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1. INTRODUCTION 
The increase in moisture content caused by internal moisture condensation in the building 

envelope decreases the thermal resistance of the wall. Therefore, the internal moisture 
condensation should be considered in energy conservation analysis. The decrease in 
durability caused by the accumulation of moisture content in a building envelope should be 
avoided. b 

The building envelope is often damage~nternal moisture condensation even in a mild 
climate such as in Japan, because of the increased insulation efficiency of the building 
envelope and decreased natural ventilation, techniques which are employed to enhance energy 
conservation [ 1]. 

It has been known that natural convection can be caused by slight temperature differences 
in the fiberglass. When the thermal resistance of the building envelope decreases, it is 
recognized empirically that moisture condensation damage is accelerated by natural 
convection and air infiltration through the fiberglass. To enhance thermal resistance 
efficiency, fiberglass has been used as an inexpensive insulation material. For the building 
industry, the effects that natural convection and air infiltration in the fiberglass have on the 
thermal and moisture behavior have been of practical interest. 

In various branches of engineering, research dealing only with heat transfer by natural 
convection has been reported by many. In order to evaluate the thermal property of a 
building envelope, the effects of air infiltration and natural convection in a vertical insulation­
filled enclosure have been reported [2]. And for multi-layer porous materials, the effects of 
natural convection have been reported ([3] etc.). Air currents caused by natural convection 
as well as infiltrating air carry not only heat energy but also water vapor. Simultaneously, 
phase changes occur and moisture is absorbed by the fiberglass. The numerical analyses 
dealing with the phase change of water have been reported [4] [5]. Analytical studies [5] [6] 
also indicated that local moisture content in the fibrous insulation material was accumulated 
as air infiltrated the material. In order to calculate the moisture content, the characteristic 
property of the material, i.e. moisture adsorption, has been scarcely considered. To obtain a 
reasonable explanation of the moisture condensation process with natural convection and air 
infiltration, the equilibrium relationship of the moisture content of the fiberglass and the 
relative humidity should be considered. Little research dealing with the adsorptive effects 
has been reported. 

In this paper, governing equations of simultaneous heat and moisture transfer are 
formulated in consideration of moisture adsorption in the fiberglass. First, the thermal and 
moisture behavior in a vertical fiberglass wall under natural convection is shown. Next, the 
effects of moisture adsorption on thermal and moisture behavior in the wall are evaluated. 
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2. GOVERNING EQUATIONS [1] AND C~CU~A'flON METHOD,~ I<\' 11
. ·Yll 

The conservation equations for a porous material which consists of C\ ,solid, water in a liquid 
&tate, water vapor and humid air are aSi foll'ows. \ . t ' \ r I ' , 

[moisture (liquid & vapor)] •I ) 

a~pw + 8<Dpv = -V(~pwV.y)- V(~p)lv) at . at u ,... . . . , 1 .. ) 

'1 · ' 

('I 
I 

" ' 

~I ' \ 11
1 

,../\ 

/1c ·r~; · ·l ·· 11 ; fl , !l n1 ,r !!) 1
'r1 .'·' 

"
1_1L:'I'. rl' i 1~·)fi 1 '(~.) 'Ji~ ')~ 

Energy conservation is formulated using erit~.ll~PY asfol~ows.. 11 

'. , ~ 
8<Dp!!l'H!!,, + 8$p,.,H, .. + 8p,H, i .. • 

at at at __ 1 ,_ , . 

+ V(<DPavVavHav) + +V(~ PwVwHw)°'"= .V(l..,VT) .' ., 
I ' 

In this equation, enthalpy His defin~d as cpdT, wh~rein ~p i.s,,the speci~c heat at a constant 
, . . -~· r -. l 1 , 1 .• - 1 1 1 1 ·· 

pressure. : . · · 1 : , • · T 

[e~~~rgy] .; , ·rl . ·11 .~ 11 . :11 , , ·> '"~ ·~ r•. ·ri • r 'J ".-;.:1< 

cp a T + cDpavcPsv V(TVav) + ~ PwCPw V(TVw) = V('AVJ~·l_ f'rT''~ at · . , 
' ' ' 

,. 
'' 

l\'1 ... I .: ! 

