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ttueùiffr¡fnt prå¡ciplo¡ of ai¡tlqpt ç¡n he distl¡g'ished fn h*itdfng strLrçt$re qystems :

lnterçtitl¡I ¡nd infj"itratlg¡ rLrflo¡¡s. It is r+eII ls¡orm frc¡n Barùçnllrs resultsr aÈ vùtich cçn-
digåcfis tntos'tùltiål !ìaturel.çcnv€etlon flcr¡s cause eltra heat tcafisfer j¡r a cLoaed ptrnce fi-Iled

avitjp¡ r¡rittr operr /
õtruch¡æ ¡tltb v,ri¡d

tlrsrnally ttke an enelosu!Ç, l\¡rttrermaûç, if
shf,rld be tbermlly t*ell cor¡fr¡ctive.
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Pgr tylpical leakage routes, Nusselt nrmiberg äre 0.6-0.8 r vtblplx rpane t¡¡at, the heÊHJtS load of
i¡rflltratiq¡ a¡¡ a¡rA tra¡¡snlsslon ls cannørly cn¡erestj¡nated in the :Pøn al-ri i¡eat bal¡nee calcu-
lations. An eq¡¡¡tlø¡ to tåke l¡tp ac€ount t¡æ :¡rteractiø¡-act¿on of'.aiftf:c,Æ ar¡l conå¡cttve le¿|
t;ar¡gf,er in strusä:rrÊs is suggested.

It¡e t¡e-mat ¡ærformance of r*aJ-I Ft$r¡etr¡rFE le j¡rfluenced by ttþ:lch¡re ti. o¡sfet jn tÌ¡ree
rdays : Etagnant ¡¡qts-b¡re (water) has ruch irlry¡or tlcrmal condr¡cLivitl¡ tl,e" dry /.fr41Ê, air; npis-
u¡?e florn¡s-j.n llftilit / gas phases ¡rear¡ convétive heat transfer¡ jntergt.ÍLtal ¡*¡aee cfranges also
eause extJa lnat-irar¡sier i¡ relatlon .tp pu¡;e gq¡ductlve treat trarlsfer: Egr analfai¡g these phe-
nçnçlr¡a, a nrathe¡nat1çal7ÞV"¡".t rrcdeftttg õi s-i¡n¡fgr¡eous csr¡pled heat ard lpqitra¡sfer in po-'
16¡¡¡ ¡rgÈerj-a.Is based qt the',vol,r¡re averaging t€chnlgue ls discr¡ssedl. In additlÒn, sqnE experi-
nÊntãl rezul-ts of field sutdi€s concerning tl¡e tler-¡nal perfcnnance of stucü.¡res, utrere also ¡pi.s-"
ture tJansfer occurFl
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rhir papor ggteqt.Tt r-
nrar¡ce of raIL ¡È¡¡¿:tr¿fes..
tion of ¡ú¡clel tqr¡¡ttcr¡s us of
Inst and irqee tru¡¡f,er ts .fcrfltBd,

T!¡è b'edic tbËo¡y:.ô'f sl¡n¡Itaneoùs hèàt ênd.'nas$ t¡ufster in ¡p,rOus r-,-4É v¡as int¡oduced
by f,rjtkoy (1961t. Àfter ttÊt ä humbêr of rsthamatical rodels bç.eeË on dlffelre¡rt scier¡tlflc
: ,r:,-¡ :i. 
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a¡æroaches wcre i¡¡troduced (Ianpi¡en 1979; 0; Kohor¡en 1984) '
ü-&etl-¡tìrrþ1-tf¡ere are parâ¡¡eters to be de neasur5ag ¡retllods of
transport parAlfeters are -also discussed by Kies problem w"itl¡ trans-
port Þropeitjes ls the determination of the tlrernral conductivity of npist poroÌs ¡naterials.
lfris i":-ff be dissussed latær. Altlrough heat ar¡d rrþistrrre tra¡rsfer p]renorena Jn bullding stn¡c-
tr.¡res ha'.re been studied for a relatlvely long tine, ørly a few si¡m.¡fation nett¡ods have beer¡ i¡t-
trodLrced (Kiessl 1983; Kohonenr MËiätiä 1981; Sandbe¡¡g 19731-

Wt¡en considerjng the vatfdity of a sj¡n¡fation ltethod, r,¡e s!¡or¡ld pay attentlon es¡teclalIy
to t1.¡e pù5reieal ¡rodelr-the cc¡nbhaficn of transport j¡cluded i¡ tÌ¡e ratfisnatlc rþdel,
tranE)orL ProPerties, arrd e<perinental verlfication of tÌ¡e ßcdel"

f¡r tl¡e volure-averaging aproach afso used i¡ our si¡trlatior¡ ¡retÌ¡odr TRÀTMO ' ¡Iþ1st Po-
roqs nraterjals are coneldelea-aJlnrft¿pt¡ase systers consisflag of solÍd natrix, IlÞisture i¡¡ voids,
and inert gas. Cor¡BeguenÈly, rlre have á ¡ni:cCure of three cíq)oner¡ts, tt*.jttg+ cqq)cr¡ents (i¡t9tt
gas in wiás ar¡d coffá natrji) a¡¡d rpistr¡re (adsorbate) ln tÏ¡ree phases (sotid rike srirface ad-
Ãorknrrt, cap ied description of the wet-
ti¡g procesä sures when physlcal adsorp-
trm aÇcurs, of adsorbate is i¡creased'
tlre llyer gror.re into a f (sol-id natrix wittr solid-
Like Iiçú filrn and gas ssure of
adsorbaå is fr¡rther inc naü:re of
tlre ehe¡nlcaf poter¡tial of tlre absorbed film, the a volure
phrse or havia certåf¡ tlriç]coessr at rrrhich tfre eqr¡ilibrir¡n with tlre voh¡re phrases (capillar¡/
ãondensate and adsgrþEtÉ) w"ilJ be reached. Accordingly, it Is obvicus that the capillaqz ccmden-
sate wll.l freezg ffrst wh€r¡ the tArperature is lorr¡ered belgv¡ tt¡e freezing Poi¡t of free water,
v¡trile tÌ¡e surfaea adsorbenl wüt re¡naln unfrozen. D¡e to Ìcteroporoslþr, there is no e)(act
freezlng or erraporating point for tàe vrat€r in porq.rs natertals. Ttus tt¡e ratæ of i¡terstitial
phase cÉarrge6 däpeJ¡ds án tfre terrçeratr:re a¡rd nr¡isture contfr¡t a¡¡d is noÈ constant as oftæn as-
ãured tn l,ú1¡orrtã ¡¡pdel, f igrrJ 1 illustrates a ptrysicat rpdel fof roistu.re trar¡sfer in porous
ne¿lìA.

GC'VBI{ING EpIÃTICNS or HruI,å¡{D ¡'qsp IBANS¡,ER D{ PORfiIS ÆDIA

Ihe basic transpor!, equations of any flcw q¡stcrn are continuiþrf ¡InnBntult, and errergry. In rulti-
phase systems, 

-the eontrol r¡olune, V, conslÈts of subvolunes¡ Vçyr bound by Lùedependent gu|- 
.'fá..s, ãVo{t) , "tti.t nay include interfaci¡I and phase-intrl¡sið ¡n¡:ts (FiE¡re 2) . Itre facÈ tt¡Et

tne pfraseÏintrj¡sic suriaces rTtry ire tirre-dependenL nrrsÈ be tãken j¡to account on tl¡e derivation of
tle ¡atance equations. Accordjng to l.êibnitzrs rule, vJe Iltay r.¡rite for tl¡e average of ti¡p derivatlve
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corespond.tngly, according to the volwne-a\reraglng tleorem lntrodueed by Slattery 119711 ,
iÈ holds for any scalar, Epat¿af rrrector, or second-order ter¡oor fleld that

