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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. by

The building envelope is often damaged, internal 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 CALCULATION METHODS """ "
The conservation equations for a porous material which con31sts of a solid, water in a liquid
state, water vapor and humid air are asifollows. - -
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In this eqtiauon enthalpy H is defmed as cpdT wherem cp IS the spec1ﬁc heat at a constant
pressure. -, : !

[el%elgy] I [ TS LR TS ',I UV L £ AR o8 3] Yiey Lt
pa—T+chavcpwV(Tv,w)+¢pwchV<TV) VOVIZop

3

cp = Dp,, P, +¢pw% +p,ep, »
r=H_ -H, il o i B 8

The natural convectlon VClOClt}’xOf humid air in a.poroys,material,is fomnulated using the
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It order to evaluate the thermal and mmsture ljehavmr m varlous porogs matenals the
aforemenﬁoned equanons can ‘be modified 1r1d1v1dually A
' We pjropose appropnate equatlons Whl(:h descnbe smultaneous heat and monsture dlffusxon
with conyection in the fiberglass layer v |
“Even if the ﬁberglass layer is ethbrated by the saturated smround,mg air, it can be
assumed that the liquid phase volume fraction in the fiberglass exists mdependent[y and is
statlonary The certainty of this assumptlon should be conﬁrmed e)gperlmentally, tp,ough this
assumptlon can be accepted empirically. Tt i IS f'atr to dssume that the llquld phas;'e d1 ﬂ’uqmn
and convection in the fiberglass can be dlsrsgarded Hence, moisture *ransfer in the, '
| ﬁberglass is descnhed by (lg ffusnon and convection of the waler Va}mJ Skt A
Equatlons (1)(4) can be rc,wnttcn on thc afnrcmcnﬁoncd assumptxon Iwnfh comldcré‘ﬁ'c'm
o gwen t? a two dlmensmnal ﬁberglass ﬁ'lled e}nclosure (F ig, l) ey .
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In this m(§1sture balance equation, moisture dlffuswe flow taused by the temperature gradient
of the material is almost negligibly.  is an adsorptive coefficient corresponding to the
variation in water vapor pressure in the material. is an adsorptive coefﬁc1ent corresponding

o

to the Variation in temperature. Tt
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Using pressure based on a hydrostatic and adiabatic reference value , pav " rqomeﬂfi’im

equation4) is derived as follows. 7 . ¢ - Y ‘ '
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is a thermal expansion coefficient.

. The gowérniiig equations (6)(9) were'andlyzed using the finite difference méthod.
The convection terms in the equations have been approxirnated by first-order upwmd G
difference. g o VUL g g

Darcy's law causes the left side term of equation (7) to be zero, thought this term is dealt in
too small a quantity to easily calculate by computer. ’ D "

Ve Tt W i L

3. THERMAL AND MOISTURE BEHAVIOR IN FIBERGLASS LAYER

In this section, the effects of natural convection on the temperature distribution and vapor
pressure d1§tr1but1on in the ﬁberglass are shown The distriputions arg evaluated for, the
effséts Borne by the' temperature d1ff“er;ence bexween one surfaoe of the’ enclosure and the
ogposnte side surface, the aspect raglo pf thie wall (L/D) and the perineablhty of the fiberglass.

"E Afthe en((i of flns sechon t'h"" fect of moisture adsorphon 1S dlscussed

F}berglass dens1ty was 24; kg m Thermal conduct1v1ty was 4 591 02 W m k Mmsture

: conduct1v1ty wa‘s 1 '}Zl 0 kg m' s pa’ Mmsture conﬁuctwrfy was based on lhe value of dry
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Tlle len tl"} oﬁ a%stmce X (b) of the enclosure (F Ig 1) was 0 03 m 'f'wo lengths (L) 0.5
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gt thi 'd 2.0n m, were conmdered for di sta jce Y

