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Two-Dimensional Air Exfiltration and Heat 
Transfer Through Fiberglass Insulation 

I. Numerical Model and Experimental Facility 

Hong Chen Robert W. Besant, P.E. Yong-Xin Tao, Ph.D. 
Fellow ASHRAE Member ASHRAE 

A numerical model, employing a local-averaging formulation. was developed for heat transfer 
and water vapor deposition within.fiberglass insulation under air exjiltration and frosting con
ditions. Frost growth on the cold surface was modeled using special frost growth boundary con
ditions. Non-isotropic permeability effects that occur in fiberglass boards were included in the 
mode/for porous medium.flow because tests showed that the permeability for flow parallel to the 
plane of the boards was 69% higher than perpendicular to the insulation boards. Transient heat 
and moisture transfer processes within a thick layer of fiberglass insulation were modeled for 
steady ex.filtration of humid air (60% to 84% rh) with a two-dimensional airflow during winter 
temperature conditions. In order to validate the numerical model, laboratory apparatus was con
structed with a test cell I 35 mm high, 600 mm wide and 275 mm deep. This allowed a two-dimen· 
sional moist air ex.filtration [0.5 to 1.5 U(m2 ·s)] through a fiberglass insulation slab for a 
temperature range - 20 °C to 21.5 °C from the cold outside surface to the warm inside surface. 
Using this apparatus, the transient temperature profiles, moisture accumulation profiles, and 
heat-flux at the cold side of the fiber-glass insulation were measured during the air ex.filtration 
process. Part I outlines the theoretical/numerical model and describes the experimental test facil
ities and the propenies of the fiberglass insulation tested. Pan II of this paper presents the com
parisons of experimental data and corresponding simulation results. 

INTRODUCTION 
In recent years, many studies have been done on building envelopes and on the vapor retard

ers and insulation materials used to reduce moisture deposition and heat transfer. For example, 
Paljak (1973), Tobiasson et al. (1979), Langlais et al. (1983), Thomas et al. (1983), Bomberg 
et al. (1978, 1991), Pedersen (1990) and Pedersen et al. (1991) showed that heat flow within 
insulation depends on the type of insulation, its moisture content, and the temperature of the 
insulation. A comprehensive review of moisture effects in insulation materials is provided in the 
book edited by Trechsel (1994), while recent papers on insulation materials are presented in the 
book edited by Graves and Wysocki (1991), the proceedings of cm meetings (1993) and 
(1995), and the final report of IEA Annex 24 (1996). 

Moisture accumulation may alter the heat flow in both sensible and latent fonns. In sensible 
forms, the presence of the liquid and frost phases results in an increase in the thermal conductivity 
of the insulation while the release of latent heat may alter the temperature profiles and heat flux. 
Energy transfer increases of about 3 to 5% for each percent increase in moisture content by vol
ume were shown by Epstein et al. (1977) and Larsson et al. (1977). On the other hand, Hedlin 
( 1983) showed that roof structures with less than 2% moisture content could double the heat rate 
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with typical diurnal r.ydes in temperature. Furthennore, the moisture within the insulation can 
lead to mold growth, degradation of some organic materials, rust damage to some metallic 
components, an'd fte'eiirig damage''1n the condensation zone at low temperature (Lstiburek and 
Carmody 1990):· ffierefore, it is crucial to study the conditions which cause the moisture accu
mulation and water vapor transport within insulation material. In cold climate countries, the most 
severe moisture problem oq:;µrs in_winter (Kumaran .1992) where the operating temperature of 
thermal insulation is below freezing. " ~,-

For several decades, research work has been done on the numerical modeling of heat and 
moisture deposition and the movement of water v11por within porou~· insulating materials used in 
building envc:lupt:s. A large number of papersl-have been written on this topic . For example,: 
Yafai and Saker (1986) have studied the condensation effe.ct within the fibrous insulation; 
Kohonen an!, Ojanen dQ$7) predicted hygrothermal effects of combined naturaVforced convec
tion in 2-D at a non-steady-state condition, Tien and V afai (1990) numerically studied the 
effects of air infiltration on the moisture dist,rjpution within an isotropic insulation matrix. In 
addition, Murata ( 1995) ~tudied the heat and ~ass transfer with condensation in fibrous insula
tion slab bounded on one side by a cold surface, Ojanen and Simonson (1995) experimentally 
and numerically investigated forced convection past various insulated wall structures, and 
Pierce and Benner (1986) investigated thermally induced hygroscopic mass transfer for a closed 
system of insulation. " ' 

Some recent authors have written a number of papers presenting both experimental da~ ,;i.nd 

numetiPil-1 simulations of heat and .water vapor transfer with moisture an? fr9~t accumJ1t 1fon: 
Tao e.t al . (1991.;a, 199lb, 1992, 1993), Simonson et aJ>(l993) and Mitchell et a!_. (1 995). Frost 

_ growth wi.!,bj,I;\ -p>QrOUS insuJation.ruts ·been shown to alter substantially the heat flux and mass of 
water accumulation ;vithin fiberglass.• ' . '· , 

This study extends the work of Mi'tchell ct al. (1995) for one-dim~'iisionaJ air exfiltration 
:,,-through an insulatfon slab to .one with more realistic boundary and flow con'ditions aiia frost accu

mulation on a cold surface (simulating an exterior envelope surface) for a cavity completely fffled 
with insula~ion . The main objective of this study .~as to develop an accur~te ·numeric3'l model for 
the ·compleK ph~sical P.rocesses tha~ o.ccur l;Jithin varioui; porous_ insulation macerials like fiber
glas's wliich-tii1dergo 1h~at transfer and.~ e;'{filtration with moisttg"e and frost accumulation. 