I . :1 I ' 3)' I '., 

"\ tHf 1 •,;'ll' l11.'I'. 

r = Hav - Hw 11• :: : , •1;.rx" · · 1111 : r. 1 

The rmtur;al; conv,ection velo,c;Hy:)qf hurrii4 ,C}ji; in a:poro1~~ Jf;n3rteriflUs. for»trJ~teq ~1sing the 
Dawy -.Boussinesqiapproxin;l:;i#,on.,i.. ,1 ,,.: ,· 1 -P ,•!. ,,,1 J' ii ,j :.. .,,, ,J., ~ 1 1 

[moment.um equation] ' J ·~ ... -~,: 

" .i!; '"'. ~~ = ___!_·~ (VP,,v -f- Pavg)' " 
1 I~ ' .. t t, : >1" 

1 h'>• (4) II 
d j ! I () ;' .1 C! :-~ ( l '- I 

[thermodynamic relation] wherein 

Pv = :vT \ r,_:' . 'P~i~ = -:a~T 'J: •Pw:' : qpn,stant,.. ... ' .t" ·1;.,;·,{5,).n, i 1. 

·• ,, 'J: v :J · 'J•1··· (; ) f~: ~,,,ti': '1';.,;11ri ·), ;1, -11'1(, I, ·ll 1 {.- •• i _, ,1.'if'_;· · " 1 r· 
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[ . ] ( <l> - aP. ap, BT 
moisture "R "f!!: K ~ ·rm+ (~ {)p t_ V) lfjt >.~H ', _ . 

.r i . ! . j Jn " .' . i !'; . ~<fj a J;: _: .. 11 -.:r--<f>;:·ta i: ·' ' " i a , BP - 'a "'.,)oP 
=-R\/Tax(PVV(IVX)- R,Toy(~Jr~W)ct-axQ}Jpv B;)+ By(Apv'·a;) -·(6) 

B~ a~ 
K = Pw ap ' v = Pw ar 

! ) V ( ' \ 

In this moisture balance equation, moisture dfrrn~l.ve flow b~used by th¢ temperature gradient 
of the material is almost negligibly. is an adsorptive coefficient corresponqing to. the 
variation in water vapor pressure in the material. is an adsorptive coefficie11t corresponding 
to the v'~ation in temperature. -~' r<i" 

[h .d . ] 1 BPav ' 0Ya"x - --IJrqVqvy W ' 
um1 air RavT at= -p~~ fu .,--.p~v a y + ;· " I

, , , . \, 
~ .. ., (7) 

ar BP 
[energy] (cp -rv)-+ (-11()-v 

at\ J\ l .c:<l_t, \ I 

r1.;: I ; j ,; ,,-, ;, .. ;<.:' 8(3'HitAi:r ,\"' . - fj:a(IV.~w)"- Qi a T ar, •• fJFJ'r 
= -<l>p avCP av - <l>p avCP av +-(A-) +-(A-) 

ax ay ax ax ay ay 
(8) 

Using pressure based on a hydrostatic and adiabatic reference value, Pav, momenf-ffin 
equation-~4) is derived as.follows. 1 - 1 , , , 

1 
,. , _· 

[momentum] Vavx =-!S__ a Pav ' Vavy =- K {~Pav -Pavgp(T-7;,)} "c 
<Dµ Bx , · <DJ!t' a.y (9) 

is a thermal expansion coefficient. 
. Th~ g~rn1n~ equations'(6)(9) W.ere1ailtilyzed usirtg the finite difference, method.'. · 

The convection terms in the equations have been approximated by first-order u~wirid'· r;_ 
difference. . r •• • 1·11! J~ "' • ~ r 

Darcy's law causes the left side term of equation (7) to be zero, though\ this tenn is dealt in 
.- . . I - - -

too small a quantity to easily calculate by computer. - , : .JJ '' 
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moisture behavior clearly, we chose a large value for the standard permeability by referring to 
experimental results. , , , 1 , i. , • , , , i , . 

, ~ot!nd~·;; conditio~ls and other comHttoBis .<?.f:the q1lclJ.lation '}I'~ ~l;lc;>W:l}·in;;:(able· 1; For the 
sal,ce o~ compariSOJ.?, .~~. analyzed the ~teady, s~te.,~istribut.iqll&:'?f~~mpe!]aturtj,and moisture 
consii ering only diffusion. . 1 . • • , ·;·,, , ,.; •1n ~-; J..;•_;;w 

. .' Th~ geometry considered is a two.-:diw ensiopal fiqerglass-fjUe~:e~crlosure (Ei_g~ 1.~. 
Results from numerical analysis in which the effects of moisture adsorptiq11:are:dis,i:~gard, 

are presented first. ·•;: 1 , • • · ••· ·:1•; :;; · · ,: ,. ·::. 