The effects of permea'blllty were measured tlmes an& eval atecl, Adopted values were as

follows ,1): 45210"1Jn as  the sfanélard ‘value, j 904'16 b

b2 Dosi0 Giotp s 9t P as twme, thfe Staﬂdard Value
3)4. 52l05?‘ m® as fen times the standard Value xpéﬁmep Al research [7’1 has shown that the

variable range of permeal:nI hty s 10‘[’[" ""'MKU 110 5 ‘o order to express tho lhermal and
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moisture behavior clearly, we chose a large value for the standard permeability by referrmg to
experimental results. . TR P N

Boundary conditions and other conditions of the calcylation are shown-in;Table: 1. For the
sake of comparison, we analyzed the steady state dlstr1but1gms of. Iemperature and mo1sture
considering only diffusion. o b e g

’l‘he geometry considered is a two—dlmensmpal ﬁberglass ﬁlled enclosure (Fig l)

Results from numerical analysis in which the effects of moisture adsorption;are. drsregard

are presented first. fny, ot e T T s
; i : o A7 A R T
Table 1 4 WEragie \ e B 2 o 1
Boundary condition . Height Permeablll,ty A | Ra¥*;| C3
T, | Pita) | 1,0 ] Po(pa) | Lam) |+ K)o |- [ [10°
Casel | 273.16:1] 426.48 ) 29340 ‘J1I630.1F | 2 4. 521U | AU 2.0 L8
Case2 |283.16 | 856.99 | 293.16 |1636.11 | "2 45210% "7 | 401 2.6 | 1.8
Case3 [273.16 | 42648 [293.16 [ 1636.11| 2 | 9.0410°" 401 52| 3.6
Cased |273.16 | 426.48 |293.16 [1636.11 | 2 | 452107 |40 [26.2 |18.0
Case5 | 273.16 | 426.48 |293.16 | 1636.11 | 0.5 | 4.52107, 101 2.6 | ,1.8
Case6 | 283.16 .| 856.99 |-293.16.| 1636.11 | 0.5.. | 452107, 10| 2.6:} 1.8
Case7 | 273.16, | 426.48 |293.16.:]1636.11 | 0.5 .|.4.521071  }10 |26.2 | 18.0
[yt { da l 4 e Tt .
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Veloc1ty distribution is shown in Figs 2 and:3. ! The results from Case l'ar'f’e‘» shéwn in Fig.
2. The, results from Case 2'are shown in Fi&. 3./1"Natural convection flow ¢ail be séen

.distinctly along the enclosure.surface. ! The ineréase in the surface témperatiiré difference

through the enclosure (between hot surface and cold surface) causes natural convection in the

fiberglass.to grow. ;Because the surface temperature difference of Case }li is twice that of
. Case 2, the maximum velocily of Gase 1, 1.2210% m &7, isiiwice that'of Case 2. # W »!

The temperature distributich for Case l-is shown'in Fig.'4:: The effect of natiral’ - -
convection on temperature distribution is minimal. The maximum variable rate for
temperature variation caused by natural convection is 2.5% compated4vith the diffifston

.'i result. - Similarly, thé maximum variable rate for vapor pressure is 3% (Pig:15).' ' The
.., -variation in relative humidity is! less than 2% as shown in Fig: 6. 'The inerease of relative
. humidity is-small unexpectedly.. oo v ¢ oo i e ity T RN

The dimensionless velocity and Rayle1gh number are shown in Fig. 1'0. The results from

. 1., Case 1.and.Case:2 are-plotted on.a line of A=40.i Ttican be.seemiin Fig: 10 thatithe I

dimensionless velocity in-the fiberglass increases in almost-proportion to:thé Rayléigh number
(Ra¥)x - It can be regarded that there is alinean relationship between this surface ter'nberature
difference T, ﬁnd the:velocity inthe. ﬁberglass w1tlnn a range of these Ra* numbers s
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:The relative humidity: dlStl'Ibul.‘Ianls showndin Fig: 7 (Case 2) Fig. 8(Case 5)-and Fig. 9

) (Case 6). In Case 5 and Case 6, we decreased the height of the enclosurc (L ) from 241 to
.+: 0:5.m.. - The relative humidity distributioninGase 1 (Big. 6)/corresponds with tesults from

