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to achieve higher energy e'fficiericy or to prevent water vapor 
cond~nsation · in the envelope, Accordingly, con.,eiftional 
venii.l"tion techniques not.based up0n a systematic ventilation 
scheme are not capable of maintaining good air quality in 
today' s extremely airtight houses. r 

• _'., A /u!f-scale house.mode/ was qmstructed in ah artificial 
cli17Jate chamber, where cylifiders were instaJ/edfor simulat
ingaii-jlo~ paths, including cracks in the external and internal 
walls. The flow rqte through the cylinders was d"lermined by 
measuring the pressure difference across them. Ventilation Current evaluation techniques used in ventilation de-~ign 
behaviorduetointernal-externaltemperaturedifference, i.e., for buildings falf into two categories: measurement on site 
ventil_ation ,.induced by buoyancy or stack pressure, was with tracer gas and calculation using _a ventilation network 
observed wiJhout using tracer gas . . .Parameters such as model. In domestic ventilation systems, except in tbe ca!ie of 
~iftight~ess oi the ~,,Ye~~i>e. airjlpw resistance through the central heatfug or air conditioning where the indoor air is 
interna( wal/s, which parJ/y depended upon the operation completely mixed, the fresh air supply rates to each room are 
l9feii./Jr .clp~ed) of dqors, ·a~ internal-external temperatrJre usually different ~om each other. ?t~s, both' the tracer 
~mer~1Jce were.yaried in a series of tests. · measurement technique .and the ventdabon network moael 
:;, Afl_e; ~~;fying goo.r!: ~greemenr. b.erween calculated ~ust deal .with a multizone situatfon and identify interzonal 
value~ and:"'".Of!'rements of th~ air change rate and pressure airflow rates. 
d.F/ferenc.~. OCr'?~~ t.?e envf!lOpe. the air change rate was deter- There has been theoretical devel.opn'lent an<j yalidatioa_.~1,. 
r(l;ned at an insifie 1empera1we of20°C with internal-'f!Xternal experimental data of tracer gas measuremeJJ.t tecbniq~· 
i~mperature diff".r;.en::;es ·of (O·/(. .20 K,. and· 30 'K, when Jhe (Sinden 1978; Afonso et~. 1 9~6; Enai et ~J . 1990; Oku§ama.:1 

reference press11r<~.diffw:enc~·(lll',ef) is 9.8 Pa and the recip- 1990), and the p<>tential of those techniques h.as been demon-
rocal number {n) of the exponential/actor of internal-aternal strated. However, some problems still remllin-dlat arcnlat4iid 
pressure differem:e (lll') is 2. The air change rate was also tothe.effectofmeasurementerror, inCIUdingrunlf'Orlflit)fofgas · 
calculateda,1 variolf,~Y'!.Zues,'?f tll',~~11ff.nt()ena4Jep.r.ediction concentration in each single zone lind •ex'iMlll:t~ntM>-
o/ the buoy~tit"'~* ~Tt. ch~g~ ~aie~. . . . . . . ' many unknown parameters for stability· of~sotutions. . ~'·md 

. . :1 ...,llm;..~ ·' ' - " .• .. 11. ': • . . ,• • . . I . . l f 

INTRODU
. ~&~ :.:d· .:'<•'., · i.:,. ·. · · :? • • • ... ••• Thebasicventilationnetworkmodd'd~dSt~~-~~· ilfi ·~ 
"'r1un .; ,. ~ 1·d . th r~'i;.~~ ···. ).. .. a\)\ ."' :s,. r•rr+<.1. . ' 

. r .Li:\ "'~'." l•~r.z:•! i' · ;"i . '.;r ~· .: .; .·., more va 1 at1on, but e accuracy o. l.He·suu . 1at1t1~. Pf'o ,
1 . . JW .. ·r.q.1L~P~~~at\~~c_~ir:quality has a :sign~c~L . sho~~~ ~ demonstrat~ to users ~o ~r1t '!~ufyr~~·~~¥h~f~~ft& n 

irifl~e.n~R11Jt~~~gal.tl!!M.ll;lutenq:nc:e~f.good au quahty~1s use tt for the evaluauon of ventilation s'Y!tt.,ms. 'hl~ bellclf?. 
a primary concem, especially in residential buildings wtiere •.• JnQr~ test of different computer codes is-al5tHlll~\tl-for
o~ue,¥l~;:~W.)~~e~·._"~~.'~-. ftb~{·: ~~ .. 9( buildings: , . ~testing..agreement;· but ~'!:e~t · comp~i.dson:~~1~i~~p 
~?Vfer;r. ~YllitnHi~g~q,s~,n~~\lf\b~err~a, - Europc ,:" ,! dluia:\See~~-ttr~te pei:u.~1ye~ E~~c~al!~ f\>~.~~1p,~ill'.ctl~}~~t 
and Ja.P.<U) ~~ l~llfd PJfreaseQ:a1r:ttghm.ess:0fl.the enveloper ,. 'lh:e fr!esh aiffiow rate, a relabve- evaJdat1on iiih3ng'VCdi'ilaf1on 
~.~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~---~--
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was used for observing the airflow induced by buoyancy in a 
two-story house. 

'FEATU~ES OF THE EXPERIMENTAL EQUIPMENT 

The equipment is composed of ( l) a two-story house with 
external and internal walls whose airtightness is variable, (2) 

: a large artificial climate chamber enclosing the house, (3) 
measurement and control systems for pressure difference, 
temperature, and gas concentration, and ( 4) a system for 
measuring -t!J>-Q characteristics of components having an 
airflow path. ~ : -::~;;;. 
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systems is not satisfactory, and a comparison between 
predicted abso~_~te,, yalue~>a,nd standard ventilation ·requite-< 
ments is essential. 

The apparatus described here can ~_used for the experi
mental 'e'vaJuatidn of specific'ventilation sy~t~ms a.S w~ll as 

r- being a source1ol.<fata fc)}i'fre v3Jidatidn oftrfl~.t'r g~ J?leaSure-

The two-story expJrimental house is 7.28 m by 4.55 m, 
with a floor-to-ceiling height bf 2.55 m. The room layout is 
shown in Figure l. The cubic space of the unit is 176.09 m3. 

The inside of the house is divided into ten spaces including an 
interstory Sl"'Ceandlan attic. To enable accurate detennination 
Qf air(lQw bet;.w~en tl)e1inside and outside and between rooms, 
the house is designed with cracks reduced to the minimum 
possible extent exceptfor intended openings. To achieve this 
purpose, each space is separately wrapped with airtight sheets, 
and highly.. airtightp arts, are used for all the doors and 

':'-.!W.jfidows. to simulate cracks and natural vents, two types of 
openings.are P.fOVj~ed. in extef!Jal and internal walls: cylinders 
50 mm in inner diameter and 375 mm long for simulating 
cracks (airtightness control~ylfitder) and openings of5bo mm 
x 500 mm or 500 mm x 900 mm for installation of supply-

' ,!~a~~~- ~el'!.ffi., ,A total.?f .~~3.: cylip~~ are .installed in the 
· .e~~~rrial"'Y,.~J~ and 5~,ln the ~~~ernal _w.~lls .. ~!hc;t.ylindo/S in the 
· injfina~ walls.pre 105 mrp long),Jbtla~'?[.~·o(f?pen_ing is 