Q)i ujt.t 
o*'(vd't) d'r'/ = v(Yo) +

lfhcn applyl¡g Fquatior¡s 'l a¡rd 2 to tJne genc$sl tronßport equatlon valid for slngle-
phase q/st.e¡ns' Èhe general" transport cgr,ratlon valid for a npsr¡errt of a nultlphase Eyseäm ß
obtained by;
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Itre a¡ea intægrals on the right-hand side of Equation 3 descrjbe mass, stress, Jnertia,
or energlz transfer from coçonent o to cotrponent. ß across the i¡rterfaclal surface âVog, vÈren
no accunuJ-ation takes place at the i¡terface. (Yo) denotæs sources / sj¡lks i¡ the conüio1 vohme.

lì¡rtÌ¡er¡ncre, r.e shgutd noÈe t¡¡at -if
car¡ be e><pressed Yo = (Yo) (o) + Qo, onfrere ù;

<o y > = 4p ¡(o) <v >+.ft ü r.0q o d 0q

tÌ¡e value of the function Vs in any pojnt in phase e
der¡otes spatial turbuJ-ence, tÌ¡er¡ (C'ray 19751 t

(4)

dA. (6)

In contj¡uity equaLion Y = 1 ar¡d if local, tìernndynatnic equilÍ-brium is assurcd and the
sr¡rface integral q¡ tl¡e right-hand side of Equalion 3 is cor¡sidered as tlre voluretric rate of the
j¡terstitj¡-l phase cÌnnges, tl¡en

# toot = -v'tÊn,o * Lff ,ot* ¡^ <qn,oe> ' (5)

In Equation U Lrr,o *d {n,o der¡ote diffusion and cslective mass flu<, respectlvely.

. Application of ttre volune-averaging theorem in nrcnentr¡n equation gives (V = I arrd+
Qeff=! Ût Equation 3) :

A Ð- l+ +

;; 
.ootot = -V.(pov;vo, * V.(!c> + (Þofo> +
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If tÌ¡e rcdified Peclet nr¡nber Þe* < 5 , tÌ¡e j¡¡e¡:tia terms in Eqration 6 ca¡r be negtected
(ææ 1972'). When p:re stratified flows are considered, the fi-rst surface integral term on tt¡e
rÍght-hand side of Equation 6 descrlbjng stress and j¡ertia tra¡rsfer can be ro-aèily jntegrated.
Si¡rce È^ = -p^.i + r^. the equation of nption becones

-û -0

v(po) = -v...o, - *' : ,t, ^ 
!o.ñoe da - <oo> Ëo, (7)

vulpre clÞ

po is the static pressure of fluid o.

In buílding physlcal stratlffed visccnrs flous, V.(tcr) is obviously of ninor ùportance.
lfne seccr¡d term on the right-hand side of Equation 6 represer¡ts the force reslstj¡g ttle flov¡,^
for v¡l¡1ct¡ a li¡ear de¡:endence on the relative velociQr is valid (Darc,y-t1pe f1q¡), if Da < 10-r
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As stated, Eguatlon 9 is valid in bullding ptrysical applications for_¡rure stratified
flor,vs of bulk ptrases.-..S., for vÍscous flcr¡ of humid ai-r a¡¡d viscous or capiJla4r fl-ov¡s of Ii-
qrid water.
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the energy balance equation jrr building physics applications nay be presented by tÌ¡e
isochorlc change raÈe of j¡ternal energy ( Y = h ana fur, = 6 in Equation 3 )

,A

{ É (oottot av = - 
,j 

9o'no da - 
,{ 

(%,oho)'óo aa. (10)

Applyi¡g ttre divgrgence and volune-averagi.ng theore:ns and takirig j¡to account Eguation
5 we obtai¡

A

#.oono, = -v<Êo> - v.<h il,or * <hox<ôo'>>. (11)

fhe total nass and energy bala¡rce equations for a qfÊtem consisting of ccnponents q |s
obtaj¡ed by smningtogether the corzespond.ilg equatims valld for ccrq)onent q¡
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( 13)

( 14)

o

Ttre left-ha¡rd side of Eguation 13 represerts accurnrlatlon of heat; .,he fj-rst term onqr the rlght-hand s heat due to i¡terstltial phase
changes; a¡¡d tl¡e la iscous ftc¡¡,rs. ny solving ?åds>
frc¡n tl¡e cøÈiauiþz change aß occrrrs j¡ a certaj-ñ tem-
perature region, r\e fj¡d for the energy equati

E<oh)=-V'E<d>* Iq oo o 'o ell
+r>o

å.0o, "* #' noep = -v.<t>-nog v..{n,o*qD,o>

rv.<hü >.
0 o-mrq

Equations 12 a¡¡d 13 v¡i11 have different forms r,rlth rrifferent boundary cqrditlo¡¡s depend-
ing cn which heaÈ and mass transfer ¡pdes are occuring, ê.9., on tåe problanr cor¡sLdered. Kohonen
and l\4i¿itt¿i (1981) have i¡rt¡oduced a cqrçÐter program, TRÀTMO, based ør Equations 12 a¡rd 13 for
transient arnlysis of the hygn:othernnl behavlor of building stn¡ctures. lætìods for tl¡e determt-
natior¡ of tÌ¡e trar¡E)ort properties and potentials needed for tÌ¡e cal-sutation of viscous, rr{ffu-
sive, and capiltarlz flcn¡s j¡ Equaticns 12 and 13 are discussed þ Kohonen (1984).

In tÌ¡e follcrwJlg, ünc specifÍc topics of coupled heat and nass transfer phenoræna j¡r
buildfng structures wil-I be discussed: steady-state ccnrbi¡ed conducÈive and convective heat
transfer 1¡ ttvo-di¡er¡siqtal stn¡ctu-res a¡rd ttre i¡fluence of ¡ncistr¡re qr tlre t¡¡erîal perfornnnce
of structures.

CCNNÆTTVE HEAT TRÀNSFR IN VITIH PBMEABLE MAÎRTALS

Gor¡ernj¡g Equations

ü¡e mlst deal with cctttbj¡¡ed conductive ar¡d convectlve heat transfer, in nrany technÍcal systems,
especially j¡ tt¡e¡¡naI inzulaticr¡. thennal effests of natr¡ral convècÈiot flov¡s i¡ closed filled
cavities with riiffere¡rt kinds of borndartrz cq¡ditions have bee¡¡ studied extensively. In buì.lding
physics applicatiørs, hooever, r,i¡e deal witlt cavitles lvhose errvelope is ¡n¡re or less perneable.
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Consider a tr,¡cdinensional v¡all sÈrr,rctr¡re witÌ¡ no j¡terstitial phase changes. Itre gen-
eral contj¡ruIty, firfiìentun, and enengry balance equation of a nultiphase systsn, Equations 5f 6,
and 13, w"iIl have tìe foflc¡,v:Ing forms, lf statimarlz ccnditic¡rs are assured:

v.<ó >
'lltr 0

V.<t> = !

_++
V.<o v .v >'c[ 0 0

0 (1s)

( 18)

(1e)

(20)

-V <ov'0 Cl

+t.n
-00 dA 0 (16)

-v.<t-> - v.<h^L -.> = Q. (1t¡. d.In, cx

If r,le assr¡ne tlnt visccr¡s flov¡ ls J¡ccmpressible, tÌ¡en we have V.l^ = g . Ilhe ¡n¡nentr¡n
equatj-cn will have different forms dependirrg ør the nature of vÍscous flo,¡." In build.ing physics
application, it is ofterr valj-d to assure a Darcy-ty¡:e flor

-.1.+t+
-Bn<v> = -K n<v>-o q 0 -vr0'0, q

e.9., internal ttrnentrm trar¡sfer is zero

.T>*v.<t>*.oÈ>*-1
0 -0 'd d v

.+I t.n dA
âí/ -(l q

o

1

v

+ I
AV

c[

(s)
<D>

= 0 , e.g.' inertia trar¡sfer ls zero.