1), ) 

. ' 
Table 1' 

f , !··I I ' ! . r r II J,' Ll..; )'I J 

Boqn.d1,1ry conditiop. 
' ' Height J?~i::u;1;~abiUty A Ra:"'1 C3 

T 1{k) Pv~(Pfl) 1'2(k) •. ·, ~v2(pa) L(m) : 1 :: .K(ml)t 11° ' ,, j Jt;08 {~. 1' ' 
easel 273.Hn 4~o.41:H -29:J ;,10 ' . 11N)36.U .. "L 4:3210-.. 8 l 4011 "2.6 . , i.8 

Case2 283.16 856.99 293.16 1636.11 I ') 2 • 1f 452i0"8
, 

1.·_.1 40' '2.6 1.8 
I 

€ase3 :273.16 426.48 293.16' 1636.11
1 

2 
)' ' 9.0410"8 

' 40' 5.2 . 3.6 ., 
Case4 273.16 426.48 293.'W 1636.11 2 4.5210-7 . 

40, 26.2. ,1,8.0 
or 

Case5 273.16 426.48 
. 1rj, 

2.93.16 1636.11 
I , N·~- . 4.5210"8

. 
' '. I ,I 

,10 2.6 . I 11.8 
Case6 283.lq' &56.9,9 ' r~93.l,6,,, 1636.11 10·~ ·· , A .. $.21 o-.~ i, 10 2.6 •, '; 1.8 

, ~~S€j7 273.16, 426.48 293.16:: 1636.11 05 I \' ::4.5210-7, i 1'10 26.2 . 18.0 

' I. r ."J" · i' ,;' ) I I . ; .J • I I r: : l r ~· • • I ' 

,J.lEffect,ofboundaryrcondition • ·; ·:'.r:·:: ,·,_.:1:11 .rY·• 1 . ;!; ,(~)1·. ·1::ir11 

Velocity. distribution is shown in Figs 2 and· 3. i The results' from Case 1 ·ate sh0'Wh in Fig. 
2. The. results from .Case 2' are shown·in Fig. 3,,' 1 ·Natural convection flow 0~i:i b(y seen 

1, d~.stinctly; along the .. enclosum surface. ~, ITlh'.e increase iri the sutf~ce' temperattire difference 
through the enclosure (betwe~n hot surface' and cold·:surface) causes:n:atuiial comie'ct~6n in the 

·1 fiberglass.to grow. ;Because the surface1temperatrire difference ofCase :}tis twice' that of 
, 1 Cas~ 2,Jhe maximu'.rn velocily·ofGase·lc, 1.2210-4 m s·1, is.twice thatiofCase 2. :'.: "~Ji! 

The temperature distr:iibutioh for; Case kis shown<.in1 Fig.i4;: Thereffeot of natiital1 1 
· 

convection on temperature distribution is minimal. The maximum variable rate for 
temperature variation caused by natural convection is '2·.5% tompatedwitb. 'the diffltsimi 

... · 1 I;esQ.lt. . Similarly, the maximum variable.rate for·vap·oF pressure is 3% fFi1g>!5)~ 1 1 •Th~ 
. ,,,. variation in relative humidity is:less thani2%as shown.in Fig: 6: 1

• rThe increase 6f relative 
hvmiqity is·small·UileXpectedly.. '.Ji<'. ; ',I ( .. 't (1) i' !: 1 ('/ 'Ji• J i ;! If !1,):, , l): r; 

The dimensionless velocity and Rayleigh number are shown in Fig. 10. The 'results from 
.. . r I .C::\~~ J '~ndrCase,2 ane'.plotted on,a.lin.e ofrA~40,; I It:c;:an be,seen;irt Fig~ IJ'O thaNhe i' 

dimensionless velocityr ·in·;the· fiberglass increases in almidst•proportion toJhe Rayleigh riumber 
(Ra~);• ,·It can be regarded that there is a,linearil':e}ationslrip>'hetween.this' surface temperature 

, . . cj.j,fference Ti::and. the~v:~locity,inithe fibyrgl~s withFn:a range: ofLthese R~*' numbers':' 1 ::;: 

· · ~ ') ' (- \. -r•r I' .!. ,'rl-
1
1,'t'r',,' ,.- r.t,!,'.-1, ' filr.·,,I, _l!-,I! 

1'_:1
1

'lj_.' • 'J_t1',: '.,f.'1!J ' ·. ,: ,' )~(j;t''t~~Jf' .r·• fj . ;' ;;j · -~ 1 r'.I \ ;'J ·.11 · ,' . / ·, ' 

· ,:,1~·-~;~_ffeeltofra~pectJl4atitf~ .0[ !:rir ~,.:- ~'.::)'! ;1f r .1 •• ,-;~ ;;~_: :;.-,·~·:11:1;:-i~ 1· 
1 1:~, .:i ·~ :; 

.: iT).J.e ;r~lati;v;~.b:uµiiditY'distrib.utionris shownriii1FigJ7; ~<L~se; !l;)J Fig; 8 {Case ~5) 'arid Fig. 9 
(Case 6). In Case 5 and Case 6, we decreased the height of the enclosure (L) ·from 2'iii to 