:}< ' piarff presents ttl~ ~'um'e?ical model ' and ' th~· ies~ facilities that werC>•used :to lcollect data that 

1
.can be u~e~.-.10 comf-nr~;vi~ thc1~i~~l~tion r~ts. TI1ese comparispns·ai:e i11>Pan II. : 
' I ~.,.,. ... • • ., • ,, .) .fl'GI 

,NUMERieAI. MODJ!:L ·ir ... . ir ' ' .... 11 • - iw. ' ' , . 
, .~ • • l"'t t • . • L / , .~f -~ ,••, ., .,,., J 

~ '.!! LA ~~heHi~ftt~ 1detaiQRg ,t}L~ ~,~?n;e~~for:,w~ n~eriqil model,·~ presented :in ·Fiigure L TI1e 
\:> l tl tl'oflc,'HomW~ of tile nun:iC?PF~ model 1w.~ a ~';"<?-dim!!nsion;ll .rectangular porous medium 

(fiberglass i'nsfilation). Air ~as 111u:oduced a_t a line soµrc~ at the J op l~f:t .comer (point A in' Fig
'1lrt1i) for arr ~xfi'itration. ·!Jlhile a"ll~e si~k· removed. this airf}~~- a~rpQintr.B. &peti~tally, the 
'u'rie '~liik!-ahd io~rd[J~ slQts Jfheigbt h suel},Jbat ./.tib ~ O.O~L.1'.he boundary. conditions were. uni-

· ..:\\_ ~- t_ ;op\: --;-,e ,t ) ' 1£ "'·· ' ~ ,.. . ' ~ . 

'PotirPsub-fre~~lJl~!~~.pe[~~@'~ 2'.';ton the co!d(bQtt?m sid~!~d uniform--room:tempe11a'tt1re Th on 
the w3!1'1 top side; Tu~ nBi~.~.~d left s~~.r.s . fl.l ,+. ~ O.~d . .; =:,p, were.jmpe.i;mQable·and adiabatic. 
~lf!i~o:~li?f:~dn~m,~~j:ilqi,Qct~I was u~¢. t,o .ob~n tl'!ettransient twQ>-dimensional tempera
tiffl'anifiiroistuie actuijl~~a~pn_ profi~~s ~~ the solution dom~1.in -subje.cMe the-.abeve-conditions. 
· · ·rlie;goverli.¥ng~equJ\ioiis t& the heat and mass tr~sport pro,cef~-jn a:porQus mediwn ,i subject 
to a steady forced convective zjrflow,, were,deriY1;<;l-using,Ihe .local yolqm¢ av~raging; r.eohnique · ~ · '"' ·~ - .,.. ·, """·~ ,.-~ ··1un 1·0"' ·. ~1 • .l ! . u . • • -'· ... 
for' the equations o(mass, mftmentU!J!, $lfld e1.1ergy ~p_ort (K11v.j~ny 19fil),, tJs.ing:this-fonnula-
tion'1 tlfe··ti>C.al f?T0~1ert)~~i inf,¥~ ~9~jtfons. ~~¥. ay~ragr,d . qYer-~, repre~e1}tatlVf:! elementary VOi· 

\ink iJ the smlil i~st volu,me th.ai r'eprese~ts th~,local av~rage pro~rtjes. lMhjs ~erivation, two 
maJilla$'stimpuoli~~:~elnirl~&e; .'.first:' the

1 th~rroaJ ~d mass lT~Sfer properti~S' of~porous medium 
.1' ns ,. rro .• -.. ·ti, J .J ... .. ' 
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are" isotropic an.d hpmogeneous except for perme~biij.fY;·second, the porous system Which con
sislS of the s'o li~ , 'liquid, and_ gas ph~~ is assu~.~tHo be in local thennodyn'amic equilibrium 
(i.e., all' ph~~s have the ·~'.Im~ treiperat~re a~9 pre:;sure at. l!n}'l point). The assump'bons implied 
for the use of volume average equations for heat and mass transfer in.-porous-media are dis-
cussed in several sol,ll"c.~s (Whitaker 1977, Kavi~y 1991). -. · <- ' · 

') · 'Other ~sumptiq'ns were made to qbtain th~ . gov~ming equations for the model d~veloped 
. . ~' • ~ ' • I 

here. Thes1fwere: ~ r 

, :· The ai~~w thrc5ug~ insulation is steady-and'.forced and is
1
cw6-dimensional with 'a glass-fiber 

pore-size Reynolds numbet (Red< l) .whiie t?u6y'ancy forces ar~ negl~igibl~ c.omp~c;~ to the 
visCl!>us Jor:ced 'convectfo'l'r: ·i.e., the ' Raleigt1 1 ·num~r for the ~~r9~~ ~ediu!Jl ~~. negl!.gible 

_, (Nield and Bejan 1992r ' · .::.J ~ \ . ' . .. .. • • - . 