Consequently,

-+ 5,, _ ^ 
(o) (cl) *<v*> - - r.,r.(V<p>o-<gq) fo). Q1l

If v're aszure ttrat the density of fluid is a funcÈion of ternperature, substitute the
equatiør of motlon, Equatiør 21 , Eo the csrtinuiq¡ eqr,raticrl, Equation 15, then vre have

(o)

&' ^ ' 
(o) d<P^,> +

# tV'<P^> - s f^,'Vcr>l = g. (221n0 -o. dT o¿

Iìrrther, assumjng that the fluid and solid ¡natrjx have equal ternperatures loca11y, we
nay vrrite

v. (K. v<T>) + (o)

-q -<9n,q>'v<hq> = Q' (23)

k- {0, 
.noJ") . u .r,j.: È.v.r, } = o

Eguations 21 a¡¡d 23 are tlre npdel eguations descriJring cornbi¡ed forced/natr¡ra1 convec-
tlon a¡rd ccrnbi¡ed ccr¡ductjcur and cørvectiqr of heat at stationarlz cmditicns.

In building physics applicaticns, the body force ï *t be replaced by gravity force Ç.If ttre fluÍd ls ai-r and is ass¡nedtobeh,ave as ideal gas, then Eguaticn 22 ls

(241

where

ß is tåerntal ex¡nnsion coefficient, =
1

F for ideal gas.

fhe bcrundanr cqrdition equatico:s ca¡r be formulated exploiting Eguatj-drs 21 and 23. For

"le 
tenperature fie]d, the borndaq' condj,tions can be of tt¡e fi¡st, second, or thl-rd kind, Cor-

respcndlngly, for tbe pressure field tÌ¡e bouedarT conèitiqrs can be of tlre fi¡st or second kind.
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In add.ition, we have assuled the ncn-sJ-ip velocity and tenperature bor:ndarlr ccnditions at anjnterfacial surface of tr,vo perneable layers (note Char¡nabasabba 1983; Tong and Subra¡ni¡n 1985).

Consider a qpace CI bound þ a sr.rrface I .
cq¡dÍtiqrs:

ltre average heat flcrus is at stalionar¡r

ã = L Tt,d., . h 4,r).i., ar = LÏ'(d, * n {r1.il, ar

ã = L Ït,ü.,. h 4n,,).i., ar = J-( ii) Q6l

Q'71

Itrusr the control surface ca¡r be eitÌ¡er the "coldt' or the "\,,t:zm" surface, and it can be
eitl¡er perneable or lnperneable. It¡e effect of cqlective flovss on tl¡e thq¡nal performance of a
stn¡cture is often ocpressed with tlre Nusselt nunber defj¡red by Equation 28.

qdr
Nu (28)

where

eO denotes the heat flr¡c for ¡a:re conduction.

In general, heat fl-r¡r<es j¡ Equation 28 st¡ould be calculated accordjag to cøìvection on
tÌ¡e ccntrol surface. ftrus for tlre case of a tr,uc-dj¡rensiøral- stn¡cture ttre Nussett nr.mber gets
tlte form

Nu=

(-
{ ton(v) + fl ITE(y) - T(o,y)] dyf (2e)

ok,o(y) [ TE(y) - To(o,v)i dy

r,vhere tÌ¡e quantlties witJl sr¡bscript 0 refer to pure ccnduction;
tle cørtrol surJace t ar¡d h der¡otes ttre height of the stnrcture.

y denotes ttre coorôilate along

(i) (2s )

'f ar'Å, u,

r 11- + I 12. Ð .-(iii) q=:J q1'n1 dr=:J 9r'nrdt
'1 

t2

q

qo

I
f

I
T

qodf

ItIe convective heat transfer coefficient, d¡ r is calcr¡l-ated using correlatlqrs for na-
firaL/ forced. cørvecticûr on a plate or on a rocnr spa.cê waIl . Signs (+/-) jn nquation 29 shouLd
be taken to correspcnd to the viscrcus flqv¡ directicar j¡ relatiqr to the di¡ection of cørvective
heat transfer.

Cc¡tFuter Sj¡ulation

For analyzing ther¡nal effects of r¡atr¡¡al / forced conr¡ective fl-ov¡s i¡ tr,vp-dj¡ensional $ra-Il stnrc-
tures, cøputer code COC2D has been inplerented þz Kohonerr et al. (1985). the present r¡ersion
solves Equatlons 24| 21, 23, and 29 j¡l sequence at statÍona:12 ccn4Ìttons e.lçloitlng the fj¡¡ite
difference a¡:proactr wittr nonequidistance space rrifferentiation. ltre walI stn¡cbJre can be ro¡Iti-
laydred v¡ith the follorring bor:ndary conditions:

pressure field: tÌ¡e lst or 2nd ki¡d

teryeratrrre fleld: tJle 1st, 2nd, or 3rd kj¡d.
Ttre rplstr¡re transfer by diffusion ar¡d crcnr¡ection ca¡r also be analyzed.

cluded j¡ or¡r sj¡rn¡lation package TRATMO.
C@2D is i¡-

l{ater1a1 propertÍes such as ther¡nal conductivitlz
can be flIlstions of te¡rperatÌtre. Cotrespondingly, tlrermal

ar¡d the viscosity and densiQz of fluid
conductivlþz and penneability can have
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èi-fferent values i:r ¿ìiffe¡e¡rt d.i¡ections. Convectir¡e heat tra¡rsfer coefficlents are calcr¡l-ated
from the correlations eittrer for natr:ral or forced convection on a plate/wall.

In order to verjfy the i¡¡troduced nurcrical nethod, sj¡¡.rlations on soùrÞ laborato4/ ð<-
Itre vlall strructure s 2,2 m high;
j¡tsulation cavitlz Ky,r, = 3r9 .

a¡¡d the teûperature ld åir spaces
ntal- boundaries wer tlermally insulated. In calculations¡ ttre heaÈ

flu< tårough t.ilem rr¡ere to be zero.

I'lro djJferent e>rtr¡erjJrents were sjrrulated: absolutely closed cavit¡z and a stnrcti¡¡e
with peneable outer (cold) surface. the wal1 stlancture was presented as a fjl¡rous inzulatirrg
materjål caviLlz, closed or ope¡ at tàe outer surface. Ttre heat transfer resi-stance of the j¡¡-
side surface fi-berboard was conbined with the i¡side surface corvecÈlve heat trar¡sfer coefficient.
The heat t¡ansfer resistance of the thi¡ner outside surface fiberboard was orrLi-tted.

Itshou-ldbenoted thattonaj¡tain constant terperatures, ai.rhad to be ci-rculated with fans
or¡ botlt sides of the structr¡re and ttrus forced convection a¡:peared on the vertical bo.mdaries. In
a nunerical solution Ì,¡ith borrrrdary cqrditlons of the thírd kj¡d at vertical surfaces, the ccnrvec-
tive heat transfer cpefficients h,ere calculated ass-un-ing pure natural convecÈion, and so the real
e><perlnental situation could not be precisely sj¡ru-lated. flrerefore, bowtdäay conditions of the
fj¡st kj¡d r,rrere used jn tlre nurcrical si¡¡nrlatiq¡s, i.e., the reasr:red tenperature disi=i-butions
on vertical boundaries lrere given. Figure 4 shcn¡s tlre calculated a¡d r¡easured terperaä:re pro-
flles. Tt¡e calculated surface tsnperatllres diJfer frc¡n the reasr¡red ones as could be o<pected,
since the calculatecl convective teat transfer coefficients $ere not e>çected to be realistic be-
cause of tte aszurptfon of pure natural convecÈiql on vertical sr¡rfaces. Figures 5 and 6 gíve
ttre flcnu field and heat fluc profiles accordi¡g to calcuJ-atior¡s.