·' ; : : O:~ •W· 'I, rrhe ;r~lath.re' humidity dis,tributmtr·in !<(]aSe lt' {Eilig.i 6)1~or1espbiias. with resl:lltS from 
Ca~H, ~ (Jt'i.g.1 $). SimilarlyJthe: distributiolllJ ,ins~aseu2 (Higl 17)1 ebrresporids·'with results· from 

. Cas~ p. (flg.i ,9)~, Jhei eff'((ots imf aspec:tJ ratio,·on:temp~rahire and moisfure d1sttibtiticYrri's· small. 
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3.3 Effect of permeability · ·· · · 
'i:i: ·\o ~, Ii wns,Jxpettted•thatitherbffects 1ofperineaHility·on velocity distribution ridaer natural 

~'- ·wieonvebti~fi w'duld be J$}gni1flcant i ·:: The 1Vbldbity distributfon fron1 C~se 3 wh~rell,1 nJice the 
standard permeability was considered, is shown in Fig. 11. The velocity distributi~n from 
Case 4·:1~hihown if!: Pig.'fl'.2. · Where the t)'ertnefibility of the fiberglass was increased from 

•,twitle:to tert 1 · ' · ' · " :rn 1 · ,; ,; --:i:.1 ,: · -' • .• : .: · • •. • : 

times, a linear increase in air flow velocity due to natural convection can be seen in Figs. 11 
and 12. 

The effects of natural convection on the distribution of temperature and vapor pressure can 

~e .~~~:gly ~s~~n il! .. f.ig~, JJJ S. The max.imum relafo~e .. humidity inihe fiberglass was 93 .2% 
gt a V..95 m heigh~ btith~~~nclosure, as sho~ in Fig!~t ~ .. ~ Jhe !11~8'.se in relative humidity is 

, .. ····-·:.,,ab.out To%· as· coiilp~ecflYith 84.5% obtained by ¢al6uta1iion in vthibh only diffusion was 
;· '. · :-~ohsid~red:'j .. ifo avoid m(ii°sture coiidens~tioni&iinage"iii a !bwl<li:fig entelope, we must take 
i · · note o{llii$:·incre·ase hr relative huftffdity :,- · - .. -· ·· · · - ·- · · · ;i·-:· · 
· · ::<··-· T-he:vertical distribution of a-steady·state he-atflow.at the S"ltr.firce.of the fi&ergTass i~ shown t) . i ~,j • • • i • • • - .. - ... • • 

,... . . . "7.' _ip Fig. 19{~asa -l, 3 an~ 4-~~d Fig,. ·20 (E:ase-? and 7h The effects ofnati.rr.atconvection on 
\. · 'heht flow' ... can be seen parti.'cularly-neat the top-and. bottom of the e,nclosure., the average 

'h~~ flow o:g.:.tbe su1J~c.~· in·Case 3'.(rwice the staru;tar~. penneability)cbn:esponds~with the 
~~~ll:lt from caJculat~ons'.~n ~P.i<?h _9riiy diffusion was )corisi<;J.ered. ' 1 .:~ck.Case 4 (t~n tim~s the 

.. :.stctndard pe~~abi~~~), ~~~~!r~g~h:~t fl_ow incr~ase~ 2% cornp:~ed .~ the resurtJro!n 
. eafoulatioris m which only diffusion was considered. For Case 7, the average heat flow 
increased 8%. The increase in average heat flow was caused:.particularl1 by the high idegree 
of per:w~aqility ®4 the small a$pec.t ratiob : . .. · ! ; "r ·• ri ;:.c.. -~ · 

The. 4isttj0utiort of steady state moisture fil<Dw is shown in Figs. 21 and 22,. · Thi increase in 
';:_ ay~q1ge m.oistlJre1f1"wiforrCas~ 7 is 17%1highet than.the reswlt obtained by ¢al'culatiotil in 

Ii w~c!J,pnly difffi;lsj-~n .was:·corniidered. Fo'r Case:.4; 1the irtorease was 4%. I' , , • i 

,D.ii;nensionl~s~ ay.erage heartlow isr ·shown in Fig, 123.1 Dimensionless aver.age.moi~ture 
flow is show11;b1~.{lig. 24 . . i ·1ih¢ effects of.the aspect ratio·of:the enclo-sure.on th'e.variati'on in 
averJC,1.gt; 1,P.eat fl~w ia.n4 moistur~i 'flow canrbe seen in: Figs. 23 · anclr 24 .: · i 11 : c" <: .1 . , ' 1 

I L 

