | e A . - P ~ b 2 o e R
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should be of the same order &s that througn vhe Tull

scale openings.

S bivii (e s

)
Re = Wi.d.o .

/M—
A suitable scale dimension which may be used with
openings of differing geometry 1is the hydraulic radius

(Lenkei, 1965):



Rh = cross sectional area of opening (7

length of perimeter of opening

Howev the scale length normally uged in defining
eynoids number i1s the eguivalent diameter of the
rrenivo. ovhich 1g eguivalent 10 1our times the hydraulic

radius, For a long thin crack, typical of the type of

orifTice shape through which infiltration or controlled

tere L ls The crack length,
y is the crack width,

anc =25 in this situation L»y

Trus Zor 2 long narrow opening the Heynolds number of
T Il ow o Througn tne opsning may ve represented as:
Wy 7 ——
Re a 222N 1073 coee. (7.
/J«
vners y 18 the cracx width in mm.
7.2.6 The order of magnitude of maximum full scale

Reynolds numbers for typical infiltration openings under
normzl conditions may be estimated from equation (7.5).
Assuming 2 maximum infiltration coefficient of

10 J/.f (R SRRV 0.6 {10 o TRy 4 - 5
0 n”/ar/=/mm, wg. (Figure 3.8) and a maximum pressure

aximum infiltration rate

=

difference of 5 mm.wg then the



. : . 3 - .
V, will be spproximately 26 m-/hr/m. length of opening.

e T o~ £ PR e e ey g W wy e o e
gtn 0F opening the flow velocity,

<

and substituting in eguation (7.5):

byl

56,7V, -2
0.56.V. 0 v 107
/bf.

5,

it

0]

_

=~ 1000,

Trhus the working range of Reynold's numbers for flow

N

through full scale inTdiltration openings may be taken

zs O - 1000,

L2WT A model Torm wag chogen whiech zstigficd tho

= Ter o ss T B 5 nlie
model were 120 mm. =120 mm. znd the n2igzht was S0 mm.
I o ey - - b - e ] - o [y ny
4 range of velocities between 12.5 m/s and 25 m/s were

used in the Tests for which the corresponding velues of
the parameter E were 0.9 - 1.8 mz/s, The ventilation
openings in the models were sets of 1.0 mm. and 2.5 mm.
diameter holes. For these openings the hydraulic radius

may be calculated as:

i

Eh ....T.E_I.‘_._

- 1”/2 v (7.7)



Tz trhe flow Reynold's numbers for these openings mey

— 0056.7\/—0/0 (7 8)
TIXI'.//L

The maximum values of volume Tlow rate 2% a pressure of

12 mm.wg are approximately 0.19 mB/hr. and 0.03 mB/hr°

%

Tor the 2.5 mm. dliameter and 1.0 mm. diemeter holes

respectively. Thus for the 2.5 mm. diameter holes:
QZc x O, 2 1.2
Re max. = o= 19 x 1.2 =
h—

)

T X125 ¥ 1.8 ¥ 1

-

And Tor the 1.0 mm. diameter holes:

Re rmav, =

Thus the working range of Reynold's numbers through

Q)

the model openings may be taken z2s 0 - 1800 znd 0 - 700
Tfor the 2.5 mm. diameter and 1.0 mm. diemeter holes
respectively. The blockage ratio of the model was
approximately 3%: no blockage corrections were made in

the experiments therefore.

7.2.8 It was also decided to attempt to design the
model with the same order of porosity as is normally

found in buildings with a1l windows nominally closed or
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some open for ventilation. A figure for ftypical building

3
D
-
3
D
jsu
gt
L
},X.

1ity for office buildings with =211 windows closed

is given in B.R.S. Digest 119 (B.R.S., 1970) zs 0.01 %o

0.05 per cent of the face arez. Opening some windows for
ventilation may result in permeztilities rising 1o
maximum values of the order of 5 per cent of the face
area. The models were tested with varying numbers of
ventilation openings, the mininum number represeniing =
poroesity of azvproximately 0.05 per cent of the model
face area, and the maximum a figure of 0.5 per cent of
the face area.

7.3 Ventilation rate messurement techniocues

7.3.1 Several technioues hzve bheen used in estudies
of matural Ventilavlon and iniilvration Ior assessing

e T

the mean ventilation rate in = building (see Section 3.2).
In some studies measurements of air velceclities have been
made in order to help gain some knowledge of flow rates
and patterns. These have generally been done by
photographing moving flow indicators or using

enemometers of wvarious types. IModel studies have zlso
been carried out in which flow patierns have heen
observed by photographing moving indicators, and

estimates of ventilation rates made by measuring Ilow



7.3.2 The fuvll scale technigues which have been

noted zre not generally suitable for use in small scale

model experimente, The use of z itracer ges, measuring
eitner tne statle continuous concentration or the rate
of decay of the tracer in 2 smzll model is difficult.

roof mixing in the model, which would affect
results. The voiume of the connecting leads and znalys
chamber of the gas concentration snzlyser is large in
relation to the small volume of tThe model znd 0o
compenszTe gecurately Ior this elfect 1s glise difficult.
Finally the rate of tracer gas release reguired in the

MOGEeL WoUuLG Le Very sSmall &ng The accuracy wita wnicn

Tracer gzs ventilzition rate mezsuring teclnigue 1 the
model svudies.

T.3.3 The technigue used in some previous model
studies, by Givoni and others, of measuring fiow

velocities at discrete points in 2 model is also
unsuitable 1n the present studies. Givonli measured flow

velocities, using hot wire anemometers in a grid of

ot

vositions in a large (650 mm. x 650 mm. x 500 mm.) mcdel.

He used the mean velocity reading as an indication of the
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=2 th=2t the net air flow into the building is equzl %9
=n2%t leaving 10. By measuring thre externzl pressures

- crmm T mma AS L man S s ~ L
= v

~ [ef=! =0
) e o T M ddaE T WD

T condivions. ZIF mea
internal pressures in the model and compzring the

is possible to get some informstion on the
urzcy 0f Tthe computer method. Consesuently 1t was
deciced to attempt to use a model which 13 aiz
zvrart Irom the Venfilation openings end in vhich The

it ]

internzl pressures mey be measured.

7.3.0 A second set of model studies was carried out
using- the same model shape and orifice wpesitions, in

e
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Tilovw raTte. 1n Tnls way estimates ¢an oe meas 0I Tne
mezn volumetric Ilow rate througn the moael., The elrescd
the orifice plate gsystem on the model will be very
the pressure drep through the orifice systenm

can be kept small in relation To the pressure drop across
the model. A pressure drop across the crifice of one ver
cent of the pressure drop across the model will lezd %o

a reduction of flow through the model oI approximstelyr
0.5 per cent. The system has the advantzge of being
simple to use and gives an accurate reading of the aciual

flow rate through the model rather than a deduced flow

rate from velocity measurements at discrete points. The
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n diszdventage of

this type of model is that

- b ) - -y 5 ar ey o
ventilzstion openings may only be leoczted in two opposite
alls,

i A f - Pl - ey s e AU W (1 N s
A TDegerivntion of Internzl Pregoure lNMeagurement Mcdsels

T.4.1 The models used for these messurements were
nollow perspex‘cuboidso Their dimensions were 120 mm. x
120 mn. % 20 mm. high. The infterior of ezch model was
divided by two floors at heights of 30 mm. and 60 mm.
Tre ficors znd roof of the model were constructed from

& mm. verspex sheet, the walls from 3 mm. perspex s

211 Gdoi=nte in tha models were careflly =zezl=2d, zg the
modsl wee weing bullt, using perepex cemsnt, 1n order 1o

SErSPEeX Lases, 1« Db, 11l

in one vwell of the wind tunnel working section, flush
1tk Tthne suriacs of the wall., A section through sz moedel

4.2 Cpenings through which the model may be

ventilated were made 2% & numper i megitions on 220
face of TtThe model. The positions formed z sqguare grid

at centres of 30 mm. The positions of these openings
may be seen in Figure 7.3. One additional opening

position wes located in the centre of eacn of the two

intermediate floors inn the model in order to simulate

T
i

vertical flow between floors. Two ventilation opening
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tvoes were used in the model tests, holes of 2.5 mm.

.....

dizmeter and holes of 1.0 mm. diamebter. These opening

nooasoeg vroanoentiirelr T +tho mndelac g D F e

- B O e _—— L S N N i S ®
dizmeter holes one opening was located at each grid
ion. In the models using 1.0 mm. diameter holes

Zcur openinzgs in a sguare pattern, and a2t 2 mm. centres,

T.4.3 On one Tace of each model Twelve exbternzl
nressure teppings were made. These tapping positions

2180 Iormea 2 square grid atv 30 mm. centres, the
mezsuring positions beilng estaplished miaway between the

TS e
LLoggud

QO

. 3. LS PresSsurc

teppings were made from lengths of 1.5 mm. internal

i T P K T S e H e T <o I S R
e - e ot e L D MU N W O e uv’-?v———é PG S SN _——— P i Wl Uila

cxosriial Ilalse Ol Lae moael, and taken outl Tarougn tne

tese of the model. Two pressure btappings, made Irom tne
szme typeof tubing, were mounted at each internal level

0f the model. They were mounted at the szme level as

the openings on their floor, at opposite sides of the
model, 5 mm. from the inside face oI the model znd at a
horizontal distance of 10 mm. 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 obtalned were representative of the mean

internal pressure i1in the model. FEach internal pressure
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+avping was blenked off when not in use with a nylcn cap,

<0 ecneure thet no leskage occurred into the model from

outside the wind tunnel.

T.4.4 The ventilation openings used in the model

tests were calibrated in 2 small air duct under condifiocns
o constant ficw. Pressure difference across the plate
28 mezsured using an inclined tube manometer, and flow
rzve es measured using a»fGapmeter* flowmeter, The
calibrations were carried out over a range 0f pressure
iTTerences between 2.0 mm.wg. pressure difference and
22,0 mnm.wg. pressure diilerence, which 1s representative
working pressures in the model tests. A
tull zccount of the calibration and the treatment of

TS TE3ULTS 18 given 11 Appenailx A3.  The calibration

oy oUile 2.0 mn. diemever LOLES, 1n 3 mn. TLRLICK SnNEés
- “ /.09 _
v = 0.0404, (dP) 2 .. (7.0
and Tor the 1.0 mm. diameter holes, in 3 mm. thick sheet
= e} - O [l
V = 0.00597 (aPp) veen. (7.10)

£ Caiioratlon 1s 1n g00a agreement with results
calculzated from Lenkei's paper (Lenkei, 1965). T
confidence limits for both calibrationg have wvalues of

S . .
the order of - 4% of the coefficient.

T.4.5 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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atnesive Tazpe Tixed over the holes, and rubbed down well

(

gzve no observable changes in flow rate from the {flow
rate through the same number o0f open holes in an otherwicse
solid persrex sheet. Conseguently this method was used

for blaenking off ovenings in order to change the layvout

7.5 Descrivtion of the Orifice Plate HModel
7.5.1 The orifice plate chosen as being most suitavle

Tor the model ventilation rate measurements was taken
from B.S. 1042 (B.S., 1964). It was a conical-entrance

o

orifice vlate, based on the design given in part 10 of ihe
=

British Stendard. It is verticularly suitable for

mezsuring flow rates in viscous fluids as the coefficient

cf Zigehzrze remaine relativels constant over a range of
meynolds numbers between 250 and 200,000,

T.5.2 Tre orifice plate wss consiructed 1in a claphram
of & mm. perspex sheet which was placed zcross the
ventilation model, Short settling lengths of pipeline,
tre upstrezm section with a bell mouth entry, vere

attached to each face of the orifice plzste. The orifice
was positioned concentrically with the pipelines. The
orifice plate was bullt to comply with the specifications
given in B.S. 1042, Paert I in all possible details. A
section through the orifice plate model is shown in
FPigure 7.4 znd a detail section through the orifice plate

shown in Figure 7.5.



The

rifice diameter was 18.5 mm. The ori

O

T_zte Thickness was 2.0 mm., the length o1 the parallel

hore being 0.4 mm,, and the =yi=21 Jength oF the conical
entrance 1.6 mm., The upstream =2nd dovmstirezm pinpe

ssCctions had nominal dlameters oI 50.5 mm. The pressure
tzppings were located in the walls of the pipes,
immediztely adjacent to the faces of the orifice plate

= flush with the pipe surfaces. The upstream piveline

i~/

csxtended a distance or &4 mm. from the orifice plate,
wnich is approximately eagulvalent to one dizmeter of
e pipe. The downstrezm pipe extended from the orifice

vizte for a distance of 20 mm., which is znrnroximatelyw

oriiice plate satisfied the specification of the standard
P N o .:,“),.,.1_,: o am ~7 7 =R =R ‘._..LWA _twﬂj,: :".’73“."";7‘7" \,.: .Ll -

speciiication laid aown, and because the corifice plate

a4 I10W measuring situatlion the

v
I~

RS uSeld I0r a4 non—Sstara:
riate was independently calibrated over The working range

47

znd the results compared with The standard calibrzition.

7.5.4 The standard calibration for an orifice oif this
type 1s given by the eguation:

. - 2 0.5 -

V = 0.01252.CZ. ¢ .F.(Do)“. (dP/o ) ven (7.11)

where CZ 1s the orifice discharge coefficient,

¢ 1s the orifice expansibility factor,
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and the Reynolds number of the flow is given by the

F = w/f(ﬂ (Po/m)4)

For the orifice geometry specified F = 1.005% and found

from nomograms in B.3. 1042 1s 1.000 for working flow

retes. The coerricilent o1 discharge for the orifice

[}

'y
=

O hejl

b

plate is stated as 0.734

nold's numbers in tTne

range 250 — 500U, Using tnese values the standard
calibravion eguation For the orifice plate bhecomes:
.- ~ e T 7 720
VZCQOG:)J’GI vos e s e & [ edLidl)
znd the expression Tor Reynold's number tecomes:

Re = 1276V

Thus over the working range of 0.2 to 3.0 m~

snge of Reynolds numbers will be approximately 250 to

4000.

T.5.5 Calibration of the orifice plate

Wel

s carried out

over the working range of flow rates with the orifice in

A



position 1n the ventilation rate model. The layout of
the czlibration egulpment is shown in Figure 7.6. Air

oo e
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connecting the pressure tappings 1o a micromanometer.

The electrical output of the micromanometer was

connected TO a.”Solartron” data logger, which was used to
+

operate an electric typewriter in order to obtain

automztic printout of the output voltage.

7.5.6 The system was connected as in Figure 7.6. A
suction pump was used to provide the necessary Tlow rate,
the flow belng accurately controlled by a valve on the
tube connecting it to the flow meter. A series of
readings were then taken. In each case a recording of

the zero flow micromanometer output voltage was made, =

seguence o0f Tive readings belng taken at one second

readings 0i the micromanometer outout voltage were made.
A Turtner record or Ilve zero flow output voltages was

1 T Feverecn hotroen the Flavr avAd movn

flow voltages was converted to a pressure difference and

plotted against the flow rate.

T.5.7 The calibration curve for the orifice plate
with no impedance is shown in Figure 7.7. The calibration

equation was found to be:

V = 2.890 /aP cee.. (7.16)
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The 95% confidence limits being - 0,07 dFP, equivalent

=) 3 q
to an error of L 2.5% of the flow rate. This calibration

/ o T e
T T L VoL - Lol SR S AR C IR

L th the thepreticsl cols

ion was repeaved with
pilate in place; then with the rear plate oi the

=4

rentilation model in place, to check the effect

]

ovstructions on the calibratvion. Figure 7.8 shows t
czlibration with the front plate in position. The
calibration in this case differed from the presvious one
by up to 30% over some parts of the working range.
Several zlterations to the model were tried in order to
remove this discrepancy which was thought to be due to

distortion of the flow by the small openings in the mocel

iy

ront plate. The introduction of a sprecsder vlate, which
was placed across the iront 0I tne upsStream pivpe 1n th2

o~ . s -

model (Figure 7.4) gave a czlibration of similar Tform %o

Ky

that for the orifiice plate zlone, The sprezcer plate w2s
positionzd 3 mm. in front o
was a 4 mm. gap at each side 01 the plate between i1tsert

nd the model wall. This ensured that whatevar the

}\7

configuration of the model front plate all air reaches

the orifice plate from the sazme directions, The
calibration of the orifice plate with model Zront plats
and sprezder plate in position 1s also shown in Figure
7.8. TFigure 7.9 shows the calibration with the model

rear plate in'position, The calibration agrees reasonzply

with that for the orifice plate alone and conseguently
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the model back piste was Taxen Lo have no iniiuence on

<

Sne ovidice plate calivratiocn over the working range.

7.5.9 A combined caelibrastion usin

0y

for the orifice plate with spreader plate, orifice plate

- ey R T <R e T B R
with spreader plete and medsl front plate and orifice

piate with spreader plate end model back plate was made.

This gave a combined czlibration eguetion of the form:

The G5% confidence limits were calculated at

wnich corresponds to approximately | 4.5% of the flow

constant. This calibration was used in the model
- e : . - . - A i -
experiments with an assumed zccuracy of 1 5%. Mre fhall

callbratlon measurements are presented in Tables 7.1 1o

7.4,
7.5.10 The model front and back pl=ates, in ~hich the
ventliation openings were all located, were screwed t

in the internal pressure measurement models, They were

placed on a rectangular grid of 20 mm. high by 15 mm.

7.6 Experimental technigue

7.6.1 The model experiments were carried out under
two contrasting sets of flow conditions. In the initizl

set of experiments the model was mounted in the wind

the points obtained

turmel with a relatively smooth, wooden, surface upstream.
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CABTE 7,1 Calibration of orifice plate
wezn zero Mean flow Voltage Pressure Flow meter
?}ow voltage, difference, difference, - volume
TIIUZES, Tflow rate
mV mV mV mm. wg. m7hr.
+ 102.25 + 16.90 85. 35 0.884 2.70
+ 102.45 + 29.50 72.95 0.756 2.45
+ 102.20 + 43.00 59.80 0.621 2.27
+ 102.00  + 55.30 46.70 0.484 2.02
+ 101.90 + 64.90 37.00 0.383 1.82
+ 101.55 + 71.50 20.05 O.311 1.64
+ 102.80 + 77.50 25.30 0.263 1.52
+ 101.25 + 78.70 22.55 0.233 1.40
+ 101.80 + 88.7 13.10 0.136 1.07
+ 15.34 o+ 7.00 3.34 0.0864 0.864
s 15.E0 + 10.87 2.50 0.0487 0,030
+ 15.61 + 12,27 2,24 0.03247 0.,E22
+ 15.09  + 14.26 1.44 0.0149 0.354
Turmege micromenometer czlivretion 96,5 mV o= 1.C0 mm.oug.
To=05 .2 Calloratlion O0I oriiice plate witn model iront
211 in place
~zzn zero Mean flow Veoltege Pressure Flow meter
L0 voltage, allierence, aliierence, volume
oltzge flow rate
mV mV mV mm. we . m7/hr.
+ 0.05 - 30.30 30. 35 0.3714 1.58
+ 0.20 - 23.30 23.50 0.244 1.38
+ 0.35 - 17.55 17.55 0.181 1.19
- 0.10 - 14.50 14.40 0.149 1.08
- 0.15 - 7.90 7.75 0.0800 0.768
- 0.26 - 6.42 6.16 0.0638 0.642
- 0.32 - 4.89 4.57 0.0473 0.522
- 0.37 - 3.08 2.71 0.0281 0.360
- 0.42 - 1.51 1.09 0.0113 0.228

Furness micromanometer calibration 96.5 mV = 1.00 mm.wg.
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TARL= 7.3 Czlitration of orifice plate with model front
plate and snreader plate in vplzce,

e Zero  wean 110w Volitage Pressure Fiow meter
f}ow voltage, difference, difference, “Volumg
voitage, ilow rate
my mv mv mm. we . my/hr.

+ 18.75 - 14.70 34.45 0.357 1.75
+ 20.30 - 5.34 25.64 0.276 1.57
+ 20.85 + 2.80 18.05 0.187 1.27
+ 101,50 o+ 120.325 18.85 0.1¢¢ 1.29
+ 23.50 + 1C0.C0 16.50 0.17" 1.20
107.40 + 120.40 13.00 0.135 1.05
21.45 + 11.30 10.15 0.105 0.924
+ 2.52 + Q.68 7.16 C.C742 C.786
+ 4,03 + 9.00 4,97 0.0575 0.£26
+ 4.83 + 8.08 3.25 0.03327 0.510
- 2.27 - 0.67 1.54 0.C1¢0 0.360
+ SIS + £.7¢6 .70 c.coTz 2.2282

Furness micromanometer calibration ©6.5 mV = 1.00 mm.wg.

rear

TABLE 7.4 Calibretion of oritice mlate vith model
plztz In place.
Ilean zero llean Tlow Voltage Pressurs
flow veltzge, difference, differznce,
voltage,
mV mV mV mm. g,
+ 14.20 + 2.50 11.70 0.121
+ 233.45 + 22.85 10.58 0.110
+ 33.25 + 26.15 7.10 0.0738
+ 12.55 + 7.96 4.59 0.0475
+ 11.51 + 8.36 3.15 0.0337
+ 9.89 +  8.25 1.64 0.0170
+ 8.75 + 6.54 2.2 0.0229
+  2.97 + 2.20 0.77 0.0¢c0

Flow meter
volume

flow rate
m7hr.

1.03
. 066
. 780
636
.4398
0. 360
0.426
0.234

o O O O

furness micromanometer calibration 96.5 mV = 1.00 mm.wg.
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Tedie oag designed to produce a boundary layer similar

£

: L B e 4 . -y -~ - - e e T - §
t-~ k= tvype gecurring over open country. In the secon

set of experiments a length of considerasble ground

mess was introduced upstream of the model. This

0
;
;

P I R R oy
= . TSD

roughm O produce bouwdary

lzver conditions similar to those which might occur in

eas. This turbulent boundary layer was developed

arstream oF the model for a distance of approximately

1.200 m. The blocks had plan dimensions of 75 mm. x
2% ey end heights of 2% mm., 50 mm. or 75 mm. The
surizce roughness did not extend rignt up o the model,
ot stopped at a distance of approximately 350 mm. from

1%, 30 thav the effects of the nearest individual blocks

ce on the 1o

- o —

Tzttzrn around vhe model, The mounting position o this
surizce roughrniess 1s shown i1n Fligure 7.1 and the
TLLEIneS88 18 snGwii, inm o position, in front ol tne model
i o Cigure V.1,

7.2.2 Wessurements of the veloclity gradients vere

mzcte at the model mounting position for both sets of flow-
conditions, using a traversing pitcit-static tube.
Turbulence intensity measurements were slso made at the
szme position using a traversing hot wire anemometer.