2. With the smill moistlire c·ontent in tlie tibef-kias~ in5<l1ati8n!.·~t ilie ~ri'd' of each· experiment, it 
is assumed that liquid capillarity or liquid macroscopic velocity can i>e neg~~ct~.~c_co.r~iltg 

to Ceagleske and Hovgen (1937) and Tien and Vafai (1990), for srµall am,QqJlts _of liquid 
acoumufation' .in the··pprous insulaifon ':(i~e .. saturatiorP 'values i~ss tlian 0.1 ), Uie ~ondensate 

.. \lllU eiist. in a discontinuous pendular State, which means th~ Jfqu'ld i~ essenHlef y immol;iile. 
_JI • ' • _!!.11. . ~: i E)ue to: the lowwolunie "fraction of fiber in insu1atiob material,' and ~e )Ov.( .~_tOW velocity 

t,hrough 1the .imulation· (Rey'ndlo~ numbei 6a§ed on·~ pC>.re ~ii~ ·~ I), 'them{ai "disp_ersjon yd 
m0Ss dispersron•can.be n'eglec'ted. Motebut~ 'i:iif~.sio!1:S(6'~\':~~ ·~al~r v~fil>~ .. c~4~~~~~iJh 

t' . .fO[CCd :C0DVCCtiOn-.are the Only i:itehhS'O'f transporr.~ithin ilie giis~OU~ ,C~ffipqnCJ}t.1 , I• ~-:l' 
4, ~,Compared :with•ithe heat 'e·onductiori ' and t:on-lect(on, heanransfer effe<;~ by. ~d~atj_on,, ~e 
:. · quite small:and tan be neglected; tVersch6or ah'CI ·oreebJ_ti 9~2, NiJfu~~ 19'68. ~opezJ 9~9,). 
5 . .. Tue.:them1al 1and trarisportJ · propehies ·'oh:cld{indi'~ili1uaJ phas~' i~ ilie p9ro,us inepllJ:l'.R-are 

• f - ~ t -- ·ff"' .. ' ' • ... l ,, Jr-.. h t. .. 
"," eilher •depend~nl 'on temperature' or constant., ·~ ~ • . 

0 
_. •• • I : • • ~·)~. , 

;6,1;N0 chemical:reaolion!Hake place·in:the ti"t>etglaSs'.fnsulation 'd'u.rin$ µie }i~rimental pr~e~s. 
11. •When· lhe:jcca-ll relative h'umiOity real;ti~s- 100% ~i a ladtioirni,t.ti~ flbergl35s insulation."abli, 

, matit1n,::6r: water~Vap6r solidificatilln '~"fr9st 61( lhejgia5:{fi~ri,~ .i~~~q9jldered :Jt tJ:te l_?fal 
~· .r..JternpeFatur.e i! beiowi C)'°C', ai1d cbndinsa~on" I~ c6'H¥i~er~l:I. 'i[1l11e· fo~~al teinperat,iitt;)J, a~2.~e 
r:- 0cci No -subcooliifg of liquid droplets i~ 1'fncftid~1:!' 1bCcaus~· 1{he 'phase change is primarily 
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between water vapor and either its liquip or solid. pb.ase, not between· the 'l'iq:uid and solid 
phase of water. 

8. The insulation structure is rigid and does not change shape during testing . 

9. In the frozen region, the frost does not exist as a porous media except on the cold plate where 
a frost growth model is coupled to the· numerical domain . 

I 0. Additional assumptions for the properties and initial and boundary conditions are presented 
with the corresponding equations. The governing equations, based on the local volume aver
age technique and all the assumptions mentioned above are presented below while the sym
bols are defined in lhc Nomenclature 

The gas phase momentum equation (Darcy's law) is: 

! - ., ( 

K (Jpg 
' x_ 

u = -µ of 

K" aPg 
v = -µ ay 

(l) 

.I 

; (2) 

... ~ , 
where:~K =permeability of the porous media (fioerglass)·due to gas;'tlo\V; Since the insul~tion 
slab was layer:ed, the permeability may differ depending on whether the fldw is parallel JO the 
iT!~ulation laye1\(K.r) or normal t~ the layers (Kv). ... , 

The: thennat· energy equation; for' \lteady state' 'Press~re and· negli~ble kinetic energy at every 
point is: : .. ·· · ·:· · ,,_. -r;· ·;:. . 

"'.': . d(pcpn d(pgcpgUTf' ''O(pipg vn ·;J.,: •. . 

a + a 1+ a +~z·n t x )' 
a (k aT) ,a (k a·r..) 
dx eff dx + dy eff dy. 

Where 1 'J : .• 
.. _. ·:.: rr--~: 

and 

, -,1 

p = (l,,i:"' t)pfl .,+ t13Pp + egPg , , 

cp = [(l - t)(pcp)u + tp(pcp)f3 + EgPgCpgl Ip 

keff= epkp + tgkg + ka(l - e) 

-·· . ' . ,-.~ .. -:-i,. 
'!he. ~a!er _vap?~ ~~nve,5tio~.and ~iff..,sigr, ~quati,o_n is: 

" 
t j .. lf : a ' '' 

. 1b1 fl.,, 

I , • ~, ;1 .. , ~ ' , f :•· I· 

...... :..~ .. , 

'(3) 

. (4) 
.•' 
(5) 

'(6) 

., •-•· • • ·p. ' 'J:: ,'.. , • -... : I. I • 

d(Egp'.~;) cf(PcgU) o(pc8 V) = d[ Deg o(Pcg)]+arpDcg o(Pcg),J,-tn_· .. ~«-7) 
·r 

: .. . ar , . ~ ax: :t,,. ·.dy ·.. f_,r·dx Pg, ·4! "dx 'Pg · · di[ ~g. ,e~1: d)'.. ·· p 
8

. j .i 

;_.~ \" c:· !~·'l· ,: • • r 1 ' r ... - •,' : •· ··"'" '."'' ... :·r '· .-·:1 ~~ •. ··- ·:.. .•. .. \ 

where D~jf is assumed to be: 1 • 1 ~ 
·,J: .·r "' ' r • 

.. ~ . -~ .. ?. '··· -( ·.~ 

._'!; . ·~: ·:v·'. : .... . ) ::. · ""(;I ..::.\ i.J i '. ' • .... t· , 

)fu~ ··:::d ~ :. -~ 1 ·" ·~JJ \ ;· ·<'.~! ] ' : ' '· • . 