Íf¡e convection seems to have been stronger j¡r tìe Ðperjnent than was j¡rdicaÈed by the
nunerical sj¡ul,ation. A reascr¡ for the dj-fferences nay parbAy be that the heat flu< through the
horizontal boundaries vlas not exactly zero, as it vras assr¡ned j¡ the nurerical solution. It is
also possi.ble tl¡at j¡ tlre j¡rsulated space, wtrich was assernbled wittr 1OO-mn-ttrick ¡n-íneral- fjber-
boards agairrsÈ sr¡¡ottr horizontal plates, tlrere ocisÈed jojnts and cracks, v¡irich contributed to
convective flow. fn cal-culatlons, t}re effect of tt¡ese norrideal flø¡s could not be taken jnto
accor]nt.

In tàe case of a structure with open outer surface, the tertrerature field was soh¡ed
giving tlre neasured sur-face tsçerature values as boundarlz cqrditions. Ihe cafculated torpera-
ture val-ues r¡ere j¡r better agreenrent witJ' the neasr¡red tlar¡ in tÌ¡e case of arì er¡closure. At cor-
respond.ilg vertical U.nes, the nraxjm.¡n temperature d.ifference bet¡ueen tlre neasured and calculated
is abou+- 2 oC a¡rd the ¡rean terperatures a-re approxJrnatel-y equal . Ihe shape of tåe terperature
profiles r,ere also atræroxirnately ttre sare, though the calcul-ated profiles are at right angles to
ttre horizontal surfaces, r¡trich is due to ttre assr-uq>tion of an adiabatic surface.

Fign:re 7 gives a $mnìaltr¡ of results of the coq>uter sjmulations, ê.9., the dependencry
of tle Nusselt nr¡nber qr tlte rcdified Raylelgh nunber a¡rd on the aspect ratio for closed strirc-
tures and a stn¡ctr¡re wittr penreable outer (cold) sr¡rface (Kohonen et al . 1985). As vte can see
in Figr:re 7, or:r results are j¡ good agreenent witÌ¡ tÌ¡e calculated results for closed enclosure
presented by Banls,rall (19741 .

I¡ Fi$tre 7 it stroul-d be noted t¡at i¡ order to have Ra*>>5, either tlre hydraulic ccn-
ductiviþz or tt¡e Íean terperatr¡re of i¡sulatiqr strould be octrercly lor¿ as far as ordina4z ualI
stn¡ctures are concerned.

!'fith Ra* = 3r4 correspondíng to the e.perinental situation used in verlfication of ttre
nrûÞrical rrethod, the Nusselt nr-unÞ for the open struct'r.re is Nu = 1 ,033. With nediûF+reight
(35 kg/m3) ¡ni¡eral wool- insul,atj¡g nìaterjal (Ra" =2,2) cal.:qtlatic¡:s give Nu = 1,013. ltrus tlre'
effect of natr¡ral- convecticn qr tÌ¡e k-value of a uall structure wittr medlum¡¡eight rÉnera} wool
insul-atj¡g rrraterLal is, f:røn t]re practical point. of vier^/, nearly jnsigniflcant,

Correspørdìngly, vltren the outer vertj-cal 50*m layer of lighÈtteight tn-ineral vlooL i¡su-
lating nateriâI space \^'as replaced with a gl-ass wool wi¡rd shield, witlr t}e specific penreabj.J-ity
one-tentå that of the insuJating naterial, and with tÌ¡e¡:nal conductiviþr Ik=0,045 W/¡n'K, calcu-
lations give Nu = 1,044. lhus, jl this câse the glass wool wj¡rd sleield cu€s dcm¡n tt¡e nean heat
flcnv j¡cre.ase caused by natural convection by ørly about cne-Ìnl-f . Whe¡r tJle specific penreabi-Ii-
t!¡ of wiJrd shield was one-fifth of ttre value of ttre prenzious cases, Nusselt's nunber of 1'013
l€,s obtained.



g

With a Sf¡mn-thick wj¡d shield with specific pe.rmeability Kv,x = 6,4.10-1 1 m' or less
natural convection has ar¡ i¡rsiqnificant effect on ttre k¡¡alue of tlre stn¡cture. With a'l 2-rm-tåick
wj¡rd shield with Kv,x = 10-12'^z or less, tàe structure corres¡:ond.s to an enclosure j¡ a themal
sense.

If a t¡¡jn, horizor¡tal obstructiøl (plate), having the sa¡re horizontal Èhe¡cnal conduc-
tivity as the insulatJng material, is placed at tìe height of 1,16 m i¡ the open r,øall structrtre,
the calculaticn gives Nu = 1,051. So the mea¡r heat flu< ttrrough the waIl is decreased., thoughj¡ the case of a single cavity with a¡:pro<imately tl¡e sa¡re aspect raÈio (3,67), it is increased,
copared wj-ttr tÌ¡e case h/d = 7,33. ltris is caused by internal heat ftovs through t}re obstri¡cticr¡
plate frcrn tt¡e warner part to the colder part of tte stn¡cture.

As it can be seen in Flgnrre I, tlre tt¡ermal perfornurrce of ttre structure is UJ<e tÌ¡at of
tlvo se¡rarate wall with the aspect ratio 3167, if t}re heat flov¡ betlieen t]¡e tuo cavities is re-
st¡icted.

llhe forner calculations represent natr¡ra1 convection i¡ a vertical wall structure. If
tbe perneable pa:ts of rriffere¡rt wal-l structures are coupled, tlre flq¡r field of one stmctr¡re wj-LI
have an j¡fluence qr tÌ¡e flov¿ fields of the otlrers. Therefore, tÌ¡e thermal performance of the
whole builè1¡g envelope diJfers considerably frqn rvhat would occur if each structr¡re bel¡aved
separately.

As an exarrp]-e for joined wall stmcEr¡res, a vertical wa1l consi-stilg of a 50-nrn glass
wool wind shield a¡rd 250-rcn lighbveight mj¡eral r,rcol insulatjng nraterial was considered. Itre i¡r-
side height. of the waIl uas 2r5 m and the j¡side lengt.ll of ttre horizontal part vlas 1,0 m. Itre
i¡side and ouÈ,side aj.r teq)eratures were 293 a¡rd 253 K, respectivety. Ihe structure was simpli-
fled so tl¡at the crossbars were olLitted and only tåe porous parts of the structure were presen-
têC. fhe outer surfaces of the wj¡rd st¡ie1d a¡¡d tàe horizontal layer were perneable and the otìer
surfaces were fupeneable.

In the case of natural cqlvectiqr, tlre Nu-values cal-culated for tl¡e j¡slde vertical a¡¡d
horjzontaL sr.l¡faces were 1111 , and 0,80, respectively. fhe decrease of tlre Nu¡¡alue of t]¡e hori-
zontal part !,,as caused by a rising flc¡*r tl¡at warmed up Ètre horizontal parts of the insulating mate-
ri.al near the corner. Tk¡e f1cx.¡ field and heat flux profiles are s¡ro\^rn in Flgue 9.

Iaboraton¡ Ð<per j¡enÈs

Iaboratory o<perjr€nts were carried out i¡ order to

get a better r¡nderstandiag of extra heat transfer due to natural convection j¡ fu1l-
scale wall stri¡ct!¡res with thennal i¡sul-atior¡ assernbl-ed with st¿¡¡dard-size fi-ber i¡zu-
latj-on boards and nats,

fj¡rd out differences betlveen an ideal and a real insulation, i.e., bebæen calculaticr¡s
and eçeriments .

Test walls with four separate i¡rsul-atiq¡ spaces were or¡rcsed to warm ar¡d cold rocrn
spaces kept practically at constârit terperatures (Figure'l 0). lhe height, breadttr, and ttriclaress
of each i¡zuIatiqr space r¡rere 2,2m, 0155 m, and 0,3 m, respectively. Ai-r leakages betoeen

the test insulation and erÌvircrurent were prevented wltt¡ an airtight erlelope and sealings in
joj¡¡ts, e>(cept i¡r the case of open cold surface. Itre permeability and ttriclcress of mjneral fjJcer
j¡rzuIatiqr witl¡ / witl¡out (vertlcal or horizontal tlrer¡rally well-conductive cqrvectior¡ obstruc-
tions) r pêrnÞâric€ of wi¡d-shield board, a¡¡d ttp cold roqn aJr ternper4ture r.¡ere varied jn oçeri-
¡rents. lhe aÍr tenperatue l¡ tåe warm side was ccnstanÈ (about 22 aC) j¡r all- experlnents.