The results of these measurements zre shown in Figure
7.11. The velocity gradient measurements are in

rezsonable agreement with power-law gradients, the best

values of the exponents being 0.14 for the simulated non-—
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A4

C for the urban flow. These valucs
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a2re oI simlilar megnitude to those generally assumed Ifor
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D
3
ot
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i3

turbulence intensity

typical full scale values.

[.0.3 During a1l sets oI tests the air veloclities
were measured using a pitot-tube mounted on the centre-
line of the tunnel, with thne model in position. In zn
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 found,
I0or each set or Ilow conaitions, by which the centre-—line
velocity pressure was multiplied to give the model roof

1

(D

vel velocity pressure. 1nls corrected veioclty

pressure was then used 1n calculating all pressure

coefficient values in the test results. Prior to ezch
new set 0f readings this correction factor was checked

Ty measurlng a represen
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 were
used initially to determine the external pressure
coefficients on the faces of the building. Pressure
measurements were taken, at each of the 12 measuring

points shown in Figure 7.3, relative to the tunnel static
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rressure 2 the pitcet-tube pesition. Measurements were

rm A o ey e AT A A e 0 L 2ae@ s .29

vede 21 angles of incicence om 07 to 2457 in 15
intervals, Tor both gets of flow conditions., FPrsosssure
coerficlents for these noints were czlculated znd pressurs
coeliicients at tuwe venivllatlion opening positions

obtained by interpolstion. The external pressure

cosificlent distributions observed are given in Appendix
7.6.5 The internzl pressure measurement models were
then used to measure the internzl pressures inside the

moGeli uncer various conditions, and the results compzred

*,J
c!’
(@]
iy
ot
@]
<
‘_.Y
sy
ot
D
b
H
[

ternzal pressures. The tests were
repezted at a later time using the orifice plate model

TO mesasure tae acitual ventiliation rates and the results

agzin compared with the celculated ventilation rates.
Y uSiIng vohe WO moaels 1n conjunction and obisining

inrormetion on both the pressure difference distributions

s o

1 Tne models and the flow rates a much more comprehensive

1o e L, P . : A .t RN 3
movledge of the patitern of ventilation was chizined.
7E A Ty I - £l e ) - 3 + %

L ELD legsurenentys of internal pressure in tne model

were maae using the following procedure. The model was
set up with the model Ifront Iface set ait the reguired angle
to the flow, &, The tunnel was set toc the reguired speed,

using a pitot-tube mounted on the tunnel centre-line, and

m

. inclined tube manometer, to measure the dynamic head

I

T tne flow. The differences in pressure between the

model interior, measured at the internal pressure tappings



on sach floor level of the model,
nrassure were measured

The model was turned to angles of (8
and {180 - @)O and at each angle the

rapa=ted. inally the dvnamic head

neasured.

nessurement

ides of th

jon

Jrening areason o 81

Any difference in opening ar

oponcsite faces would produce errors
internzl pressurss. By turning the
ana averaglng tie resulis eny error
negaten. Similarly tne models were
2nd (190 = 0)9 in order that any eff
Ilow dalrection being notv parallel to
Tirne miskt bhe 2llowed for. The inte
cagurements, Icr each Iltor, were 2
25 an internal rTressure coeificient.
mezsurements, the internzl pressures

the relevant air flo
and the relevant interpolated extern

coefficients, The observed and comp

coefficient wvalues were compared.

.6.8 The experimental set-up fo

.

model venstilation rates vwas as shown

2
e

7.1

were cornected to one sei

- 17

and the tunnel

of terminals of

STETLIC

using the inclined tube manometer.

Oy s}
4+ 1807), (360 - &)
measurements were

of the air flow was

d

s taken the venti

model were nominally

e
ez on tne sets of

n the chserved

tMJ.

model through 1807

el this Trpe was
turned to (350 - 2)°
ects due to the =ir
Tne wunnel centre-
rnal oressure

srevo rod ang ocvmracood
ragec 2N yrreosted
A 1 oyt =
FOor ezch get o

computed using
the openings,
al pressure

uted pressure

r measurement of

by B

in Figures 7.12 and

The pressure tappings from the orifice plate model
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Furness'®

s
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cromznomaeter.

circuited with
remzined =2t zer

other.

cogieCved

ToO &
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econs £27 0%
e PR N Py
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ssure 4if

The electrical output of

cperated an electric typewriter.

czlibrated using an internzl

models

were

mezsuring

ileasurements of

then made using

The

'_
<t
D
3
ct
},_.J
—
oY)

electrical output

manometer

The system was

calibration system in

was

relative to each

Solarvron” Gata 10gger which, in turn,

tion rates through the

foilowing procedure.

The tumnel was set to the reguired speed and the dynamic

head of the alr flow measured, using an inclined tube

manometer,

2T Tne pLToT—Tucs

£

wriver., Lrne shnort-circult

line. The output voltage Irom
LeasSured &t zZero pressure QLI
circuit. The Terminals Irom the
switched 1n and a2 set 0 T
mezsured 2t half second intsrvals
recorded by Tthe Typewrit

switched in again a

difference again found.

alr

flow was ag

ain

Observed.

H

mounted on the

Finelly the dynamic

The results of

readings,

Tunnel

centre-—

the micromanometer was

SNOTrT—

.

then

the output were

YV'\tr a S

head of

then

nd the outrput voltage for zero pressure

The

gach set of

measurements were repeated at an angle of (360 - @)O to

the flow in order To compensate for the effects of flow

not parallel to the tunnel centre~line.

- 177 -



nressure difference voltage was found and this value was
subtracted Irom the orifice nlate voltazges. These

oo k| el

I T I - -

J:fTerences and velume ITlow ratves.. Tone mean volume Iiow
rate through the model was found. This procedure was followed
in order to eliminate any errors, due to fluctuations in
Tlow rate, which would be caused by using a mean pressure

he mean flow rate (A.S.M.E.,

1959). The mean dynamic head of the flow wa§ corrected

by multiplying by the appropriate factor to calculate

the wind speed at model roof level. The ventilation rate
wias then calculated as a rate corrected to 20 m/s wind

speea using the relationship:

1/,

v o< (df
AP oc (W)

Voo () /n
4 e R

N N~

no
~

or V - 20\ /n (h _]’Q>
OT ZO - \""‘\H'V"q s 8 oo e e

ror eacn set 0f measurments the volume flow rates were
computed using the relevant alir flow characteristics and
interpolatved external pressure coerficlents and an assumed
wind speed of 20 m/s. The observed and computed
ventilation rates were compared. A typlical set of results

for the models are given, in full, in Appendix A5.



Firaure 7.7, Wind  tunnel details,
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Figure L2l Section  through pressure measurement
model ; 2.5mm  diameter openings.
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Figure. 7.3. Exploded view of internal pressure measurement

model, showing external pressure measuring
positions and  ventilation opening arid.
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Figure 7.4. Section through orifice  plate  model.
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Figure 75, Detaill  section through orifice plate,
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Figure 76. Schematic

layout

of orifice plake  calibration

equipment,

Orifice plate model
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Fiqure 7.8. Calibration of orifice plate model, showing the eflect
of the mocdel front plate,
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Houndary

layer 1.

Fraure  7.11. Variction of wvelocity and  turbdence intensity  with
heght in model tests,
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Figure 7.77. Experimental  apparatus  used  with  the orifice plate

model .




Figure  7.13. Schematic layout  of  model  ventilation  rate

et b
medsurement  appdrcius.
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LODEL VENTILATION STUDTES — RESULTS AND DISCUSSICH

.
.

(@3]

.1 Introduction

€,1.] Model wventilegticn studies were carried out to
study the ventilation of an accurately defined set of
models under closely controlled conditions, and %o compare
trne results of the model siudies with calculations usin
gital analogue. The models, which have been
described in the previous chapier, were used t0 measure
her the internal pressures in the model, with respect

to a reference pressure, or the mean =zir flow rais

; , - Tmar cmmle o amd A e 2T T e e e D e
thrrsnoh the model, IOY oencll 2270 0L MTLEL CUBErVeTLons
et - e ‘} 4 P | R PP ] o PN . ey ey
s sromdt il afi o rats 2nd interyzl Dressures were

effect oif varying ventilation cpyening pvositions Trres
opening distripution patterns were use one with opening
distributed vniformly over the four valls of the model)

thhe second having a distribution pattern with two major
faces (each having nine openings) and two secondary faces
(each with three openings) and finally a model form with
ovenings in two opposite faces only. More detailed
studies were then made using the model with the simplest
opening configuration, that 1s with openings in two

oppcsite faces only. In this series of studies the air
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ventiliation rates measured.
The results of the experiments were compared with the

compuved figures, from which an estimate of the accuracy

of the znalogue technique was made.

8.1.3 Experimental studies were also undertaken to
investigate the effect of simplifications in the input

on wne accuracy oi calculated ventilation rates.

g‘l

.
[ SY]

O

Two fTorms of data simplification were considered in this
vart oi the work:
&) Ifne use 0 mean external pressure coeificient

values for each face of the building, instead

1GAVidual vaiues ior eacil Opening. 1nis

iy

o
was 1nvestigated by repeating the comparatlive
calculations and considering the additional

errors 1in

oy
R

The effect on infernzl 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 small surface Teatures 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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]

e

.1 pxternal pressure coeiilcient values, wnlcn

)
B
.

were required in order to carry out the calculations for
the comparative studies, were calculated from initisl
sets of measurements of the external pressures acting on

the models in the two different boundery layers described

¢}

previously (paragraph 7.6.2). These pressure coefficient

values are recorded in Appendix A4. The variation of the

mezn pressure coefficient value, with sngle cf incidence
0 Tne alriiow, 10r ©oTn pouwitary layers, 1s snowim in

T s 2 1 D P B ~T S TN G ] 7

Iigure ©.l. The variatlon 0I tTiue meall pressure

coefficient with angle oF

pattern in both cases, althougn the values measured in

hovmdsry Jlever TT a2re nronortionzgily gmeller +ths thnas
soumnary lavery 11 g2re Nroportionztln mzller Thsn Tnoge
B T Ml o A0t o
R T e N o T ey — g Ls — e - i D T Tw v o Chad ~
. R - ] . - EE— - L TR
cxplained by the reduction in mesan =21y veloclity over the

4

model’s height, due to the different velocity profiles in
the boundary 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 1in
reasonably good agreement with accepted design values
assumed for this shape of building, as shown 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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zood zgreement with the design figures, whereas the
v caused by the less steep velocity gradient of

boundzry layer II mekes the vzlues measured in that

poundzry layer lower than the design figures.

e il el s

TARLE 8.1 Comparison of observed pressure coefficient
B

values with design Iigures given in

Digest 119 Tor the model form used.

Angle oF B.R.S. Observed mean coefficient values
incidence Digest
oI airilow 11¢% Boundary layer I Boundary layer II
O ~ [:;
C 0.7 0.76 0.52
0
1o -0.6 -0.,65 -0. 34
2 an0 -
180 -0.25 -0.23 -0.14
T -~ - ~ o 5 -
| 2l -, ~-U. 0D ~. 38
L
8.2.3 The
T A Te G s van J s
h e wa e e e o
S S
Lol ooy oiiw
iifierences wers Interpreted as being caused by swirl in

model not being parzllel to the tunnel centreline.
Conseguently the pressure coefficient values used in the
comparative studies were calculated by averaging the
appropriate values for each opening position at angles
of incidence of 6° and (360 ~ €)%, This correction,
which was repezted when measuring ventilation rates and
internal pressures in the models, compensated for the

effects of the swirl.



‘he pressure coefficlient values acting at the
ventilation opening positions were estimated

values measured at the pressure tapping locations. The
openings were always located either in identical

ner model Taces, to Tue pressure téppings
or halfway between two pressure tapping positions and on

the same level., In the first case assumed values were

&}

taken to be egual to the observed values, while in the
second case the values were calculated by linear
interpolation from the values measured at the two

adjacent tapping positions.

8.3 Commarztive model ventilation studies -~ exverimental

results

07 opening positions on the internal pressures in a porous
model was studied. Internal pressures were measured and

calculatea Tor tne mecdel using different patterns oI
VENLTULILIATI N OpCnings Tiiree Openiilg Patiellls wel'e usSed,
representing a uniformly glazed building, an intermedlate
type and a2 bullding glazed on two opposite faces only
(Figure &.2). Tine measurements were made in boundary

layer I, using 2.5 mm. diameter openings 0 create the

porosity.

8.3.2 The variation of observed and computed values
0of the internal pressures with angle of incidence of the
alrflow Tor the three configurations are shown in Figures

8.3, 8.4 and 8.5. The internal pressures were measured
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arately at each level of the model, znd =zre presented

0N
D
F}j

£

separately in the figures. The variz
pressures between floors of the model, in anv set of

conditions, was relatively small, being normally less

i) - s - Lo -
n Armmment A e aod A st o1
¢ Jyiellc necald O variaviGil

e N
0

NE ~F +1 £ L.
voialaad ~ o Lia L [¥]

@

in computed and observed values on the separate levels
could not be compared accurately as the relevant internzal
resistances 1in the model could not be simulzted exactly

in the programme, which assumed the presence of an

‘,l‘

nternzl stairwell., Conseouently comparisons were made
between the mean observed internal pressures and

corresponding mean computed internal pressures.

(O] Ty = 2 - - ~e B o e -
C.3.3 Varizticns of mezn irnternz pressure occurred

with changes in distribution of the vorositv in the three
cases., 1 all Tiree cases there were signiiicant
differences between the observed and computed mean

internzl nreseures =t cer

¢

—
<
)
D
0

simplest case, opening configuration C (Figu

<k
'y
Q)

t

ot

h

@

observed pressure was significantly lower than the
computed pressure at angles of incidence Irom 0° to 60°.
The differences beltween the observed and computed values
became much smaller at angles of incidence of 750 and 9OO,
These angles corresponded to those at which the mean
pressure on the windward Iface of the model had become
negative. The differences between the observed and
computed pressures were interpreted as being due to
changes in the operating efficlency of some or all of

the openings on either the windward or leeward faces of
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At an angle of incidence of 750 the flow

“ne2 model,
acent to the windward porous face might be

5 2d]

exnected to have been significantly changed because of
v it

J

Consequently

AT ;e Al oot ra 3
¥ = Tad OL,Q\_IJ. v T

ration of the flow from that face.

)

s .
the disc

might have been caused by

A 43 -}
v U}.&au

znd computed pressures
uctions in the efficiency of the openings in the
and that these reductions

windward Tace of the model;
i . o 0
ere relatively large at angles of incidence between O

=nd 60° and were smaller when the upstream porous face

07 the model entered the separated flow region.

This hypothesis could be used to explain with

5.3.4
regsonable accuracy The results obtained with the other
(configuraiions L oand B,

igurations

CUEnIng coniigura
For both remaining opening cont

b1,
W
(@
4]
0]
y
d.
.
O]

@] ¢l
ler differences would be expected at angles of

0 0
or 907, when one face only

n

. ~ A0 0
incidence of 07, 157, 75
would be exposed To these conditions, as this single face

¥
l

C
|

would be relatively less influential in determining the
Furthermore the above

internal pressure in the model.
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 (OO and 150) than when the

less porous faces of the same configuration faced the
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0

7

. - ~ 0
main Tlow (75° and 90 ). These trends were observed

(Ficures 8.3 and 8.4).

@

5.3.5 These discrepancies were sufficlently large to

(OS]

suggest that quite large differences between the actual

and theoretical modes of operation of the model occurred.

L gseries of more detailed studies were cerried oul in an
attempt to determine the behaviour of the model more
zccurately. In these studlies the model was used with

the simplest opening configuration; with egqual numbers

0f openings on two opposite faces of the model. The

™o
je e

0
0

urements of mean internal pressure in the model were
repeatved at different velocltles Ior The same opening
size and poundary layer condltions, and the results are

A 2 TV memcoan
et -k ak .L.&é\/x.\.v

- ~ e
[ )
iy
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pressures followed similar patiterns to those presented in

T evmn A e -~ .r A A T e mmmm e 3
JLEgeTre 2.5 and no systematic diffzrences were Ooservzd
aue Lo tne cnange 1n alr velocity. ITne eriiect o1

varliaticon in porosity of Ttne moael faces on the mean
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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

windward openings to mean pressure 4rop across the

leeward openings.

indication

of the relative efficiency of

eration o

h3

This expression may be used as an

i

the openings 1n the windward and leeward faces of the

model,

an

i

d

]
1=

D

as 1is noted below:

flow into model,

1/
- _ n
V, = m.C.e_(C - C7p. .Pv ceees (8.1
: (P, = €D, ) (8.1)
flow out of model,
1/
- — —_ m — ~
= m.C.e5 (Cp. -~ Cj LTV cesee 0.2
Yo =W 1(Cpy Py ) (6.2)
V is the volume flow rate, mo/hr.
m is the number of openings/model face
C is the calibrated opening coefficient,
m3/hr/m_. z.
2 1g the mezn efficiency of cperation of the
"N b
openings in the windvard foee
eq 135 the mean =sificilency of operzticon of the
openings in the leeward face
C0  is the mean axiernzl prese cocerriclient

acting outside the openings in the

windward face of the model

C@i is the mean model internal pressure

coefficient

Cﬁl 1s the mean external pressure coefficient

acting outside the openings in the
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leeward face of the model
Pv is the dynamic head of fthe air flow at

the reference position, mm.wg.

anrd as the nev flow into tne model 1s zero:

- - 1/

m.C.eWi(CpW - Cpi) .Pv
Ny

= m*C.el.(Cp; - Cpl) n,Pv

- =\ 1
€ Cpi - Cpl /h

=
|
—~
0
Cad

or E— = p - o s s e 0
1 CPy Cp;
S.3.7 The results snowing tne eiiect 0I change in
Windg speed or porcsity on tne relative operating
efficiencies of the openings, znzliysed by this mzthed,

St myems

(O S Tl =

Mmoo orivac EATT A s A
j— RN N I VA [ )

-~ -~ O o
and ¢C7, the meean value 0of the

ratlio belng approximately 1.42 at 0° ana reaching a
maximum value of approximatelw 1.80 at 45°% zng 60Y. The
value of the pressure difference ratio for the computed
results varied between 1.01 and 1.03 over this range of
angles of incldence. At an angle of incidence of 750
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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w28 thougnht to have been caused because, at this angle

0f 1ncidence, three of the nine openings in the windwzrd
Zzce of the model with full porosity acted as air outlets,
so that the number of inlets and outlets became unequal

and conseguently the pressure difference ratioc was

-3

s

118 pattern of behaviour was confirmed by

3

® kN

[

€

ct

P I
“auwor

F)J

Flow Vlsvallsatlon, If allowance is made for this chan

-

in Dbehaviour in the most porous model, the real relative

o~

orifice operatin fficiency at this angle can bhe shown
fod

t0 increaese significently, as happened in the other cases.

o -

£.3.8 The observations of the variation of mezn
S e a1 e et AT e T AE e D e a2 )
——— ey e TS e T e bhie Radge T WL 1NCLAcnCe wWere als
maraat K

TETEZT

D TP S, P T wq s m ER PN :
ed I Toundsry lzyer II, using tne same opening
T

gle of inciden

ect of the velocity profile. The
clscrepancies between the observed resulis and the
computed results followed similaer patterns to those seen
in the results obtained in boundary layer I. Compzrative
nalyses were carried out in a similar manner and the
variation of pressure difference ratic and relative
opening operating efficlency with angle of incidence are
presented in Figure 8.18. No systematic differences in
pressure difference ratio could be identified due to

riation in wind speed or model porosity. The results

<
$
o

followed a2 similar pattern to those observed in boundary

- 202 -



lzyer I, the pressure difference ratio increzsing in wvalue

o , o )
from arnproximetely 1.4%5 a2t O te 2 maximum of

with 2 second mocdel in which 1.0 mm. dismeter openings

wers used te fcrm the venvilating openings. The variation

of observed and computed internal pressures with sngle of
incidence for these tests is shown in Figures 8.12 -~ &.17,

e - A S s T N LI - o~ e D
e verisgticn of the pressure difference ratios,

D

d from these results, is presented in Figur

[l
m
fot
(@
<
}_, 1
4y
=
(6]

5,15, The observed and computed internal vressures showed

Lt VN mmn AR i J N AT e AL PR B
SLTLLEY CQLBCTEeTENCLES WO TLlge OoBSsrVeld 1 g&r.ier

Ingh e P B ) N e —~ S O S [ T T B N S
Thic gffect mz Le geen clezyly 1 the valuss oi txns
vressure difference ratios wanlcn ranged vetween 1.14 and
g o I S A I -~ wmm oy A A 3 ey v Ty T ~
T.2C I0r The resulTs mezsured in poundary lzyer 1 ana

1,12 and 1.39 for the resuvlts measured in boundary 1z

PPN -

s Seal L ovoLE secona part oi wne conmpearative STUulLles

[

the orifice plate model was used t¢ measure ventilation
rates under similar conditions to those which had heen
vsed in the previcus studies. Measurements and

comparative calculations were carried out using 9 or 19
2.5 mm. diameter openings per face and 36 or £0 1.0 mm.

diameter openings per face on the opposite faces of the
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model. Measurements were made in the two boundary layers
used 1n the previous section of the study. The observed
and comouted ventilation rates are presented in Figure

8.20, 8.21, 8.22 and 8.23. For each set of conditions

[
10}
(D

re measured at several wind speeds,
and the observed rates corrected to a 20 m/s. wind speed.
The mean obs véd ventiletion rate, corrected to 20 m/s.
wind speed was calculated and compared to the computed

rate. These results zre summarised in Tebles 8.2 and

ventilavion rates messured in

(V]
l,
t
=]
[
Q]
O
O
[0}
]
<
D_u

poundery liayer I, using the model with 2.5 mm. diameter
openings TO produce the ventilation, showed significant

SIrences Iriin The Ccorresponaing computea ventiliation

SO R

4 races.
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ct
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1e Opservea ventllation rates, measured at 4 erent

wilnd speeds, represented a constant ratio of the
corresvonding computed ventilation rates. The mean
observed ventilstion rates, corrected to 2 20 m/s. wind
speed, at an angle of incidence of 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 obéerved ventilation rates showed increasing
differences from the computed ventilation rates as the

angle of incidence increased, reaching a maximum value

at 6005 where the observed rates represented approximately
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TLRTE 8,2 Computed and mezn observed ventilztion rates

for a 20 m/s. wind speed, 2.5 mm. dizmeter

openings.