. ~ ~~ovid~iat l~~sitiops in~~ external ~?I~ ~d 3..5 po~itions 
m the internal floors and cellmg~ . ~ 1 :i :i·i· :r ·•. . • · ;.·.· 

ment tecfmi<fii~Jfuid the ventilation 'rfe~qlk modii '."A:s the 
·· firs't application oftlie expenmental equi'f/&ent, the apparatus 
.> :; ,, ,. , .: . u ~.:. .LJr .fr • ~ ! ' ~ ... 
n;·;·r u~·r~.T :·~r:; ~·." "'~ ... :..~'· ;~· ... :~; .i ,1\"~_.iJ;: .• TA~. 1 .~i.l'~':" ~ lh1 :iJ_;!1 ~~1i8' ..... 'L~'.·:;.,, ,,i 

0: .: .. ?. _, ·~~AirtightniJM~of:lndependentROOrn8M1dCombined;S_...;_,,'. · t;~·C;;:· • rj· 'ii !; 1 • 

•. I , 1 4 
J -1 11;#1~. -,_._,~ H.jlJ ~-;;.;,. i ·;- - ;:-r --7 --- --n • 

Roo1~s ~~· ~9tg~~~~1Spase' Eff~~ Le,@l§ge f\rea - j;tfective Leaka1e >._,.rea I 
. "" ,;,;: ir;;" ::: ,, m.w ~><10 ,m ) 1 i; ,~ r' ,,1 .~velo" Ar~ (><~q;_ ) 

~ , ~"t , ..,.. "t It' 

Effective laka1e Area I I Pl"eSlur~on or 
Fl~r-~(?<W"> <Ur"' . ,~N';~'jfizatlon 

,. 1 • ·1 l""'·-, ···· · .'·1·• -,v •;:; ·· ':J 4'1Pi~:· :HJ m 9JI Pa* r: ;-i.';1 4 Pa* 9.:8 P_. .:;; · ; ( 4 l'a"*' u~:.. \ 9.8 Pa' •·:b' • J. . .. ........ -~ > , -· •' •• ' • .: 
!.. :·· ' ·~I.'. I 

C.' (,).0202• ' V0 ' 0.0218 ' - ' . .. o:iof'' ' > 0.13'9·.-· vv••'.lV.I(:: • .:~ 1;11 . :r;i:2s i;""'I '"'" I.7Y'" 
• l - \ 

-p;c . ~ .. · '""1" 
... ssw:izal19n 

•··• · ._.'c_--"-_;;_·i"1-"-'-~'c...·_ ·~L.". - _,_ilfu_o;rr_• ,'<lo · ' ~-~•"·I f, 
[iY'j{-~~. ·! - .. , . :iuc:r.~1•_1, ... ,l ..... , .... _-.,1.. -

·- ~.12~. ,J';,, .9'. 13~ 1 

' .P.1~~.· : • ;c.1 , ••. , I :. 2<171r · .· l~·-jr, 3;3#C "I ''0.0978. ~" I .0.1174 

BS*"'':•.: ri·: t..:: .. ,,i.; I l·- ~· ':it;, ·> li1 i:~' n':. :.1 ,;h o11A-i 1 ·1::1\~-
. · _ ..... . I -·-- ·- v.v,,,,~ 

' BN** 8.07 8.74 0.1303 0.1411 

1stF1oof'r' ,r: ~· 1 ,o :>•Li' 1 ~·" s~~r.: ''I' ~:s3· ,.:., o.0433 o.osoo 
:;r I' . t ~ .• t- ., ':o 
~ 2n~floor,. ""'r. .,:: :· : ; .r j 6,1-7 .L:, . .. 7.4·1 w .,,I. 0.043'b L. I :Q.0~26:c 

1·· Whol~,Ro.0111s:as:i>H..Space 4 L06 · 13.1'7·.! ';l ;~r: 6.04381'.,, ; '1"1.0S45 . 

~ WholiR<r~ms'ilS'OneSpa:C~ •t1. _ 'y'.89~~~ 
-- , . ., , .. il" ' I •' ' 
,, '12.73 0.039f . .0504~ 

m · "...·. '::,l;-, 11 I ;-;-- -- --- "'~ ; - , -~ . -.- ,-- -----.-

o_.~1 ·"[: '' D,743~ . ., ;~~I .,.,P~s~o11: ~ -'- .• I -'-- ·I ~ 

, o.743 ,,, 1 :2:•:0:-sn;·~r~? Prcssiii!ilition 
; ..;, ~ ~ .. ~, 

v ....... 
..• 

0.6SO 

0.201 

. 0.203:-:; '; 

' 0'.167 [ 
)~ 

, ~QJ,4,9 

!: :,..:1;_ 
y ... '7, 

l >'f ( I .... ~-z;-J":JmJf • 
.J.:~Wl~IOD . ~ . "'""' 0.704 PrcssuriZlllion 

0.232 · ~.,. Prcssurtliii6h' 
.- 0.244~·~ , 1 .. :·:Prcssuril.ation 

• ·j o.201t-1 
., ' PrcssufiZaiicili 

1u . " '! • 

0.192 .. .1Deprcssurizati1:m 

'; ,.•. r"e,f"rep~e.Pr~ure •• s~e room!*yout o(the bousc (fig~ I) ii •U' tf !ol.1111 ;;~ ' .... t)r ;"-~; i.f1!'~"1: ~I'\;,:.~ 
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(c) Q-61' Cblraclerislics of Cylinder 
for Outward Aii- 'fic),;; 

(at 19.9 •c, 763.7rmnHg, 649brh) 
i' J: (a);Exterior WtlVtd& ~lness Con~ol. Cylinden (Sedion) _ 

: ~ TiJ.. ru;i t , ·. -f.r~ .. · • - .. ~ 

Figure 2 Vertica( kzypt1t, detail of installaJiOn, arrd f!.P-Q·charar:tdrislfcs of airtightness Cbntro/ cylinder . n." ;:;. 

.;; / '.\i s., ... i·' 

.- ' . The 'M-Q -~li~~cte~i~~fs of . t;1:1,e ·aird.~fu~1f,s' ~~n3trol . 1·11~ide the ch~b,~r: \s almost u~ifo_rm, .~'?t ~~pl~, wh~n s~t 
• c~~~-d~rs ~~ ,;~~~fi ~11. F1g~r~, ~~ !!1e eff~cl~ye1eak~P:e. area '}l at . .30~~- ~?.-~J .;- 10~~. f,(!~ the ~-.ti;ndllfl,g _\l.~ .~ts, as ,sho~ m 

' . (~fcrepce rr~s~:ure· 1~1ri:ere~ce, ~:8 P~ (I . t,n,ti_!A~); d1~~.llarge .,, i,l~gur,~. 3'~ ~.~ \5mP,Cratures: r~coreep, .oU .. t§!~te . th_e ;_hou~,~ · as 
· :coe

2
ffic1enr,1'l.0}'lS'l 5:3 J c~~Jor fl~~ mto tfl! m~~~e and lS.62 .. ;~xpe~e~~tp,a.~ 1w,~re detegrnne~ 9,)11T ·typ~:Afie~ocouples 

cm for flow to the outside:· .. "' instead of usfug the set temperature of the air-handling unk 
The airtightness values of the walls, floors, and ceilintiF. ~ According to equipment specifications, the airflow velocity 

with all the intended open~<tseq,atQ,(115.;ShQloMrl in Tabre '"i<J~·be betow-$J3'.Un/s Wltere the house is close to the cham-
. .. l, ve:ry. highJn .all .coom.s..or spaces or .~ombinations of rooms- ber...wall to ·pre~nt-airflow-i:n1he charriberfrom :drivin~ \;'enti