~~~~ff~ctofm,,oist.Q.re-~dsor.ptio.n° ' rw· '.j: \; ,. •. ;;' ' '.t;' .: 

. Jt.quati~p.~{~)(9)w~re analyz~d iooder-the boundary condition of1Case ·l;.' 1 r r'We derived the 
~,.,.cq,(fffici~p.t~ .'apd' from an equ~librium,relation between the mdiSture content of the fiberglass 

and the relative humidity as shown in Fig. 25 (reference.[8D. · ·'The.c©effioients', 1irlld \'are 
.. ·1shmiv.n~n:Fi:g. 26' . .. ~:·; , 1! "·"·,,->_'. · , ,i·,, , ~ i. i11; " Ji ·1·.·,-. ;;-:.:.:. 1;, ,r: ;!> :: 

The V:ari~tip:n i'!i temperatu.re in th¢ fihetglas~, considering-; the effect of moistlir~ adsorption, 
., ) ,l ,j&; ~P,own;in fig.:,27.~,. l.lhe iVFtriation in vapor pressure is \ihov(,,n [n.Fig. 2.8. <:. · ., . 

. _,.,: , , J .~ ; -1.he ,v~rj;<):~i.on in ,ternperatm;~ rand vapor1 pressure conilinues fo1Ptnore th.an 3 0 min\.ites; It 
can b~ se~Jll i1,1 Fig; 28:,;that the. variation in vap,~r ptessUFe 1ha_S not.yet· r.eaohed ste'ildy· s~:.ite after 
one hour. The variation wherein the effect of moisture adsorption is disregarded reached a 
steady state after 20 minutes, as shown in Figs. 29 and 30. The' 6t°fettiofh1oi~ture :aasorption 

(, ~i b,e!h:~yt?d '.to, haiv~ Il}iiit\tained·. tt:ie:·v¥i.ation ·in temperaturtl'and. v:ap0rr1H-essut0 :ro~~rilbr~ than 
nnehC\U11 ) I ' i'' I, '. ' · ' .. , •. 1 .· f .. ,.,..·\ [\ ,.. ,J, ._,"\; 11 , ,, .. ,., .. ;, ;:N' -~ :r.)L;·( .}~ .. 1~:~(.'. ;·:1,·: ·1 . .J.I. 1'>!; 1 '-}~:'). , 'Jf: .. • J.1r;c-.1 .. :/. 1f _ 1~;.·:~.:·1 , \; ." ' •·l· ... 'I t,: ...,, , ~Jj ,, ., ,,_ · ~···'-' ' ····, 

;, , i il T4~lm!?t~a~Y.!£i~~,:d~&trib~it>,li5 ;f<!>r:Jertiperature;· wapdr ,P.ri!gsurel and 'tel~tive. humidity are 
rr$q~ri!1~\!?i$v.3J1~3.::; • :~0:a,l~~tat~d-~sults'fake1!1! 1 l01mlirtut~s·after 1 s1i:lrtiirigb~lctiln:'t1ons·aie 

. I l ~;, ,;,,,sl.10f11YµtjQ.1J.iig~. 3.-i~a;oc:lni.!li'rig.13 fa·:it(pan1be-seen-that;thelrcls01jHverlitfat pr6dud:16nrai'ses the 
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temperature in the wall on :the whole, compaiied with .calculated results 'which consider .. only 
diffusion. Co11trary1 to thiis~Jqe.,decrease,in vapor pressure' is oause,d by moisture ·adsorption, 
as show11in Fig. 32. : As1sh0Wl1 inF1.g.::J3, the max1l!llurµ.relat1verhuiniditynofthe·fiqerglass 
is less than the calculated result which considers, only diffusion1 -;1• 1 ·i Jfl'. :;:·:1: i:;" 1e·) 

The quasi-steady state distributions are shown in Figs. 3436. The effects of natural 
convection on the distribution of temperature and vapor pressure can be seen clearly, as 
compared with results from Case 1 which disregards the effect of moisture~ads{)~tictn; 
However,:relative h:wnidity:distributi:oni:is similaritoihatof.Case rl. ; · · )•·111 ,,:'' ,,,, . ·,j ' 

The effect of moisture adsorption can be noted to evaluate the unsteatly'stait:frhoisture 
coi1dbnsatiorrpro6ess 'irtthb'buililihg eriv~toJ;>,~·::·,. '.:~iJJ .r·, :' '\ ·:·· ., · .. '.'. ,. '' ... . : . 

_;.. _ ~- , ,. •. , 11 • ~ I ~ , • .. l . , . 