TsrperatL¡re proflles were reasured urith tj¡enrülcouples located at different ler¡els and
depths j¡r t}¡e ¡niddle section of t]¡e test structures. Correspondingly, heat flux profjJes were
neasured on tåe warm Jrçerreable surface with heat flu< neters. Ivþasure¡ents r,qere ca¡zied out
under stead¡r-stat€ ccnditions. Àltogether 22 diffe¡ent st¡rctures were rÞa6ured, each a! three
different mean tsperaÈures (dranging tåe terperatr¡re of ttre cold roqn E)ace between + 6 "C -
-20oc).

fhe o<perinental Nusselt nunþrs (Nu*) were deterrni¡red using the folloring approach
givirrg a lov¡er approxj¡ìation. the average heat fhx witl¡ tlre lowest tefiperature.dlfference for
each ãtructure was assr¡ned to represent ttre pure cørôlctive heaÈ flix givi¡g Nu*= 1 (i.e., tlre
reference vafue). Ihe te¡rperature dependence of tl¡e tlrer¡aI conductivities of i¡rsulaÈion and
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wind shield ¡naÈerials was taken j¡to account by a co:rectj-on factor. Ihe eçerJrental Nusselt
numbers are determj¡ed by Equation 30:

Nu
*-/= s/ {',

o.oq +Ak AT) (30)

wtrere

is the nea¡r heat fIu< i¡ the experj¡ent, !il/m2

tt¡e nean heat flr¡< in the "ccnvection-free" refere!'rce er<per5-nent, W/nz

tle calcr¡Iated correction factor of "convection-free" tl:ermal transnittance due
to the tenperature dependerrce of thesnal cor¡ductÍvities, W/m2.K

tt¡e rean tertq>e.rature djJference betweeri tte warm sì¡rface of i¡¡sulation and tlre
cold aj-r E)ace, K

corses¡)on¿i¡g nÞan Èertperature difference j¡ the "convecÈion-free" referer¡ce
experfuent, K

lbbLe 1 gives a swûla4/ of neasr¡renents. In general, the dependence of the experinen-
tal Nusselt nwibers on the effective pararÞters was logical only case by case. ÍLrerefore, sirmr-
lation had to be applied. Based on the results of erçerinental studies, scme practj-cal aspects
and conclusicars caa, hov,ever, be given.

In the present h7ork, test j¡sul-ations were nearly fulI scale (of snall house sj-ze) and
nade of qre or several i¡rzulatiq¡ layers. In spite of efforts to avoj-d faults j¡ i¡rsulatica¡ a¡¡d
tightening, marry Slsulations beb,aved unforeseeably with regard to natural convective heat tra¡rs-
fer. Difficulties Jl practical are oLviously slmilar, e.g., lnsulatiqr work can hardly be as good
as j¡r laboratorl¡ conditions.

Ð<perfuental results st¡crv¡ the equal ccnvection effect asf or stronger than, vùrat coul-d
be o<pected accordi¡g to the ccnquter si¡m¡J-ation. flre test j¡rsulatiqr structures sesn to be more
or less successful approxirnations to ideal ones. Sone elçerlnental results, however, su¡4rcrt tlre
calculated results, v¡hich can be considered as lover approxirnations.

the only results givilg Nu* o 1 rrrere ¡neasured for the j¡sulation structures withr q¡e
0,l-m-thick i¡sul-ation layer between troo alrLight Snperneable vertical surfaces. Írlith tuo or
tlrree layers of j¡rsulation materja], the Nu*-nurùcers were always higher tìan oçected. Ocvicus-
Iy, increasing the nrgiber of boundaqz layers bet\^,een j¡sulatiqr and co,rering surfaces caused
strcnger ccrìvectidr than expected. Ihe horjzontal convecticn obstructim did not bring any ad-
va¡tage.

It¡e thernal resist¿nce of i¡sulated wall st¡ructure decreases c,r^7i¡g to natural corìvec-
ticn ar¡d jncreases oøing to the tefirperature deperrdence of thermal cqriluctiviÈies, i-f tåe terpe-
rature is kept constant i¡rsideand lorn¡ered outsl-de the stJ:ucture. the effects ccrlq>ensate each
otlrer. In ttp oçerirnents both effects \^rere approxjmately as strcngr ê.g., the thermal- resis-
tances of the i¡rzuIation stmctures. iJl oçerirrents-ü/ere approxjrnatefy constant j¡ the t€nperature
region used j¡ o<perinents, for lù¡* = 1rO3 attd Nu*= 1r09-ãt tt¡e mea¡r te[rperatures 283 K, respec-
tively.

VBRMING TJP OF LEAI{AGE ATR IN CRAS(S

ltre actual heatl¡g load of build5ng often djJfers frcrn tlre deslgned load. One reasÕn for thls ls
t¡e uncontrolted (infiLtrations) ventilatior tlrrough a building envelope. Ilydraulic properties
of differer¡t leakage routes have been studied widely, and leakage flo¡ ratæs can no,vadays be pre-
èicted ratàer well. The \^rarmj¡g up of leakage ajr has not, hcrr'errer, been studied, and therefore
it has been difficult to pred.icÈ tlre real heati¡g load due to leal€ge. In pracÈice, the heating
load of J-eakage ventilatJ-cr¡ has beer¡ calculated assrnnl¡g tl¡at t]¡e aj¡ flot^rs j¡ at the outslde ten-
perature.

Leakage aj¡ is warmed by elçIoitiag the cørductive heat losses of a strircture. llhere-
fore both conductive and convective fLov¡s affect the tærnperature field of the st:rrcürre. Apply-
ing Equaticn 3 tt¡e heat balar¡ce of tåe flcnrrìng ccß¡pcnent ca¡r be \,Jritten i¡ the form
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Co:respondingly, for tlre stagrnant ccrq>orrent, s
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Ilne heat transfer between corponents s anci f can be given þr Equaticn 33
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Asst-Ûnjng statiorarlz conditlons, bulk florv, and constar¡È tJa¡¡sport properties, lse get for tl¡eterqrerature of tlre flor^r conponerrt a certajn distance, 
" ,-ir* tt¡e inl_et. of a crack :

/srf (s) = (tr(o) * i s(s)ea(s)ds) .*t"t , ß4)

v¡i:ere

.o(s) = | a"'(s)Pds
o q-c.Inrr prt

a-. (s) P (s)
9(s) = Þr T^ _-(s) .
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Ï:r Equation 3.4 Tt (o) a¡¡d _P denoÈe the i¡¡.Iet tenperature of the flcm corq:orent andtle circle of tåe crack, rêspectively.

of crack
1ow rate
solved
field of

Tl¡e rethod descrj-bed above has been used to solve tlre heating of leakage ai¡ j¡ scneBpical, ideallzed cracks (Kohonen et al. 1985). AIso the effect of Íe"k"tã-at on the therrnalbetiavior of stn¡ctures has been considered. r€t fj-rst consider tlre heai.Jng of leal<age air La crack between and i¡ a crack bet$¡een a tlrnber trá¡re r.¡auand foundation, s are j¡r botl¡ cases SV = 0,2--ent/*,1î2"äã¡*,
and 2,0 dmt/sn. ficients at tt¡e i¡r¡er and outer surfaces of Èt¡esÈructure are I w,/n2'K and 13 w/m2.x a¡rd the j¡rside and outside tenperature""'!-;*i;iiõ-.c-*
and -10 oC, res¡:ectively.