Cllld SJ!)aCOS/''I~'. • 1•nA ' c )11-:;, J ' •• 1:.i ,;\1.:5: rn . ./., ·~ . ,: , :.J·.fiitibn in ttte Miise. Wmcf velocftY" m~~ffi.g~e'ntS (given in 
·~ .... TH~· lfieH'n~l_i!lsulatio~~~nl~~"'J,,(. b.o.\lsSl .<;an be'. ~~!'J:i.11:!!~ 3) sh_o~_that ffi.f~)~ification is satisfied. Two air· 
adjusted by placing,.-expandCd polystyr~e- panels in the ~'! 1b~~lin~ units .'!!~~e~.:.!!J:!h~ we~P.art .~(~~ ch~~W. m 

·- ·'<?.~~~_eo!1fi~e~el~; suen~ih~~xteriiaJ W°a!~ and foof. I_n :~· m51n th~- house--~ull f.tflltri -air'"ffirough th.e-lowe~lle . 
.. stan<iar'lt pract1ce, "S,O-mm~1ck· -.e)tf)_anded -p~ystyrene- 1s ;· ~asur~e~ts of-mtei;i~ai:extemai ~ressure1:11ffere~ce, at:wss 
_j!!_S~l~d~il!:~9J!Y.~~~~·1umntoP.f"..,~th_s11ch uisul.ati.on...bas__ 1 ~e enveldp;e show..ncgbgible.lowenng.of.pressure m ~~west 
a.~,r:w,~J transipirum,~\ . resi~tano.e ·of 4.02°C · m2/W. l]l~ ~J .Pf th,e ho_~e_;_ hence, th!.~e~!~ation ~~in~..f~rce -~ th'e House 

· ··~'fb:.':J ·arf TJ60" x._oS'Q -mm · wipi-sealca dQµ)?le _ilazing, 1 • 1 P,.ue ~o ~r':5u~tion by tht: air-handling units has been prove.d to 
--.gi\i.ing a~thermaJ.transmiaenee resistance of0.34 °C-m2rw. ·be-negbg1ble:- -- ·- : - -·-- - ·· . .. ,. ,,,,, 

r • ... t • · ( · ;. 4. .-., • t ' • ~ ,'\ 
·--:;!::.. · ---·- - :.. - -- ···- :. - - · · ~ - - "By usm11·a greaflufl:hang~ ra(Cfortlie cham"'"r.-venrita-

G.ll!"at~,~.hamber r <.: < '· . :. i:i • •· c. . . " l'I · .'.rr _ _ _.. _ - ·- -- ·-- __ _ -·· _ .non cxperunents us1Rg-tracer-gas can be--perfonned as 1f_tjie 
'' '·· lJ\eJnside dimensions of the climate chambt!r are 12 rri house were cons1J'Ucted1 outdoors,.AtJbunaxim~'.brire is 

-(,f.W) l?y lJ m (SN)by~iT.0·5 m iifiJi. free space-on °"ijie s9uth;. ,...;~ntiJ-;tion at a rate ~i44s m3/miniandian-.airrc:haitg~ rate of 
side, where-th,e h.ouse contour;rs-near~.t to the clfa:tn~er wa:11·,;;· ~ 14 .51/h. WJien the asit.i~i~d aif~1taJige ra~~-~~~iv~h:,liacge, 

•
1is'·2 m~: nt:e'>temperature 'in.the chamber.is controllable in .a.- e.g.-, 3-(1/h}for a house oHlbout-260 m3· includingtheinter-
range from - I 0°C to +40°C. The temperature distribution ~tory »rtd aniq.spaces, devfhion frbm the n-UUenihatf~n-~te -· ·- ·-· ----· -- . ,,. _____ ..,. -·· - - .... -- -
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Fig.3(a) Plan .,. . 

. l8l l&l' 

~ti: 

Fig.3(b) A -A' Section 
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Temperature Distribution in Artificial Climatic 
Chamber When Ventilated at a Maximum and 

.. .. · · - - c 
te.mperature vertical 11osilion in Fi.~ .31b\ 

deg.C A B c . D 
a - 30.0 29.8 29.6 

b - 29.S 29.S 29.S 

c - 29.e 29.S 29.5 

horizontal d - 29.6 29.6 29.6 

position a' - - - -
in Fig.3(a) b' - - - -

c' - - - -
d' - - - -,, 
e' 29.5 - - -

Temperal!Jre Distribution in Artificial Climatic 
Chamber When not Ventilated and 
Taroet Temo. Is -1 O dGQ.C 

temperalure vertical cosition in Fio.3lbl 
deg.C A B c D 

a - ~.3 -8.0 -82 

' .. ' I> II - -8.6 -8.9 -8.7 

c - -9.4 ~.1 -8.6 

horizontal d_ - ~.2 -8.6 -82 

position .a' - - - -
i~r,!g.3(a), b' - - - -

·c· - - - -
d' - - - -
e'" -9.8 - - -_ . 

Mean Velocity Distribution in Artificial Climatic 
Chamber Whan Ventilated at a Maximum - ·--

mean ·· verti••I NMlH ~n In Fl i.3fhl 
valocitV Cm/sl A B c D 

-~· /" · a ... - , . 0.22 0.29 0.17 
. t . ' b - ~ 0.27 0.11 0.15 ,_ 

c - 0.18 027 "'0.33 
horizon~. d - 0.22 0.25 0.28 
position .. a• 0.10 --. - -

in Ag.~(&) b' n-77 . - - -
- c· 0.21 - - -

d' OZT - - -
. e' 0.18 - ' - -

Figure 3 Dimension of artificial climatic chamber and temperature and veloc_ity distr,ibution. ,, ·:.,_· . ' . ' ' 
J ;; t· · ·; "'' 

as measured by the tracer gas decay method is estimated to be 
'W:ittiin 4%;1 . , ~! ( ' ·'· ' l .. .-sr: ;·;; ,;• .. · i. : G''.:lmrl· ;.: ,e- •. ., 

·. ):"<>Jir.~il.'~ .;·j, ~ ;·;, J 
,.,.._ ,_, 

Measurement and. 9optrol Syst•"'8 , . 
I• t 'I" ,,-.-,.1, ."«•>: ! ]/ ,;, · • ) . ..- rie. ,, p~y_ss1ur:e. E qW.F,~!'!Ce "(.aS mi:asure~. ti b~ gauges 

ms.tafle_a a~ l 1J>..9~nts (P I thr9ugh_,f. 14), ~howi:i;tni°1gure·4. In 
af a1'tloii' ~e ai"~ssure d'ift"eren_~e hetwe1m r~ms ,11-tsed 8' refer
eri!=~, ~a~ ~~· m~ure~ 1_,at four pot~~JP.15 through 18). 
Sean's of these w~Je per{onned .at, t~rirsec9nd intervals: to 
r~·~~ra the ave~ge for Q~~ mi.r;\f;lt~. Th~ dry-b,yll? t~mpeninire 

~.;ta~ ~~Corde~. at, <?_~.~·mltj~tfi int~rva.ls at eight . pgints Jfi.:the 
climate chamberana27 poin~Jnside the house, )!;Yhil11 surface 
·.. \ -''•• ' I t• " , - ' J • ii f" j ' · ' 

~~m~ratures ~f. ,m~ wall~, flqors, c~ilings, ~d glass, were 
recorded at) 65'points. In eigtit sp~ces (excluding ttie atti~ and ! .. ;·• ~ - ') . . h 