Case.5 (Figi 8). Similarly the distribution in:Case:2 (Rigli7) corresponds with fesults flom

. Case.6 (Fig.9): - The effects of aspect ratio-omitemperature dnd moisture disttibiition is small.
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o et I wasjexpeé'ted that'the effects ‘of permeablhty on velocity distribution under natural
“1ulconveletioh would bekignifiednt.” The ¥élotity distribution from Case 3 wherein tw1ce the
standard permeability was considered, is shown in Fig. 11.  The velocity distribution from
Case 44k 'shown i#r Fig.12. Where the pérmeablhty of the fiberglass was 1ncreased from

tvideto tenr oo T Lo Tt
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
be clearly seen in Figs. 1318. The maximum relative. humidity in the fiberglass was 93.2%
t a 1495 m height'ofithe éntlosure, as shown in Fig!'18." The inci¢ase in relative humidity is
i ~about 10% as compared With 84.5% obtained by qaléulatlon in Which only diffusion was
; cons1dered 1. To avoid maisture condensatwn:daﬁnage . a[bu.lldmg enVelope we must take
note of‘thrs incredse in relative huiidity.” = 7 P T
-)4;-» Fhe: vertxcal distribution of a'steady state heat ﬂowat the surface of the fiberglass is shown
~ in Elg 19 (Case 15 3 and 4»)—and Fig.-20 (Case-6 and 7); The effects of naturat convection on
' he'at flow.. can be seen partlcularly.near the top-and bottom of the enclosure, The average
'heat flow on the surface-in Case 3.(twice the standard permbablhty)cbrrespond&wnh the
reslult from calculatlons 1R Whlch enly diffusion was' ‘considered.” “For Case 4 (t&n times the
e}_ndard permbablllty) the—average heat flow increased 2% compafed t0 the result from
“calculations in which only diffusion was considered. For Case 7, the average heat flow
increased 8%. The increase in average heat flow was caused:particularly by thg hlgh ‘degree
of permeahility and the small aspect ratiot .. . i NLSG
The distribution of steady state moisture flow is shown in Figs. 21 and 22... The increase in
«- ayerage moistyre flow for;Case 7 is 17% higher than the resuilt obtained by calculatlon| in
. whichonly diffusion was:considered. For Case 4,ithe increase was 4%. 1 . = = °i
- Dimensionless average heat flow is shown.in Fig.23.. Dimensionless average:moisture
flow is shown,in'Fig. 24. , The effects of the aspeet ratio'of the enclosure on the Variation in
average heat flow !a,nd moisturei ﬂow cansbe seen in Flgs 23 andi24. Hu e
S T R TN B , L SR A S
3.4 Effect of mowture»adsorptlon MrigesSioh s o L C A 7
.Equations (6)X9)were analyzed: mlder the boundary condition of»Case € ‘\I'We derwed the
-cogfficients-and from an equilibrium relation between the mdisture content of thefiberglass
and the relative humldlty as shown in Fig. 25 (reference [81). *“The coefficients, :and \ are
shown inFig. 260 oi7) 1 winsin v g s bos vleeied maa jreihy g
The variation m, temperature in the fiberglass, considering the effect of mmsturé adsorption,
| 148 shown:in Fig., 27 The variation in vapor pressure is Shown in: Fig. 28. :
IR The variation.in temperature and vapor pressure continues formore than 30 minutes:' It
can be seen in Fig; 28.that the variation in vapor ptessure has notyet réached steady: state 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 effect of moisture adsorption
o isibeligved to haye mamtamed the variation in: temperaturel and Vaporpressure fors more than
pnehour‘ 1} nnmalsoa o) o et o boseoreh 2o o easly b 2aerm ol anoan
v of The: -@nSt@adY[Sntﬁt@ dtstn,butlons for,tem‘peramlre, Napor préssure'and ‘feldtive humid1ty are
~shown in Figs, 34 33, ~Caleulatgdresults taken 10 minutes- after starting caleulations are
|1, -Shoyain Rigg, 3 13300 In.Fig. 3 15tccantbe seen thatthe adsorptive heat production riises the



temperature in the wall on the whole, compared with calculated resultsiwhich considér. only
diffusion. Contrary:to this,the decrease.in vapor pressuire is aaused by moisture :adsorption,
as showsr in Fig. 32. - -Asishown in Fig.»33, the maximum relative-humidity of the fiherglass
is less than the calculated result which considers only diffusion. —i: 1y sl rint 60 100

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 mo1sture adSorptlom
However, relative humidity -distributioni ts similar:to that of Case'd. * <t o4 .