S Computed Ubserved tandard
gﬁ?%gl;?; Ventila;ion Ventilation Ieviavion of
- - Rate, m>/hr. Rate, m3/hr. Observed

Raztes, m3/hr.
15 ovpenings/face
o 2.86 2.66 0.04
150 2.92 2.66 0.0%
BOO 2.78 2.38 0.06
50 2.61 2.15 0.09
600 2. 31 1.88 0.04
75 1.51 1.38 0.03
9 ovenings/face
0° 1.70 1,60 0.02
152 1.74 1.62 0.02
30; 1.66 1.50 0.02
i3, 1.56 1.37 0.05
E£C 1.38 S C.Cz
75° 0.80 .70 0.07
Soundzry laver I1
‘e o Computed Cresrved Stendard
£NELE Os Ventilstion  Venmtilation Ceviation of
+feLaence RPzte, m3/ar, Rats, md/rr, Otgerved
Ra%es, 13/}'11"9
15 openings/face
0¢ 2.31 1,98 0.03
TEO 2,37 .58 C.05
300 2.23 1.77 0.08
45 2.19 1.63 0,09
60~ 2.14 .55 0.05
9 openings/face
o¢ 1.37 1.19 0.03
150 1.37 1.17 0.03
300 1033 1.08 0.06
25° 1.37 0.97 0.07
60~ 1.28 0.94 0.03



-

TLRTE 2.3 Ceomputed and mean observed ventilation rates

for a 20 m/s. wind speed, 1.0 mm. dizmeter

openings.

Soundary layer I

ol - R
OO 1.68 1.64 C.03
?50 1.68 1.€5 0.G2
300 1.59 1.58 0.06
455 1.48 1.45 0.06
60 1.29 1.26 0.C5
26 orenings/fzce
f\o -~ -~ . - I Y
o Ve 9o UeSD U.0U3
152 1.00 0.99 0.04
BGO C.595 0.24 0.02
450 C.88 C.c5 C.C4
£0 e.77 o.78 c.c2
Boundsyrr lgver TT
NS N e e e T e e o
Ainsle oF CILTNTNE VOBETVEL LoTaneara
fié%;emga ntilgficn  Venvilasis ‘etion of
mTeEmEEEE , w3/ te, mo/i served
] ‘VV’J;/“--ﬂ
g, w2/,

Computed
Ventilation
Rate, m3/hr.

Ohgerved
Ventilation
Rate, m3/hr,

endard

[

Deviation of
Observed

wd
Retes

R m3/vm

6C openings/Tzce
O; 1.29 1.23 C.04
150 1.29 1.23 0.03
SOO T.2d 1.3 C.04
450 1.22 1.03 0.06
60 1.18 1.05 .04

36 openings/face

O
0
150
304
15°
60

QOO0
BT R
O N4~ O\

*

- 206

OOQOOO
\J1T O ON Oh =]
WG 0O

[3

0.03
0.02
0.04
0.06
0.02

lem



0

4% of the computed rates. The discrepancy decreased
. . [e] .
2% an angle of incidence of 757, where the cbserved rzte

represented about 89% of the computed rate. WMean

(o]
Hh

observed ventilation rates, expressed as proportions

B A Ayt L7 Ay - MY e vt e
the computed rates, are summerised

n
O
th

PSR S v

b

model conditions in Figures 8.24 and 8.25.

-

ry layer II, using the model with 2.5 mm. diameter
openings, show similar behaviour to those measured in
boundery layer I. The observed ventilation rates were
gzin lower in 21l ceases than the corresponding computed
rates. Ine discrepancies were in all cases relatively
larger trnan those measured in boundary layer I, but

o .

- S Dt T men mm b e el L T S I PR
CWel & Biniiar Pavier: Wita variadtlom 01 e allgse

of incidence. The mean observed ventilation rate at

6] ~ - i ~ -
07 =zngls of incilence was sguivelent to 8&% of the
clmputeaq rate, and tne dlscrepancy increasea TO a

4 - ‘ s Y« I .
meximum velue at an angle of incidence of ¢0°, wnere the

observed rate revresented 74% of the computed rate. No
measurements were taken at 750 beczause 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 observations were zlso repeated in the two
boundery layers using 1.0 mm. diameter openings. The
Observed ventilation rates in both sets of conditions

were lower than the computed rates, but the discrepencies
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between the respective values were in these cases considerzbly
smaller, The observed ventilation rates meszsured in
boundary leyer I showed little variation with zngle of

incidence, being equivalent to 98% of the computed rate
9 s

l
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Q7% of the ccmputed rat
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observed discrepancy. The results of the measurements

taken in boundary layer II showed a greater variation

-
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ventilation openings. In this case the observed
ventilation rate at 0° was equivalent to approximately
93% of the computed ventilation rate and that measured

was approximately equivalent to 88% of the

8.3.14 The mean observed ventilation rates are
wresented non-3dimensionally in FTigure 8.28 in zn attannt

TO reduce Tne Gata oObTainea. Ine iargest variztion 1in

ventilatidn rate was due to Tne change in bounasry layer
flow. Ventilation rates mezsured in boundery lzver IT
varied between 70% and 81% of the corresponding

meesurements made in boundary layer I. The ventilation
rates measured in the models with 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 correspondin
rates measured through the smaller ones. Small variations
in ventilation rate were noted with changes in porosity,

however the magnitudes of these differences were within
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the 1imits of the experimental accuracy. The results
rresented in Figure 8.26 suggests that for a better
reduction of results, other non-~-dimensional parameters
need to be included. A consideration of additional

parameters is made in the following section.

8.4 Discussion of results of the comparative study

§.4.1 Both the ventilation rates and the internal
pressures mezasured in the model tests showed significant
differences from the computed results. The measured
internzl pressures were in most cases lower than tThe
computed values, indicating that =2 larger proportion of

the total vressure difference acting across the model

e
4

ventiliation rates were lower than the corresponding

computed ventilation raetes. The results from the two
sets 0I owvservations appezred to be related to each other,
as Tone magnitudes 0T LOTn alscrepancies rollowed similar

patterns with variaticn of angle of incidence of the

alrflow and ventilation cpening size.

8.4.2 In order t0 assess the significance of the
results it 1s 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 of the order of I 0.25 m SV
This order of azccuracy of measurement would result in

<
g

pressure coefficlents being accurate to between - 0.01

S

[0

ST EVY

(6]

and £ 0.015, which would result in the

ked

difference ratios being accurate to between i 0.10 and
0.15. Errors could also be caused by lezkzge; any
lezkage might be expected to be shown up &8 veariation
in internal pressure with changes in porosity or

tetion of the model. No significant variation was
observed with changes in these parameters. Ventilation

rates were measured, according to the calibration to an

accuracy of s 5%. Errors could also be caused by extra

leskage through the model., Any errors of tnis type wo
again be expvected to be shovn up by varisti of the non-

dimensionzl ventilgtion rate with change in porcsity as

e ) “1 P I T i W, 3 PR g _— J SO
rete as the nominzl porcsity. No trends of Tnis type
- - b T P m o~ -y . e Tm e P
vere apnnarent in the resulte, The diecorzsyenclis Detvesn

conmeequently coulld mot Le svirituted 0 experimental
error.
8.4.3 By combining the data describing the pressure

difference distributions on the windward and leeward model
faces and the model ventilation rates, estimates of the
operating efficiencies of the openings in these faces of

the model were made. These estimated values are presented



in Table 8.4. The analysis suggested that the openings
in the leeward face of the model operated nezar to their
celibrated efficiencies in all the model tests, whereas
the openings in the windward face operated at
significantly lower efficiencies than the calibrsted

values. Three possible causes were considered in

m

ttempting to éxplain this behaviour:

a) Variation of externzal pressure distributions
over the model faces due to the presence of
pressure "sinks" adjacent to the openings.

b) Reductions in orifice efficiency due to
fluctuations in the pressures acting across

the openings.

S)J

c) Reductions in orifice efficiency caused by

}VJ

lateral flow over the model surfaces.

jo] 44 The mrecenrcs o0f mrogoyre Mainlba® od-scnant +-
=, 4.4 I'ne mregance 0 nroggure n aa.zcenT TC
e S - P S, ~ 3N R R L M . LI P T T
CLUSXILEgs 2CULLg S8 2L LIL.gSUE a8 peen Qescrioeda oy

T - T . oo Ming Lo R = . b -
Tzwson (Lawscn, 1C2%2)., The effect of zir inlets in &

rlzne surface is 1T0 cause variation in pressure over the
surface, pressures becoming locally much lower than the

mezn pressure at very small distances from the oOpenings.

o

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 relativel
y

large distances from the openings, and this procedure
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was repeaeted in the model mezsurements

TAZLE 8.4 Hean estimated operating efficiencies of
vindward znd leevard face openings, from
pressure difference ratios and ventilation
rates measured in model tests.

Orifice efficiency as a proportion of
calibrated value

B Ty £~

Angle 0O O ~0 3 9} ,leO € O

incidence - 1 30 42 c

2.5 mm. diameter openings, boundary layer I

windvard face 0.86 0.84 0.82 0.74 0.73

leesvard fzce 1.C4 1.02 1.01 1.02 1.01

2.5 mm. diameter openings, boundary iayer II

windwerd face 0.79 0.78 0.73 C.E5 .66

leevzrd face 0.6 0.05 0.0z 0.8% C.87

.0 mm. diameter openings, boundsry layer I

vindward face C.392 0.%2 0.92 0.87 0.88

lezewerd Tace 7,08 1.00 1.07 1.08 1.00

7.0 mm. diszmeter openings, boundsry larver IT

vindvard face .86 .82 0.80 C.& C.81

~eevward face ¢.co 0.06 0.585 0.94 0.04

z.4.5 The effect of fluctuations in mean pressure

difference on the efficiency of operation of openings is

difficult to assess accurately and is normally ignored

when calculating natural ventilation, as externzl pressures
zre assumed to be static. Significant pressure
Tluctuations did occur in the model studies, due to

variztions in the speed and directicn of the airfilow and
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the i

+

was carried out, Assuming that sinusoidzl veristicns in
pressure took place across the openings, integrated flow
o P I T v L L g oy kv -

zz througlh The Copenings were computed. No allowances
were made for inertiazl effects, the freguency distribution,

or waveform of the pressure fluctuzmtions, and consequentliy

2

this snzlysis could only be considered as a very crude

<,

I
¥

ude of these effects.

ct

egtimzte 0f the order ©

[}

magni
The results of the analyses, presented in Figure 8.27,

suggessted that the opening efficiencies reduced

considerably zs the pressure fluctuations increased in
value. [leasurements of the R.M.5. pressures zcting on

The model were also made, using =z "Scanivalve” pressure

Valueg of the R.M,S, mressurss me

- PR RN B ] 3 i P e

8y
L

[calisie gl an?
[N

-
o -

m
W

shovn in Filgure 8§.28. Trom these measurements estimates
0f The reduciion in operating efiiciency of the openings

N

TC Tnls sllsct were msde, and tnese, togetner witn

HTh m s Te mam m ommeen o el e o e Do s et e e 3 - T T ~ 7
CLE o LTLST JOTUSCULVLS Hawuo, arc SWHNETr1L8el 1N Laple O. (s

oth the 1.0 mm.

e

g In efficlency of
and the 2.5 mm. diameter openings due to the pressure
fluctuations measured in boundary layer I were estimated
to be very smell. At most angles of incidence it vas
estimzted that the efficiency of the openings would have
been between .98 znd 1.C0 of their calibrated
efficiencies. The largest reductions in efficiency would
have been at angles of incidence between 75° and 1050,

and at these angles the openings would have been operating



T efficienciles of approximately 0.95 of the calibrated

voue. Tre reductions in efficienc

3]
o)
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o
ct
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the pressure

rer IT were 1

D
Y}

oo
e

e
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[

openings in
the windward face varied vetween 0.91 at O anda 0.96 at
€0”. Smaller reductions in efficiency were calculated
Tor the openings in the leewzrd face; estimated values

'

being between 0.88 and 1.00 of the calibrated value.
t

seems unlikely that the pressure fluctuations

3 }3
5

"
w
1=

N

zre The mein ceuse of the discrepancies between the

observed and computed results.

8.4.7 The third possible explanation of the
experimental results which was considered was the
aiTteration 0I The opening periormance due TO alr stireams
Tlowing leterally across the openings. The effect of
lateral alr movement on the periormance O0f The openings
used in the model tests was determined experimentally

vy repeating the celibration measurements for the openings
with an zir sitream, of known velocity, flowing past the
czlibration plate. The calibration apparatus (Appendix
£3) was set up at the open end of a smzll air duct, with
the test plate aligned with one wall of the duct. The
flow velocity was measured using a pitot-tube mounted
adjacent to the openings and at a distance of 3 mm. from
the plate. Calibration measurements were made with no
lateral flow 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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Calibrztion measurements for 2.5 mm, diameter

openings with different external laterzl flow

velocities.

Igteral Dynamic Pressure aP/Pv Tffective
Tlow heed, difference orifice
veloclity, Dy, mmovg. dP, mm.wg. efficiencz

Se. 3\ 4,)
m (dPO/dP)O 3

Volumetric flow rate, 0.210 n3/nr.

0.0 0.C 15.2 % 1.00
8.0 4,0 19.9 5.0 0.87
12.7 9.9 21.7 2.2 0.83
17.2 18.0 23.5 1.3 0.80
Volumetric flow rate, 0.175 mB/hr.
O-O O;o 10'2 Oa ‘]aoo
8.0 4.0 13.9 3.5 0.85
12.7 9.9 15.4 1.5 0,81
17.2 18.0 17.1 1.0 0.7%
Volumetric flow rate, 0.136 m3/hr
0.0 0.0 £.0 o 1.CC
3.C C 8.6 2.2 0.83
12.7 a.a c.8 1.0 0.77
17.2 18.0 11.0 0.6 0.73
Volumetric flow rate, 0.100 mB/hr.
0.0 0.0 3.1 o 1.00
8.0 4.0 4.5 1.1 0.8
12&7 909 5-5 ‘6 O 74
1702 1800 6&5 O 68
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TABLE Calibration measurements for 1.0 mm, diametver
openings with different externsl laterzl flow
velocities,

Lateral Dynamic Pressure aP/Pv Effective
flow head, difference orifice
vel%fi% TIM.WE &Y, nul.wg. efficiency

m Sa ~ O"6O
/ P
(d_O/QP) |
) !
Volumetric flow rate, 0.028 m”/hr.
C.C 0.0 12.6 o 1.00
4.0 1.0 12.85 12.8 0.99
7.2 3.2 12.8 4.0 0.89
11.9 8.6 12.4 1.6 0.97
16.0 5.5 13.5 0.9 0.96
Volumetric flow rate, 0.023 m3 /nr.
0.0 0.0 .15 o 1.00
£.C 1.0 .25 9.4 0.99
ez 3.2 9.5 2.9 C.98
11,9 8.6 5.8 1.1 0.96
16.0 5.5 10.1 C.7 C.cs
Volumetric rate, 0.017 r~
c.C C.3 2.3 oz 1,00
4.0 1.0 c.4 5.5 C.cg¢
7.2 3.2 5.5 1.7 0.6
11.9 8.6 5.8 0.7 0.85
1G. U 5.5 6.1 0.4 .91
Volumetric flow rate, 0.0711 mB/hr.
0.0 0.0 2.5 o 1.00
4@0 ?.O 206 206 0098
7.2 3.2 2.6 0.8 0.98
1119 8;6 2.9 004 Oag'f
16.0 15.5 3.2 0.2 0.86
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d
could be related to the ratio of the pressure difference
acving across the opening To tne dynamic nead of the
lateral flow, as shown in Figure 8.29. The measurements
were repeated with the openings acting as outlets.
Under these conditions thé efficiencies did not appear

10 be significantly affected by the lateral flow.

8.4.8 Estimates of the influence of this effect on
the observed results were made by measuring the lateral
flow velocities around the model and calculating the
reduction in efficiency of the openings in the windward
mocel faces. lieasurements 0I the alr velocities were
mede using a2 hot wire anemometer with the probe mounted
edjacent 1O one Iace 0I Tne model. Thne anemometTer prove
wes mounted in three positions, at equel intervals slong

.

the face, 2T a height of 45 mm., and a distance of 3 mnm.

4 ) <4 T n Nl . L2
“rom the medel surfzace. AT ezach zngle of incidence a

£
L

(@)

mesn velocity was und, and the results presented as

proportions of the free stream roof height air veloccities
(Figure 8.30). The velocities found, 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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extent than the 1.0 mm. diameter openings. It is thougnt

ffect occurred because the air supply for the

)
(=]
[0}
Q]

from the 2ir much ne

iayer eifect caused by the model surface. The reductions

were also larger for the observations mede in boundary

]A_J

ayer II, due to the higher lateral flow velocities
relative t0 the pressure differences acting across the
model. The size of the correction also increased as the

angle of incidence increased, the maximum value being,

- , - o)
for both boundary layers, at an angle of 60°. The

E P
1.8 EIIECU agr

~ s
= S = o
[ORVAN - OEVNTR G En TR0 L A

well with the discrepancies between the observed and

comruted results. It is likely that these flow conditions

zre The major fazctor causing the discrepancies.

8.4.9 Corrections were made to allow for the combined
effects of the lateral flow and pressure Iluctuetions on
the efficiency of oneration of the model ovenings, znd

using these values approximate estimates of corrected
ventilation rates and infternal 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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Summarised corrected ventilation rates and

pressure difference ratios allowing for the

effects of

pressure fluctuations and lateral

flows over

=
SurIz2ces.

Corrected ventilation rates
o)

Boundary layer I 0° 15 300 45° 60° 75°
1.0 mm. diameter A~ a o a .
openings 0.99 0.99 0.98 0.97 0.95 0.96
2.5 mm, diameter a _

- .94 Q.94 . ] . .86
openings 0.4 0.94 0.91 0.86 0.82 0.8¢
Boundery layer IT
1.0 mm. dizmeter a
openings 0.93 0.93 0.94 0.93 0.93
2.5 mm. dlameter 4 gs (0,85 0.84 0.80 0.80
orenings
Corrected wressure difTfsrsnzes »2ollS
Boomdery layer T
jIy gme SESESMED 902 1,02 1.05 1.10 1.18 1.07
../;_;V.‘..;.-___..au
2.5 mm. diameter 4 AE 4 AE a4 an 4O e oar 4 e
Openll’lgs e 2 e i e Tl [ R R ie T e
Zoundary layer IT
7.0 mm. dizmeter s o0 4G .0 .13 .18
O-Denil'lgs ey [ |« &\ e | O o |
2.5 mm. diameter a
openings 1.58 1.54 1.72 1.88 1.92
ovenings in boundary layer I were the smallest in value;

the mean ventilation rate being 0.97 for angles of

S o) o) :
incidence between 0~ and €07, while the observed value

was 0.98.

~ 219 -

The largest corrections were calculated for



the 2.5 mm. diameter openings in boundary layer II; the

mean value of corrected ventilation rate being 0.83 of
tne computea ventilation rate, while the observed value
was U.01. The pressure difference ratios showed less
good agreement. Values calculated for the 2.5 mm.

crenings agreed guite well with the observed wvalues, but

________ NS~ [P

5

the wvalues calculated for the 1.0 mm. dizmeter openings

however the corrections indicated that larger pressure
drops would be expected to occur across the windward face,
to reduced efficiency of cperaticn of those openings,

2s vwes Observed 1in tThe moael experiments., Consequently

Trne combilnea eifect o0 tnese two factors was taken to be
g rezsonables sxyplensticn Tor Tlis discrepencies nctved
vetween tThe observed and computed results.

C.7  AGSiticnal experimantal results

8.2.1 In =zddition to the comparative model results
twe further small studies were carried out. In the first

rentilation rate celculations were repeated, for all
the model studies carried out, using mezn vressure
coefficient values for the model face instead of
individual values for each opening. The total
ventilation rates calculated under these conditions
showed close agreement with the previously calculated
rates. The agreement between the two sets of ventilation
rates was within 2 - 3% for a1l sets of results. It was

concluded from this study thet mean pressure coefficient
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values could be used to calculate total ventilation rates
with no significant loss of accuracy, =zs the differences
were well within the accuracy limits of other data used

in natural ventilation calculations.

8.5.2 The influence of small scale surface features
on ventilation rates was 2lso investigated in order 1o

estimate Tthe inaccuracies caused by neglecting these
Teztures vwhen chocsing appropriete pressure coefficlen
values. Ventilation rate measurements were repeated

using the orifice plate model with 15 x 2.5 mm. diameter

Fh

openings per face in Ttwo crposite Tfaces. Three separate

{o]

types of suriace Ieature were applied TO The porous

Tzces of the model and in each case ventilation rate

U S mpy o S S D . R A ~0 ~~0

MEaSUreiiellvs Wwerc ade av angicsS Ox LncliacncCe 0L U o, Hv
o) :

and 607, The configurations consisted of patterns of

~ hes e D v N mme O mmr e eat e e atrAa s AT T ee e T A s o ~ 7 haolralio

D emmas ° P Liei @ WL O MTA DUl e oD L T NL OO Ths v el SI=nter ] e e WAL D

znd a gric 0l opeams and columns outsice Tne vuilalng
envelope. The strips representing veams were mounted 2%

eights of 30, €0 and 90 mm., and those revresenting

varigtions in ventilation rete 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 within the

limits of accuracy of operation of the programme.
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.5 Conclusions

3.6.1 The results of the comparative studies of
natural ventilation of z series of simple models showed

that ventilation rates and pressure distributions
ve accurately predicted
using conventional natural ventilation theory. Calculated

tion rates were higher thzn the cbserved raztes;

trhe differences between obssrved and predicted ventilation
rates increased in more turbulent flow condiftions and in

the tests carried out with the larger ventilation openings.