4 

, ~t:~J>ry spac~~), IJ~:Je~c ~~te~ (6Q0,W orJ·?~W)were 
proft<!ed. The teippe~~e)t1 :~~ roolJ\1~~ regulatedib,y,PID 
(proportional plus ihtegrii.I pf us derivative) control by a micro
computer. Tracer.g_as could ... ~ rele_as~d ,l!t~i,gl:l\ opin~Jflthe 

'Hlt\iie: witll Sairipllng at ei~t pt}\nrs_·Ui.~i~\-~~-~~~i.~<1 four 
poims in the Cfunatic ch~DE'r. , ·· • ~ "' ·"' · 

. '. 11 1-:·.- -_i;, :; 1 .. -· "" ,;;•_,,.. r. ·_,, · ... 
: '8-.~~m!~l~rftm ;t9r!,4'P::~ <;:h.,..act•.ri•ticss , 

'~ -The air leauge characteristics '<>fth~· c~mpo~cnts,:such 
::as· alrfi'ghtnes;

1
cohtrol cyilndel's, were nie~ured b>.' :a .system 

CQn\PQSed!Qfai:rfight iron boxes (2000 ?Jim X 2000 mm :rX 2300 
mm)'that could-fix the·compohents'.afid'tletermine~e press~e 
diff~neea:cross the"cy-ttri'dets;'fan W15W), and dud(200 mm 
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PCNo.3 

1'6-f'lO ~7/ • • PC No.I '. . .. _ , _,, _, r~ ~·- l'i1;Pl:S. -- _ " l• measurcmet B&K ·B&K 
-· .Co:; ' .'!! -~: .. 'L....' - I ' system . ~03 1302 

-- - • ., . ·n6'1'18 , • ~ 6pus , 
- -·'- --::- - - - - .. - injiul bix.!. lliERMODAS , of tubes .. ; •• - , ; ....,. 
~ ~·-.' ; -: tllcmiaaiuplcs No:l-No.4 E~ . ._ , .. ~ - ~ B&K B&K PC,No.4 

() • ' Ch.l-5.11. - - - . ' • 

....-;- • m~prmg · Ci.SHOO •1,1 •• [ olrubcl , , _. 
- ?-:-:.liys!em : ~ . • . .-_a..101-JSO - . ·'- PC No.2 ·:- • ... -'"r PC No.5 

'. -,,:_:~ :; ~_,: -°'~!-~ i i C ~ ~ , -: ;:~~: '.;~c , , z , / , , 
··- -(b} Schertia'tic'Diagtam of Measureme'n·i a~d Control System 

Figure 4 Measurement ·and 'Cbl/ir6i syste,;,: .. 
... ~ , ; \ ~ I 0 r 

. ••I,,' ... I 
.d"' ' .. } .~ ~\' 

h ~ ; ;~~~ ... 1.> • ·:,' ::\ 

.).l t . " ., __ r:.i tr :; 1:• ·; .:._ ( '; :~ , ~- ···• . 

'~_1 . ·in ~iattl~ter) witfr"'a 'riii~roW!i~~~ ~?.Wm_e~f .;~ p~0$\vith 
, , 1· nfi'"'er:ti ·ni ·as .. · ih th '·l.lfcsft L '.Jte'" , -

level of airtightness at which satisfactory airflow· cannot be 

... o 1., ·or, e W: ... g . ., em!,. . o,~-~ · .1,, , . . ) ;ql 

-'L• .-<!i~il' "·J1';11.;: "· · : · .. . ;; .... •·d.r. '.""~: . , .. ~;u· "i ·
1
:i; . ·' . ;. 

. 0.~~~Y,~ifq~ .. ~~SUl,. !~.:of BU~°YiANC.Y-DRIMEN 
. AIR'FldW IN THE TWo~:rpRY HQ.~E .. rw~ 

The main re~o~s f~r _m.akin~, the ~}lil~il)$, env5!ope 
airtlght are"to'fift\itttleiiicrea.S~ ofh6atmgJoJa'cfu~ io air' leak-

... age .~~-.to .pre~v·-~~!1~a~~~ .V~P._~r C:OJl,~en~Jjon ~aus~d- by 
' ~u~1dM pene~~!}!;ir~.~~fhe wpt~~' )~q1 an.~airt1ght 
Jl1 env.et<?~ is to 6e~~?O~W,J~ted,usuita~le y~t~on design is 
•. ~eq'uife~ . t~ c:om~~2fo~ ,..,4,eF,reas; ~f nimmu "M.entilation. 
-: Jfi.~ ~ost essen~ial infol1llat~!'_lif°g.r;·the YeJJtjlation design is the 

• ~152 

ensured by na~\ ven~latio~ ~~.~~- ~ 11 .... • ,. _; 1 .... ~~ .1M 
Previous studies (ASHRAE .1.989; Sherman and Grim

~'; srud 1980;.Sliaw I 987)f1ave demd_d!:.1rated'( l) that 'ih~ effects 
•: of !temiterature differe'hce ·anti .w'ind • pre~ure; Wh,ic;:h,. ~e 

priJtlary t!leinenti f6rinducin'g vehtilation, ~not reauc:ejby 
i.. intctaction Ger"1een ffiein w'hen the~veta11 house iscciii,sidered 

,• cmd (2) that tlfe 'e'ffietottemperature dffferenc:C- is mor~ ~igfiif
.. :;icantthari thafofwiiicfpres!>illi,_e~peci~~y'lk .dens~I~ ~uj'i~i~P 
L i ~as, although. it depe~<IS· _ ui)ijn c:l~ati'c .R9nditiqn~11;:I;or 
. examp~el ~ll_en a c:ompariso~ Is T~de. ~~#ii. the ~~r,c:t of 3 
' ntls wmd' and JO K temperature difference . by usmg, the 

• • ,,, . r • ,1,.. "J !J 

.:.-:ASPIRAE' prediction metho<HASHRAE 1989) of natural 
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(e) airtightness level 10 

(SLAu=9.(jcm2/m2
, nSO=ll.Sb") 
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.• • 1Ir 
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":.J:: • ' J ;~ -. 
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0 '1' 

~ ...... , 
; fl :,: 1 j-, , •;: ., 1:;• .. 1 rr. 

~ r' . ., ::: ~.;: °";''" ,,.. 
--~ ... .. . , . 

l)~ I ~ ;I i 

i.!'' • ,, (; i ,~ J~ •.. -; I~ 

-~~· .• ")-{, ') .. ·~ ii 

- 1 ' I .... T. .. 

'1t h ·. · .. •L .... ~ q i , 

• - . ·1' · 1 • #'· ~. ; . ... • :_: .> •• 1: :.:t ~· .. • .. ;.-. • ~ . J ~'J, :\:).._ ··>: .. I-·•\ ~ •• 1f1• : .! , . . Jt . 
. y~pti-lat.io!'!,,: f.11~ .inrrease .in .,veQUl~tjol\-.@.~ ~y ~the add.itio.n of r , -: rin.siqe ti!~ hol,lse dri.veit bybuoyancy alone. R~(e~~ to these 
.• '1'~P9 · effe_5=t .i~~~~ted to ~,7,00/o '!"~;.!~; that .Py the addition da~~Hl-give a eonservativ~csrimate of th~ nattl(al :v_entilation 

:; ni of bJl9.Y~cy effestis esti.~~.~. t<? _l;>e 83% for.~ typ,ic~ s~bur- rate. 
•: ... ban s~i~lding (;0,q.ditioi;t.: ; . i , 1·" .. ,, , :::... ~ (1· , ., ·.ir . , ;· • ' ( : :· I'. ::.ilV: ,;1 ::: •: ,(;;> 