t. ;! • 1:0 ,- , ,'" I.LI 

cg 
.,1 , Q.>eff. = . ~8DiJ, .• • -i) ;:-, "; ~ ... ~ (8) 

.v1; , ...... .: ; -.1H ··; [ ~ .,, ... , } !: )~ ·-..:. _.f., ., 
r ','!/"· ;;·_ ThP l1f111irt "" ~nlirt irP nh~c,:a .r~n.t;.nhih1 a."'n~t•n~-t~. , .-. ! t ·r::·-: ·r-:i.~-:T ..... -..,e:·- .~!'r..,., t"-~·~.,'!"'.!V••••.~, ..... J -'1 ....... v .... ..,_. . -

, · ··-:·l . ! ... , .. ·1..i;Q ~·- ' '• t' .. Jf":t::·:. 1<"1 ; ._., '' ~I"" ·~ • ,_. ' ( 

;v ,-

>; ;,-!'. 

-.: '!.'. ~: le 

~:. 'J •, . i ," • ' ,. 

1 $ ' ; •i)'1/_ 
11. '/Jf:R -n ... - ,0 

t':.c_ ~ 
,, I "- ,..,. n . ·. 
·· d t ,.\,i-: ~s ·... ·'·' ,~ ! • I ~-~ • 

iC .) . f ··~ -"- k ·1; ~. • : ' --: • 
D f ·; H;t~~ ~ :·)-{, :.: J f .'' ~ 1.- ',); ~..: ·1 f' 

:1 ry1··,1 'j _j I ' - (9) 

·~?.:.~r..;t . • ·~~I 
·~i 1" ! ' ~ . .I Li .:...• 
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The accompanying thermodynamic~relations are: 

.Peg = PcgRcgT •· I (10) 

i 
,. 

Pni; · = PngRn8 T 
: ( 11 ) 

,, ... 

1: - • 
• .. - '-'. \ 

Pg =-Pcg+·png 
.. . ' (12) 

. . . ~ ' .. .. 
. ,. . ·.· I>· 

Pg=Pcg+Png (13) 

I •"j ~ .•.i ,.' • 

.. , . I 

The Clapeyron equation, for saturation conditions, is taken to be 

0 '''t .
0

/1i ( 1 1 )] P = Peg exp '--16R T-T cg cg 0 
(14) 

In the above set of equations, the momentum effects can be reduced to the relatively simple 
Darcy Equations (1) and (2). The justification for this is that the pore-size Reynolds number was 
small for all the cases studied here (i.e. 10-6 <Red< 10-5). At the same time, buoyancy forces 
were neglected becaus,e v.jscous forced convectipn dominated. The·argument for this can be pre· 
seined using dimensio.~less numbers. for the conditions investigated. The Archimedes number 
Arb, ;or the r~iio of buoyancy to inertial forces , was of order 10:- 4 or less; while the Reynolds 
number Reb· based on the flow heigh_L of the RQ.rous slab, wbic~ is th~. ratio of inertial to viscous 
forces, was of order 50. This implies the ratio of buoyancy to viscous forces, ArbReb, is less 
than 10-2 or I% everywhere for the test conditions investigated. For the highly porous fiber
glass insulation (i.e. E = 0.98), irreversible thermodynamic coupling between heat and mass 
transfer effects were not included beca~se these, coupling effects have not been measured for 
such materials. 

Adsorption was included in the model by using the heat of adsorption for t1i in Equation (~) 
as measured by Tao et al. (1993) and the mass of adsorption from ·the adsorption isotherm pre-
sented by Simonson et al. (1993). _ .,_ . " > ... _1, 

· . . , .j -

~ ' 

Initial and Boundary Conditions <·: 

For the air exfiltration simulations, the entire fiberglassinsulation was initially at a. uniform 
temperature (room temperature), with the liquid volume fraction'n~at'zero (dry),~ uniform gas 
density throughout the insulation, and with the rate of phase change and water vapor density set 
to zero. , _ ·. _ _ .. ...... _ _ __ .. . · · · ~-

'For air exfiltratioq, the inle~ airflow rate, ~temperature and water vapor density are known val
ues or can be'calbuiated from the known property data. Boundary conditions for the warm sur
face and two insulated side walls can be set easily. For the insulated side walls; heat flux and ' 
mass flux were set to zero except for the inlet. For the top warm side, mass flux was set to zero 
and the temperature was constant. 

1. Because a layer of frost grows on the bottom cold plate, the boundary conditions on the cold 
plate are more complex than an impermeable plate at a specified temperature. A frost growth 
model, developed by Tao et al. (199lb) and presented in 'A'Ppendix' 1lX, ·was u~'ed to obtain the 
boundary conditions for temperature and water vapor partial pressure. From this frost growth 
model, a frost surface temperature was obtained as _a boundary condition of the energy Equation 
(3) llJ1d then Clapeyron's Equation (14) was used to calculate the water vapor density at the frost 
surface as a boundary condition for the vapor transfer Equation (7). The thickness of the frost 
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growing on the cold plate o1was estimated to he lr.<;s than 2% of the total.height of.the insu!lllion 
b (Le: 01<< b). 'fh'erefore: it was a'Ssumed th at fros t growth did no~ change the domain size for 
Equations 1(1 ) to ( ! ~) . l t'Should be'·nmetl that the introduction ;ofthe frost growth model as a 
boundary condition of the cold side causes this boundary condition to become nonlinear, result
ing in some new difficulti'es for the 'ti'umeri cal solution of the gove111ing equations. The bound-
ary conditions on the col1d side ~~the numerical domain are: , 

·. Tl y= 0(x ,t) = Tj~(x,r) 
I : · 

(O~x~l:i j ' 1(15) 

" . PcgJ;= o(x,t) ·~ p~~ expl~R~~(~fs(lx~:t) · ~ ~)} 
.. _ .. • , : '. ;_)I ; u :.1-... -

. : ' 

(O~x~a) ( 16) 

where th_e frost-air interfade 1tem:peratur~ Tjs(x,t) was .:,obtained fron:i the frost growth .model 
(Appendix A). n ·..- · ' · · · ( · · · . _ ,.' 