The pressure daifference distributions also showed
gignificant variation from the computed distributions.
Pressure differences were lazrger across the windwerd

Taces than across leeward faces. In some conditions,
using the model with two identical porous faces, the

the

+h

-
pressure Qrop aCcross ithne windward face reached /5 ©

3
sure drop across the model.

[
O
ct
0
‘._'
3
s
(6]
[47]

Cu0.2 The discrepancies between the obssrved

- ey

ventilation rates and pressure distributions and the

-~

corresponding computed values were caused by reductions

-

in the efficiency of the ventilation openings when
compared to their calibrated efficiencies under conditions
of stezdy pressure difference. The openings in the
windward faces of the models were affected to a much
greater extent than the openings in the leeward faces,

The reductions in efficiency are thought to have been

caused by fluctuations in the pressure difference zacting
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zcross the openings and by lateral flow along the
wrizces of the model Tfaces. Approximzte corrections
cwing fcor these eifects showed good agreement with

i0n

R

ates,

C.0e3 The computed ventilation rates showed

encies from the observed rates of 0% - 20%, It

jon
=
U}
‘ﬂ
‘d

is possible that in full scele buildings discrepancies
of This order of magnitude will alsc occur as the
relative lateral flow velocities and pressure

fluctuations will probably be of a similar order of

3

magnitude to those experienced in the model work. Full
cale measurements of the distribution of wind lozds on

ruildings have shown that relatively high wind loads zre

10£68), and this behaviour was s=lsc noted in the medel

ERET 3 N P A
studies. The limits of accurzcy of aveilable data oz
- K o - 5 . ~ reed e A~ A AT e 2 -
nredicting design wind speeds, window infiitration

Pagap o L mame mem N PN -~ e
coefficients and nressurs coelficient alucs 18 such tLat

the digital anslogue could tes used To produce an

acceptavly accurate estimate of total ventilation rates.
Simplificetion of Infermetion reguirensnts by using mean

pressure coefficient values for the building faces,
ignoring the effect of small scale surface features, did

not lead to significant additional errors.



Figure 8.1. Observed model pressure coefficients at  different

! £ V N
angles of incicence,

boundary layer I — — —
ooundary  idyer O ———-————=

0.6 / ¢

\. i
Ok — \ ;
ro/ A :
[ \ !
F 3y \\ i
\
[/ .
v \‘\ ) |
| 1 | \
O.z | vy I AR
I .\X
|/ | Yo
L i \ !
b [ ‘p i
; | i i
0.0 i T T T 3: 1 i i H 'g: . . H i \\ i v H '
Lo ! N
I ' W
i o W
N i § P 4
N i ; J ! vy ,
”0‘2 S ; T 1\ ‘v( s
B \\ i “/ j . \ i ///
. ' \ /
\\ \\\ !:’ by ’/‘ !
N / af ! \ //
~ N 1
~ \ \\ s ;’ | \\ ! /
""’\J.‘{Q Y 7 } VN 7 g
\ ; i
\‘ \\ A /e \ i Nt /
: 1N
N ) |
N\ ! \i -
“0,6 \ ! \;/z
| !
i
i
]
!

.8 \
180° S0° 0° 270° 180°
Angle of incidence of air flow



TR

ek ST AR

Eoure

Opening  positions used 1o  evaluate variation of internal
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Ficure 8.4. Observed and computed internal  pressures, opening
configuration B, boundary layer I, variaton with angle
of incidence.
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~ure 8.5 Observed and computed internal  pressures, opening

- confiauration C, boundary layer I, variation with angle
of incidence,
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Figure  8.6. Variation of observed and computed mean internal pressures
with _angle of incidence of airflow, opening configuration C,

9x2.5mm openings/face, boundary layer 1.
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c~_re 8.8, Varigtion _ of observed ond  computed  mean _internal _pressures

with angle of incidence of airflow, openmg  configuration  C,
3X2.5mm. openings/face, boundary layer I.
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Variation of observed and  computed mean  internd  pressures

- |
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with angle of incdence of airflows opening corfiquration C,
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Figure 8.12. Vaniation of observed and computed mean internal pressures
with ange of incidence of airflow, opening confiquration C,

36x%10mm. openings/face, boundary layer 1,
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Ficure 8.%4. Variation of observed and  computed mean internal  pressures

with ande of incidence of airflow, opening  configuration C,
2x1.0mm. openings/face, boundary layer I,
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Flqure 8.16. Varigtion of observed and computed mean intermal  pressures

with angle of incidence of dirflow ¢ opering  confiquration C,
4 x1,0mm, openingsface, boundary layer I.
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Figure 8,17 Variation of observed  ond  computed mean  internal  oressures
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Figure 8.18.  Variation of pressure difference ratio, CprCoiCoi-Cpy) and
relatve orifice _operating _efficiencv, (Ev/e), windward face openings:
leeward face opernings, with angle of incidence, 25mm openngs.
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Variation

of pressure difference ratio sCPxCoMCH-Coy) and,

reictive  orifice operating efficiency, (&w/e,), windward face openings

leeward face openings, with angle of incidence, 1.0mm openings.
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Varigtion of observed and

computed  ventilation rates with

ar velocity, opening

configuration C, § and

B 2.5mm,

openings /face, boundary

laver T,

veritiation
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wre  8.271, Variation of observed and computed ventiction rates with
' cir_velocity, opening  configuration Cs 9 and 15 X 2.5mm,
openings / face, boundary layer IT,

ventilation
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Figure 8.23.

Variation of observed and computed ventilgtion
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Foure 8.26,  Varigtion of non-dimensional  ventilation rate, y(m.C.(Pv/Dv?,
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Fiaure 8.2% Variation of computed orifice operating  efficiency  with
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Fiqure 8.28. Variation of orffice _operating  efficiency  wih lateral  flow  velocity,
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9. A DISCUSSION ON DESIGN METHODOLOGIES

2.2 Imtroduction
9.1 The model studies discussed previously have
demonstrated that ventilation rates and pressure

difference distributions cennot te predicted absolutely
accurately 1f the simplifying assumptions made in natural
ventilztion theory are used. However ventilation rates
predicted using this type of analogue, at least in
situetions of wind induced cross ventilation, are within
accepseable accuracy limits when considered in relation

TO The accuracy oi other input variables. Natural
ventilation 1s caused by naturally occurring motive forces,
ilavion raves are variablie and
dependent upon the meteorological conditions occurring
et

IO R R - S
TO0L0giCaL 1acCwlrs Ire

Ay}

normeliy assumed TO0 aliifect natural ventilation; wind
speea (wnich may be furtner suvdivided into mean speed,
turbulence intensity and wind speed profile), external
temperzture and wind direction. In order fto develop
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 varieswith 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 buildings. These are:
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9.1.

the maximum rate of heat loss from the building under

winter design conditions. A considerable proportion

P T i B B
i RE (SR C RV, -

ct

s ¢f a building taxes place

£

}. ]
@]

[0}

a to infiltration or ventilation.

<M
beczuse ¢f los

9]

fo)
h

&)
[
)

Consequently an estimate of the infiltration rate

when the heat loss from the building is 2 maximum

de

must be made in order to gize heating plant and

distribution networks.
the average rate of heat loss from the building
throughout the heating season. An assessment of

the average infiltration rates must be made to

v Elhe buildins
A R v\-’-_‘...i.w\.-‘_.i.i'éo

on the environmentsal control methods to he usged,
The fecsihility of using neturzl ventileticon Jor

for mechanical ventilation and may limit the
permissible degree of glaging or permissible building
depth. In this context the designer must be able to
evaluate the amount of ventilation possible under
design conditions so that an approximate estimate of
the likely quality of environmental control can be

made.

3 The design methodologies currently available

have been discussed critically in section 2.4. 1In this

chapter some of the factors affecting the development of
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sucn methodologies are considered briefly in relstion to
tne methods currently available and possible alterations

the methods suggested.

[

.2 The prediction of infiltration and ventilation rates

Tor heat loss calculations

2.1 The methodologies currently available for

O

rredicting infiltration rates in buildings, are of two
types; those using the alr change method and those based
on the crack method. Of these the more objective and
accurate are those based on the crack method. Fully

N 3 vy v A e - O N T Py
romputeriged methodoleogies tased on this method nevw

[43]
joT]

1). However even witn the

o
=3
6%
ft
1]
O
b

-
prt
L0

tean suggest (
more sovhisticated analytical technicues significant
rs will normally De proauced because oI the

inaccuracies due to data errors and the simplifyving

nomograms will be of sufficient‘accuracy. Of the
methodologies noted, the most comprehensive method
appropriate for simple design calculations is probably
the crack method presented in the I.H.V.E. Guide
(I.H.V.E., 1970). Conseguently it was decided to use
this method as a;ﬁasis for discussing the limitations
of the current methodologies and the areas in which

rezlistic improvements to them may be made.

9.2.2 The T.H.V.E. method for predicting infiltration

rates in buildings is described in section 2.4 and in
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zreater detall in paragraph 3.4.13., The use oi
method Tor estimating design heat loss rates may be

gv-z\)-Se C:’! fona e £ rﬂv\"‘*'t STTOTS ==

L o e S e

I P 3

A S VI S S

jo]

in

rerticular he

[

[§)]

F-by

(’f’

ion of the 2o

D
o

ica

]

introduced due Lo over—simpli sum
meteorological design conditions. The method calculates
2 maximum likely infiltration rate, rather than an
infiltration rate applicable to conditions of likely
meximum heat loss. This rate is found assuming an
extreme wind speed value and conseguently it 1s assumed

that stack effect is always of secondary significance.

Eeat losses are then estimated by calculating the heat

loss due to the maximum infiltration razte, assuming =2
gimultaneous occurrence of the mawimum likesly

temperature difference. Because the freguency of

ccocurrence of combined high wind spseds and lovw
temperatures is relatively small significant overestimates
of infiltration heat losses and underesti Qtes of the

importance of stack effect in design situations are made

using this method

"

G.2.3 In the above method one standard meteorological
wind speed is assumed to be revresentative of conditions
over the whole of the United Kingdom. The variation of
meteorological wind speed in inland areas throughout the
country is relatively small, ten percentile wind speeds
for Kew, Abingdon, Keele and Renfrew being 7.2, 7.3, 6.8
and 7.7 m/s. respectively (M.O., 1968) a variation of the
order of F 10%. Consequently this approximation may be

made with reasonable justification. However considerably
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nigner wind speeds are noted at coastal sites, for

i

gxzmple at South Shields and Fleetwood the corresponding
sveeds zre 2.2 n/s. and 9.3 m/s. respectively, due to

the increzsed exposure 0f the sites. These should be
aliowea Ior 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 maximum infiltration rate.
This would also seem to be justified as meteorological
mean wind speeds are relatively constant as wind direction

varies in most inland areas. At Kew, for example, the

Tifty percentile wind sypesed variss between a minimum of
= /= LA 1A ~ - ~n=0 ~ ,:O R
2.5 m/=. for winds coming from 2257 - 3197 and a maximum
- . . - o o = 1
of 3.2 m/s. for winds coming from 135~ = 225°, (Chzndler,

. Comsiderabnly greater variations would normally
be exvected due to different loczal ground roughness
conditions 1T this varied with directicn zround the
building. Cénsequently the design meteorologlical wind
speea may reasonably be assumed to come from whichever

is the worst direction for the building being studied.

Q9.2.4 When considering infiltrzticon hezt losgssss toth
wind sveed and temperature difference are important and
the rztitern of simultaneous variation of wind speed and
externzl temperature will determine heat losses. Lacy
(Lacy, 1972) recommends that bivariate analyses of wind
speed =znd external temperature be used for determining

metecrological design conditions. Bivariate analyses

show walch combinations of temperature and wind speed



occur preferentially, and, in relation to the calculation
0of heat loss, the frequency of occurrence of combinations
0of low temperatures and high wind speeds. In particular
bivariate analyses show that combinations of low
temperature and high wind svneed occur relatively
infrequently. This effect nas been analysed empirically
ey Billington‘(Billington, 1966), who suggested that
ventilation rates calculated ignoring this effect would
represent significant overestimates of the actual rates.
Full bivariate anelyses are not suitable for simplified

ediction technigues of the type being discussed as the

e
i

data format is too complex to handle easily; they are

much more suited to fully computerised predictive

technigues. A more usefuvl Zorm for the metsorologicel

zpplicable to specified outside Temperature ranges. Using
e

this method 2 sultable design wind speed could

Tor the externgl temperaturse range under comsiderstion,
G.2.5 In Figure 9.1 the variation of three design

hourly wind speeds with temnerature 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 shown are smoothed
curves found by calculating, for 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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sveeds beccome much lower at very low external tTemperatures.
Design temperatures used for calculating heat losses in

X . . o) 0

the United Kingdom vary between -1°C and -67C, and depend

on the building shape and the overlocad capacity of the

o+

. Figure 9.1 clearly shows that in this region the

123

i

assumption of a 9 m/s. design wind speed (which
zpproximates to a one percentile wind for all conditions)
. . . o)

in combinaticn with a —-17°C external temperature, as a

basis for calculating infiltration heat losses, would

1]

result in very conservative plant sizing.

. £ & more suitable design criteria might be the
eed which is the nrpercentile wind
r for

- . . 0
o A Nem e m A R . ) -y
Speed 10 Tne Temperavure oi -1 0 (Ol" &

~ , o} . .
z renge oFf temrerztures below -1 C), as it 1s for

lroece cglenlations are made. It can be seen that in some

tzzzs, Ior sxmample using =2 design temperature of —6OC,

be still lower. However, the amount of overdesign would
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
the conditions 0°C>T»—-1.1°C the fifty percentile, ten
percentile and one percentile wind speeds at Abbotts
Langley are 0.83, 0.75 and 0.7% of the corresponding
values for zll temperature conditions. In the same way

that arguments may be made for adopting single design
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wind speeds and design temperatures throughout thecountry

so these modified wind speeds may bhe typical of other

areas. This may be confirmed to some extent, as estimated
ten percentile wind speeds for the conditions OOC;>T;>—1@10C

were Tound to be approximately 0.8, 0.8 znd 0.6 of the

corresponding values for all temperature conditions at
Manchester Airport, London Airport and Renfrew

or

-y

respectively. Conseguently it 1s suggested that,
calculating infiltration heat losses, a modified design
wind speed could be used. An appropriate value for this
would 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 temperaiure condisions
might be suitable. The resulting design infiltration
tes would be of the order of 0.67 of previously

calculated values, which agrees reasocnably well with

Rillington's conclusicn thzt more rezlistic building hess
TnaAdo ﬂf\‘\]jd he rc2lepnnlated e lalsrisvme Fho vosvwe ]l oot e
loads could be cz2lculated by halwin g the = 1 decizm
rate ¢of heat loss due to infiltration.

9.2.7 When 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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O

[N

the building no allowance for stack-induced

14

l

Tiltration is made as the stack effect will tend o

(@

zuse exfiltration, which creates no additional heat load.
The use of an approximation of this type, when

2t 1

D

gs extreme wind speeds,
such as wind speeds at low temperatures or wind speeds
typical of meah conditions, is no longer appropriate.
Tn tThese conditions, when the relative importance of

stack effect is much greater, the combined effect must

s considered more carefully.

ion of gross ventilation rates and

gu

T2 alstrioution ©0I ventilation under comblned wind and

P cvmA Flanm Apamtamtaa e Ll g gemmaal Lo
v v e By Tk e o e A A [ Ry [ R O o N - e WA U el s

Figures €.2 and 9,3.

9,2.9 A nomogram for predicting wind induced
ventilation is presented in Figure 9.2. The form of the
nomogram 1is based on the method given in the I.H.V.E,
Guide, with the exception that the estimates may be made

2t different meteorological wind speeds, and can

consequently be made for a greater range of conditions.



Also, the window cracks are assumed to have a flow
exponent of 0.67 as this is thought to he mors
representative of actual values (see Figure 4.5). The

chart is used to obtain a basic ventilation rate, which

-

ig found by estinati iglly, a design pressure
difference, dependent upon the building's surroundings,
it's height and the meteorological wind speed. From this

pressure difference and the mean glazing leakage

h

coefficient a bvasic ventilation rate can be found.

Suggested values for meteorological wind speeds are given

TABLE Q.1 Suggested approximate meteorological wind

speeds for infiltration rate calculzstions

maximum intiltratvion rate 9.0 m/s.

Infiltration rate for maximum heat loss 6.5 m/s.

Mean infiltration wrate 2.8 m/s,
Yeering fouxnd 2 basic infllitrstion rate e totas

infiltration rate could then be found using correction
fectors to allow for internal subdivision of the bullding,
and a representative crackage lengtn, 1n the same way as

is recommended in the I.H.V.E, Guide method.

9.2.10 A nomogram suitable for predicting stack-
induced ventilation, developed from a series of studies
carried out using the natural ventilation analogue
described in Chapter 5, i1s presented in Figure 9.3.

The chart is of a similar form to that which predicts
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wind-induced ventillation and is also used t0 egstimate a

1c ventilation rate. From a design pressure

)
%)
'J

-r‘\
&

ifference (found from the building height and design

ch

cemperature dif ference) and assuming a relative stairwell

(
i
{
t
b

0
(
f
i

coefficient, the basic ventilation rate can be found.

The magnitude bf stack~induced ventilation is determined,
10 a large extent, by the resistance of the stairwell
doors, as all the air flowing through the windows on one
f1oor has o0 pass through the doors to travel to other
Tloors., Stack effect may often be assumed to be less
important than is realistic because the doors to vertical
shafts, which are designed to be relatively air tight,

L1

re zssumed to be alwgys closed. In practice the

0

vertical shafts are major circulation routes, particularly

nf the stzirwell doors. To illustrate this effect

estimated stairwell dooor resistances for different

[

I NN
v eelLD v S 5

e presenved in Ietvle 9.2, Zaviung rouad
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.

g9.2.11 The total infiltration rate for conditions

where combined wind-induced and stack-induced ventilation
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ctive stairwell door resistances for

e
ferent patterns of use to i1illustrate the

T
effect of door usage on vertical flow
sist

(calculateé using an assumed 4 second door
opening)

Toukle door, 3 mm. gap, closed

permanently 160 3/*r. mm.wg. "7
Double doo 5 mm. gap, closed -
. =0 md we, 09
permanently 250 m”/hr. mm.wg.
ouble door, one leal opening, 5 0.5
c. 20 times/hr. 750 m”/hr. mm.wg.
Double door, one leaf opening, 5

¢c. 50 times/hr. 1,500 m3/hr. mmewg,o

A

ouvle door, permanently open 25,000 mB/hr. mm.wg.o'

zre acting simultaneously can be approximated by assuming
That the combined rate is equal to the higher rate caused
by one effect acting alone (Dick, 1950). This effect was
investlgatea using the diglital analogue for several

puilding forms. The results suggested that the errors

cezses. The srrors were greatest when the wind-induced
ventilation rete was equal to0 the stack-induced

te; the assumed vzlues being 10% - 20%

o
b

ventilation r
smaller than the corresponding computed combined values.
The errors rapidly reduced in size at other values., The
distribution of maximum infiltration locad on different
floors may also be relatively easily estimated by
comparing the total infiltration rates due to wind acting
alone and stack effect acting alone. The variation of

combined infiltration rate, at different floor levels,
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with the relative magnitude of stack induced ventilation
Figure 9.4, The increase in trhe combined
infiltration rate decregsss approximately linesrly with
height; a2 simplification which may be made with

¥ R

tration Loads with height. It is hoped that the

| -]
3
i
]_.J
}WJ

development o0f a design method based on these assumptions

would produce significently more accurate predictions

=y

s
v

Iy

without adding too grezatly to the complexity o e

methodology.

9.3 The prediction of Dossible ventilation rates in
buildings.

g.3.1 The development of a methodology for predicting
possible ventilation rates in buildings Tor zgsessing the
Anrroo of entyd ‘f-f‘\mmen"“ﬁl POT e l 2 < S <5 A7 T 57
wmTamlioo UL ChLV LD VLl L contTyro pOSSl{J;e 18 \T@I‘,}f Q1liiIlCculit.
"hilst design infiltration rates are mainly dependent

upcn the air tighiness of elements of tne vullding and

zrz predominently dependent on the patitern of use of the
ding by it's occupants. Two aspects o0f ventilation
zie Ol priuwary imporiance waen conslidering the Ieasipility
of natural ventilation for envirommental control; the
degree of individual control avaeilable and the maximum
amount of wventilation possible in design situations
without any compromise of other aspects of the use of the

building.
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a,3,2 Little advice 1s available to the designer
concerning the eveluation of nzturzl ventilation in these
situstions. The only applicable technique noted is that

given in the I.H.V.E. Guide, 1970, and described in

in buildings for.several reasons:

=)  the method disregards building exposure.
Building height and location largely deuermlne
mezn site wind speeds, and the wind speed
determines the magnitude of the available
motive forces.

b) the method disregards the permissible open area
available for ventilation. The likely
ventilation rate obviously depends on the open

lation opening. In many urban

arses the permissible open arez may be

restricted dus To provlems of noise control or

ssourity 2nd thig feeftor will often affect the
PR A R S <IN H

feesitility of using neturel ventilat in

P e e A4 PR . .
Giie I gulesS gavell arzs ple 4 direc Cly &g air

[0}
M

s
.‘.‘L:»

o
s

change rates. In a bullding with a constant
area of ventilation opening the air change rate
is dependent upon the building depth. Under
any given conditions the air flow rate through
the building will be relatively constant as

building depth changes, but the air change rate
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will decrease as the building depth increases.
In many situations a designer is concerned with
establishing a permlissible bullding depth for
given site conditions in order 10 compare the
design constraints imposed by the use of
naturzl vantilation with those of alternative
methods of ventilation.

a) the values found from the tzble are not relat
t0o the parameters which the designer can control
and conseguently the table gives no guldance as
0 how the performznce can be altered by

changes in design.

£ 1 ek e - R -3 -
O,2.12 The develorment 07 =z glternative mathodolog;

0 predict the degree of individual control that can be

ined in s naturse_ly ventloated buiiding is not

practicable at the present Time. Individually sn occupant

cocnseguently a 1 er tne ventilztion rzte, however the
recise rate and the eifectiveness of the ventilation
will depend upon the pattern of air flow throughout the

tuilding and the previous history of the ventilating air.