The expepmental r~ults. present,ed here show_ tbe,influ- E."CPER!MENTAL CONOmONS 
C(!Ce on the natu~I venti•il,tinn1rate .of en'!(elnne airti"'"mess .,, t<:11 :::.- <,d , ·' ., ' -;if-,. .. J 1 .. , :r . . ':) • f r- ~-' • !a-'1 

.. ~ 

end L'ltemal-extema! temif.'ratm'c cf4.f'ferel'.l~~- lJ!_e;;test facili- Toe essentiai parameterS\ tohsidereCi wh«M detemdiling 
ties employed were intended for observing airflow in the . J.he exrieiVnental conditions weo: inteJ;nal-extemal -tempera
house built inside the (:lupnber, not fo)imonitoring the' effect · t:ure 'ditierence,,airtightO~ss oftbe .envelo~~dStatJJ$. oftbe 

.. o.fwind on-narural ventilation, whic~ re1:1uircs s~piaJ pressur- -
11 ~int~mal«l~rs (9pen orG}oS<:d)~.an~l~Ke ~~oftbe under

i~,t!~n .. an~1 ~~epr~surizat.ion ~evices .. r,or the •. ~~-vel~pe. ... c~ts. J!tree.~emp,erature ~ifferej)c;e~ ~~~'sel_~~~d. H> K, 20 K, 
" 13eca~~e th~s study .•s ~e~fl~t step ~f the 1~e~h, P:,9}~ we . l. an~ ~~ .k ... an~ fi".~ effect,'~'.~ !e~e W:C~_of!1'~ .~11velope per 
h'aVe trot tried to-p~ov1de slfch d,ev1cts. AccOrchn_sly, the ctata umt floor area, 1.2, 2.1, 3.0, 4.9, and 9.6 cm2/

1
m2 (reference 

gTven~iti this p)per f~fer to airflow{ aeross th~"~l\velope and · 'pre~~i.re diffetence is 9 .8 P'a [I fu1niAq}). Th~ effeftive le~age 

' l 
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Figure 6 Airflow rate (rn3lh) through cyfind~rs due to 
stack pressure with all interior doors open 
(single space condition). SLA 9.8: Specific 
leakage area at the reference pressure of 9.8 
Pa (lmmAa). 

area per unit floor area is sometimes called "specific leakage 
area," which is designated as SLA accompanied by the refer
ence pressure ~p (Pa), i.e., SLA.o,p. The airtighmess of the 
house was adjusted by opening the cylinders in the walls and 
internal doors of the first floor living room (L V) and dining 

(L V and DK), then passes through the first floor hall, staircase, 
and second flo9r hall , enters the two second floor rooms (BS 
and BN), and escapes to the climate chamber. 

Air Leakage-Characteristics with Doors Closed 

_Figure 7 shows results of tests with the internal doors 
closed, where the significant airflow paths are door undercuts 
alone, at three temperature differences and five levels of enve
lope airtightness. A ·circular opening 160 mm in diameter was 
made at the side of each door to simulate the door undercut. 
The effective leakage area of each circular opening is 136 cm2, 

obtained from m~~urements of M-Q characteristics. This 
ELA value was selected so that it approximates an ordinary 
undercut. Induced by buoyancy, the outside air flows in from 
the first floor and flows out from the second floor, as found in 
the case with the doors opened. What should be noted is that 
with decreasing envelope tightness, the difference in leakage 
due to die status ofthejnternal doors is more remarkable. With 
low airtightn-ess (SLA9_8 =. 9.6 cm2tm2), the leakage increases 

' by about 35% to 50% If the internal doors are opened, depend
ing up6P.--!~ri:i:Jierature differ~oce. 

·Variation of Leakage Characteristics 
with Size of Undercut 

The aati i~)~'~Sµfe 8(a) indicate the variation of leakage 
chai:acteristi~~ :. with \ll~dercut size at an internal-external 

· temperatrite ditTerence of20 Kand airtighmess at 4.9 cm2/m2. 

.. 'With small-diameter openings (50 mm) for simulating under
cuts, the resistance of airflow from the first floor to the second 
floor b,e'~omi;Jarger, resulting in infiltration through the 

· · simulated craeks in the lower part of the rooms and ex filtration 
,.through the upper part in each floor. The leakage rate becomes 
greater with increasifig size·.or the opening, from 50 mm to 

.. 120, t'60, and200mm. -- - ' 
'• !' 

Variation of Leakage Cha~cteristics 

kitchen (DK) as well as the second floor south (BS) and north . , .. .. _
1
• y-, , . • • 

(BN) bedrooms (see Figure 5). Thus, infiltra1ion and exfiltra- The expertUtenml results discussed above were obtamed 

with H•igtl1..ot0pening 

tion airflows were generated through the cylinders in the four with';the 'ainighmiss control cylinders opened (one or more 
rooms, except for unintended crack~_,With regard t.o - d~::' ." .~y.lin9~ 5~. room) W the two floors ~d placed symmetri-
status and leakage area of the undercuts, fi.ve cases were cally in 'the middle of the floor-to-ceiling height. In another 
selected: all internal doors opened and doors closed with arrangement, a single open cylinder was placed in each room 

' •.undetcms:-.of1 7;74,:H6i18nd2iltm2 ineffective leakage area ·~ fih·lAAb trao~~ chiingiiig!itS height to five differenr levels ro 
r.r ;au refere1tce Ptfe·ssurediff•i'tmte of9,8Pa'{'I rmriA~J ·i· wobser'Ve th~Hiari'atfun of leakage' charactm5tics '(FikUr~ 9). 

~ ' ' 1~ 'When· the' cylinder &eight in' the' first arid second floorS is the 
EXPERIMENTAL RESULTS same, 3.99m (see(a), (b), and{d) in'Figu~e9); tli

1

e lewgerate 
.;.::, i·:Jrn '.j; .- ••. '~· ''" · ; ·:1;:,: · i fs a1mo'St thesame; wherea5 tile variation ratfo is '(I '.96/3.99)0·5 

Air Leakage Characteristics -~ !: rfl?r' a s'nlalLer -diff~c'e in bi~ight; t.96 m; and (6.03/f.99)o.s 
- ' ·\&116h Internal D--·Onan ' · · · ' II'- " !..:lt ' d'fti · .. · h 'gh. · .. · • ' . • ... r... " < :-·.,1.1 .... i• . . llo' ....... , .,. ... ' · ;,., } : • = 1vraa ... 6 er t erenccnn e1 t; 6:03m; · ·- • ·-· 

~1~ ·"figure 6' ' ~8Ws ;thE(fueaslired :airflow races ·a{three : :: . ~~ ' :i "· . :. ... .. 
1
' 

7 
' 

.. te1?~ra~~ ·1'~~i~ces ~<i:th~'~Jeveli(or~!l~tloke il~i~t- .. ~~ ~1~.o~~'°.~. ~~ ~PER~~~~~L ~~~~T~.,, . 
, : · ness.;:o~~!f;! ~~,~~il : ~ip~7,se_~5 :b.utflow. rr~m the ~~o~~·- and ··~·) I: " ~~·~,The sam~. !11\~&_,h_m~s of~~: ~?velope (?LA9,,\ 4.9 

. negauv~ \'.'lftue.s reprtsent J!.ie mfl9w. Dnven 9,Y. the buoyancy . cm~/m,:,,nso ~ §, 1 h 1 ), a.$_ md1~atc;d m F!g~ ~.the t?uoy,a,ncy-