,· i-', l \ ] I; f I'~· i J :'1 ., \ i I . :, . : •") 

\I ._( ·1 

_,-, 4. RESULTS ~D DISCUSSION , )[ i'.}1 ! L j;l 

Tn t'h1c- .,...,.,..,,. .. ,,.,f'f',,.,.t,, nf'n<>t11r<>l ""'"'"'"tir.n\r.nitb,,. .,.,.,J-..1.,tn:.i-,,.··,..ihln'r! . .,,,.,<itl>An r1},i,.,,,....,.,.,,,.,,,...,, },,,.,,,. 
......_ . \J..1..1.U t"""'_t-'"""L' """" """''-"'-U '-'.L ..L.l.Lt-"-..L""".I. """"'-' .. -'I """"""•"".&.I. '-'..&~ c....l~ '-'" .._.....__._, ..... u,..:-... .... ....,_...__.._ __ _.._...._....,_.., ... __ ~-.._.._.._ ......... ,.._....__._.._,_.._...._ ....__.__' -

tiecln 1i:rlvestigated in co}1s'itleration of'moikture ddsorp'i.ion. · · · · l''': ··. :;i "~. '· •_r.i ' . · 

, . Ntpnei:i14~ res.li\lt~sn ti~~fo1~lr~Hd 1ii10.~~~·;e behav~gf:. qa1J1s?4:~~1~iat~al t~p.vJdtion in,. 
fiberglass are evaluated as follows. · 1 ,. :'·· '" ,i. di;·: , " 

1: · Fonthe case which;disregai;ds·the.effects of moisture adsorp'ti0Ii,thermal and moisture 
Variatibn-WaS remarklable,aS~IollOWS. I .!((a ,: ", ;.,; .. ; :,, ' '' ,f1;:i ·' i· ·. I! 

1) When the temperat~e differente 1thr8ugh the enclosure (l:fotwe~rHhe hot ·surfacb of 
enclosure and the cold surface )is less than 10, the effects of natural convection on the 

dist.ribu~ion of temp.era~ure and vapor p essure is ~nsignific~nt. .,
1 
Ip. o~rer::~?r~~' J}1,~1f1al 

.. ~9. mo1 ~. sr~ure be;hav.10
1 
r~m. th~ ~~~rglass can b~ est~iv-~t~~.~sm19.ar·~~l~ul~t~~p. ~o~el t,·.

1 
.J. doillinated by 9jff\Js.1on. ~ ,~.,: ·· · · ·· 1 

· , • < ,,'. ,,, ,, · :. 
2) The results froin analysis, i-11 . whi.~h thtt temperature diffe~~~.tlli[oµgh the;~r;i.~lo_,Sure i\!las 

20, show the effects of natural·conv,ection on the thermal and moistlli1'e.4istribu1lion cl.early. 
The increase in relative humidity is a:t most 2%. ' 

3) The effects of aspect ~atio:' ate''ilot conspicuous between a height of 2 and. 0'.'5 m. 
I c; I .. ' ·; 1 \ 1r !.: ·;iJ f) .l .. i::. ~ • l.i. l )1, 1.-i ; I \ ,'(j J ,_, •. / ' u':\ . . :·J; Ll ·'t .. 

··) 

er 
, (j J J[1 ''' ·~· (.,,;~.1 •' "\. 11 .',1 1J~ ', il~'''.' 

The e:ff~~t,.qf J}i~tl.l:ra! <ftQnyect~9µ on the thermal a11d ;m9jsture ,behavi9:1,7 ;p.; fj.ber.g~j:lSS is. 
shown " :ir :,'( , 1:n':,1 

using dimensionless state values. l · ·;1 . tr :-r, '> • . , · r· 1;1 · 'j '1wi t ,, 1 

4) Dimensionless velocity in the' fiberglass iacreases·in;proporti0E.>_t-0lfue incteas©•in Rayleigh 

number(2.6<Ra*<27 .0), v,.ihereas therma! beha:ii~r fs .~a~yd'li!t~~~:Y in ~r:?,P,~rt~on_. to the 
increase in Rayleigh nmhber (1.6<&'a*'<z'7.0) '. 1 i '· ,i .. , ... r 