The·valirlity of this frost growth model ·boundary condition was investig~t~q in a simulation 
study for the test facility investigated here. Although the ten:ip_e~ature prol)ies qbtained br.~sing 
the frost growth model on the cold plate were 3.Jmost the same as those obtained from the simple 
constant temperature and the impermeable boundary conditions on, ~e cold plate, the mo!sture 
accumulation was significantl:f aifferent. The difference between ihe moisture acc~ulaced in 
the bottom layer as calculated using these two different boundarY conditions \¥~ about 20_%, 
with the frost growth' model cdnsistently giving large~ 'frost accumulation rates. ..i . 

. :JJ ( 

Method o(.SohJt,ion : '. 

Momentum Equations (i) and (2) are considered to' be independent of other equations, which 
means that; the airflow field or streamlines are' not affected by heat and mass transfer. Generally,, 
this is true when the pore-size Peclet number < l (Nield and Bejan 1992). ·Separating the 
momentum equation from the other equations , greatly simplifies the solutj.on of the problem 
defined by Equation (3) to (14). · . ·· · .. 

From momentum Equations (1) and (2), we could obtain 
Ai: 

r.,.; 

.,, 

CJU Kx o2P 
.....-- = -- -2 

• -~ ! ox . µ OX 
• · · :1l r1: : ... ~ . . \ · 

.,ti 

o•V. ,K;.. CJ2p 
_dy = µ ·' ov2. ·=' - • • .. . ... ">' ,\.t 

y·· ~ ~ · .. --:; :;~· ~~.?' ~~-t· ~ ~·~ ' .. :~-~/ • • • ·' ~ 

Adding Equations ( 17) and ( lB), aiil ~~uriilri~· inc~mpre~sib!~ ito·~, gives. · 
·~ lt.J ·. 1.; - ·- " - -

' 2 -·· - ·· 
'~·-· CJ P · i:·p 

- ' . ~-+·-- = 0 - , .. ~ 
..;.-.-ZtO . .... .. . - .;Jx! . ~ .. a 2 . . ·~ _ ... .. · - ..... .. '"' ---... --·--· - x_.... .;~s.,io..".#-~..,W .. • 1¥11i'_. ",....y• t i .,, .,, '"' 

• ,.._ • ·- • ._ • -·· · ' '- .. ....;. ,t.;. 

1.~ . 

where th_e.x co?~fiiµate is t:rarisformed by the equation 
l t . I . I ~) f • ···• • -- - ••• •· -

,, 

~ 
'~~ . 

x=x -

L 

(17) 

··l 

\ ·<! (! 8) 
: I~~.• .. _ 

(19) 

(20) 
,.._, .,,1 '. i · ,., ,JK.x 

.. K . 
...:Jn~ I ':I :. ~ :. . !'"•' '' l ;< ""!, / •;1 \:,.,.,.,.'. y '.; _;_. :-•. J ~ : l. ;_::; 

Errors in the vettfcity :field' resulting from <:il!lJlges in density have been as large as l %. due to 
both the pressure gradient in the porous insulation .llJld conde~sation and ablimation of water 
vapor but density changes due to cooling were Jarge.r. The experimental data shows that density 

11. •.;:..: • . .. ~ • • i •. I • • .) .. t."' •· ' • 
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., . 
changes due to cooling :were less than 10%-for the ,top fo1,1r layers of insulation, and less than 
15% for all layers: The· sel)sitlvity ' ~f the temperature. and moistur~ acc\lmulation pro.files to 
changes in flow is investig~ted in more detail in P~t II. · 

Equation (19) is Laplace ' s eqliatfori; an.9.the q)eoretical sOiution -(Milne-Jhompson 1968) is 
available for sources or sinks on one surface between two par~llel plates, a geometry similar-to 
the problem considered here. Using the ·results of Milne-Thompson·~ derivation for the (x' ,y) 
space, the solutions for the pressure can be obtained for the (x' ,v )' space and, thereafter, the 
velocity profile can be obtained by using Equations (17) and (18) .. 

Equations ( 17) to (19) allow us to decouple the fluid flow problem from the heat and water 
vapor transfer problems. The momentum Equations (I) and (2) were solved independently of the 
other Equations (3) to (16). Among the remaining equations, the energy and vapor transfer equa
tions are nonlinear, coupled, and partial differential equatj0ns. 1 These equations can only be 
solved numerically based on their d iscr~tized forms. The Control Volume Fonnulation(Patan
kar 1980) was used to 9btain the finite ,difference fowis of the governing equations.I Once the 
finite difference equ-atfons had be.en established., they were solved by an iterative "line by line" 
method (Patankar 1980). The-:c{imensions of tl:te i~sulation slab (calculation domain) were.600 
mm wide by 135 mm high; and, this w~ mo<lel,ed u~i~g 40 x 46 = 1840 control volumes. Grids 
of a higher density were put rie,~ the -cold side (i.~. a non-unifqrm grid in y direction), because 
the temperature and moistUr~. ~ccumulation distri.but.~~ns in.lb~ y direction .near the cold side 
were ofgreatest interest. It wa5.found that fw.ther refining f:he grid i.e .. increasing the numbers of 
grid points and decreasing the grid spacing did not affect the simulation results. For example, 
increasing the number of grids by 30% changed the results less than 0.5%. The tirrte stBpi~ize 
used for all the sim~lations was 5 s. Dec;reasing this time step by 50% changed the results 'less 
than l % but doubled the computing time. Therefore~, tl).e simulation results can be considered as 
insensitive to the grid spacing and time step. ., 1: 

\ 

EXPERIMENTAL APPARATUS AND PROCEDURE: 
·.~ i ~ 

·r·: 
Figure 2 is a schematic of the experimental test cell sectiqn, whichd:1> 600 mm wide, 135 riun 

high and 275 mm deep. Moist warm air was introduced at the inlet slot located in the left-top 

RH 
Sensor . 