?~ . d1;1e. to !h(~iE q~nsi~: d~fferen~e between ~!h sides· of the < :~ :dr.iYf~ ~~~1!l~io~ rat~:.~~~~~~ wit~ ~iftlo~ ·c~~;~~~~cs of 
:>~'o.~se, o~~,1~~ ~ p~w~. 1~to ~e two ro?~ on the Q~tJloor bi. th_~ -!!'~~maL~'l/s fr.orp... ~~. m3

/h to 94 rri31h. 1.~ . f\l.e .mcrjase 
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Flg.__!J!..~:7 . A.irJlf»!. ~<fie riff l_h):#vou8f!~f.o/.~ets ~~-tQ. ~tac~~q.s~re "fillJ.i?.u:.. int~orf1ciors ~/~and with.imdercut 

• Slf!1Ulatmg cylmders of I 60 mm d1amete,.-open (mult1p/e spacf colir!_1~'!'._n)-;_ S[.;f_ 'l.,8: SpeciftC; [ealrfl~~:aret:1: at the 
,{', '· -x l'9D'D-:. "7J"--Aol ,.:__i._ • •••• . • .• - I 

:-: - .;;,._ ;.: e{erence pressfl(e '2: -.J:_r_(j i.: . f!!~usq/. . . ::..;.:.;.. · " _ .-J • "·!. · :·:."'. '_ ,,_ 
1 

-; .. : i . .. 
ratio attaining 1.5 at the mipcimum'. Wh~n the :ainighmesslof becomes more significant For districts with' a relatively mild 
the 'inte"!aJ .~alls. J~; ~lghet jl\a'n-the. en,v~lt~. as sh.QWP~~ -climate ~hei:e.the:intemal.::extemaltemperature· difference is 
Figure 8(a), oµtside air flows in thr.ough a lower part of the around I 0 K in winter, it is not unrealistic to set SLA9.8 to I 0. 
room and escape~ through an upper 

0

patt. : " .. _ . i m such a case, thd vcntila_tion rate due to buoy~cy with the 

F . ... 8(b)·: .. h I -~'"' '-'"'~ed . th . ... : ._-: . r<loorsopencan~esnmatedtobeabout3S'*_ o·greaterthanwith 
1gure .. s ows a compan::10u-u"" on e u.:u.a .i. .. d 1 ..i 1 .i... .. ·ds, ., 1. .. - ... b ·-----. · F" 6 d 7 f th b dri irfl .. _.... ccr:; c ose ...... n c ...... r ... c. u the c,.pacte.. u..,, ... , .. y-g1ven m 1gures an o e uoyancy- ven a ow . . . . . . 
be th · 1. lh d 0.. - d th -~ -· :i. "w-i~uced ventilation ntte ·1s based on the case wtth .the doors rates- tween e case wit 1 e- oors pen-an e case wrtu · - " . . 

th d I d d d . th . fl th - ~ · open,the"@te.w1ththedoorsclosed1sonlyaboutthree-fourths 
e oors c ose an un ercuts servmg as e main ow pa: . ' - ftb d 

· 2 2 . o e expecte rate. 
To about3 cm Im ofSL~_8, at temperature differences of 10 .

11 

K. to JO K. the difference due tO'thhtatus of thi: d&r ( o~ed • . ~ ·1n :measurements of natural ventilation by the tra'c~r gas 

or cl?sed) is ~~\t~mar~le;.H?~e:er, wti~irtiii'e:~igfith'~.s~ of dec~r~\~th~ th~ :~~t? are ~pe_ned ifud.~e ~ ~~~i~:~ .. ~.~ith 
the ertvelope 1s l~s~. lhe mfluence due to tl1e status'ofth~· l:loor a fa:n1 to achieve a umfonn gas concentration m the whole 
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(a) Air Flow-Rate (m3/h) through Cyllifders due to sia~~P;e~ure, with Partitions of 

Different Flow Resistance, with the Envelope Airti_ghtness·_of 4._9cm2/rn2 (SLA ,,1), 
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Figure I 0 Comparisons of airflow r~te and pressur~ differenc~ ~ft~~n, .. ';,/er;~~nt qnd,ga/;~/atio"'-:::.. ... : :, •: · r, . i' . .. . . .. '· 

upon family composition, the discussion here ass\Pt)~sJhe :.general,.;iJg1 ~ii~Uy !~~tir~~~· q{e ~~:~p.l~~ed~~~~~~·;for a 
doors are closed and have open undercuts of 136 cm2 of effec- ' 've'ntiJalio1frate o/' fOO m3 /h. or.less, t)tey agreeJai~Y .. well, 

1 , #,1 , ~1 ·- •.f)· ,!'f .. . _, .. ac;.. 11~ 

tive leakage area. 1· 'H' ~ r ·'' " '.!!. ~ : aifferences tlemg within 4%. However, in the rim2e 9f gr~ater . . , , ,.·t ... ~.··ti~ ll ·, , ,, ,7~ .. J 

Comparison of tbe measured results shQwn in Figure 7 .:flow rates, the difference becomes larger, that is, abo~t. 6% as 
_. . . •. ... . ..•• • . • r • , , . , , : ·:- •• " •-'' ·"' :. · 1 , .1 • r • (.,: __ i: .. 
:'·arla11cafoulated ValLlC:s ·verifieflhC- reliab1ltty of both. The a whole. 

calculation was .co.nducted as follo"!s- Letting the intern.a~ ; , 
1 

Figu~ )Q(l>),, .IO(c), and IO(d) ~ompare. inea5ilrements 
external pressure.difference at th~ ~~t fl,oor leyel -AP (!!.P and calculations for the pressure difference across the enve-
0) be an unknown, tbe outflow and mflow rates are expressed lope. Comparing both values for the intemal-exten:ial pressure 
as a function of AP using the crack flow equation (tJ'-Q char- .; aifferer:ice· aeros5' the tow'est· cylinders in the first floor walls 
acteristics) of ~e cy!I.n~~rs. R~fe&~ to.~e ,pre~4r~ '.diff~r- shows that the caicuiated vai~~s ,are a¥ut 5% sma~l~r.~~the 

. : ence at the height of the cylmders, M' 1s dctennmed by .. rneas~t!ftu (third qm~d.~llt'of Figure ! O(b)): Fer t."ie :ilter-
iteraiion so that the sum of the outflow and inflow rates nal-extemal pressure difference acri>S:s the highest cylind~rs, 
becomes zero. The pressure loss across the undercuts can be too the calculated values are about 2% . smaller than the 
given as a function of fl.JO by inputting th~ ~irtl_ow rate through ' . me:SSurerhents (first qu~bfof Figure lo' (b )). The plots for 
each room on the fir5t floor, which is expressed as a function the pressure djfferences acr9~~ t?_e bigh~st ~ylinders in the first 
of M', in the crack flow equation for the undercuts. . :fi&,r anl:l the lowest ' 'cylil'ld~fs •jr)' the second floor (F'imire 

Figure IO(a) shows a con;tparison of measured data and I 0(d))'show that the''Calcuiated results for th"e"first floor .are 
calculated value~' for . airt1Qw.'.'J1lte. The .,n~asured .data, ... in 18% smaller than tlieobserled'values. The meclsurements'are 
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Sc+ 2$w + s1 = I (2) 

200 
' 

-

:c 150 t 

t10% 

0·· 
Let M be the internal-external pressure difference at the 
surf~ce level of the first floor. The inflow rate through the 
floor; Qj; is -given by . 

• PO ..... 

.· .·· -10% 

-- . 

""> .s . 