1
• r • , ..... ) : 1 

• ·· 
I I 1', "f , q• , ; ~ l'I 

5) The increa~e in ayyr,<t-g~ .lJ,((at: flo'Yt·w~~ caus~d l.?rYi:a 1 AyCre,;.t~e ,in, a.~P~«·~t ra,tiq,.,·,. ,Eyen if the 
Rayleigh number is increased from 2.6 to 27.0, the average heat flow inc,rnas,;i:sfonly 
slightly. These phenomena can be seen particularly with a variation in avera:ge~mbisture 
flow. For an aspect ratio of 10, the average heat flow through the fib'ergia,~s isfacreased 
8% compared with the result on diffusion. Similarly, ay~rage moistur~ ifll6"1'tiift)~gh the 
fiber lassisincreased17o/c. ,.- : .. :.·11' r1: ' . . ';, ,:·:<. Hr;l>ir:-iin· ,,, 

g ·1· 1Q • • ,. •· ,,r,·1· ... • 1 ,. · • ·I .. r· ' ... ,,.., · .. , I , ~ 10 o • l 1 f T • ', . ~I,.~ ''~·••I'··~ ·'-. 1 ', •.J ·~ : L /,, ·• 

6) The relative humidity distribution is proportional to the mcrease in Rayleigh number. 
The effects of aspect ratio are minimal. The maximum relat.~Yt:l bµmidit}i'\Ca'U~i:l<ikby 
natural conv~ctipnd.£! ~3i2%L ;'L'~-r~v@id moisture condensatiortliamage,-:tlie1parti-al increase 
in relative hunii'ditiyisihM.tld,belnotedi.: .. 1 : ·r ! '.lru 1 r.:T·1Fr:·.~·J "'J1;\ !if' ' .. lvl: 1 

, 1_\ I ·, :_ -i;.>•1· ~' 1 ()1~ 1 1: i .-.ii·) :1 1ut ; ,i / 1 1 ,, J~i( : _qi~: c~-11q JLt"il·;~/ ~ ·_1 1 :~ 11.L: i:1IO'J: .)',1{{ 

. 1 1 r -· -,,.ff 11 ' ! 

The effects of moisture adsorption are evaluated as follows. 
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; I 

o'.7)1Ris remarkable 'that.temper.ature and vapli>i,t·pressure varied~conti1mously for hours because 
of moistureradsorptiom • When:analy:ziing the unsteady state moisture cci'ndehsation 

','. process in a buildihgr~n..velopeJ rthe adsorptive ·effect of the :fiberglass .under 1!he natural 
convection should be dealt With cautiously. i! .;1 • · · 1 tJ ,., ., r: 

1.·: 1 T ' I, 
'· L ' 

i!.' .:.~ i • 
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N<;>M~N~~f\IU~ ' .. ,~, ! .. ~il i:· :. i 1 ·; 11' ,, , ' '' ... ;~;:,n k: 
cp specific heat at constant pressure ( w s kg· k-- ) r phase change enthalpy of val'or water adsorbed 
g gravity(ms-2 ) {r = Hav-H.w} (fkg·1')' ' ti ' . . 

' · I'I ·: 11 ·'eritlialpy 1{ ~ cpdT }' (J kg-;'1) ' · 1: '" .: . 1 :.d T 1 temperature( k: )' ' 1• :i :·: "i · · '." 
.. K. ~:· · iDarcy-Js .pertne'a~ility(m2 ) ;r• .. : ~1 · 1; :'" •i 1i ': T0 .referenaetemperature(k) 1: f'' 

{ k. = Kl/} ._: '\. t,! '.J tiflw (.s•) i 1i 1 _. "· :: 

P press?re(p~) ·1 .~:1·1i! · \1. ·. . ,, .. :1 1}{ ~ Ye~9city;(m~::
1

) ·: . · :: ,1 ) ,. . I 
P pressure based on a hydrostatic and adiabatic W mass of water vapor adsorbed (kg m·3 s·1 

) 

. reference value. ( pa ) , x horizontal distance of th,e fiberglass ( m ) 
R'.' 2 . . univeilsal 1ga!Vi~onstant ( N· m krri.01·D.ll(l ) 'I ! . y I. ve'rt1idal dist'ance; of!t'he fiBerglass ( m ) 

Greek symbols 
thermal expansion coefficient ( k' 1 

) ;• : 1 · " : i ~ 1 " '." ; ;-: 

I: •• 't.J' .1 l:l®91P1'i:Mlf coeffic · ~1,1~ o( rs:orresp0ncliijg, to th~ v~i;i~tion iI1 \\J'ater vapor1pte.ss1.J:f.~ :C kg ;m.<3 pa· 1
' ) 1 

~ · 1,, 1th.erm~ 1con1du~~Y'~ (w ~-.\~~·) , . 1 i:. id 1 ., ._ .' •I " ; ,. . .,"!')• 
'pv moisttire conductivity related to vapor Pfessur~ ,( kg qi.~ 1 ~· -'.pa -~,), 