Air Inlet Port I Air lnl /Ou Hot Plate'Assembly · Fiber-gbw Insulation 
er: tlet Slot Test Specimen 

Closed-Cell Material 

/Ur dutk!t Po;i' 
,. ""'· .... 

f , :' 
Cold Plate Assembly Layer Adjacent to the Cold Side 

::·.t:1 ' ' · , 'iftiei· ' Otitiet ;· ' 
•,(l _ . cCoolaiit .:: • ' · · 

~tin Five Pieces 

.';L r: " a' ~:_) ~-: L 'i·~ ~1: :: il 

·: • ·; '· ·~ Figuli-e l:: Cross-sectiofui.J v{~.; of tesf ~~if "" ~; ~ ... r . 
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comer, and was removen ill tlil'' otlllet '.slot located' in the righ't bottom corner. A five laye1. 
medium-density {SO kg/m3). glass-f\ber :st~b ·with a .. rota·i dimension of 275 mm by 600 mm by 
135 mm was placed in the tes;·sec;tion for·ench test. This test slab geometry is perhaps somewhat 
similar to the~ g00metry of some building envelope components with air entering at room tem
perature as exfiltration at one crack and exiting the cold side. This simple two-dimensional 
geometry allows us to obtain test data for the insulation alone, without the cqmplication of cou
pling effects with other components, buoyancy and three-dimensional effects that frequently 
occur in building envelopes. 

A colci plate ... which could be co~led to a temperature of -20"C by u ht:ut t:A1:hanger, was 
placed at the bottom of the test se1:tion. An electrically heated plate was placed on the top of the 
test section to ke.ep the temperature near 2-1.5 °C. h was found; both in the numerical simulations 
and experiments, that electrieal power to heat the top plate was not required during the exfiltra
tion tests to keep the hot-plate at 21.5 °C because the heat conduction gain from the top surface 
during the test was negligible. - . 

A calibrated heat-flux meter (uncenai~ty ±4.n W/m2) was mounted within the cold plate to 
measure the heat flux through the cold plate assembly during' each test. Thiny-eight thermocou
ples (type T, calibration uncenainty ±0.2 "C) wc:re located between the ·fiberglass layers and at 
the inlet/outlet slots and cold plate heat-fluX' meter. ·, .. 

A calibrated relative humidity sensor (uncenainty 2% rh) was l~ated in the left-top comer air 
. . I . 

inlet slot. This sensor was used to ensure that the pµmidity of th¢ airflow during the exfiltration tests 
remained constant. To start a test, the folun;ietric aj.rflow rate is set using a mass flow controller 
with an uncenainty of 0.8% of the full range rate (20 Umin). : 

During each test. data from the flow meter sensor, the relative J1umidity sensor; temperature 
sensors in the fiberglass insulation and cold, pl!ite heat-flux meter, the airflow 'temperature at the 
inlet and outlet, and the temperature of the hot plate were sampled every 60 s and recorded. 

The moisture accumulatioq.in each sample insulation layer was measured· at the end of each test 
by weighing each sample prior to (oven dry condition) and at the end of each experiment. Con
sidering the repeatability of the two identical ~xperiments, the measurement uncertainty was 
within l % moisture contenf by dry .. mass. Kwas found bou'l nume~ally and experimentaJly that 
the moisture: accumulation within the insulation layer adjacent to the cold side is much larger than 
in oth~r l_~yers. Therefore, only this layer is precut in five pie<;et#1 order.to ·obtain the moisture 
acc'ilm'iilaffon profile along the x.-direction. The size of the five pieces was chosen in order to 
expect nearly the same accuracies for eactripiece when measuring the mass of moisture accumu
lation. A layer of polyethylene wrap was located on the cold pla~e for collec.ting t,he fi:pst ~owing 
on tl\~ eold plate and usel.i' tO pull the ooftom'iayer of" insulati?n O~t pf th~. te&t ceJf at: the ,end of 
eaq~·test. ,The mass·of.tM frost oh the polyethylene arid within. the.insulation slab ~as calculated 
as1pan .of the -moisture accumulation within the insJlation lay~r ·a~j~c~nt to the cold side, . . 

I • ' < }, •• ' .--.~"' • ?. ·~ ~: _.. • . I 

t flt _ _r !-1 \ . • I .' l • •' ,._. . , • •(, ; I 

Parameters and· Apparatus for Air~E:Xfiltratio'Oi'Test · '· ·1•• -·-: • • , • • __ 
- • •I • , :J "';;• •'· . I J• , • 

· Although a ttypical ·ind0br relative 'humidity during cold ~riOds o{ wint~r.rarely exc~s 50% 
rh, and values of 20%· rh are· 'comnion 'in tnost buflding s, t,h~ exflltialioq f ests. ,w~r~ ~o~duct~d 
w.ith room tempetafure air at a high relative humid!ty.