? • ·~ 

~ 
: . · t,.i..--

. (y 1 ~ l / n1 y0 

Q1 = -Sr k1 • y;/iP) , · ¥'; (3) 

le: 100 
0 

Cl 
··where -= 0 

-· 
, Yo :: _ specific gravity ofoutdoor air, 

so Yi = specific gravity of indoor air. 
i·. :.~ ,,_ ; ; ~~ c 

The inflow rate through the first floor walls, Qw1, is 
expressed by .,., .. · . ' 

0 L----'----'-----'-'-------------_..._, 

0 so 100 

lnOow [m3/h] 

· iSG - '200 

,, 

Figure I I Comparison between inflo.~ __ and outflow 
caused by tempeta(ure.difference. 

' 

.. ~- -. k1(Y!''\ 11n, _ -Y-o I n1 

Qwl =..-Sw-' °tY) :.-1;.Yo-Yi.nl+I' 

. _ .. h + •.. . : · · "1 +I 

[
b.P 7,--- - {~P~(y -- -y.)h} --;;-;-] 

' ' 0 t 
~- ..... 

greaterthan the calc\llatecf values, ~~pe~"i;tl1y for the first floor --~hen 4P~ (y
0 

- 'r;)h ~- o and by 
internal-external pressure difference, refle_~_ting· the_;differ- ,.,. . 

L-.-· 

ences between measurements and Calc~Jation fofthe ajr!JoW I _ ·, ' ·.. . . • • n +I 

rates induced by buoyancy. The inairJ .~a11se of the gjfferences ~'.: '' :' · •- kl(Y!\'11n1y 0 • 1 n 1 7. 
seems to be me~urement~ettO{ 'Figure l l shows the agree- Q..,, :: __ ....,sw · 7i Y,J y; · -y~ -Y; · n

1
+1 ·AP + 

(4a) 

(4b) 

ment between measured total inflow anE.<?.utf1ow_f9r_th_e over- _ _ -·- " + 1 l · ~ , · ···-· ' I 

all house. A difference up t()_±J_O% w~_opserved. k1(r.,

9
11·~ 1 _. "2 -.-,-

,_ .. · · · ·· · S · - - -- · -- · {(y -y.)h-AP} 
Cracks are provided at five diffc:r~nt heights pn ~ch floor 

11 
.,,,,, "'. .,,,~ Y . ,. Jo-:- Y..; n2 + I 0 

' 

in the cylinder house'. wimt.'diffe~~nce•. is produced in the ;,,,. " ' '• · """ ,.. '· ,. · 
airflow rate if cracks are distributed uniformly in the walls and _when AP-(10 -Y;)h < O .. , _ 
if cracks are present•n6t'only-in·the walls bUY:alsO' m th~ cth- . .>\~ ;: . . . . - ~, ... ' '..'. ' ·" -"' .• l •l 

·~. \ '_),"-.•,'1. 

ings and floors? To srudy these prpbler:n.~,- ~al~u,lations. w,ere ,,, _·;- .h_ . .,,, , ., : ·10 ::- .l1.:,,::i'.• • 
. _,, ._1.1__,·1 • -~1 :-1 ·• ,_:, _n 11~ J·· ', .... '" ,..... -~ · were ___ ..... 
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"i 1 ~\qrnu :·1/j I ~ • • 
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~- .: :_; c,,.- Qif;J'.f<;:f.1''~•: · <ff ~sp~~\fi~ -~~Jzyi~;f~~)· : ~- ,(Jb) 
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0 

.J./i ... 

-';:,t~~~aji~l) I c. /s th~ "'tS.1~{~ c~~tt:!G!stiCti9,f ~-~~~C(!Jl Q~n-
~ mg pq ~O mm cy

1
ameter., ::. ~~ •· . , ;: , , r .• 1. ,_ 

, ,:: "., ~:~! : r, ~;: <;'im ; :·~ ~ ~ 0 :. ;:~·~J ·· 1:.l: ,,::,; (' -:1;· 
· Q ,::;. K: t:>P.r. _ (~1r: as,spec.ifj.c . gravity ,qfair~:-,!;.c1.:'l(lc) 
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k?G?)1 111, I n1 . 
O ·? = S.,.. · -h- -y~ y -y . . n? "'"T 
-w._ I O l -

·.J. . . . "1 +I 

{ (Y0 -Y1)(H+ :h)-6~-2_'!..!.(Q/~ Q;i, .1)-~'}~ 
,. Yu - K _. 

k1('Y1') l/11,. !'. ll -S,.. · 7i .-.- _ ---· · -· ... _1. ... (1'.£) . 
Y; Yo -:.Yt n1 + I Y; 

,,, - I 

{ M-(yo-y;)H-:: 2~(Q/+KQwtf} 
n, 

,~;:' y.(o1+ O 1)m ·"'; 
when 6P-(r~".-;;y;)H+<,2~ - K-w > 0 

•. ~· ,. ..... · Yu -·· -..... . 
where • -~ .. • 

H = flO()r-to-floor height. 
- 1·1b 

~ •: 

::;. 

(Sb) 

The outfl~:WYate'through the second flOor ceilings, Qc, is 
expressed h~ ';.:. ;~ . . 

Qc = 5c · k1 · {<Y,o -y,)(H.;. h:) ::_~6'/_ z"!.l_(Qf+ Q wl)m}l In, 
. .•. • . .. · y)'o· K ·-

. li) l l n, 
, .. ..; "' n-:- ')(I 

(6) . 
; , 

The overall airflow is obtained by calculating AP by iter

ation until the sum Q1+ Q;;,1 + Q,..2 + Qc becomes 0, thef1' input
ting the obtained AP in Equations 3 through 6. 

,, 
Figure 12.plo'tS the calCtifated values for the case\vhere 

cracks have the same oy~rall leaj<,a:ge area·as that of the cylin

ders and are uniforTiily di~trib.tted in the walls (S,.. = 0.5, Sc = 
s1= 0) and the cas~ where crac~ are un_ifonnly distributed in 

the ceilings, floors, and -wall$flroportion~Uy·to the.area of each 
element (Sc= s1= 0.177, S,.. = ·oj23.) against the v~Jues'.t:alcu
lated forsimµlatj,91;1- ~AJscussed abrive .. When-the ~racks are 
supposed toJ:itrufiifdnnfy-~dlstributed in the walls, tbere is 

almostjno si~~~t#~~!'rerice fro_!!l ~e si~ulat.!o!1 (w,ith the 
cylinders. In:~Ql\\lc$t;JQr OU::Case where crac:ks are distributed 

in the ceil~~~ ~'~~ t~; the ai:1:_f_l~\\' rate_~~ 1 O~ larger in 
every calculati.oli. i:;O.i14itjon: . . -· 

In d~i~1ilngJQf.~'. !!JftightJ1~ss Q[b_9_y_~s._it iis es~ential 
to know .at whitt level of airtightness sufficient airflow is not 

ensured by iiCitura! ventilation aluiie:.. As mentioned before, 
previous st\,\di~s1 , :1uggest ~t . .ro!lY be u~nece~ .. to consider 
adverse interference··between buoyancy and w~cj; which are 

the driving forces for natural ventilation. Th~~efor~'. ifnatural 

to wind, which may degrade the thermal environment inside 
the house, a solution is the addition of vents, which automat
ically regulate ;the airflow rate to avoid excessive ventilation 
(IEA 1996): 

The floor-to-floor height of the cylinder house is 3.99 m, 
whid1 is higher than ordi~ary residences. So calculations simi~ 
lar to the one above were conducted assuming:a floor-to-floor 
height, Ji; ofi.99 m and an inside temperature of20°C with 
the internal-external temperature difference produced by 
varying the outside temperature. Such computational results 
wHI contribute to generali.zing the airflow prediction for 
common two-story houses. 