The effect of m01sture adsorption can be noted to evaluate the unsteady'stat‘e moisture
condénsation pro¢ess in the building enkfélope - ’ o “,f' ' " <l 1Bl
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Been imvestigated in consideratlon of olsture adsorpilon ol
- Numerical results on tl theunal aqd moisture bebavxq caused by natm,al convectlon in .

ﬁberglass are evaluated as follows. BB . x um .

+ For:the case which: d1sregards» the effects of moisture adsorptwn thermal and molsture

Varrat*rbn was remirkable, as'follows. i1t L PRI L * S AR

1) When the temperature differenée thréugh the enclosute (Betweerithe hot $urface of
enclosure and the cold surface)is less than 10, the effects of natural convection on the
distribution of temperature and vapor pressure is insignificant. In other words, thermal
‘and morsture behavior in the ﬁberglass can be estlmated us1ng a calculatmn I‘nodel ;

" dominated by dlffusmn - = 1 ", l' i o (!‘)

2) The results from analys1s in.-which the temperature difference. throuOh the enclosure Was
20, show the effects of natural.convection on the thermal and moasture d1stmbut110n clearly.
The increase in relative hum1d1ty 18 at most 2%. B

3) The effects of aspect raﬁo are flot consplcuous between a height of 2 and O"5 m. 4

VST 3 DY 9]
Can x

‘The effec,t g%‘ natural eonyectuprl on the thermal and moisture behavror m ﬁberglass is
shown eyt ot

using dimensionless state values. Cloie e o tene ca o)

4) Dimensionless velocity in the fiberglass increases:in: propomon tolthe increase'in Rayleigh
number(2.6<Ra*<27.0), whereas thermal behavior is v’aned hﬁeaﬂy in proPomon to the
increase in Rayleigh numbér (2.6<Ra*<27.0). """ """’ , L

5) The increage in averagg heat flow, was caused by;a,decrease in, aspeu rauo r,ven if the
Rayleigh number is increased from 2.6 to 27.0, the average heat flow 1 mc,reasesf only
slightly. These phenomena can be seen particularly with a variation in average moisture
flow. For an aspect ratio of 10, the average heat flow through the ﬁberglass 1§ 1ncreased
8% compared with the result on dlffusmn Similarly, ayerage mo1sture iow ‘thfough the
fiberglass is increased 17% B R T m” : ”':“ S

6) The relative humidity distribution is proport1ona1 o the increase in Raylelgh number
The effects of aspect ratio are minimal. The maximum relagive hpmidity;causedby
natural conveetipn is:93i2%: Tolaveid moisture condensationdamage; the:partial increase
in relative humrtht'y' slhcmld be woted.: ! Cbyanstergenal ostue Bloo s
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The sffects of moisture adsorption dre evaluated as follows. S



*7)+1t-is remarkable that temperature and vapor pressure variéd continuously for hours because
- of moistureiadsorption: : When-analyzing the unsteady state moisturé condensation
u  process in a building/envelope, the adsorptive effect of the ﬁberglass under the natural

convection should be dealt with cautiously. it © -1 L i
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NOMENCLATURE ot B " i

cp specrﬁc heat at constant pressure ( WS kg )y - phase change enthalpy of vapor water adsorbed

g gravity(ms?) {r=H,-H,} (Jkg') " "
- H "Menthalpy b =epdy ughy ot s ol ! temperature(k) R R USSR
K " Darcyis permeability ( m? ) ittt Me i T, reference temperature (k) r~
{k,= K/} Jiv tyy, #me(s )i 0 G fegll W T
P opresswre(pa) ) g, WYyt (ns) "
p pressure based on a hydrostatlc and adrabatrc W ' mass of water vapor adsorbed ( kg m> s D)
. reference value, (pa) x  horizontal distance of the fiberglass (m)
R’ 2 universallgad‘¢onstant ( N'm kmol ¥k ) oy Uyertical distance’ of'thd fiberglass (m )
Greek symbols Lo
thermal expansion coefficient ( k) Ay G L b 5

‘.~ 1adsorptiye coefficignt of ; corrcspondmg to thg vagjation in water vapor,pressure( kg m?pa) |
I thermal conduetivity (w m’ ).