1 
: • • • • ~ , ., r· 

viSCOSity(paS) , . ' · . -.; '. 1' ' , ." ' I .. r.. ''j 

J • I 1 ad'sorpti e Coefficient ·bf conesp1ondin'g to1he' Variatioil' ill : tertlperafufu '( kg m·3 k'' j' 
(: ~1· deitsity (~1kg Iti'.li)l ' ,_,. i c'! : • : . ; J ,\.1 .. !) i r J, IJ_ :.r '.l'! (; " rl. i.;; 

'1:t·ii,._-m.ie~~.qr9,s~ty;l1 :riiiif;, J~r 1 Jj , '-'.\~i .:!' r1;r 1 •• . • •• 1: .. }.:.,'.~ii.,.,~· \I J1, L 
:.1 ·.:.1-. ·):W?~stu:~:~o_.n,t-<f~t"'Jf; i}.:J"l':1)r" d :1::11 1 .:;i::'::'..' n: ·i1l 1 •1!1, • • 1 :~~~ i:_. 1/1 , •\•: · ·' .1 

·1!'1 rL~1~1'rl>_~cl'!>~t. !t?.1cu1 .-~.''J · :y1;; ·1 1·i.;UJ1i:·:'. ·''' ;,,.,: 1j[J .. u !;•,:::.", :.~J ;'! / ... •:r;1. ) , " 
., av : humid air s : 'solid v : vapor water ... , . 

w :liguid water . x:hor~ontaldirec ·on y:verticaldirectjori' 11 
;:'Ci'!,Jll• :~. '' •'',,' .. _ 

·!·1c:::.iiJ:t f;~~.t~)l'{'J/l ff' '.:'<~1."rt:1r~1 .~)!Li r:J !J~' 1 0iJ'1.UClJ°lq ":.!I Li 'l~ : Jd1li<.L .... : !. 1'.' .!Jd ~ 1 '/.LL!::l: )C 1 

"1.<Difile'JiSiottit!s~!Vitlil'~Sl;l'.n rf!lJlf\i. ~ 1; :11 'Jri l lnrl1lfr.if 1 Y\1; c:,;;1 ~'.):.•tjf'L"•· · .'~L:·:·'.'. •y" '' 

·,;;1.1 l:Hi .nu ti.tqiokhessgifrt1'Ie. fibergt~si ~M!))J ~; 1rne:~j(Jirt h ihe.ight:i°df .th~Jiberglags-- (1i1l~ ' .' r ;u:.i i::-n,, : ~ ' 

Tc : cold surface temperature ( k) Th : .1"~t;~.lnf~<i!i;:Ulooe.@W~.O~·);;J" 1; rr~:~: 
Pvc: cold surface vapor pressure (pa) Pvh : hot surface vapor p~essure (pa) 
T: Th-Tc 11 _ , Pv :,Pv~-Pvh. · . .

1
. : ·r .. .,L 

1 
.·': 

.'CVl')J CJT t._1-i f;':,J t.rJ J'V J .:.ru; !JO~ Cf!O~~~::; ~:·r., .. ~ 1 ;_'\ :..ni l. ': '·· l ..-
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) 

T 
- (T-T) 

: dimensionless temperature { T = c } 
l:!T 

d. . 1 { p (P.,-P.,J } : nnens1on ess water vapor pressure v = ----
Mv 

· · · V DcpavPavVavi : dnnens10nless velocity { avi = --"""--"-'--="'-

A 
(i; xory)} 

Pav : dimensionless humid air pressure { p av = k 0 cp a~ avP av } 

x,y 
x 

: dimensionless distance { x = -
D 

'At 
t : dimensionless time { t = } 

cpLD 
A 

L 
: aspect ratio { A = - } 

D 

Cl 
cp 

: dimensionless value in equation (Al) { Cl= --- } 
CPuvPuv 

Le 
'A 1 

: dimensionless value in equation (Al) { Le= - } 
cp RVT'A

0

pv 

Pe 

Te 

: dimensionless value in equation (Al) { Pe= Pvc 
Mv 

: dimensionless value in equation (A2) { Te= T,, 
l:!T 

} 

} 

C3 
ka cpRavTPav 

: dimensionless value in equation (A3) { C3 = } 
'A 

Ra
0 

: Rayleigh number { Ra•= Dk p Al:!TCPavPav 
a avl-' A } 

[dimensionless moisture balance equation] 

cp = cp,p, + CPavPav 
[dimensionless heat balance equation] 

a!= -<D x A{a(Te+ nV: + a(Te + T)Vary} +A a
1 T +A a

1 T 
of ax oy 8x2 8y 2 

[dimensionless humid air balance equation] a P::v = -C3 x A(av~x +av':_?) 
ot ax ay 

[dimension less moment equations] v = - a Pav 
avx ax 

-V - aPav R .-T ----+ a ary ay 

(A4) 

8 

(Al 

(A2 

(A3) 