1(60% t6 84%). T)1ese- hig6.' r~lative l;lumid 
ities ·were used in order to obta'in experimental data o~e;· a reas'onably .short testing. period with 
smaii relauve errors so that t11e numerical rtl'odel could i,e· villdated w}th a higher degree of . 
accllfacy-: For L'1e ait exfiltratiorl' experiment, t'1e 'tr.le t air re1ati~C:'h~~tdily valu~s were Sc;lt.10 Qe' 
60%; 70%, ami·84%, with the inli~t · air temperaiure ma.intai'ned at 2f.5"C. The hot plate,:.v_as,.kept· 
at 21.S"C (± 1 "C) and the cold plate temperature is kept at -20°C (± \~). During each .t~st, the 
variations in the supply: air temt5eratlire'l.vere less tti~'h O.S"C. -yanatfons in .supply air tempei:a
wre:frol']l'. one replifatien test to another were sli'ghtJ9

1
t&rger (i:e. ±1 cC). 
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Table l, Parameters Used in the Exfiltration cTests· 

Inlet Flow Rate Q, Inlet FIRw ·Relative Test Period l, 
r 

Test No. ~ Umin- Hulnidity, % hours 
:. ~ ~ r i ·, · 10 

, 
I 84 n ... 

') 1:0 84 • 3.5 - -. ~ 
) ,IQ ., 70 3.5 . "'";..:·· ~· !: l 4 ·:. 10 " . 60 3.5 

.~. 5 84 . 3.i5 
.., 

5 ... 
6 5 - 16P { '\.: 3.5' f ••• 

: .. 7 . . .. . ' 77 . . 3.5 15 
g·,. ' .. \ 15 60 3.5 --

'Cold plate temper.ttuI• Tc= -2D' C. hot plate temperature Th= 21 ,S"C. and in!et air tempe_ra!)Jre Tin =2.1.S'C 
1_. ; I ,, ,. , 

Saturated Air 
... ,·,~ : :,.. 

. , 1 -

.. fl 
,, , 

' 1; 

Inlet Ports 
.::; 

1 
• I . I Test,Section 

I I ~: :" 

• ,1 · 

Outlet forts ' 
Vented to Room . 

. ~ J • 

.. .:,, ~' ;:.;; -~. " Fi~re 3~.'· A~p3ratus "' · -.. ' ; 1 -~ P ~ 
·-·fl ! .. . ·- . ;•. , , ,.,.... .· ; I i ·~ r, . : ;~ ; ~':·c; 

The range' of airtlOw rat.es ~~e(fin 'this ~tudy ,'fas based partly on ·jirfie.ld investigation by Shaw 
et al. (1987~. Hi~ inves,tiga'tioti .. f.ound" tpat a typical. detached Canadian residential house ex~n<-· 
ences ·linLaverage air exfiluati,on ·rate of p.98 U(m2 ·s ). The rang~Mf data for infiltratioii/exfiltfa" · 
tion is very lal-ge, fr~m very'ti~ht hou5es

0

to .. very leaky houses. In a study of air leakage through 
walls of an apartment block, the m~un;d le~age. ,was greater thill1 LO ILJ~m~ ; s) foniJfO ·Pa · 
pressure difference (Shaw et al. 1991 ).,In our stµdy .it was conv,en~entrtQ:::;~le.et high exfiltration 
rates because they ~reducec! the dur;iion' Qf ti.~;<:. ~~d· rel~ti:v~ ~perl~~ntal· er,rors in the moisture' .. · · ,~ ··· / • » t • ( )iT" · · · · · 
accu'm\Jlation a:leasureme!;\f$. 'F.orlhe.cun:;~qt test section f:timensio.n q7.s, :lJlUl,by·;600 mm by 135· · 
mfu>, flow rate's for' th<~:ICPe~~eni ~ere ~elec~.ed to -be 5.Umjn, J,Q;IJmi_n, and 1.5 Umin:-With..: · 
oUt cbnsidenn't ariy de:nsi1y'. ch~nges: th~ correspondi~g. su,rf~c~ ~ex.filtration tates were 05; ' · 
1.0, anti l.5 CY(m2 · s) ahi:l. the' ai} speeds at the center of ~t sc:c.:Jion.(i,e:.dn the1 x direction} wer~ · 
2.24' minis, 4.49mmls, and ~:.{3"inmls, r~s~ctively , ·ni'e air,folet flow conditions for each test 
~r 'd . · th T bl . I 1 - ' • . • -.• ar · 1s1e m e a e ·-. . ,. . .. ... ., .· .::. _., '.• - ,, -; · ( .. 1 .' •. 

The apparatus for conttolli~g the airflo~''¥,d, hl!irid~tydurjng th,C!;exfiltrati9n tests;is shown in· 
Figilte 3 :- Compressed' air' ijrst passes thrqugh an imh.istrial,dryer, and . the'1 rflows through·· the 

I ; :.: j ~ . '~L I , ·, "' 
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mass flow controller at thP. sP.!ec.tP.rl tot11l ~irflow. Ingenerating the required range of inlc>t rela
uve humidity (60% tb. 84% ), a water bath was implemented. B)'. adjusting the airflow using a 
flow meter 'and a coritrol 'v'alve, a 'portion of the dry air was d iv~ned from the Il)ai11 line to. the 
bottom of tlie·water bath'. As the air moved up through the b~th, it became v~ry humid (80% to 
100% rh depending on fitfw rate)'.;By mixing 'this humid air with dry air i!l the correct propor
tions , the desired air relacive: huriiidlfy wa$ ob~-~ined. The mixed air vy.~s introduced into the 
left-top portion of the test sectl'on shown. in Figu~e 2 thq:iugh s!;<.~~li;t ports. For an :airflow of 
15 L/min, rhe·maximum relative humidity obtained was 77%. · ··· · .· .. 