Lved

Teither the accuracy of the digital anzlogue technigues
nor the accuracy of the information available on likely
detailed climatic conditions or patterns of use of

buildings are sufficient to predict any meaningiul

L

prerformance figures of this type, and conseguently the

zssegsment of control can oniy be considered generally

e

on a qualitative basis. A more practical concept for the
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development of a2 methodology is the evaluation of a
meximum ventilation rate for the whole building under
normal summertime conditions. A design figure evaluated
cn this basis could be used to determine the

racticability of natural ventilation for environmental

control. Ii the maximum ventilation rate available
under design cbnditions, and without interfering with
other aspects of the use of the building, is sufficient
t0 enable the mean thermal conditions of the building
to be kept within acceptable limits then naturasl
ventilation may be feasible. If not, then some

mechanical control will be required.

Se5e4 in epprozch T0 = dsslign methodology which might
meet these reguirements is suggested below. The method

cannot be regsrded as aGsguate 10 deal witn all design

zgis For further Aevelopment than the method

civven in the IL,HELVVLVE, Guide, 1970, The method is based
onn the use of 2 nomegram of & similar type to those used
Tor predicting infiltraticn in bulldings. A possible

Torm of the nomogram 1s shovn in Figure 9.5,

9.2.5 As 2n initial step in estimating the maximum
ventilation rate possible an evaluation of the permissible
open area of opening must be made. Window opening may be
limited by meny factors, some of which are security,
safety, noise control, or the control of the ingress of

dust or fumes. In many cases, particularly in urban
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reas, the most serious of these factors will be noise,

nd this evaluvation could be based on the reguired

o)

ascoustical performance of the building facade.

Consequently a simple nomogram 1s provided for

L)
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facade. This nomogram is based on simple calculations

of combined sound reduction indices for 70% solid wall,
30% single glazing and variable areas of open window,

No allowences are made for transmission by other paths,
and so the values found are only approximations of the
actual likely periformance of the building facade. Having
Tound the permissible open area of facade the design
meteorological conditions must be considered. The choice
of design wind speed would be dependent upon the
probezbility of occurrence of the other meteorological

paremeters considered in calculating the thermal loads
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easily be used. In some cases, for example 1n sheltered

areas, stack effect may be of greater significance than
Wwina, ana so tne prediction 0i ventilation rates aue to
stack effect is also considered. Temperature differences
of 4°C or 6°C are used. Tt is assumed that a maximum
difference of 4°C might be appropriate to a high level

of environmental control, (maximum mean daily internal
temperature 2300, assuming a maximum external daily

temperature of 1900), and that 6°C might be appropriate in
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~0st cases for an accentabls standsrd of control.

0.2.0 It was found in the digitel analogue studies

(TQ

Tnat the mean ventilation rate per unit area of facade,

zveraged Ior all angles of incidence, was similar for

forms znd forms glazed on

poth uniformly glazzed buildin

UQ

only In both ca the mezn ventilation rate

O
N
{0
[
)
u
]

[4]

o
T

48]

Tor all angles of incidence was approximately 85% of the
wzZue calculsted for a bullding glezed on Two opposite
faces at an angle of incidence of 0°. Conseguently,

wnen celculating the likely wind induced ventilation rate,

2lovance for the effect of variztion of angle or

S.3.7 The nomogram could then be used in a similar
menner t0 the ones used to rvredict building infiltration,
= combining building heighv and location for wind-—

nduced ventilation, or tempesrature diiference Ior stack-

S m N U TS AT S o 3 o 22 e - -
LILGACEd VELTLLETL0N, ana conmsloering wnlcrnever creaves
T T T P S A H N S T, e m e _— DS e e -
JLT O STeRNED WENUILGULOL Tevs, & TESSUrse Giiiercence value

¢czuld be found. From this figure, anda xnowing
permissible open area of faczde, 2 maximum likely
ventilation rate for tne building per unit area oOf
fzcade could be read off. The coverall ventilation rate
could be found by multiplying this figure by one half of

the facade area of the building, and an air change rate

iy

found by dividing by the building volume. Finally it
would be necessary to make allowance for the degree of

internal subdivision of the building. It is likely that
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tiils could be done using a series of simple factors, by

£

which the basic ventilation rates could be modified, in
2 similar manner to the method suggested in the I.H.V.E.
Guide infiltration calculation method. The development

-

of a methodology of this type covld not he regzrded zas

completely acceptable as a technigue for evaluating the
adequacy of néfural ventilation. One major limitation
is that the methods, both for predicting infiltration
rate and ventilation rate, caused by wind are really
only applicable to relatively isolated buildings. 1In
conditions where buildings are grouped closely Tthe wind
pressure acting across the building will normzlly be
much lower. However this type 0T methodology probably
offers a more realistic approacih to The problem of
assessing the feasibility of the use of natural
ventilation in relation to the other design psrameters

or are affected Dy, ventiletion in

- 264 -



Figure S.l. Variction of design wind speed with external temperature at
Abbotts Langley.
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Fiqure 9,7. Nomoaram for predicting  wind _induced _irfitration.
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Figure S9,3.

Nomogram

for

oredicing stack

induced

infitration.
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Figure 9.4, VYarigtion of maximum combined ventilation rate  with  postion
and relative magntude of wind and stack effects.
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Figure S.5. Suggested nomogram  for estimation of  maximum  ventilation
rates avaiable for environmental  control  in summertime.
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Figure 8.5, Suggested nomogram  for estimation of  maximum  ventilation
rates availlable for environmental  cortrol  in summertime.
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10, CONCLUSIONS

10.1 The present analysis of techniques for
predicting natural ventilation rates in buildings hes
veen divided into two aspects; a consideration of the
information required in order to carry out the
czliculations agnd zn investigztion of the validity of
assumptions made 1n the calculation procedures. These
two aspects inter-relate z2s The accurzcy of the op
of one aspect dictates the accuracy required of the
other. A knowledge of both parts of the problem are

fezsibility

(o]

eded iT g balesnced consideration of the

4 D

01 developing predicitive metnoaologies is TO ve made.
10.2 A review of some previous studies of natural

ventilation in buildings was made. It was found that
moet studies fell into one of two categories; full scszle

studies end digitzl zneloguse studies. Neither

T e = 2

1, Full scale studies have established the relationsnips
between ventilation rate and the major meteorologiczl
factors causing ventilation; wind speed and direcition
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 which might be

found in these buildings under normal conditions.
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e

However they are of insufficient accuracy 1o
establish the influence of other design parameters,
such as porosity or building shape, which are
required to establish general predictive technigues.
The full scale studies have been carried out in 2
very limited range of building types (generally
small doﬁestic buildings), and consequently the
infiltration rates measured are not representative
of many other types of construction.

In the analogue work a number of simplifications
have been made in order to calculate ventilation
rates. In particular it is assumed that the
aerodynamic forces, which act on the buildng,
produce 2 series of quasi-static forces over the
surfaces of the building, and that the internal
temperature distributions zre uniform throughout
the building. Ventilaticn rates are then

2z simple network of cells with spscific flow
resistances at the cell opoundaries end no internal

Tlow resistance,

Tavmea ot +h

N RN e W

L ol et L e R L A S R s R e et o
CQidlh WE AT DL v T eed Ude WL &4 VeV el

have been compared with any full scale or model
scale studies and so the significance of these
simplifications has not been assessed.

There are considerable differences in the values

of external pressure coefficients and typical window

infiltration coefficients used in the various studies

reviewed.,
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information requirements
ventilation retes are
difference, approprizfs pressure
values and alr leakage characteristics

o

Zabric and erior. Inaccuracies in wind speed and air
“eakage characteristic values were found to be of greatest
significance in&affecting the calculated ventilation rates
zg ventilation rates are approximately propdrtional to
the assumed wind speed and alr leakage coefficient
values. Errors in assumed pressure coefficient values cor

Temperature differences are less significant as the

o . v [ S U - .
rentiletion calculzftions were invastligsted znd zre
- e £ 3
summarised below:
] m1- I - KN . T S N S
1. The lzrgest zrrors 1n Sstinmatlig ventiiztvion rates
g N “ “ gy PRI -
zre probably czused by the uncertainties in

estimating site wind speeds. ind speeds can be

estimated above broad categories of generalised

terrain using a logarithmic wind
These estimates are not strictly
general roughness height, within

are located, and are not correct

velocity profile.
appropriate in the
which most buildings

where groups of

buildings, situated close together, create z combined

distortion of +the mean wind conditions in the arez.

Valler et al (Waller, 1968) suggested that extreme

site wind speeds can be estimated to an accuracy of
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the order of j 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. Targe errors may also be caused by errors in gssumed
alr leakage characteristics. Errors are largest in
the asSeésment 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, due to differences in
design, material and standard of construction 1s
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 wind speeds.

{ad
L]

Brrors caused by the use of incorrect pressure

_—e I T

different workers show 2 range of the order of . 20%.
This range might cause errors in ventilation rate of

T I PN EIEN
TCracay Le888 Tozl tne

Co

.+ s o .
about - 10%, which is consi
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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1C.4 A series of comparative studies were carried

out in order to0 ascertain the validity of the assumptions

N
D

4 in natural ventilation theory =nd the zccurscy of

<t
;
D

czlculations made using these assumptions. Two types

study were attempted; a comparison with the results

O
iy

[}

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

Tollows:

1. The observed and calculated ventilation rates in
tne full scale study showea relatively large
differences. 1t was thought that the differences

L B | o
vEB WErt Liargesy

retween the observed and ccxputed ra
due to errors in the observed ventilation rates,
cavsed by diffusion of trzcer gzs z2nd zcticn of
simulsanecus s

effect, and 0 errors 1in

estimating the leakage chearacteristics of the building.
Because of the possible presence of errors due to
these effects it was not possible to make an accurate
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 ventilationragtes occurring. Measurements of

the internal pressures in the models indicated that

the errors in the computed ventilation rates were

- 274 ~



caused mainly by reductions in the working efficiency
the openings in the windward face 0f the model.
The openings in the leeward face of the model

appeared to operate at, or near to, their calibrated

(o1

R
o

jeN

efficiency mezsursd under ot

()]

24y condi
The reductions in operating efficiency of the
openings in the model studies were thought to have
been caused by Ttwo 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 rezsonable agreement with the Observed

rressure distributions.

individual coefficients, which vary with position
over the face, 1I0r caiculating ventilation rates did
not cause significantly greeter inaccuraciles 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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of the computed ventilation rates.

10.5 From these studies it was concluded that the

use of a simplified ventilation theory, which assumes

that a network of gquasi-static forces acts over a building,
will not accurately model conditions in a rezl building.
In full-scale bulldings with known air leakage
characteristics and assuming known meteorological
conditions it is possible That the errors between the actual
z2nd computed gross ventilation rates will be of a similar
orcder of magnitude to those observed in the model studies,
in which the computed rates were up to 20% higher than the
ovserved rates. Insufficient information on lateral flow
velocities and pressure fluctuations and the effect of these
oin full-scale ventilation openings is avallable, at the
vresent time, for corrections to allow for these effects to
~¢ fezsible in design calculations. However tne aigital
znalogue methods are of sufficient accuracy, when compared

to the accuracy of the available input informetion, to be

used to predict gross ventilaticn rates in complex buildings.

10.6 In relation to the errors caused by the acc

$\7

cy
i1evels oI The input iniormation available at the present
time and simplificetions made in the assumptions used in
ventilation calculations, the development of more
sophisticated analytical methods are not likely to produce
more accurate design methodologies. The practical levels
of accuracy which can be attained in predictive ftechnigques

are limited because ventilation rates are largely decided.
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Ty the patterns of use of a building by its occupants, and

-
v the
these cannot be accurately predetermined. The prediction
of mavimum or normal infiltration heat loads in buildings

could be improved by the use of design wind speeds which
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weather conditions, and by a more detailed consideration of
the influence of stack-induced ventilation. No fully
zdeguate methodology for evaluating the potential natural
ventilation rates in buildings in summer conditions is
svailable 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
with = maximum permissible open facade area, evaluated on

2 basis of =acoustical or other relevant periormance

the building facade. The usefuln
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igitzl analogue may be greater in evaluaiting the

O
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performance of new ventilation systems; Tor example the

racticality of combined mechanical and nziural ventilation
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analogue Tor comparing the periformance oI a combined

ventilation system with a totally naturally ventilated

system is given in Appendix A7.

10.7 Some important limitations of the present work
must be recognised. The most important restriction, which
was imposed because most of the experimental work was
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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may vary considerably more from the computed rates than the
total rate for the complete model did. This may be
rarticularly important in situetions where wind aznd stack

effect are acting simultaneously. Under these conditions,

opposition to each other, the secondary effects due to
lateral flow or pressure fluctuations may have greater
influence in amending the actual ventilation rates.
Consequently, although the computed gross ventilation
rates have been shown to approximate reasonagbly to actual

rates, the air flow distribution through a building may be

considerably less accurately revresented.

10.8 The comparative model studies have shown that
ventilation rates cannot pe accurately represented by an

analysis assuming quasi-~static forces to act at the

Tuiiding suwrriaces. DBelore wne relevance oi the model

studles can be firmly established with relation to
conditions in Tull-scale buildings further evidence of the
validity of the model conditions in representing the

.

eppropriate full-scale conditions must be established.

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
required. 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 additionzl disturbance due to the vekes fronm

rer buildings might also be expected to affect the air

ay
0]
m
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ot
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W
s
D

Tlow conditions around the model. As th

representative of urban situations the imvortance of this

[$Y]

U)
Fh

(D

rect of the grouping of buildings must be evaluated

before the quantitative results of the model work can be

relzted realistically to full-scale conditions.

'“J

O
O

The results of the model studies are 0T
particular significance in relation to some aspects of the
wind loading of structures. Wind loads on building
clacding are determined by the external aerodynamic forces
which act on a building and also by the distribution of

the vressure differences throughout the elements of the
buliding. Several investigations oI wind 1oads on puilding

cladding have found that, relatively, very high wind loads

- T P S -

carried Uy the windaward irace. 1nls panenomenocn was

[

e

Ay

opserved in Tthe model studies. The effect of changes in
erficiency oI the ventilation openings due to0 the secondary
effects noted in the studies can be used to explzin the
wind loading distribution on the windward and lecward faces

0f 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



spacses through one opening or openings in one wall only.

ade

2L
b

(ﬂ
jo 7]

In these con ions ventilation rates are probably

determined largely by rressure fluctustions and turculent

B A A -~

diffusion, which makes the use of an znalcgue of the type

R g IR R e
wsed ©0 Pl C\JL.I-\IU crogss

<y
(IJ
’,.J
ot

ation in buildings inappropriate.
A second aspect which requires further refinement, in order

:

to improve predictive techniques, is the prediction of

wind speeds and pressure coefficient values in urban
conditions, where close grouping of buildings means that
the standard wind speed prediction technigues are no longer
applicable. In some naturslly ventilated buildings the
effect of non-uniform temverzature digtributions on
ventilation patterns or the ef

5 A+ oy A e ey
zct of gir movement patierns

in accentuating non-uniform temperature distributions, due

to vncontrolled wrerticzl =iy mcvement, 1s o conslderable
significance to the thermal comiort of the occupants. In
order to study these gituations with greater ceriziniy the
velidliy 01 The simple resistance network analogues which
1eVE Leen studied nere must ve established with greater

accuracy in relation to the prediction of air movement

patterns inside buildings
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APPENDTY A7 A nrint-out ¢of the Digital Analogue Programme

Developed t0 Determine Building Ventilation

Rates
Al.1 In this appendix a print-out of the digital

=malogue progrzmme, as combiled for use on the Sheffield

vniversity I.C.L. 19C7 Computer, is given. The programme

is written in Fortran 1900 language. In the comparstive

model studles the programme was used aS presen

frd

that the input wind speed was assumed to be the on-site
wind speed. In order to do this card €8 was replaced by

RN

znotner card:
WIND = WINDMET

ra

. D
Taliie wWads 1acllvilais o

&
typical set of results from the programme is presented in

£1.2 lne Iori0wWing are tne major abbreviaetions ussd in

() Number of rcoms on floor J

I Room number

¥ Number of floors in building

J Floor number

FLTOFL Floor to floor height, m.

HT Building height, m.

WINDMET | Meteorological wind speed, m/s., at 10 m.

height in open.country

WIND Site wind speed, at building roof height, m/s
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VY og e v

VEL(J,M)
PDE(J,M) or
PDEL(J,M)

PCOETFE(J,™)

VC(J,M) or
VC1(J,M)
PDC(J,M) or

PDCL(J,H)

Interior/exterior temperature difference,
0
C

Pressures generated by stack effect,

ric fiow rate through the externad
opening in room M, floor J, m3/hr.

Pressure difference acting across the
external opening in room M, floor J, mm.wg.
Pressure difference acting across the
external opening in room M, floor J,
expressed as a pressure coefficient

Total leakage coefficient for the extern=l
opvening in room M, floor J, ms/hr mm.wg%/h
Reciprocal of the flow exponent for the

externgl orening in room M, floor J

.ti’ NN L

External pressure outside room M, floor J,

caused by the wind speed, mm.wg.

Total pressure outside room i, floor J,

O

1

caused by W and stack eilect complneaq,
mm.wge.

External pressure outside room M, flcor J,
caused by the wind, expressed as a pressure
coefficient relative to the free stream
wind speed at the buildiné roof height
Volumetric flow rate through the internal
opening in room M, floor J, mB/hr,

Pressure difference acting across the

internal opening in room M, floor J, mB/hra
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o
!
O
td
txf
-}
Q
N
€

CL2(J,M)

z2(J,M)

PSTATIR(J)
CL3(J)

z2s(J)

PNCS(T)

ZINFILT

ZAVVENT
ZSTDEV

Pt

3]

D

"

ssure difference zacting zcross the

+

-

internal opening in room II, floor J,

(D

expressed as a pressure ccefficient

=)

rotal lezkage coefficient for the inftern=zl

P . nr = NP - w3 4T 1,/11
Ning 1il Troom imy I400T v, W™ /0r/Hil. WE.

<)
[
‘,).

IS
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 stairwell, mm.wg.

Total lezkage coefficient for the corridor/

stairwell opening, m3/hr/ﬁm.wg1/h

-h

Reciprocal of flow exponent for the
corridor/stairwell opening, floor J

Preggure 41

1

ference octing

v -

O]
(@)

9

@]
&}
O]
+
3
o]

corridor/stairwell opening, floor J, mm.wg.
Corridor pressure, floor J, due to wind
acTing alone, mm.wg. |
Corriacr pressure, Iloor ¢, Que ToO wina
and stack eifect combined, mm.wg.
Sum of ventilation rates for all rooms,

2,
m~/hr.
Sum of ventilation rates for all rooms where
the flow direction is into the building, m>/%
verage room ventilation rate, m3/hr.
Standard deviation of all room ventilation

rates, m3/hrk
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Appendix Al Digital andlogue progamine to  determine  natural  ventilation In buildings.
Line, Column.
10 20 30 40 50 70 80
H IllllilullllllllliiillllllItlIIIIIIIllIlIllIllllllIIlIIlIlIIIIIIIHI!II!III!II
1
b4 JOB RBTSVENT4., 1807BT5C, BILSBORRQW
3 FORTRAN 1, CRO(BTAVENTALPROG),CROCBTSVENTLDATA)S500,5000
4 & ok ¥
5 DOCUMENT BTYSVENTAPROG
4} PLOGRAM(BISVAIBO7BTSC)
I {4PUT 1=CRQO
3 0UTPUT 2=LP0O
Y END
10
" MASTER VENTPRLUTA
12 ff THE »ROGRAM COMPUTEX VENTILAVION RATES AND PRFSSURES BASFND ON THE
13 C ENUATION FOR FLQU THRQUGH AN ORIFICE VaCL * ((pD)Y ww 4/7)Y
14 C EYTHER FOR AN ARRAY oF CLIMATIC VARIABLES OF VALUE}
15 C WIND SPEED 0.001 1,0 2.0 4,0 6.0 8.0 TEMP DIFF 0.0 8.0 6.0 24.0
16 C WHERE INITVIAL VALUES sHOULD BE 0.001 M/Ss. AND 8.0 DC.
17 £ OR FOR ANY SPECIFIC CASE WHEQE THE VAIUES OF THE VARIABLFS ARF NOT
13 £ ANY OF THOSE OCCURRING IH THz CLIMATIC ARRAY
19 C
20 C INDEPENDENT FLNOX% BY FLOOR ANALYSIS GIVING PW(J)
21 C
22 C N(J)Y IS NO, OF ROOMS ON F{OO0OR J M 18 ROOM NUMBER
23 ¢ K IS NO, OF FinO=rs J IS FLOOR NUMBER
24 N VE OR VE1 TS VaLINFE FLOW (MHB, FROM EXTFRIOR YO ROOM M
25 C Ve OR VE1 1S VOLUME FLOW CMH, FROM ROOM M TO CORRIDOR
26 c VSTAIR 1S VOLUME FLOW RATE CHMH., FROM STAIR TO CORRIDOR
27 C PE OR PT 1S EXT, PHESSURE M{I,WG, QUTSIDE ROOM M
23 C CE 1S PRESSURE COEFFICIEN! QUTSIDE ROOM M
2y C PDE OR PDET IS PRESSURF DIFFERENCE MM. WG, FROM EXTERIOR TO ROOM M
30 C PCOEFFE 1S5 PRESSJURE DIFFERENCE FRUM QUTSIDE YO ROOM M
39 t IN PRESSURE CORFFICIENT FURM
32 C P OR PDCY IS PRESSURE DIFFERENCE MM, WG, FROM ROOM M YO CORRIDOR
35 ¢ PLCOEFFC IS PRLSSURE DIFFERENCE ROOM M TO CORRINDOR
34 C IN PRESSURE COFFFICIENT FuRM
35 I PC OR Pw IS PLESHURE j» CORRIDOR MMWG,
o OR PSTATR1 SLUR M
56 !ll!ll1ﬁﬂl!lllllllllﬁlllllﬂlﬂ!%lIII%IHNI%lﬁaﬁwﬁHHIIW%llll*lliITTT'lIITrfrVWTII1T'
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Appendix Al Digital analogue progamine to  determine natural  ventilation i buldings.
Line. Colurmn.