Figure '12 st¡or¿s tJ1e he-atiag of the leaÌ<age air as a frurction of the lengE¡ of lealcageroute for ¿rifferqrt flo¡r rates. It can be seer¡ ttlaÈ tÌ¡e heatjng is rþst signlficant r,¡it11 lcnr¡leakage flow rates.

Figure 13 gives t}te conespondilg heat flur< profJJes.

The heating of leakage aj¡ does not directly conespond to the heatjng load of a build-ing, because leakage flcm¡s also affect the conductivè heat fiov¡ field of ttre "ir.r.tu¡'.".
_ tr1 steád1z-state consideraÈions, the heat bala¡ce sr¡rface ca¡r be set at tàe outer sr.rfacecÉthe errvelope. fhen the heat flul at the outer sr¡rface represents the condr.rctlve (transnission)
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heat losses ar¡d tÌ¡e tl¡elrnal effect of j¡rflltratlng air can be evaluated by changes. For tàe
crack betlçeen wj¡tdow frane and v¡ood v'¡all (Figure 11) Nussett's numbers defÍned as tJre ratio
betueer¡ trangn-i-ssion heat flu<es at the outer sr¡rface of a structure i¡ tåe cases of pure andj¡¡filt¡ation affected conductÍc¡r are Nug,2 = 0, ,0 = 0160. CoEe-
spondingly, for tÌ¡e crack betræen waIl stirrcture nr¡nbers are Nuô a =
0'83 ' Nug,7 = 0,68, and Nu2.6 = 0,60. This re load of tsarrsniêÉion
and i¡fi1tration is usually overesti¡nated by Èens of percerrts.

I-et us finally consider ttre signrificance of the warrning up of ttre leakage al¡ with an
exan¡rle from practice. Our exanple buildlng is provided with an o<haust veritilating qFstem.

the heating load of tJ:e buildj¡g r,las also deter¡nined by calculation and rreasure¡Ents.
the tler¡naL transniÈt¿¡¡ce representjlg the transrÉssion heat l-osses was 820 Vü/K. Ttre capaci{
f1o¡nt rate of the er<t¡aust ai¡ was (accordjng to IIeasure¡Ents) 1370 VI/K. TLre nean underyressure
of tle j¡¡side ai.r was 12 Pa. Ilrus tt¡e reasured aj¡flc¡v'¡ rale represents tìe total ver¡tilatic,n.
The ¡rea¡r j¡side te:TrIÞrature was 23 oC. Figure 14 shsv¡s neasr:red arrd calculated heatlng loads
of the bujJding as a fi¡nction out tf¡e outdoor terperature. I4e can fj¡d out t]¡at, Nu = 0,8 gives
the neasr:red heating Ioad.

O¡r calculations (Kohonen et aI. 1985) shov¡ t}lat the vtarnUng up of leakage air is rather
efficÍer¡t on tlzpical-leal<age routes. With allc¡¡able leal<age flq^¡ rates i¡ relation to tåerrnal
comfort (0,5-0,7 ùn'/sn) the heatjng Ls 25- 60 t of the outside and j¡lside tenperature djJfer-
ence correspond.ing to Nusselt's nu[bers 0,9-0,7. Based on this fact, v'e suggest t]re heatjng
load of l¡fi]tration,/ er<fjJtration and trans¡n-ission to be calculated according to Equation 35

/\$ = lq.f + Iq T + (q ,-q )Il c +
\ 1nr1 O e 'lflrê e 'ínri Ãre',-/ -P
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v¡here subscripts i. e, cc, c, o denote j¡¡filtration, exfiltration, convection_and conducticn,
¡rure conduction, and outdoor, respectively. T is the j¡door tenq:eratr.rre and k ttÌe cn¡erall
average ther¡na1 tran$Éttance (k-val-ue) of a structure.

ASPæTS OF ITIE INFT,I'ENæ OF I\4OISItJRE

hll¡en consj-derilg the thermal perforrnance of a waJ-l structure, we should note tåat cjrcrnnstances
of pru:e conduction do not occur veqz often. For exarple, j¡r a vef,ical stJa'r¡cture with well-per-
neable naterials, natural convectj-on occurs although the average heat flu< nay correspond to prre
conduction. Fnrtlrer, j¡ t¡in high-porositlz i:rsulating materials, radiative heat tra¡rsfer nay
cause ncn-Fourier-Qpe behavj-or. Iiloisture affects ttre thernlal performance of a wa1I st¡i.rcture
Jn three ways: staginarrt rcisülre (water and ice) has ¡r¡lch higher ttrer¡ral conductÍvit1z thän d¡T/
hunid aj¡; ¡toj-sture flcr¡ i¡ liquid/vapor phases reans convective heat transfer; j¡terstitiat
phase çhanges also cause e¡(tra heat transfer ccnqnred with pr:re conduction.

In a st¡ructure ex¡nsed to a naturaL cli¡nate, ttre rate of l-aÈent heat tra¡rs-fer owjng to i¡tersÈitiaI phase changes depends naturally on the tlne-dependent j¡¡door and. out-
door hygrothernnl conditicns, e.g., crn tlre rate a¡rd nrrdes of npisture transfer. Therefore, to
analyze j¡fluence of npisture on the thermaJ- performance of a r,,¡all sttî¡cture, ue nnrst have tt¡e
sj¡ultar¡eous Ìcrcnuledge of terçeratr:re and ¡rpistr¡re fields, vñich j¡ mcst cases ¡reans the elçloita-
tiqt of ccnputer sj¡ulatior¡ to solve Eguations 12 and '14 wità proper boundaq/ cor¡dit1ons.

Under steaQr-staÈe ccnditions, npisture is acctrnulated in the colder parÈs (surfaces) of
a st!.r.rcture while tt¡e rest of tJ:e bod1l j-s relatively dr1. Therefore, \,"e rnay get values for t}rer-
na1 conductivities / tÌ¡ermaÌ t¡n$dttances nearly corzesponèlng to those wittr dry materials, al-
tttough t}le average npisÈure contents were relatively high. Ttris is obvious, if r¡e note that ttrê
ttprrnarresista¡rceof a nuLÈilayer structure (j¡ one-dj¡rensionar case) is

M (36)

vùrere g and Àa denote the sÈea ¡z-state heat flux and apparent (or¡erall) tàennal conducÈivj.t1z,
respectively, According to Equation 14 tt¡e total heat fll¡< is
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qnitting cc¡rvective heat f1r¡r and assunring sah:raticn cqrdj-tiqrs hre get
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Ïle should note that, in practice, we do not very often have ccurditiqrs where EquaÈion 38
is val-id. In ocperlnents, total heat flr¡r<es correspondiag to Equaticn 38 are obtai¡ed wtre¡r r,¡ater
is sprayed on the hot surface of a guarded hot plate a¡4raraÈus (Ianglais 1983). Conditions corre-
spølding to Equati@ 38 are also obtained v¡tre¡r tl¡ere is a closed systen r,vtrere tÌ¡e totäJ. ncisture
f1u< is zero cwiag to tl¡e so-caIled heat pipe effect.

In Figure 'l5 three different curves for the tÌ¡errnal ccnductivitlz of mcÍst fj-brous j¡¡sular¡t
are given. Ihe fi-rst cr¡¡¡¡e (,lespersen 1953) is obviously neasured r¡nder conditions wtrere the heat
pipe effect ls prese¡È. In this case, Equation 38 descrilces the late¡rt heat transfer. ftre seccnd
cunre (I-anglais1983) is neasured wittr a douple-gr:arded hot plate appÊratus. In this measr:rj.ng proce-
drre, moisture is redistrjj¡uted (ncistr:re acct¡r¡ulates at ttre cold surface/parts of i¡sulant), úrile
tJle rest of tle tesÈ bodl¡ is relatÍvely dry. This explalns tlrerelatively slight dependency of thetter-
nal ccnductivity qr npisture content. Viþ have obtai¡ed coresponôi-rrg values fron sÈeaQz-state
laboraÈory e4gertuents with waJ-I structures of reaL liJe (Kohqren 1986).