53 R e A 3 ia _"J{
morsture conductxv:ty reiated to vapor pressure(kgm s pa ) boiie %" eni
N [ 1 N 4 8
) wscosnty(pas) Y =
bialf | adsorptive coefficient of correspdndmg to the variation in’ temperature‘(kg mik?y-
i denslty(;kgm'%)l SOL RV RTINS VR S (s - - te! il i ¥ 1i P
A tUepOrOSItY i iy 5 ‘{i.’.‘ L ,l‘l;r; Do o e Bl gl o R AN TS
)i, o TROIStUIE.COntent . (. Prrmnt v b bl e v gl ATy e s Wi e T Ll
i (M‘! “bscﬂPrts elosfe s e M it ?'f" it DB EEy ad T ¥ oo B O
av : humid air s: solrd v : vapor water . sy’ 2 we L 3
‘w :liquid water  x:horizontal direction y: vertical drrectlon SRR s
wGnand neoly s mrovernont 2l o) Inaosoeduig 2 aotadoizin s nioad ovnslas o
xv‘<]’)’imengmn]esg«valuégd9‘2 PO o © 0 IBdima e 016 Gy 20Gas " e 0 .
Larsion Didtithicknessiofithe fibierglass (o c1sieid@rt hiheight of thé fibérglass (in )/ oo 1. i
T, : cold surface temperature (k ) Ty : lopsyrface temaperature (k:)iil « /irsiz, )
Pv, : cold surface vapor pressure ( pa ) Pv, : hot surface vapor pressure ( pa )
T:Th_Tc & e ! PV:PPV.Q'PV, s L e L Tt
2w lal en bulnif Py ofh aoirpmaba snoeius o e T !



T . . T (T"Tc)

: dimensionless temperature { 7 = ——= }
AT
o3 . . — (P )
P : dimensionless water vapor pressure { P, =
AP,
V,: :dimensionless velocity { V,, = ﬁ“—”}%""/—“‘" (i ; xory) }
P,  :dimensionless humid air pressure { p,, = M&}% }
X,y dimensionless dist {; X y=2 }
, : istance == ,y="—
d p'’"D
. o s M _ L
t : dimensionless time { ¢ = } A :aspectratio { 4 =—}
cp LD D
C1 : dimensionless value in equation (A1) { Cl1 = P }
Cpuv puv
N : . 1
Le : dimensionless value in equation (A1) { Le = — : }
cp R,Th,
_ : : Py
Pe : dimensionless value in equation (A1) { Pe = APC }
T
Te : dimensionless value in equation (A2) { Te = ACT )
ko cpR, TP,
C3  :dimensionless value in equation (A3) { C3 = — }
Ra"  :Rayleighnumber { Ra" = Dk,p,, BATCPR;\‘J }
[dimensionless moisture balance equation]
0P, d(Pet PYV,, OPetBW, 4 9°B 'R
CIA{(e )avx ( _)vy}+ (_ ) (Al
ot dx Oy OLe px*>  9y?
)
cp = cpsps +cpavpav
[dimensionless heat balance equation]
oT o(Te+ TV, anfﬁ F _9°T
T _ _gxifele MWy, 0Te+ D) W}+Aa_+A3T (A2
1 dx Oy ox’ 0y*
) P—
0 vy oV,
[dimensionless humid air balance equation] Pa _ -C3x A(% —) (A3)
ot 0x Oy
[dimension less moment equations] m =- % : m = -—% +Ra'T
Ox y
(A4)