10 20 30 40 50 60 70 80
INEREER IR RN AR R AR RN R AN AR RN AR RN R RN AR RN R
¥4 DIMENSIUN PT (10,20), pw(10) '
34 DIMENSION VECI10,20),PDEC10,20),PDC¢10,20),VC(10,20).PF(10,20)
30 DIMENSION VE1(10.20),2p0E1¢90,20),pPnCA¢10,20),ve1 (10,200 ,CF¢10.,20)
40 DIMENSTION Z4¢10,20)0,CL1¢50:203,22¢10,20),C12C10,20,Pc¢10).N(TD)
41 DIMENSTON PSTATR(10),VSTAIRCIO) »CLS(I0),25¢10).PDCSC10)
b2 DIMENSION PSTAIR1(10),pPDC51¢10) PCOEFFE(10,20).PCOEFFC(IN,20)
43 READ(T,1010K
44, READCT L 1046YFLTOFL
45 Hr=FLTUOFL*K
L6 101 FURMAT (12)
A4 D) 40 J=1,K
L READC(T 109N CI)
1Y DI 41 M=1,N(J)
50 READ(I 10 CLICI D, CL2CI M), 2000, M), 22000 M)
51 102 FURMATCLFO . 0)
52 L CONTINYE )
53 READCT 103)CLSCI) 25
5y L0 CINTINUE
55 READCY AD&)Y (LCECH, M), M= ,0Cd) ) =1 ,K)
56 104 FORMAT(200F0,0)
57 READCT AO3)YUWINDMFT.TDLFF
58 103 FIRMAT(Z2F0,0)
5o D) 44 J=1,¢¥
61) WalTEC2,109)d,CLSCd)  25¢Cd)
51 WRTITE(?2,106)
62 DI 45 M=, N(J)
6% 45 WRITE(Z2,M0PICECCI. I, CL1Ct, M), L2 . M),721¢4,M),722C0.M)
64 L4 CINTINUE
65 105 FIRMAT CYHO,M0HFLNOOR NOL=,i2¢10X,6H0LS=,F6.1.5X,3H2S2,F5.2)
66 106 FIRMAT (20X, 2HPFE 10X, 3iCLY 10X, 3HRCL2, 30X 2HZY1 +10X2HZ2)Y
67 107 FIRMAT (20X, Fb. 2, 8X+FE7 40K F7 .V e8A.FL,2,8%X:Fk.2)
68 WINDSWINDMET*T,62% ((HT/S0Q0.0)«%0,33)
69 PWTOT=0,0
70 D 46 J=1,K
71 DY 47 M=1,NCCJ)
72 47 PECI M) ZCECY I %N, 0624%WT J0*WIND

AR N R A R R N N R N N RN N
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Appendix Al Digital andlogue  programime  to  determine  naural  ventilation  In
Line. Colurmn.
0 20 40
e e v L _LLJJJI,LLLJ Lo e el i!l RN
73 46 COHTINUE
74 Dt 29 a=1,K
75 CY¥CLE=1.,0
76 PETOT=0,0
77 D) 18 M=21,NCJ)
76 18 PETOT=PFETOTHPECS D)
7Y PIrAVGePFTOT/NCI)
30 D 27 M=1,M0J)
& PoE{Jd, M) a(PE(J . MY =PEAYGY /2.0
82 PGS, M) =(PELS , MIY=PEAYGY/L.0
85 IT(PDECI MY, EQ, Q0.0YPDECI, 20,01
34 IFCPOCCI M) EQ. Q. 00PDCC(d, =004
85 27 CONTINUE
&6 17 ALIMI=PDE(J 1)
8r ALIMZ=PRECI L, NI
88 Dy 11 M=1.NWJ)
89 TS (PDEC MY, GE. O . OOVELS, M =0l %(PPE(I M) nw (4/2900. M)
90 IF(PDECI MY LY. D . OWWEWI, M)2=C LI, N)w
91 4 (CCABSCUIDECS M) )% (1/21¢0eM)Y)
92 JF(PDC (I M), GE, D0 . 0OVC (I Mi=CL2CI M) w(PDCI  MI*W(1/722C0. M)
03 11 I1F(PDCCU MY LT, 0. 00VE U  HommCL2C(d M)
Q4 1 CCABSCODCCI, MY *w(1/22( 1 M)))
95 20 Dt 12 M=1,N(J)
96 VECI,MY=(VE (S M) +VE (I, M)) /2,0
Q7 12 VECd e MYsVE G
24 H=0,0
29 DY 25 M=1,NGJ)
100 23 HaH+VC (4., M)
101 Dy 19 HM=1,NCJ)
102 19 Vedld o M)sVe G, iy =it/ NG
703 TFCABSCABS(VECT 1Y) ~ABSCVLGI,1Y)).6T
104 1 (ABS(VO (I ,1/10300.00)360 TG 20
105 D) 13 M=1,N(J)
106 TFCVECI, M) L GE,DL,OXPDECI M) =C(VECI, MY /CLTCI M) % ZY (I, M)
107 IF(VE(J.M LT, O.O)DDE<I,WW~~(((&B§(VF(l: I3/ CET (S MY YRR ] MY
108 VC(J My, Gb O.G;PDC(J, =(VC<JaM%/FL2§HVM)) *Z?(ﬁtﬁ)

i

l%lllill!il NN RN R R AR RN

TErTTTT T TTeiTd



Appendix Al

Line.

909
P10
111
112
13
194
115
116
P17
118
11y
120
721
182
123
124
125
126
127
128
129
130
131
32
1335
134
135
136
w37
138
139
140
141
142
143
Th4

Column.

Diglal  andlogue  progamime  ty  deiernune  natiral  venulauon e baidings,

10 20 30 40 50 60 70 80

IR RN R AR R AR R AR R RN R RN AR R RN RS

13

22

21

15

16

31
108
28

1
1

1

ITF (VT MY LT, 0,00PDC(d M)z ((ABSIVCCI MIIV/CI 200 MYV ew72¢d,M))
DO 146 M=1,N(J)/2
FI=pPNECS ) +PDCC, M) =PDCCY (NCIY/24M)=PDECI,NCIY/2+M)
SPE(S  M)=PECS ()7 2410
FECFT,.E0.0,0)F1=71+0,001
TF(PECS M) =PECU I/ 2+M) 221,22, 21
PRECI MI=PDECI D =FA%pDECs M)/ ((PRECI MISPDC (Y . MII%2. 0
PRCL, MYSPDOCI MY =F 1% 2DCCu MY JC(PRECI , MIFPDCCI . MIY22_ 0)
PRCCI/NCIY/24iD=DD0CU , NCI/2%M)Y+F1+PDCCI NCI)Y/2+M)/
((PDECH NG/ 24D +PDCCI ,NEI)/2+MI ) %2 .0
PRECI NCIY /2+IDYS0DECY NGO /24 M) +F1wPDE(I S N(JY/24M)/
CCPDECH , NCIY /241D +PpC I NCIY/2¢M) ) w2, ()
G) TO 24 '
F=F2/F1
PDECI,M)=PDF(J, M) +F
POC(S s+ MYSPDEC(S MY F
POCCS  NCII/ 2+ =PDC (S, NCJ, /24M) wF
PRECS,NCIY /2y =PDECY ( NC /2% M) wF
CUONTIMUE
COINTINUE
D) 15 M=1,N(J) =1
G=(PECS, MI~PRECI I ~PRC()  M)«pPF (I, M+ 1) +PDECI M+ +PDCCI  M+123 /2.0
PHECI s MISPDFCIL I 4GRPOF (), MY/ (PDECI,M)+PDC (I iMY)
PHCCd ) =PDCU DY +GHPOC(S, MY/ (PDECH, M)+PDC(J,M)Y)
POCCI M) =PDCd H+1) =GR PLCCU, M+t /(PDECI, M+1)+PDE Y M1
PHOECI ,M+1)=PDE (Y, M*1)“G*qu(J ME1)/(PDCCI M+ )+ PDELY, MeTY)
CYCLE=CYCLE+1.,0
IFCCYCLE,.GT,50.5Yg0 TO 349
T CABSCALIMI=PDECY, 1YY, LT, ABSCPDECH,1)/71000.0))¥G60 Tn 14
Gy TO 17 )
IFCARSCALLIMZ=PDECY,NCII) I LT, ARSCPNECS,NCIII/1000.0%)60 Tn 28
6y TO 17
WRTTE(2,108)
FIORMAT (1HA ,30HCURRENT VALUES AFTER S0 CYCLES)
PWEJI = ((PECS 1) =PDECI ;1) = DC(I 1))+ (PECI,NCII)
“PDECI HNCIII=PDCCd NG/ 2.0

TTTTTITTI T e r e e bt i bbb e i b I T T T Ty T



Appendix Al Digital andlogue  progamme (o deterrnine natural ventilation  in - buildings.
Line, Column.

0 20 30 40 50 60 70 80
IR AR RN R R R R RN RN AR R R R RN AR RN R AN AR RN RN
145 PWTOT=PWTOT+PW(J)
146 PWAVG=PWTOT /K
147 D 30 M=1,N¢J)
148 VET(J s M)=VE(J M)
14v POET (I MISPDE (S, M)
150 PRCY I MI=PDCCY 1)
(RN 30 VES (M) =2VC(J 1)
152 29 CUNTINUE
1538 C
154 ¢
195 9 CALCULATION OF NFUTRAL ZOUE HEIGHT
156 £
157 218 24=HT/2.0Q
158 So=0,0044%TDIFF
159 D211 J=1,K
160 211 PSTATROII == (ZN=((J=1)*«FLTUFL)=1,0)%SP
161 VsT01=0,0
162 D) 212 J=1.¥K
165 1:(PSTAITRCI),GF,LO, DMIVSTATRCI)sCLS(I) R (PSTATR(II W R (1/78¢J)Y))
164 TF(PSTATRCU) (LT 0, 0)VSTAIR(S a=CLSCJYRCABS(PSTAIR(JII %% {1/250u4)))
165 212 V3TOT=VSTOT+VSTATR(J)
166 LF(VSTOTYIZ240,209,242
167 240 ZN=ZN-(HT/S500.,0)
’lbd D) 21.5 J=1IK
16Y 213 PSTAIR(II =~ (ZH=((J=1)*FLTUFL)~1,0)=SP
170 VeTOT=0,0
171 D 2714 J=1.K
172 TE(PSTATRCY)Y,GF,O0,0)VSTAIRCII=CLS (I)*« (PSTATR(II W™ (F/728¢JII)Y
173 JFCPSTAIRCIY L LT, O 0)VSTAIRCI I o=CLSCJI*(ABSCPSTATIR(III*#(3/75(J)))
174 214 V3TOT=VSTOT+VSTATR(Y)
175 1§ (VSTNTIZ40,299.243
176 243 Za4=ZN+(HT/1000,0)
177 G) TO 299
176 242 IN=ZN+(HT/500,0)
179 D) 215 4=1,K
189 215 PSTATR(I)=~(ZN=C((J~1)«FLTUFL)~1,0)%5pP

P T T T T T ET bbb e b b g b b i e e i v T ey e T
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Appendix Al Digital analogue  progumime o determine  natural  ventilation  in - buildings .
Line, Columri.
1 20 30 40 50 60 70
VYL bttt rrtr e r e brrre e et e e e e e
181 VTuT=0,0
182 D) 216 J=1.,X
183 TECPSTATIRCIY,GFE, O DIVSTAT (I =CLS (1XYW (PSTAIR(II*H (41/75¢JI))
T84 Ir(PSTAIRC)Y (LT, O 0IVSTAIR(I)==CLSCJY*(ABSC(PSTAIRC(IIYwa(1/75(4)))}
185 216 VsTOT=VSTOT+VITATR(J)
'\8(‘) I’:(VSFOT)24412°9:2L2
187 244 ZAZZN=(HT/1000,0)
1638 GJ) TO 299
189 299 Dy 217 J4=1,«K
190 PCUII=PWUIY + (ZN-((J=1)*FLTOFLY=1.0)YaSP
191 217 P5STATR(J)=PWAVG ’
192 D1 220 4=%,K
193 D1 219 M=1,NU)
194 219 PTCI MI=PEC I+ (ZN=((J~1)%FLTOFL)=1,0)*8P
195 220 CINTINUE
196 C .
97 C
194 G CALCULATION OF COMBINED VEMTILATION
194 C
200 Dy 320 J=1,k
201 PSTAIRYI(J)=PSTAIRC(CJ)
202 PRNCS(JI=PSTAIRYI(S)I~PC ()
203 DENOM=10.0
204 399 PCCII=nCCY)+PDCS(IY/DENOM
205 POCST(I)=PSTAIRTI(JY~PC(J)
206 DY 321 M=1,8(J)
207 PPEJ (I . MI=(PDECS MY /ADPDECY , M)+PDC (I, MI))*(PT (I, M)mPC(4))
204 RATIO=PDENCI,IN/PDEC), M)
PR A TECRATIOLLT,O0,0)680 TO 340
210 PUCICI M)SPDRCC) )« (RATIO«*(Z2CJ e MY/ 21 € MY
211 G TD 338
21e 349 PNCYICI  MY=m (PDCC!, MI®((ABSCRATIO) ) n(22C¢d M)/ 2Z1CJ MY )))
<13 338 PREACI  MI=(PDEVYCH, M)/ (PDEYCS /I +PDCYLCI MID I X (PTC(J.MD)wpl(J))
214 RATIO=PDEYT (I, I/ PDECY M)
215 1E(RATIO.LT.O,0)G0 TO 3414
_216 PRCTICS  MY=PDCCI MY (RATIOQww(Z2(J MY/ 21(CJ M)

80
N



Appendix Al Dgital  andlogue  programine 1o delermine  natural  ventilation  in buildings.
Line. Column.

10 20 30 40 50 60 70 80
1§ il!li§(Hiﬂilllilititl!!;%llii%l!litli!i!l§1\1l(iiil$§ii}lii|!‘i$1Hii\l%itl1i¥
Pl 4 G TO 342
214 341 PDC1(J,M)=-(PDC(J,M)*((AQJ(RATIO))**(ZZ(J:M)/Z1(J:M))))
i 342 CINTINUE
220 IF(PDETCI, MY, GE,D,0360) TOQ 322
e2 VEYC(S ™ =*CL1(J;M)*((ABS(PDE?(J,M}E)**(1/Z?(J.M)))
£2°2 Gt TO 323
23 322 VETCI M) sCLTI G MIYR(PDET (S MY *w(1/21C0,M)))
e24h 323 IF(PDCICI MY, GF,N,0)G0 TO 324
225 V01(J,M)=~Ct2(J:M)w((ABS(yDCW(J,M)?)**(1/22(J.M)))
226 61 TO 325

22y 324 VEIT (I My =02, MY« (PDCICY, M) ww(1/22(4,M)))
2% 325 VEVCI M) =(VET (M) +VE1 G, 1) /2.0

229 321 VET(d MISVRY (J, 1)

230 D 326 M=1,N(J)

231 1F (VEVTLJI,M),GE,0,.00G0 TO 327

232 PREYTCI M=~ CCABS(VET(J e M)D)/CLACI MYIwRZ2y(J MY
233 Gl TO 328

234 327 POETCI MIE(VETCS MY /CLICI, MY )Y wwZ21 (0, M)

235 328 TEYCT G, MY, GE, 0.0)60 YO 329

236 PPCY (U, M=~ CCCABS(VCT (o MDY/ CL2C M) *w22(J, M))
37 G TO 326

2348 329 POCYICI M= (VCT O D/ CL2¢d MY wwZ2() M)

£ 309 326 CONTINDE

240 WiroT=0.0

&4 D 330 mM=1,N(Jd)

242 330 WIOT=WTOTHVET (M)

I TFrCPDCSICIY,GE,0.0)60 T0 5314

I VoTAIR(II ==CLS (D% (CABSCPDESTICUI ) »*(1/25C¢d)))
24S G) TO 332

b6 331 VSTAIRCI) =CLS (U« (PDCSTI( ) %" (1/25C¢d)))

47 332 CONTINUE

2438 WIOT=WTOT+VSTAIR(J)

249 LFCPDCS (I GEL DN AND MYOT,.GE.0,0)G0 TO 399
250 FTE(PDCSCII (LT.0,0,AND WTOT.LY. 00,0360 TO 399
251 PCLUI=PCCI)=PDCS(J)/DENOM

252 IFC(DENOM,GE.999,0)G60 TO 398

L O T T I T I O I I 2 T I I T T T T R TN I T T TN T T T 0 Gt e e i e R i e
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Appendix Al Digital analogue progamine to  determine  natural  ventilation in buldings.

Lme

253
254
55
£56
57
53
259
260
<6
262
263
b4
265
b6
LeT
264
c69
270
27
272
273
yas
275
276
2’y
2783
279
<80
<81
282
283
284
£35
286
287
£ad8

Column.
10 20 30 40
iIIIIIIIHIIIIIIHII!MHHlIiEHIllIIIIHIIIIIIIHIIIIIIIIHIIHHIHHII
DENOM=DENUM*10 0
Gy TO 399

398 PCCI)=PCCII+PDAS(J)/DENDOM
320 CONTINUE
VELHEAD=U,0624*WIND*WIND
ZINFILT=0,0
Z10R0OOM=0,0
ZTOTVENTZ2=0.0
ZTOTVENT=0,0
ZAVVENT=0,0
D 336 J4=1,K
DY 335 M=1,80J)
PCOEFFFE (I, M)=PNE1T(J,MY/VELHEAD
IFCABS(PCOEFFECS.IN) ,GF,10.0)PCOEFFEC¢CS MY=0.0
PCOEFFC (S, M)=PDCICI,MY/VELHEAD
IFCABS(PCOEFFCCI M) LGE A0, M)PCOEFFC(I,MI=0.0
ZFOTVERNT2=2TOTVERNT2+(VET (i M) ww?)
ZIOTVENT=2ZTOTVENT+ABS(VET (J M)
335 TFCVEY (M) L GT . 0.0 ZTFILTSZINFILTHVETICI M)
336 ZADROOM=ZNORODOMAN ()
ZAVVENT=2TOTVENT/ZHNORIOM
Z5TDEV=SART(C(ZTOTVENT2/ZNUROOM) »(ZAVVENT®ZAVVENT))

f M e

PRINTOUT OF RESUITS

[ e]

WRITE(Z2,301)YWINDHMET, TDIFF
WRITE(2,302YZINFILT
WRITEC2,303YZAVVFENT
WRITE(2,3046)ZSTDFY
D) 310 J=1,X
WRITE(2,305)
D 311 M=1,N(J)=-1,2
MiA=M+1
311 WRITE(2,306)J / MsVET(I MY PCOEFFEC(Y MY, PDETCI M), PDCA (), M)
rd o MMOYET (Yo MM)Y W PCOEFFECI e MM),PDES (I, MMY,PDCT (0, MM

80
IRREER

1
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Appendix Al

Line,

239
£Q0
Pl

e
293
P4
<95
2?6
297
<95
90
300
501

502
303
50¢
505
506
207
508
509
390
311

e
313
314
515
316
7
318
519
320
521

322
523
524

Celumn.

Digital anclogue progamme 1o delermine  natural ventilation  in builldings.

10

20 30 40 50 70 80

Prrvitrrreet bbb IIIIlIhllll!IIII!I(lllll!lllll|||||l||lli||lllllIlllllIll

310
239
301
302

303
304

305

306

307
308

o 3e e Rel

337

CINTUMNUE

WRITE(2,307)

D) 339 d=1,¥
WRTTE(2,308)J,VSTATR(),PSTAIRCI) (PC (L)
FIRMAT(1R1,22HRESULTS FOR WIND SPEFD,FS5,.2

1 2OHM/S

TENPERATURL DIFFEREMCE,FS5,.2,3HD0,)

FURMAT(IHO,29UTOTAL INFILTRATION RATE, CHMH.,21X,F8.2)
FIRMAT(1HO, 35HAVERAGE ROOIT VENTILATYON RATE, CMH.,15X.F8.2)
FIARMATCIHO, 6AHSTANDARD DEVN, 0OF ROOM VFNTILATION RATES, CMH.,

1

L, FR.7)

FIRMATC(IHO,JOHFLIOR RUNM,SX s 7HVE(CHH) ,SX,7HPDECCP, +S5X, SHMMY , 5X .,

1 7HPDC(MM)

sOX A TOHFLOOR ROOGM 5%, PHYF (CMH) s SX+ 7HPDE(CP, ,BX . THMM) .,

2 SX,7HPDC(MM))

1

FJRMAT(I&;3X,I? SKeFB.213RrF3,2:3X,F7.3,8X,F7.3,9X,14.,3X,12¢5X,

Be o DAL FS, 23X F7.3,5%,F72.3)

F)RMAT(1H0:5HFl00R:10X10HV§TAIR 6X. éHPQTAIR-12X:9HPCORREDOR)
FAORMAT (T4, 10X, F8. 2, 4%, F7. 513X, F7.3)

RECYCLING OF UTND AND TEMPERATURE VALUES

THDIFF1=1000,0

TrCTOLFF L EOD,O0,0X"DIFFY1=8,0

TF(TDIFF.EQ.8.0)TDIFF1=16.0

IFCTDIFF  EQ. V6. 0VTDIFFA=EA.0

[F(TODIFF.EN . 24.00G60 TO 337

THIFF=TNIFFES

IFCTDIFF.EN 8,0, 0R.TDIFF.LEQ,16.0,0R.TDIFF,EQ.24.0)G6G0 TO 218
WINDYI=1900,0

TH1FF=0.0
TFOUINDIET,
ITF(UINDMET,

1F(WINDMET,
IF(WINDMET,

ITFCUINDMET
[FCWINDMET,

FQ,0, 001)MIND1 =1.,00
EQ,1,00WINDTI=2, 00
FQ.2.00 T uD1%4.00
FQ. 4. 00 WINDYI=6, 00
FR,6,0)WINDTI=8 .00
FQR,8,00)6G0

TO 400 B -
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325
520
327
324
529
5390
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Column.

INERRERRRE
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WNDMET=WINDY

'Ii(Wi?QDMETV.FQ.1.