Either of the À-cun¡es does not represer¡t the Fourj-er t¡re:rnal cørductivity of ncist fi-
brous lnsulant, because ncisture is not stagnar¡t nor uniformly dist¡ibuted. Ihe thi-rd cun¡es a-re
obtaj¡ed wit}l a transient ¡rptlpd (Katayana 1973; Kohonen 1984). As seen 5n Figure 15, also ttris
retÌ¡od is very sensitive to the condition applied j¡ e><peri.nents. WitJr octrapolation (dT/ò<+ 0) ,
the Fourier thermal cørductivitlz of rpist glas flber j¡sulant couJ-d be determj¡ed.

In order to er¡aluate the practical effect of npisture and rpisture transfer on tl¡e tt¡ennal
perfornwrce of a wall stJ:ucüire oçosed to a natural clj¡ate, v¡e should ccnrsider tåe i¡fluence of
stagnant npisture on the Fourier theunal ccnôrctiviþr and heat tra¡rsfer ovdng to interstitial phase
changes. Íhe npdes of npisture transfer and ttre ¡noisture ccntent of rraterials j¡ a structure de-
pend naturally on tJle boundarl conditions. Consequently, tåe apparent k-val-ue / tåermal conductivi-
ty of a structure / j¡suJ-aLiqr layer, vihere also nrcistr¡re trar¡sfer occurs, should be based cn Ètre
tire averaged heat fh¡x and terperature diJference:
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t
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uitrere q and f denote tlre total heat flu< (Equation 37) and the contsol surface, respectively.
Figure '16 shov¡s terperature and heat flux profiles j¡r a flat roof const¡ruction exposed to a naü¡-
ral clj¡nate j¡ Soutlrern Fj¡rland. ÍLre a¡4rarent k-vafue of the insulaticn layer for tl¡e one h'eekrs
perÍod is k- = 0125 W/m2K correspondlng to Àa = 01056 W/m.K. The moistr¡re ccntent distri-butlc¡T
was ratt¡er uniJorm giving u = 4,5 E-by weight on an average.

DISCUSSTCD{

A physlcal ar¡d rnattrsratical ¡ncde1 for heat and nass transfer in porous nedja has been introduced
based on tlre volure-averagjng approach. lhe nodel eguations take j.nto account rriffusive ar¡d cqr-
vecÈive heat and mass transfer as well as i¡terstitJ-al phase charrges. the derfvatj-on of tlte ba-
larrce eguations has been given here to shor¡ hor¿ tåe coupling betlr¡eer¡ heat and nass (ccn:vecÈion
and diffusicr¡) transfer is for¡red. IJnderstandjng of coupllng 1s especi-ally irporÈant j¡r ccnside-
ration of heat tra¡¡sfer in ncist porous naterials in order to be sure you are studying the pheno-
nlslna you think your are studyJng.

Íhe ccr¡tj¡ruity, rrcnentr-un, and energy equations given in this pa.per have been used in the
simr¡l-ation pa.ckage TRÀTMO derzeloped at our j¡rsÈitute. ftre sarp apprnoach has bee¡r used j¡ tàe de-
velo¡rrent of retJlods for tt¡e determl¡atiqr of heat a¡rd ncisture trar¡sporb properties of build"lng
¡naterj¡.Is. ftre sj¡m:lation package j¡cludes t¡¡e ccnputer prograrnsf wíth wt¡ich the results of the
present paper were calcufated. Progra¡n @C2D has furtl¡er been developed so that also convective
vapor transfer can be taken i¡to account.
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The walues for tlrerr¡nI conductivitlz of moist fjlcrous i¡rsula¡¡ts are prelirnina:ry and do not
necessarily represent ttre Fourier the:rnal- conductiviþr. Research work in ttris field r,¡:ilt be con-
tj¡rued. Radiation heaÈ transfer il porous nedia, especially 1n building ¡naterj¿ls with lorn¡ densJ-ty,
is often do¡ni¡ant. In this pa.per rad,iation and conduction are coupled, i.e", t:l:e For:rier ttrermal
conductivj-t1z j¡cludes the botl¡ heaÈ transfer ncdes. With the ¡naterial densities and torperature
clrcurnstances dj-ssussed i¡ this paper, this a¡:proach (as the fSrst approxÌmation) seems to be
rather reasonable.

ft is r,reIlkror,'nr from literatr¡re at wtrich conditions internat convection flor¡¡s i¡r a closed
fllled cavitlz cause ext¡a heat tra¡sfer conpared wittr pure conduction. Building wall stn¡ctr¡res
arer horuerzerf rÞre or less leaþ and penreable, and tl¡erefore those results are not valid. lhe
ttlelrI¡al- effects of j¡ternal convection flcv¡s j¡ wall stnrctures with fjJcrous j¡rsulation given jl
tåe Present paper are obtaj¡red wità conputer sj¡nulation. They strou verl stight increase i¡r tt¡e
average heat fll¡< owìng to convection, even ùr a superinsulated r,¡al1 stnrcture. Laboratory e>çe-
ri¡ents shor, hcmever, sigrnificantly tr-igher values than calculations, and it is obvious tt¡at j¡
practice convectÍon effects on ttre tlrermaL performance are nuct¡ higher tha¡Ì \^,hat calculations and
laboratory exper5rrents strow. FlrLl¡eñrcre, the buildÍng envelope forms a flor system, v¡hose tler-
¡na1 behavior differs from that of ari i¡ldividual wall secÈi-on.

llydraulÍc pro'perbies of leakage routes have been studied widely, and nor,vadays leakage
flov¡ rates can be predicted rather ¡vell-. Heatlng of leakage aj¡ is a new aspect i¡ roon ai-r heat
bala¡¡ce calsulation. In heaÈ balance calculation we should note v¡here the control surface ls.
In stead¡r-state considerations it is re¡sonable to consider the outer surface as the control sur-
face. Tlrus t]¡e t¡a¡rgnissj-on heat flov¡ is less (h-igher) j¡r tlre case of i¡rfiltration (er<fil-tration)
flour and the i¡rlet (outlet) te¡q)erature of i¡rfittration (exfiltration) air is equal to (Iess than)
the outdoor (i¡door) aJr toçeratlre.

fn our further studies on thennal effects of aj-rflov¡s, a counterflo¡ walt stnrcture (d1z-
nani-c j¡sr¡J,ation) integrated witt¡ tl¡e e4)loitation of solar energlz as well as r,nrnr-ing up of in-filtration aj¡ and j¡terna1,/ penetratjng convection flows will be analysed rncre ttroroughty using
çalculation and oçerlnents.

ccDrg,usrch{s

Influences of airfl-ows and npisture on the thental ¡rerfornrance of walI structures have beer¡ dis-
ctrssed. !1,,¡c different flow systems were considered: natural / forced convection i¡ ürodi¡ensio-
nal buildi¡g st¡.t¡ctures and warrai¡rg up of i¡ifiltration air j¡r cracks. Scne aspects of the j¡-
fluences of npisture was also i¡troduced.

In a closed, ideally filled vertical waII stnrcture, i¡ternal convection has only a slight
lnfluer¡ce on the average heat flcx¡. EVen for a superinsulated (300 mm) wal1 stn¡cture having tàe
Rayleigh nurber 5,2 a¡rd the as¡:ect ratio 7,33 tlre Nusselt nunber is 1,006. ftris does not, hcn'rever,
IrEan that convection is abserìt but tl¡at tlre average heat flow conesponds to Inire cqrduction heat
flo¡¡. The Nusselt number for tlre sane wall structure is 1108 if the cold surface is perneable.
A wall stnrcture can be considered as an enclosure if the perneability of tåe wj¡¡d strield is less
tha¡r 10-um2.