_ Figur.e 13a illustrates the ·relationship between the buoy
ancy-induced ventilation rate (air change rate) and the tight

.ness.. . of the -envelope with different internal-external 
' temperature differences. The airflow rates in the figure are 

obtained when the reciprocal number of the exponential 
factor, n, of the AP-Q equation for the envelope takes on 2. 

The airtigh)l:l~~~ levels (abscissas of the graphs) are for 
9,. 8 Pa (I mmA'q) of the refetence pressure difference. The 
graphs for air change rate vs. airtightness are linear in the 
range ofSbA~8 upto.J cm2/m2. But when SLA9:8 becomes 
greater, the. ain:hange rate does not shoW 'a· linear increase 
because. of the.' greater influence of the'; airflow resistance 
through the undercuts ( 160 mm in diameter). When compared 
at a fixed airtightness level, the air change_ rate becomes 
greater·approximately in· proportion to A9 °·54 to 69 o.ss (A9 
for internal-external tempera~e difference in K). 

Even if the effecti11e lc~akage ·area is constant, the air 
chango.ra(e-«eeessarily chariges; depending u~n the recipro
cal numb~r 'Qf the exponential factor of aP or a reference pres-
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~..H~ .. , r- ... · ? ~ 

-- .• ;; --20- . _ _:_-: - - . 
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• • • ' i• .0 "'·' 2Q.: o,-4.0 O'. 60 t·.80 . lOOc 1:ao 140 160 

· ·''·' · ,;,_ : aii' flow ~!.~ ~~Oif!>n !!¥ 3#umption that 
the cracks are concentrated in cylinders 

ventila'iibrl due to :'buoyancy 'alO?ie 'Is liken 'into ' 'ac~o·Wii;' ;-.; '~igure 12 Comparison berween <ilrjlow rates on the 
excluding the wind effect, the resultant prediction of airflow 
rate is conservative. In the event the air inflow is excessive due 

,_., _.- -, , .. . ·. ,,1· ·-' I :J, ; I 

different assumptions for crack distribution. 
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sure difference. The air change rates for different exponents 
~nd reference pre'ssure 9ifferen'ces were calculated, and the 
ratios of the; values obtained to thbse in the referenc,·e. c;ondition 
(n= 2, M,,_r= 9:8· ~a [l mmAq]) are indicated in Fie;1l~'.-1. 3(b), 
(c), and '(d). •. ' ' 

When n = 2, the effe~tiv~ leakage area·is constant regard
less of the reference pressu~i:; ther~fore, the air chan&e..rate is 
11ot influenced by reference pressure. At an internal-external 
temperature difference of 10 K (Figure 13b), the influence of 
the value of n on the air change rate is smallest when the 
reference pressure difference is 1 Pa and is largest for 9.8 Pa 
( 1 mmAq). When the specific leakage area at a reference pres
sure difference of 4 Pa is 1.2 cm2/m2, the air change rate with 
n = 1.6 is 20% smaller than with n = 2. At an internal-external 
temperature difference of20 K (Figure 13c) also, the depen
dency on the value of n is smaller when the reference pressure 
difference is l Pa. This can be explained by the fact that the 
pressure differences across the envelope when airflow is due 
to buoyancy are 0.5 to 1.5 Pa, i.e., around 1 Pa, as shown in 
Figure lOc. 

The air change rate varies more significantly, depending 
upon the value of n, if 4 Pa or 9.8 Pa is selected for the refer
ence pressure difference at internal-external temperature 
differences of 10 K or 20 K. When the temperature difference 
is 3 0 K, there is no obvious difference in dependency of the air 
change rate on the value of n whether 1 Pa or 4 Pa is selected 
for the reference pressure difference. Through comparison of 
(b), (c), and (d) in Figure 13, the influence ofthe value ofn on 
the air change rate is not independent of the internal-external 
temperature difference. 

Using the airflow rate (air change rate) as a reference 
value, with n = 2 a."ld reference pressuie diffeience = 9.8 Pa, 
determined from Figure 13(a) by airtightness and internal
external temperature difference, the air change rates along 
with other exponents and reference pressures can be obtained 
by multiplying the reference value by the coefficients given by 
Figure 13(b),l3(c),and l3(d). For example, ifthetemperature 
difference is 10 K, the reference pressure difference is I Pa, n 
is 1.6, and the air change rate is calculated by multiplying the 
rate given by Figure l 3(a) by a factor of 0.95, regardless of 
airtightness. When the temperature difference is 30 Kand n is 
1.2, the buoyancy-driven air change rate can be predicted, if 
SLA9_8 is within the range from 1 to 5, by multiplying by a 
factor of0.6 the air change rate determined by Figure 13(a). 

CONCLUSIONS 

I. A full-scale experimental house (cylinder house) was 
constructed in an artificial climate chamber, where cylin
ders were installed for simulating airflow paths, including 
cracks in the envelope and internal walls, and the flow rate 
through the cylinders were determined by measuring the 
pressure difference across them. With these facilities, it 
was confirmed that the airflow pattern can be measured 
without usihg tracer gas. The measurement result is appli-

14 

cable to the. validation .of tracer gas measurement tech
niques'and netWork simulation prognuns. 

2. Through a series of tests with the cylinder house, the vari
ation of airflowtate due to buoyancy, dependmg on door 
status (open or closed) inside the house and undercut size, 
was observed. The experimental results demonstrate that, 
i~. houses with a leaky envelope, the status of. doors exerts 
significant influence on the buoyancy-drivenairflow rate . 

3. Satisfactory agreement was confirmed between values 
obtained by basic calculation and measured data for the 
buoyancy-driven airflow rates and pressure differences 
across the envelope. Then, usin~the same calculation tech
nique, it was verified that the airflow induced by buoyancy 
when cracks are uniformly distributed in the walls is 
almost the same as that when cracks are concentrated at 
several positions (cylinders)in the walls. 

4. Employing the calculation method verified by experimen
tal data, the air change rates were plotted against the 
airtightness of the envelope (SL~_8), at internal-external 
temperaturedifferencesof I 0 K, 20 K, and 30 K, fixing the 
room temperature at 20°C. Calculation was also done with 
reciprocal numbers of the exponential factor of .1P other 
than 2 and with reference pressure differences other than 
9.8 Pa (l mmAq) for determining the airtightness, and the 
ratios of the calculated results to the values in the reference 
condition ( n = 2, f1P ref= 9. 8 Pa [ 1 mmAq]) were plotted. 
These graphs will enable prediction of the air change rate 
due to buoyancy with different exponents and reference 
pressure differences. 

5. Ventilation design in airtight houses is an important 
subject. If, at a given airtightness of the envelope and an 
internal-external temperature difference, the buoyancy
induced airflow rate is determined in order to predict the 
natural airflow rate, the resultant estimation is conservative 
in tenns of maintaining good air quality. Such prediction 
enables us to know the critical airtightness of the envelope 
that requires mechanical ventilation for ensuring the 
required air change rate. Also, when a natural ventilation 
system is selected on the basis of the predicted critical 
airtightness, it is possible to provide the requirednumberof 
natural vents considering the effective leakage area of each 
vent. It is also possible to use natural vents designed with 
a flow-controlling mechanism to prevent degradation of 
thermal comfon and heat loss due to excessive airflow. 
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