TF(WINDMET (EQ.6G.
srop

EAD

FINISH

20
NERRRARRR R

30 40 50
ll\lllll\\l\‘!llll!llilJJJJ\lill
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60 70
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APPENDIX A2 An estimation of the rate of loss of helium
through the building openings by diffusion

in Tamura's full scale ventilation studies.

>

2.1 IT 1t 1s assumed that all diffusion of tracer gas

ot

in the full scale building studied by Tamura and Wilson, and
used for the comparative study in Chapter 6, tzkes place
through the window openings then it is possible to make an

estimate of the order of mzgnitude of this effect{%

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
crzck where the width is smallest. One may consider this
as a channel of wniform width y, length 1, and total

channel length of L.

The helium gas concentration at one end of the crack will
be approximately equal to the mean internal concentration,
5 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, Irom the

outer end, considering a thin element, under steady state
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conditions, and c¢ver a time scale which 1s short in
comparison to the rate of decrease in the mean internal

level in concentrztion of the tracer gas.

+

ok

the net flow into the element =

0i Tne element

or c =2 ¢ veeo. (A2.1)
1

where ¢ 1is the concentration of helium a2t =.

A2.4 Now 1T two zdizcent elemente gre tolen, of width
] : . - L W SR i, I o~ b SRR ey B

ond dietsnces 2 and (z - ) from the cuter edge where A is

.3 s b A 1a =TT N PREETE § m

tThe mezn Iree path length of heliuvm gt N.I.P.

.......................

< T
\‘%ﬁzfy

- SV

One can consider a small volume in the inner element of
dimensions, dx, dy, dz and a distance x from the interface.
The solid angle subtended at the interface by molecules

travelling over their mean free path lengths can be
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computed as:

jccs_1 SN

o) 2Tr>\.

sin 6.4

J‘COS-'l X/>\

0 210 N »

sin 6. A de

= 2

A2

T (1 - X/X)

)005—1 N
0

® e & 2 O

(A2.2)

A2.5 Then the probability of molecules crossing the

interface from this volume

_ 2

(1 - %A

and the number of molecules escaning wi

- *
2

where dV

i

and the total

41T

(1 - */x ) c,_.av

j—t
p—

is the element volume

(1 = /5 ) c_-dx.dy.dz

0]

number escaping from the element throughout

the building crackage

!
rofe

%2 >
[X - /ZJoy.L.ca

- XN.y.Loc, = +.y.L.

- 2096 -
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but the number of molecules moving from the second element

back to the first will be

and the net loss of molecules will Dbe

i L. &
BNy Lo, (42.4)

but these will move at a speed Vm,where Vm is the mean
molecular velocity. Thus the rate of loss of molecules

will be

i
>

o
=

but the rate of loss of molecules of helium from the building is also
equilvalent to

dcCe

- \/ ®
Vo at

where Vo is the building volume.

whicn gives an equivalent air change rate (c.f. equation 3.1)

I (42.5)
4.1.Vo
A2.6 In particular when the units of y and 1 are in
mm. , and L in m., Vo in m3., and Vm in m/s., then the

apparent air change rate, /hr.

_900. A.y.L.Vm
1.Vo

In the full scale building

L = 102 mo.
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¥ o 0.4 mm,
1 2.5 mm. (assumed)

Vo 3.4 x 102 m3

Vm helium = 12 x 10° m/sec.

A NTP helium = 17 x 10—8 m,

and the apparent air change rate, due to diffusion of helium through

the building openings, = 0.009 air changesir.

Note: Insufficient information concerning the construction of the building
was availlable to enable an estimation of the apparent ventilation rate

due to diffusion through the building fabric to be made; consegquently only
an estimate of the apparent ventilaticn rate through the open areas of the
buil:;i:g could be made. This figure will represent an underestiimate of the

totzl apparent ventilation rate due to diffusion.

h
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APPENDIX A3 Calibration of Ventilation Openings used in
the Model Ventilation Studies

A3,1 Two types of opening were used in the model

studies to simulate building ventilation. These openings

_ﬁ‘

ere circulzr holes of dizmeter 1.0 mm. and 2.5 mm.,
irilled in perspex plate of thickness 3 mm. The smaller
openings were arranged in groups of four, in sguare
formgtions at 2.0 mm. centres. These openings had to be
accurately calibrated over the working range of pressures
in order that the comparative calculated ventilation

rates could be found.

Armtaed M m —«e-m—r\n~-,-.,1 /\"w-.l’kﬁ——\S A T
3 \/V&.;«Uw—~-ﬁ..—;-g Chde kg RNV 54 e ke vaiitz

£2,2 Plates
openings being calibrated, were fixed over the end of =

Sam Aaem
) SRV E;

ck

“oints sealed. Alry was arawn

(b

z.l &1 gnd e
hreough the duct from the opposite end, and then through
a "Gapmeter" flow rate meter, by 2 smzll suction pump.
The air flow rate from the air duct was measured by the
air Iiow rate mever, which 1s capable of measuring air
flow rates in the range 0.06 to 3.00 mB/hr. The preésure
difference z2cting across the plate was measured using an
inclined tube manometer. One pressure tapping was
situated in the wall of the duct, approximately 100 mm.

egway from the plate; the second was located immediately

adjacent 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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difference were taken. The complete set of results was
analysed by least sguares analysis to find the hest i
calibration curve. The results of this set are given I

Table A3.1. The line of best fit for these points was

found to be:
v = 0.0508 (ap)0-728 e (a1
A3.4 It was found however, analysing the results I.v

the three sets separately, that the value of the
coefficient varied. The best values, anslysing the

results separately were found to be:

for 2 openings, coefficient = 0.0515
for 4 openings, coeiiicient = 0,0507
for 6 openings, coefficient = 0.,0501

The variation was interpreted s being due to a constant
rete of leaxage Irom Olner sources in eacn 0 the three
sets of tests. An estimated expression for the leakage
and corrected calibration was found by anzlysing the

results as a set of three simultaneous eguations of the

ornms

numher o0f holeo « awvrosyvent ccocefficolien
B R ARG wpid oL PORD I To o e L (PR R WU W o

I G

= number 0f holes x real coefficient + leakage

2 x 0.0515 = (2 x coefficient) + leakage
4 % 0.0507 = (4 x coefficient) + leakage
6 x 0.0501 = (6 x coefficient) + leakage

Using this technique a value for the corrected coefficient

of 0.0493 was found. The expression for the leakage
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being:

- 0.528
V = 0.0050 (4P) vee.. (83.2)
A3.5 In order to check the accuracy of this
interpretation the procedure was repeated with the zir
duct joints more heavily sealed. The results Ifrom this
get of observations sre shown in Table A3.2 The
calibration line for these resulits was found to be:
L Oo 28

V = 0.0504 (ap)Y22¢ e (A3.3)

The coefficients obtained by znalysing tne results

separately were as shoewn below:

for 1 opening, coefficient = 0.051
for 2 openings, coefficient = 0.0500
for openings, coeflicient = 0.0%01
Anzlysing these results 1n the same way the best value Ior
the corrected coefficient was found to be 0.0494, and the
test exprsssicn I0r thie rave oI ieaxage:
0. -
v = 0.0016 (ap)0-528 ceee. (A3.4)
A3.6 Thus the corrected calibration for the 2.5 mm.
diameter openings 1s assumed to be
0.528
V = 0.0494 (4P) > vee.. (£3.5)

The corrected calibration curve

for all sets

of readings

taken

for the assumed rates of lezkage.

is shown in Figure A3.1, with flow
The 9

rates corrected

5% certainty limits

of the points plotted gives values of approximately f 4%
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of the coefficient value.

js=S

A3.7 A similar procedure was followed with the 1.0 mm.
diameter openings, the results being presented in Tables
A3.3 and A3.4. An initial set of readings was analysed,

for which the line of test fit was found to be:

V = 0.00621 (ap)¥-002 ceen. (23.6)

i e

Analysing the three sets 01 results separztely the best

values of the coefficients were found to be:

for 12 openings, coefficient 0.00641

il

for 24 openings, coefficient 0.00613

for 36 openings, coeificient = 0.00606

Using these coefiicients I three simultaeneous equations,

. h? e Lo e "1 ; —C'-LL. o oy ke
ze in merzsersvh 2,4, the Yoot velues of ths correct

[ty
I8

< e T =

coefficient, allowing for leakage, was found to be 0.00588,

and the legkzge expressed oy the ecuation:

- o, ey CLEOE -
V = 0.0061 (&7 - ceee. (A7)
A3.8 A second set of results was analysed, again with

a very small rate of leskage occcurring. TFor these results

the pest calipration curve 1s given by:
v = 0.00618 (ap)0-287 ceee. (83.8)

The results, analysed seperately give values of the

coefficient ofr

for 12 openings, coefficient = C.00624
for 24 openings, coefficient = 0.00617
for 36 openings, coefficient = 0.00612



-

After s2llowing for the assumed leakage the best value of
t

[}
ﬁ_v
Y
w
(o]
(@]
&
o
(e}
Ch
o
]
QJ

vhe correcied coefficient was estima

V = 0.0025 (ap)Z-267 . (£3.9)

From these two sets of obhservationg the

jES
(at
O

calibraticn curves found are:
v = 0.00588 (ap)Y+o%5 ceev. (23.10)

V

0.00606 (ap)0-587 e (A3.11)

The final calibration line was chosen by assuming an

exponent intermediate in vaelue between the two calculated.

frf
3

or each curve an amended ccefficient was found, assuming

ot

.

he new exponent value and eguating the flow rate values
at =z pressure difference of 10 mm.wg., which 1s in the
centre of the working range. Thus the two calibration

curves are amended:

— ﬁx’gSO: N e 4 ~\:@EOE - - o~

6.005688 (103989 5. (10)° %25, ¢ = 0.00598
\ =R N BOR

0.00606(10)° 27 5 ¢.(10)°%-%%%. ¢ = 0.00%95

From these values the fingl calibraticon curve for the

1.00 mm. diameter openings is taken to be:
V = 0.00597 (ap)0-79° ceee. (83.12)

The corrected calibration curve, for all sets of readings
taken, 1s shown in Figure A3.2, with flow rates corrected
for the assumed rates of leakage. Again the 95%
confidence limits are approximately eguivalent to + 4% of
the calibration coefficient value.
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TABLE A3,.1 Flow Calibration 2.5 mm diameter Openings

No. of Observed Pressure Observed Flow Corrected Flow
openings Flow Rate, Difference, Rate/Opening, Rate allowing
1/min. mm.wg. m¥hr. for_ leakage,
m7 hr.
2 3.18 2.15 0.0985 0.090
3.80 4.35 0.114 0.109
4.45 5.90 0.134 0,128
5.05 7.20 0.151 0.144
5.66 9.65 0.170 0.162
6.28 11.60 0.188 0.179
6.390 14,10 0.207 0.197
7.50 1£.50 0.225 0.215
8.12 19.55 0.244 0.233
8.72 22.40 0.262 0.250
4 5.66 2.62 0.085 0.083
6.28 3.16 0.094 0.092
6.20 3.75 0.104 0.102
7.50 4,40 0.112 0.109
o0.l2 5.20 0,122 0.119
.72 6.00 0.131 0.128
9.35 ©.3950 0.140 0.137
10.0 7.590 0.150 0.147
120.5 g.25 C.159 0.155
11.2 10.15 0.168 0.1%4
6 6.00 1.45 0.060 0.059
8.20 2.75 C.C8 0.08&2
10.6 4.15 0.106 0.104
1z2.3 5.0 U.129 0.127
15.3 g.z28 J.153 0.151
17.6 10.00 0.176 0.173
20.0 13,22 °.200 C.137
22.4 16.90 0.224 0.221
24.6 20.C0 0.246 0.242
26.83 23.70 0.268 0.264
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TLE0E A3.2 Flow Calibration 2.5 mm diameter Openings

Mo, of Observed Pressure Observed Flow Corrected Flow
openings Flow Rate, Difference, Rate/Opening, Rate allowing
1/min. mm.wg . m7hr. for leakage,
M7/
1 4,44 22.1 0,266 0.259
4,12 19.4 0,247 0.240
3.80 16.6 0.228 0.222
3.16 - 12,0 0.190 0.185
2.57 8.00 0.154 0.150
1.95 4,70 0.117 0.114
1.66 3.50 0.099 0.096
1.32 2,45 0.079 0.077
2 7.50 17.7 0.225 0.222
6.90 15.0 0.207 0.204
6£.28 12.6 0,188 0.185
5.68 10,25 0,170 0.167
5.07 8.10 0.152 0,150
4,44 " 6.30 0.133 0.131
3.80 4.55 0.114 0.112
3.20 3.30 0.095 0.094
3 3.70 10.55 C.174 0.172
8.15 8.50 0.1le3 0.161
75 £.05 0.150 0.14%
£.90 6.80 0.133 0.137
6.25 5.65 0.125 0.124
5.65 4.65 0.113 0.112
5.00 3.7C 0.100 0.0Q0
4,45 2.90 0.089 0.088
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TABLE A3.3 Flow Calibration 1.0 mm diameter Ovenings

No, of Observed Pressure Observed Flow Corrected Flow
openings Flow Rate, Difference, Rate/Opening, Rate allowing
1/min, TmLTE. m7hr. Tor leslage,
m7hr.
36 24.6 23.3 0.0410 0.0399
22.4 20.2 0.0373 0.0363
20.0 18.83 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 15,0 0.0325 0,0312
10.6 11.6 0.0265 0.0254
9,36 9.35 0.0234 0.0225
8,12 7,258 0.0203 C.C01%2
6.1 5.45 0.0173 0.0166
5.£9 .28 0.014z 2.013%
4,45 2.6 0.0111 0.0107
3.80 2.03 0.0095 00,0091
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
A28 12,7 n,0314 2.0220
5.68 11.2 0.0284 0.0262
5.08 ©.70 0.0254 0.0234
4,44 7.70 0.0222 02,0205
3.80 5.95 0.0190 0.0175
3.20 4,45 0.01&0 0.0148
2.58 3.20 0.0129 0.0119
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Flow Calibration 1.0 mm diameter Openings

24

12

Okserved Pressure Observed Flow
Flow Rate, Difference, Rate/Opening,
1/min. mm,vg. m7hr.
24.6 24.95 0.0410
22.4 21.50 0.0373
20.0 17.50 0.0333
17.6 14.35 0.0293
15,3 11.25 0.0255
12.7 8.45 0.0211
10.7 6.30 0.0178
8.30 4.15 0.0138
15.3 22.80 0.0383
13.0 17.00 0.0325
10.6 12.50 0.0265
9.36 9.75 0.0234
8.12 7.55 0.0203
6.91 5.55 0.0173
5.69 4.00 0.0142
4,40 2.70 0.0110
8.12 24,35 0.,0405
7.50 21.60 0.0375
6.92 18.55 0.0346
§.28 15.20 0.0314
5.68 13.20 0.0284
5.04 10.c0 0.0252
4,40 8.40 0.0220
3,80 6.55 0.0190

_...307_

Corrected Flow
Rate allowing
for leszkage,

m7hr.

0.
0.
.0330
.0290
,0252
.0209
.0176
.0136

OO OCOOOO0O looloNeoNoNoloRe! OCOOOCOO0

0406
0369

L0377
.0320
.0261
.0230
.0200
.0170
.0140
.0108

.0393
.0364
.0336
.0305
.0276
.0244
.0213
.0184
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APPENDIXY A4 Measured externzl pressure coefficients

used in the commarative model studies.

A4.1 In order to carry out the comparative
ventilation rate calculations in the model studies it wa
first necessary to find the pressure distributions over
the models. Pressure coefficlients were calculated from
measurements made at representztiive positions over The
surfaces 0f the model, and are recorded in this appendix.

Measurements were made in the two boundary layers used in

the model tests, which are described in paragraph 7.6.2.

e

AL.Z Mean pressures were measured at each o0 Ttweive

pressure tappings distriovuted over one model Tace. The

[N

am

<
10!
O
W
O

o
-~ — AT m A aa £ Lter e
[ -~ L u.;l - N vy vy I

normal from the model face being considered. Measurements

}-

were made at 150 intervals between 0° and 3457,

A4, 3 The observed pressure coeificients 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 configuration on
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the model, as shown below:

e = OO; Cp mean = X

> o

1

)

5 6 78
9 10 11 12



3

ABLE A4

.1

Measured model external pressure coefficients,

boundary layer I

& = 0”; Cp mean = 0.76
0.81 0.85 0.8% 0.81
0.78 0.87 0.85 0.75
0.52 0.79 0.75 0.50
& = 50; Cp mean = 0.76
C.68 0.78 0.82 0.87
0.67 0.86 0.89 0.86
0.46 C.73 0.79 0.66
= 300; Cp mean = 0.62
0.42 0.54 0.72 0.83
0.41 0.60 0.78 0.91
0.29 0.58 0.9 0.68
e = 450; Cp mean = 0.43
0.22 C.27  0.47 0.62
0. 15 G. 4 G.57 G.72
0.1 C.2E 0.E2 C.e4
6 = 60%; Cp mesn = 0.15
Q.03 0.0 C.17 0.24
0.02 0.17 0.26 0.22
-0.03 C.13 0.22 0.26
6 = 75° Cp mean = -0.28
-0.10 =0.16 =0.08 =0.92
-0.12 =0.04 =0.12 -0.80
~-0.12 =0.0% ~0.07 =~=0.75
8 = OO, Cp mean = -0.65
-0.33 =0.71 =0.80 =0.75
-0.38 -0.67 -0.83 -0.78
~0.29 =0.54 -=0.233 ~0.89
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e = 3450;

Cp mean
0.92 0.79 .76
0.89 0.84 C.81
0.65 0.74 0.65
6 = 330% Cp mean
0.81 0.62 C.57
- 0.83 0.70 0.58
0.67 0.62 0.51
g = 3150; Cp mean
0.57 0.35 0.23
0.6% 0,49 C. 35
0.53 Q.41 0,231
6 = 300°; Cp mean
0.19 0.07 0.09
0.17 0.20 0.13
¢c.10 0.18 0.09
8 = 2850; Cp mean =
-0.95 -0.22 =0.12
~0.83 =0.26 =0.07
-0.76 =0.21 ~=0.07
g = 2700; Cp mean
~-0.75 =0.84 ~0.69
-0.77 =0.85 =0.65%
-0.83 =0.82 ~0.57

i
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~0.11
~0.13
-0.12

= ~0,65

-0.36
-0.35
-0.29



TLRTL.m A4.1 contd.

& = 1050; Cp mean = -0.57 e = 2550; 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 =0.586 =0.59
~C.55 =0.55 =0.56 =0.52 0,57 -0.54 -0.56 -0.52
6 = 120°; Cp mean = -0.52 6 = 240°; Cp mean = -0.57
.52 —0.58 =0.55 =-0.49 ~0.57 =0.59 =0.60 =0.62
-0.5¢ =0.56 =0.53 =0.46 -0.53 ~=0.59 =0.6C -=0.59
-C,48 =0.5%1 =0.52 =0.45 ~-0.51 =0.56 =0.%4 -=0.50
6 = 1350; Cp mean = =-0.45 e = 2250; Cp mean = —=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
6 = 150°; Cp mean = —0.36 & = 210°; Cp meen = -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.
e = 7650; Cp mean = -0.32 8 = 195:; Cp mean = -0.31
-0.43 =0.,34- ~0.29 =0.26 -0.26 =0.28 =0.32 =0.41
-0.417 =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 -0.2¢ =0.,30
0
@ = 1807; Cp mezn = -0.23

-0.27 =0.29 <0.27 <=0.2
-0.26 =0.22 <0.22 -=0.25
~-0.22 -0.17 =0.16 -=0.1
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.2 lMeasured model external pressure coefficilents,

boundarv laver IT

e = OO; Cp mean =
0.65 0.73 0.68
0.45 0.5¢ 0.55
0.34 0.52 0.50

o)

€ = 15"; Cp mean
.47 0.60 0.70
0.31 0.49 0.55
0.23 0.45 0.50

. .

& = 307; Cp mezan
C.3C C.47 C.58
0.18 0.28 0.47
c.12 0.24 0.43
e = 25°%  Cp meen
C.10 C.21 0.38
0.08 0.24 0.33
C.C4 0.21 0.30
& = 600; Co mezn
0.07 0.05 0.19
C.01 0.15 C.17
0.00 0.11 0.16

0
e = 75"; Cp mean =
-0.02 -0.07 0.01
-0.04 -0.01 0.00
-0.05 =0.0%1 =0.01
0
© = 907; Cp mean =
~0.11 -0.22 ~0.39
-0.11 =0.19 ~=0.43
-0.10 -0.16 ~-0.35

0.52

0.
0.
O.