EVen i.f j¡ternal convective flov¡s had only a slight j¡rfluer¡ce cn tl¡e average heat flow of
a wal1 strucÈure, they have strong i¡fl.uences on t}te te¡eerature and heat flu< profiles, frcrn which
tro practical aqgects arise. First, it nusÈ be sc¡revr¡trat dìfficult ar¡d i¡acsurate to determj¡e tlp
k-value of a wall stn¡cture using heaù flr¡< ¡reters øwjlg to non¡njJor:rn heat flr¡<es. Secondly, 5n-
ternal condensation ney þ nore probable tlnn l¡¡ tlte convectionless case ovrjng to the cooling ef-
fect of convection fiortrs.

Tlrermal effects of i¡ternal convective flcr¡s can be reduced with horizontal convection ob-
st¡uctio1s, vÈrictr sho¡1d not be good thermal j¡sulators 1¡ order to ensure heat tra¡rsfer over ob-
stn¡ction frc¡n t¡e warm top to the cold bottc¡n of seguent cavities.

Ðçerjmental results shc¡,s tåe sanÞ convection effect as, or stronger tl¡an, r¡Èrat could be
erçected. according to tte ccnputer sj¡rn¡lation. Itre test l¡rsufation structures see¡n to be nrcre or
less successful approxj¡rìatior¡s to ideal ones. Sore experfuental rezults, hohrever, suppor! tlre cal-
culated results. ftre onJ-y results giving ttre perj¡ental Nusselt number Nu^n¿ 1 $¡ere neasured for
tlte j¡tsulation structures w'itt¡ on Or1-m-thick i¡sulation layer between two airtight vertical jqer-
reable surfaces. WitÌ¡ two or three layers of i¡rsulation materjal, the Nu*-nr¡ribers were atwayJ
higher than eçected. Obviously, irrcreasl¡g the nrnber of boundaqr layers bebreen i¡rsulation ar¡d
ccnrering surfaces caused stronger cor¡vection tìarr erçected. Tlre horizont¡.1 convectj-on obstruction
did not brjng arry adrøantage jrr e><perinents.
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lt¡e actual heating load of a buildirrg is èÌfferent frcnr the designred load. A reason for
this may be uncontrolled j¡filLr-ation of outdoor ai-r through the o<terior building envelope. Ttre
heatJng of j¡filtratirrg leakage air oçloits t]¡e trangnission heat loss of the wall structure"
For aU-c,v¡able leakage rates (0,5-0,7 ùn3/sn) , i¡ relalion to tl¡enrnL ccrnfort, the rj-se i¡ tem-
perature is between 25-60 Ê of tÌ¡e i¡side/outside tanperature differer¡ce. Ttre actual value de-
pends on the leaJ<age rnass flov¡ rate and ttre lengtJr of tl¡e leakage rouLe, as well as on tìe ther-
nal properteis of the wall stn¡cture a¡or¡nd the crack. Correspondingly, NusselÈ nurricers descrj-b-jng the relative reducÈion of trangnission heat flc¡n¡ at tlre outer surface of the stn¡cture are
0t9-0t7.

It is suggested tlnt i¡ practical calculations, when the heat balance control surface Ís
zut on the outer surface of exterior building envelope, the value of ttre transn-issicn heat flcnr¡
'¡¡lthout j¡¡filtration sl¡ould be nultiplied by the NusseLt nunber i¡r order to have corect (valid
with j¡filtration) transnission heat flcnrr, e.g., in order not to c^¡erestj¡ìate tle heat load of
trangnission and j¡fil-tration. Corresponèi¡gly, the k-value of a structr:re, vrtrere also moisture
tra¡rsfer occursf shculd be based on ttre ti¡IE averaged heat f1u< and te¡rFerature rrifferer¡ce over
tle st¡¡¡cture.
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TABLE 1

Temperature Conditions and the Experimental
Nu*-values of Test Insulations

Thernal lnsulatlon

h/d

tllnd shleLd l.lean tenperature of lnsulation (T.)
the

, nean
warmtenperature

surface of
experlneDta

dlfference beÈueen
insulallons and cold alr 6pace (AT)
1 Nusseltr6 nunber (Nur)MaceriaI,/layera

glas
1x
1x

fibre nat 1? kg/m3
100 m
100 m

2 x 100 m
2 x 100 m
2x100M

2 x 100 M
vertlcal, convectlon
obstruction aÈ x " 100 m
3 x 100 m
3x100m

22

1l
1l
11

11

1
'ì

3
3

open colal eurface
plywood 6 m
open cold aurfðce
plywood 6 M
dlabase fibre board
90 ks/ß3, 30 m
plywooa! 6 m

open cold surface
plywootl 6 m

rn (x)/ÃT (x)/Nur

278 /26,3 /1 .O3
219 /25 .5 /1 ,00

279/26.6/1.04
281 /24 .6 / 1 .02
282 /26 .O / 1 .O2

278/21.0/1.00

2't1 /29 .2 /1 .06
281 /25 ,1 /1 .O9

Îm (K)/Á-r (K) /Nur

272i37.A/1
272 /31 .0 /1

05
00

08
06
06

2'74/36
21 A /36
2'17 /36

273 /36.1 /1 .00

27't /34.6 /1 .',t6
275 /36 .9 / 1 .21

glas flbre mat 19 kgln3
2x'100m
2 x 100 M
2x100M
horlzontal obatruction
at h . 1.1 n
2 x 50 + 100 M
vertlcal convectlon
obstructlon at x " 50 m

3
x

1

1

0 0
0

m
nn

1

1

1

1

1

't1

?,3
7.3

open cold
pl.ywood 6
plywood 6

au!face
M
m

plywood 6 m

open cold aurface
plywooal 6 m

279/26.9/1.01
281 /26.1/',t .0'l
217 /26 .5 /1 .02

279 /27 .7 /1 .03

28't /25 .8 /1 .02
278 /21 .5 /1 .01

274/36.9/1.O4
215 /36 .9 /',t ,02
212 / 33 ,6 /',t .01

272 /41 .6 /1 .06

275 /38 .1 /1 .O9
2't3/39,1 /1.0À

D1ôba se
35 k9ln3

flbre board
(1320 x 565 m)

x
x

x
x

'100 m
'100 m

2 100 m
100 m

2x100m

3 x 100 m, 1 - 3 Mqracks in horizontaljolnts of two layers
3 x 100 M, vlth full
h19h boards
3x100m

22

tt
11

11

1.3

7.3

open coLd surface
plywood 6 m
open cold surface
bltumlnous wood flbre
board
dlabase fLbre board
90 k9ln3, 30 M
open cold aurface

open cold surface

plywooal 6 m

218 /26 .7 /'t .04
278 /26 .3 /1 .Oo

2øo /26 .6 / 1 .03
28',t /25.5 /',t .o',l

282/26.4/1.03

278/29,5/1 .11

278 /28.3 /1 .03

282 /25 .O /1 .04

2'12/37.8/'t,13
212/38.6/1.O0

274/36.2/1,O9
273/37.4/'t.05

211 /31 .0 /',t .0'1

21 4 /35 .1 /1 .',tg

2't2/31 .6 /1 .08

215 /37 .3 /1 .09
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Fig. 3. Physical n¡deI for Equations 25-27.
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Fig. 10 . Ttre horizontal and vertical sections of test walLs.
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Fig. 11 . WalL stnrctr¡re i¡ sj¡nulatic¡n ar¡d material properties.
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Fig. 12. Warrni¡g up of leakage ail in'a.crack betr^eer¡ window fra¡re a¡ld r,u'a11.

(on the left) a¡d between v¡cod wall a¡ld for:ndation (on the right) .
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Fig. 14 . TLe ¡reasr:red and calculated heating load of a building.
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Heat f1u< profiles at outer sr-:rface of stnrctr¡res.
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Fig. 15. Ther¡nal ccnductivities of nroist fibrous j¡rsulants.
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Fig. 16. l"leasured te:rperaü:re a¡¡d heat fh¡r d.ÍstriJcutions
in a flat roof witt¡ 22O-mm-thick glas fjJcer i¡su-
lation.
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