59
37
28

0.49

0.70
0.49
0.38

0.54
0.43
0.35

.25
.21
.19

.08

.27
.28
.27

.34

.19
.67
.61

,..3']4.._

e = 3450; Cp mean
0.75 0.66 0.57
0.54 0.52 0.44
0.40 0.48 0.41
e = 3300, Cp mean
0.&d C.50 G.41
0.49 0.41 0.320
0.3¢ 0.37 0.28
e = 3150; Cy mezn
0.45 0.31 0.27
0.235 0.2¢9 0.19
0.29 0.24 0.18
e = 200% Cn mean
0.15 0.13 0.12
0.08 0.12 0.10
0.Co 0.12 0.08
e = 2850; Cp mean
~0,47 =0.08 =0.01
-0.42 -=0.12 =~0.04
-0.32 -0.09 -=0.04
o = 2700; Cp mean =
-0.77 -=0.52 =0.24
-0.63 =0.47 =0.26
~0.57 =0.42

-0.21

0.
Q.
0.
0.

o O O &)

]



TABLE A4.2 contd.

e = 1050; Cp mean = -0.46 8 = 2550; Cp mean
-0.35 -=0.50 -=0.57 =0.57 -~0.53 =0.57 =0.50
-0.32 =0.4% =0.53 -=0.50 -0.50 =0.52 =0.46
-0.27 =0.40 =0.51 =0.49 -0.49 =0,50 -~0.41
¢ = 120°; Cp mean = -0.48 6 = 240%; Co mean
-0.51 ~=0.50 =0.49 ~=0.4! ~0.45 =C.48 =0.148
-0.48 =0.51 =0.50 =0.46 ~0.45 =0.45 -0.49
-0.39 =0.41 -=0.50 =0.43 ~0.42 ~0.48 =0.46
e = 1350; Cp mean = -0.38 e = 2250; Co mean
-0.30 —0.40 =0.28 =0.15 ~0.22  —0.3%  —0.27
-0.38 =0.42 -=0.41 -0.35 -0.32 ~=0.36 -=0.37
~-0.32 =0.38 -=0.39 =0.36 ~0.31 =0.37 =0.25
& = 150°; Cp mean = -0.26 6 = 210°; Cv mean
-0.3¢ =0.27 =0.25 <0.24 -0.22 =0.2f£ =0.25
-0.317 =0.26 =0.27 =0.22 0,22 =0.24 =0.,2¢
-c.27 =C.2& =C.z5 =C.z22Z ~C,27 =~C.z3 =0.23
e 0 «
6 = 1657; Cp meen = ~0.19 6 = 195"; C» mean
-0.24 ~0.20 =C.17 =0.15 -0.15 =0.1&8 =0.20
~-0.24 =0.21 =0.18 =0.16 -0.16 =0.18 =0.21
-0.22 -=0.20 =C.17 =0.15 ~-0.1% =0.17 =0.21

6 = 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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ENDTY A5 Model ventilation studies, detailed results

A5, 1 In this appendix one get of observations

?‘3

(6]
,g_.
(»J
2
J
]

computed results, taken from the comparative model

- .
e ci10

s

sented in cetaili. The results given are tnose Ior

(I)

I

"h‘

the following model conditions:

window opening configuration C (two opposite porous
walls),

9 openings per face,

2.5 mm. diameter oOpenings,

toundary laver T,

[ B I T . [ P R T =0
SILE.S O LINCLiellle 0L 24T I iCW, 42 .
£5.2 The results describing the observed and computed

internal pressures are not strictly comparable with those

describing the observed and computed ventilation rates

H
(¢
<t
st
48]
1))
(D
3
N
F_F
<
D
)]
a3
0
el

beczuse the two models used t0 measu

glight differences in detailed degign, Thre intern

calculated as the mean pressure from the three levels of

the model Trhe vantilation rats measurament o

-
-~ i~y
- ® - [ S N s IS Wesin T ans e [ R S GO RV

not be similarly subdivided because of the presence of the
orifice plate, and consequently the computed ventilation
rates were recalculated assuming a model form with no

o

appreciable internal resistance to vertical flow.

A5.3 Mean internal pressure measurements are presented

in Table A5.1, and the comparative computed results are

{
L)
1ot
(o)
}



presented in Table A5.2. The experimental procedurs

describing the use of the internal pressure measurement
model i outlined in Chepter 7, paragraphs 7.6.6 znd

.£.7. The measurements were made at three velocities,

-

13 m/s., 19 m/s., and 25 m/s., and the results from the
three sets of measurements are presented. One set of

observed mean alr flow rates through the ventilation rate

o0

measurement model 1s preseéented in Table AS.3, and the
comperative computed results are presented in Table AB.4.
The experimental procedure describing the use of
model is explained in Chapter 7, paragraphs 7.6.8 to 7.6.10.
For this set of model conditions the observed internal

£
i

reggure coefficient and ventiletion rate were found to be

tr3

-0.161 and 1.410 m3/hr. respectively; the corresponding

were foumd 0 be —=0.020 =nd 1,880 m3 /oy,

PR - | g
LR NT 7S VIV SR Vv W VT e WA KD



Aono A5.1  lodel internal pressure measurements, observed

results.

Nominal air velocity; 13 m/s.

Wind tunnel centreline velocity 12,1, 11.¢, 11.8¢%
pressures, mm.wg.

Mean wind tunnel centreline 11.85
velccity Pressure, mm.wz.

Corrected velocity pressure, mm.wg. 11.45
Observed internsl pressures, Mean pressure, mm.vg.
Mm. Vg .

Floor 1 =1.75 =1.75 =1.75 =1.75 -1.75
Floor 2 ~=-1.55 =1.,75 =1.65 =1.60 -1.64
FlOOTB —"’1060 "?s?tj "1-80 -1960 ~1o69
ileen internal pressure, mm.wg. -1.£0
Mean internzl pressure coeifficieny, Cﬁi, ~0. 149

Nominal air velocityv:; 19 m/s.

ind tunnel centreline velocity 24,1, 23.8, 23.6

Lressures, mm.eg.

Yesn wind tunnel centreline 23.85
veloclty pressure, mm.wg.

Corrected velocity pressurs, mm.wg. 22.9

Observed internzl pressures, Mean pressure, mm.wg.
mm.wg. »

FlOOl" 1 "“'3@ 30 _3" 35 —3¢75 “3170 —30 53
Floor 2 =3.10 -2.90 =3.80 -3.85 -2.44
Floor 3 ~3.30 =3.25 ~-4.15 -4.00 -3.68
Mean internal pressure, mm.wg. -3.55

Mean internal pressure coefficient, Cp ~0.155



LE A5.1 contd.

Nominal zir velocitv: 25 m/s,

Wwind tunnel centreline velocity 30.0, 37
pressures, mm.wg.

Meezn wind tunnel centreline
velocity pressure, mm.wg.

Corrected velocity pressure, mm.wg.

Observed internal pressures, Mean pressur
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 =7.3% =7.30

-~

Mean internal pressure, mm.wg.

llean internal pressure coeiiicient, Cpi,

Average internal pressure coerfficient,
all velocities

319
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TABLE A5.2 1Mlodel internal pressure measurement, computed
results,
Input data summary
111 6 tz requirements z2nd nomenclaturs mzy te geen 1in

Exterior/room ovenings, flow characteristics (CL1,

r/stairwell openings, flow charscteristics (CLS,

-
(o]
O

..L.

As celibrgtion for 2.5 mm. diameter openings;
114 CL1 or CLS = 0.049
1.89

’j

n coefficient,

nt reciprocal, Z1 or ZS =

Room/corridor openings, flow characteristics (CL2, 2Z2):

As there was no internal resistance to horizontal

flow in the model, dummy values were used in the
P T S S M. P B S S e
Ted  Eym e — Ll VELy Liagdis inriltration CuUcL L LC cient

CL2 = 10.00

””CLp;OCaly Z2 =

Lssumed externzl pressure coefficients (CE):

nocm 1 Koom 2 Room 3 Room 4 Room 5 Room
rocor C.22 0.40 0.53 ~0.44 -0.4¢6 -0.,45
Floor 2 0.28 0.4¢6 0,60 -0.49 -0, 4 -0,46
Floor 2 0.25 Q.25 0.50  ~0.47  -0.40 -0.47
Computed resulis
Velocity pressure 24.96 mm.wg., Wind speed 20.00 m/s.

Floor Room VE(mB/Er

1 1 0.133
1 2 0.175
1 3 0.201
1 4 -0.167
1 5 -0.172
1 6 ~0.1€9

PDE(mm.wg. )

6.47
10.96
14.20

-10.01
-10.51
~10.26

- 320 -

PDE(Cp)

0.26
0.44
0.57
~0.40
~0,42
-0 . 41

PDC (mm. wg

.00
0.00
0.00
0.00
0.00
0.00

ZS);

-)



TARBLE A5.2 contd.

Floor Room VE(mB/hr) PDE(mm.wg.) PDE(Cp) PDC(mm.wg.)

2 1 0.147 7.84 0.31 0.00
2 2 G.187 12.34 0.49 0.00
2 3 0.213 15.83 0.63 0.00
2 4 -0. 175 -11.38 ~0.406 0.00
2 -5 -0.179 -11.238 -0.46 .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 3 0.197 13.60 0.54 0.00
3 4 -0.172 -10.62 -0.43 0.C0
3 p) -0.177 -11.12 ~0.45 0.00
3 6 -0.172 -10.62 -0.43 0.00
rloor VOTATR PSTAIR PCORRIDOR PCORRIDCR
(m3/nr.) (mm.wg. ) (mm,wg. ) (Cn.)
1 ~0.001 -0.973 -0.972 ~-C.029
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 externzl
opening,

PDE represents the pressure difference acting across

r
each opening,

PDC represents the pressure difference acting across
each dummy opening,

JFIE VO - L Dt mn = T
Vel Tl ‘u’a‘, &S Wi LU SrTiléa

PCORRIDOR represents the internal pressure on each

-1 oCcT

w
3
(1
Ul
g
<
}.
1¢¥]

H O

orm throughout each floor of the model.

Consequently the computed mean internal pressure,
expressed as a pressure coefficient was found to be

~0.039.
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TABLE A5.3 Model wventilzftiscn rate measurements, Cbserved
results.
sind Tuinmel cenmtrellng VE_CICLIy Pressures, 7.4, 17.4

mm.wg.,

-J
o

llean wind tunnel centreline velocity

ks et ~mm

PrEesSsEurs, M. VWS.,

—
On
O

Correcteqa veloclty pressure, mm.wg.

—
(@)
Oy
o~

Wind speed, m/s.,

Micromznometer output czlitration/mm.wg. S7.2
vressure difference, mV.
Micromeznometer zero pressure difference oubtput voltages,

before orifice plate pressure difference measurement:

19.3 19.3 19.3 19.3 19.3

after orifice plzte pressure difference mezsurement:

19.7 19.7 19.7 18.7 19.7

Jean micromanomever zero pressure difference 19.5
voltage, mV.
Jicromenometer orifice plztie pressure diilsrsnce oultnDUT

voltages, mV.

o

°

Lol OV
WO O -~]
- O OV

N Lo
VTl — (o

N Oy — W

®
°

Micromenometer orifice plate rezdings, voltage difference

values, mV.

P
i

—
R —)
00\ 4
N O o
RO SN, WUUL N
301 1]
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Computed volume flow rates m3 hr.
)

1.155 1,110 1.202 1.099 1,223
1.036 1,126 1.198 1.230 TL17T
1.180 1.240 1.155 1.068 1.162
1.148 1.064 1.230 1.212 1.198
lfean observed ventilation rate, mj/hr@ 1,161

Ventilation rate corrected to 20 m/s. wind
speed, m3/nr. 1.410



zS)

TABLE AS.4 Lodel ventilatlon rate measurements, computed
results.

input cata summary

(Full date reguirements znd nomenclature mey be seen in

Appendiz A1),

. o - : L - r A
Extericr room openings, fLow characteristics (CL1, Z1)
As czlibration For 2.5 mm. diameter p ings:

Infiltretion coeffiicient, CL1 = 0.04
FPlow exponent reciprocal, 21 = 1.89
Room/corridor openings, flow charascteristics (CL2, 2Z2)
Corrider/stairwell opanings, Tiow characteristics (CLS,
As there was no internal resistance to flow in the
medel, Sy valuss were used 1n tne prigramme with
wWilth very nigh infiltration coeificient values.
InTiltration coefficient, CL2, OCLE = 10.00
Flow exponent reciprocal, Z2, IS5 = 2.G0
ABBULEd eXternal pressure cogiriclents (CE)
Foom v Room 2 Recom 3 Room 4 Reoowm & Dooe
Floor 1 0.22 C.4C 0.53 -0.44 ~C, 1€ -0.45
Floor 2 0.28 0.46 0.60 -0.49 -0.49 ~0. 46
Floor 3 0.25 0.3% 0.5%0 -0.47 ~C.49 -0.47
Computed results
Velocity pressure 24.%6 mm.wg. %ind speed 20, w/s.
Floor Room VE(m 3/} PDE(mm.wg.) PDE(Cp) PDC(mm.wg, )
1 1 0.133 6.47 0.26 0.00
1 2 0.175 10.66 0.44 C.C0
1 3 C.201 14.21 0.57 0.00
- 3 -
: 4 ~0.167 -10.01 ~0.40 0.00
1 § wa?z2 -10.51 ~C.42 0.00
1 & ~0.169 -10.26 -0.41 0.00

224



Floor Room VE(m®/hr) PDE(mm.wgz.,) PDE(Cn) POO(mm, vz, )
2 1 0.148 7.96 0,22 0.00
2 2 0.188 2.46 C.50 0.00
A 3 C.214 i5.95 G.o4 0.00
2 4 ~0.178 -11.26 ~0.45 C.C0
2 5 ~0.178 ~-11.26 -0.45 0.00
2 9 -C.172 -10.51 ~0. 42 0.C0
3 1 C.147 7.22 0.29 C.C0
3 2 0.165 Q.71 .39 C.00
3 3 C.196 13.46 0.54 0.C0C
3 4 -0.174 -10.76 -0.473 .00
3 5 ~-0.178 -11.26 -0.45 0.0C
3 6 -0.174 -10.76 ~CL43 G.0C0
Floor VSTAIP PSTATR PCORRIDCH PCORRIDOR
[ B {1 [ >
Nedk Ll e Ldikiite vrgh e \llﬂha “O ) (LR
1 C.cCC ~C.973 -C.973 -0.039
2 0.000 -0.973 -0.973 ~C.039
2 0.000 -, 0772 -0.272 -0.029
VE reyresents the air flow through each externzl cpening,

PDE represents the pressure difference zcting

ezcn opening,

PDC represents the pressure difference zcting acroess

Dl v §

ezch dummy opening,

PCORRIDOR represents the internal tressure on each floor

of the model.

The computed total ventilation rate through the model was

found to be 1.560 m3/hr, 2% a wind speed of 20 m/s.




APPENDIX Ab6 A svggested function to describe the

veriztion of meen wpressure coefficient with

engle of incidence.

A6.1 The information available which describes *the
variation oI mean pressure coefficients on building surfaces
with angle of incidence of the wind is limited. 1In design
guides values oI pressure coefficient are normally guoted
only for the four wind directions perpendiculer to the main
faces of the building. In many cases this information will
be sufficient to carry out design calculations. In certain

cases, in particuler in computer based calculations, where

many detailed celculations can be guickly repeated, more

Fh

detailed informztion on the variation of pressure
coefficients at other angles may be useful. One function

for describing the veriation of pressure coefficient with

}_...3

angle of incidence, (Nelson, 1971) wzs discussed in

varagranh 2.4:14, Tt wae noted thet values czlculs

pressure coefficients and conseguently an alternative

function, which is derived from model observations, has been

. A MYy 0 Laaan = : S &
Sk ey . _1: Toome - I O S S =

)

9]

caat C o orut Lz mm A e At T ai s =R - =
technique suitable for further development, as the results
on which i1t i1s based are from a very limited series of

f

O

model studies. However 1t is possible that a function

h

O

the type suggested may provide a more adaptable method

guantifying this effect.

A6.2 The effect of bullding shape and boundary leyer

conditions on mean pressure coefficient values is complex.
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Design guides (B.R.S, 1970), normally zllow for these
fzctors in the design pressure coefficients quoted for the
wind airections perpendicular to the pbullding faces. The
present ifunction was developed to interpolate pressure
coefficient values at intermediate angles of incidence,

." -

icient values measured cr quoted

F‘h

the presgure coe

or wind directions.

46.3 It was found that the wvariation of mean pressure
coefficient could be adequately described for the two test
condltions measured by using two secondary variables; the
mean pressure differences across the opposite faces of the
model, Cpd, and the average 0f the mean pressures on
opposites faces of the model, Cpm. These variables were
chosen bvecause, for the cases studied, both showed maximum

and minimum vzlues at or near the major wind directions,

and so they weres sulitable for combining with known pressure

Faial e sl an R . ~1 & 1 T Sy T T T T
conefficient valuess 2t these angles. e veriation oI thie
- he oo -1 7 am 3 - £ he SRR - i RS e

NtV fa TED ~ -~ ey - - o b

rreggure difference valne Crd was found o aprproxinzis to

,(vhere 6 is the zngle between the direc
the air flow and a normal to the face being considered).

M. e . L R R R RN A e Y e ",»v“.»d

Tl pedk - R T g S R N e s 3G
. 0 .
minimum value at 6 = G07 and a maximum value at € = 07, and

to vary approximately as:

Cpmg = (Cpm) ., + ((Cpm)

in —_ <Cpm>m1 V. cos ©

A6.4 Using these functions the value of the mean

pressure coefficient at angles of incidence 0° and

~ 327



(180 + ©)° could be found using equations of the form:

Cpg = Cpmg + 0.5.Cpdy vee.. (A6.1)

@

— -~ - 0= 3 {4
p@+180 = Cpm@ u.).Cpu@ ceses LA

2

where The suifix @ 1indicates the variable value at

an angle of incidence, &.

Substituting Cpm and Cpd in eguations A6.1 and £6.2 by th
relationships noted in paragraph A6.3, the function
(expressed in terms of the known pressure coefficient

. . L 0 0 0 o
values at angles of incidence 07, S0~ (= 2707) z2nd 1807)

Y o~
celimess

@ s 2 & e

-
[®]
N
—~
a
I
2
o~
Vi
N

(9]

for conditions 0°< € <90° and 270°< & <260

Comparisons of the observed mean pressure coefficient

Moo AL Zammd Apman e -2 AA

relaiog At A FL ot o
— A e N ot -

[ R e

D

computed values for the wind tumnel model shovn in Figure

7.2 are presented in Figures A6.1 and A6.2.

A6.5 Although the values of pressure coefficient
calculated using the function zgree moderately well with
the observed values for the model in both boundary layers

studied certain limitations must be recognised. In

~ 328 -
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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
Criiy model 1orm used im the experimental work, and the
fTunctvion n&as not been compared witn measured vaiues for
models having different plan ratios. The function is
also only a@propriate for a building in a relatively
isolated position, where the zir flow pattern is not
signifticantly influenced by adjacent buildings. Under
such conditions the variation of the pressure coefficient
values will normally alter because of the distortion of

th

D

2ir flow pattern czused by the neighbouring buildings.

!
L
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Figure  ABG.1. Comparison __between sugaested  furction (lo clow  for
variaton of ange of incidence on mean pressure

coefficerts) and  observed  resuts, boundary laver 1.

mean pressure
coefficient, Cp
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Figure  AB.2. Comparison  between succested  function (to alow  for

vaortion of ongle of inciderce on meGn  pressure

coefficients) and cbserved  resuits, boundary  layer I,

mean pressue
coefficiert, Cp
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APPENDIX A7 The Use of the Digital Anzlogue in Anzalysing

the Periormance of =z Combined FNztural and

Mechanical Ventilation System.

which have heen

raftive model gstudi

i

D
n

87,71 The comp
carried out.have shown that ventilation rates cannot be
predicted accurately 1f 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-
computeriéed calculations are of particular use. Two
circumstances in which such methods may be more useful are

o a < ATae E=
grn 01 pengvicuxr 01 &

systems; for exemple in the znalysis of the feasibility of
Amvwlnd AR mamlhanmE ae Tl mn A e titaas ram =S T o] A e o s

N~ N i A i ke Ve oA L e G o N P - AT L Md ~ v B

AT7.2 A simple znalysis of this Type, which uses the

digital anzlogue to show the change of behzviour of a
naturally ventilated building, duvue to the addition of =
simple mechanical ventilation system, 1s presented, as an
example, below. A simple notional bullding form is used
as a subject of the analysis, and 1s described in Figure
A7.1. Mean pressure coefficient values of +0.7 and -0.25
are assumed to act on the two major faces of the building.
Wind speeds have been calculated from the meteorological
wind speeds, assuming the building to be located in an

urban area. The air leakage ccefficient values are given

..,331m



in Figure A7.1; and are approximately equivalent to an open

facade area of 0.5%.

AT 3 In the alternative ventilation system background

)]

\
~1 e TS -
sumed tc b J
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p.&.\/vi_\_& o'y fl

()]

=
(=%

[¢)]
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¢

simple mechanical system which, under the conditions
described, is able to maintain the stairwell at a positive
pressure of +0.5 mm.wg. relative to other aress of the
building. (This is a simplification of the real situation,
2s the performance of the fan used to provide the
mechanical ventilation would be affected by changes in the
external wind speed). This type of system might be derived

as a development of the stairwell pressurisation systems

used in some bpulldings for Tire safety. The use of

srentiletors in ) would a2ilow

the stagirwell doorways, which

ree air movement under normael conditions and would close

1y
]

automatically in the case of fire to allow pressurisation

TO texe plece, could, Ior examplie, e useG TO allow

. et 2 L N - EEEEEE I S,
O PTroviae Lalagrliunt Veluvi.oavicell 0T

A7 .4 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
alternative system. The figures show how the introduction
of the additional mechanical ventilation reduces the
variablility of the ventilation rate due to external
climatic conditions. In the i1llustration given, for

example, the 10% and 90% ventilation rates in summertime

m332m
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conditions would be approximately 5 m”/hr. and 25 m”/hr.

. “w o o om 3
in the naturally ventilated building; and 12 m”/hr. and

A 3 S -, PO OV T DU u RS S S SR A , e
ZoomT L. WA o Toe CECAST UG VELTL Latilll, A Bysvem OI
s + 3 et A A R P R S S
rhie tvpe could provids SLENLYICanT Ly more qepenaante

ventilation rates unds

i

unfavourable meteorological

&

conditions, than a neturally ventilated svstem, without

- 2

incurring the full cost of totel mechanicel ventilation.

Tt

12 investigation of the relative performsnce of propossd
ventilation systems using different amounts of mechanical

ventilation 1s complex as, for ezch case, the full range

~§

of climatic conditions and patferns of use of the buillding

E . T o P B T S B R TP AR G

needs to be considersd TC 258288 CLJeCTLVELy THE mMEriis
Lal Ly M o ) b o e S P e = - - - g

o b g o [t it - -~ X ~ R - -

of *tle different solutline., T 18 1n Toesse types of

lergs nuuoer O COLMQlTions, That computerissed tecnnigues



Fiqure A71, Building form wused in illustrative analysis.

Typical floor plan;

General characteristics g

Number of floors
Neminal  room size
Floor to floor height

Leakoge coefficients assumed

Externd wail/ room
Internal doors
Stairwell doors

]

300mY hr/ mm.wg.
6001“/‘1:’ ha’:/ mm»\/\/gs
1500 M/ he/ mm. wa.

Exponent vdues assumed;

External  wall
Doorways

0.5
0.67
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Figure A7.2. Varigtion ¢ average room  ventlction rate with mefecrclogice!
conditions, natural ventiation system,

ventician
raie,  200.0 ,
m?/hr. ! ' | /%/%
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,;//
150.0}- | 2 -
e
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Fiqure A7.3. Varigtion of avercge room ventiation rate with  meteorological
conditions, caribined ventlaton system.
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