,ft 1 • 5 ~ ·- . ~ ' 

Properties of the Insulation Samples 
_;, · 

The insulation samples used in the test cell were commercially available 25 mm thick 
medium density fiberglass boards. Except for the. top board, which was 38 mm thick, these were 
purchased in single bundles to eliminate property variations that may occur during different 
manufacturing runs. Although the 275 mm by 600 mm boards tested had a dry density range of 
49.5 to 50.6 kg/m3. the variation in density within individual boards ranged from a high of 
·52_.9 kg/m3 to a low of 41.4 kgJm3. That i s, in each board th~re are_regions of density~~ are 
both hi-gher and lower than the b'oard average. These regions of significant density variation in 
each board typically had a length scale that was approximately equal to the board. ~thiy.~~ss or 
about 25 mm. When the insulation boards were placed in the test cell and compressed slightly by 
the lid, any region of low density is compressed more than those of high densj,ty., v1:bich qaus~s 
the density to become more uniform throughout the test cell. When averaged over the depth of 
the test cell (275 mm) denslty viicfations are expected to be insignificant. FOr the numerical stud-
ies a uniform dry densit)! 50 kglm3 was used throughout the domain of integration. - • 

The airflow stream
1
lines ~ithin ~porous medium like fiberglass with a .Darcy flow depend on 

·the air "viscosity µ aiiCI permeability~, as ipiplied by Equations (I) and (2) was uniform but not 
isotropic. A's ·noted previously, the air viscoajfY depends only on its absolute temperature. 
Although the penncabiljty"'can vary nonuniforrnJy from pliice to place within the• test :Cell as a 
result of variations 'in lo.cal insulation c;iensity, ·when averaged -9ver the .depth of the test call 
(27 5· Ihm), variations ~ both the density ~d the uniformity of the ,pen:Q.~bility. were expected to 
0e insignificant. ' ' ' · ' · :. 1· • _ •• 

The permeability of layered insulatio-;; ma~rials may differ .. with ·a¢1ow direction. These 
nonisotropi'c pdrmeability coe(flcients for fiber~lass . boards wci;ejnvelitigated f.or. Darcy type air
flow n-dnnal io·the board' surf~ce and parallei to its surface. To measure the differences in ihese 

... ... . • . • • - ·J; ' • • 

two ·penneabilltie·s; · Kx and Ky, the .test cell ~as fil~ed with i~sµJation boards (J 3'5 mm• by 
550 mm by 275 mm). Jn _one .c~ tl)eir. orientatiori was ;normal to the bottem sur:face·..and, later, 
parallel ''fu the bo.ttom sun~~e. These two cases ens1,1Ied isotherrp~ ajr;flow aj.r and had. a.Darcy 
velocity parallel to the bdttom surf~ce .' pach! pewie~bilit)'. !f.x.a,nd ' K.p was calculated using 
Equation (I) in the fonn . .. '.. ,

11 
• • . , :. ,; .. !~· · ,, .1 ~ ' :. 

,.: · .. :, .,.~, '? r-:,· ,,. . ),. ; .. :'- .Y · :-- .. ,• J:~ . . '.;' 

· '" · ,,, U0µL .. ~· . r~ : .. ; i, ·; .. , 
·~- ... · ··r :·, 'K- -·· ·.. {21) 

_, 1 ,, , - .. - .. ; •• ·:: ' : · • ... - :• DP . ·.r. , .~:··. ~, , .. : ::. -~ .-·· . ;·ii ·:; ~\. 
where L,,; o.5~ ·rn· gi~i~~ .~» ... ~ (1.2,8~0.05)X10-9 qi~ aJ1d;Kx = (2.16 :t 0.09)X10;--9 m2.<"Thus 
for a g1ven 'pressure diff~r!lpc$ ,thct .. Darcy yelocity was 40% lower .in they .than in the x direction. 
Th_:- impon.arr,e_c~_f 1this:~on:;~otr6P.iq ~pneabil~ . w.iµ, be illu!!tratoc,I · in ~c:tail in the numerical 
results preSehtcd 11!_ Part n~ , . ..., . . , ,1 . • • . • ·- . .. • -,.: , • • ••• • 

'The thertna!. cond'uc~ivhy *~fi."used fo,: the fiberg~ass bo,a.rds, coµld sh9w directional character
istics.~ welf .·~: nerli.mif?rmifa~s within. ~~ ~<!St ceiJL S}~<:~ the apparent thermal:conducthdty of 
dry' samples of fi!fe.rgfas~ ~~r.~ sl)o,wn to be,a function pf f1J:>er di!lllleter and orientation, density 

:1 .. r t. ';:! r "" ~ .•.... ~ • ' v • 
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and :absolute temperature (ASHRAE' 1993), the poientiai fpr:vanati?l.l~, in .keff wi.t.tl positio~ and 
orientation needs' investigatibn. In the same manner, ~ ·permeability and spatial variations in 
insulation density througholit the test cell ' Were expected to be· small wl).~n t~e density was aver
aged over the depth of the test tell ('27'J° mm). ~patial var~at i ori~ ' in 1:!1~ absoli:t~e ~emperature were 
not insignificant a:M coiifd, hlive resulted i~· a specia.I v~a~ion i]'! . the appare!'t ,!hennal conduc
tivity of up to 6% about the mean value (A sensitivity stud_y· for, ~eff is ,inc:,luded in part II). 

· ·'• The'directional•characteristics of keff were investigated in a separate s~udy . J he apparent ther
mal conductivity of the fiberglass boards <keff·x and k;ff.y) "was measured in the test cell for dry 
samples of boards orientated both parallel to the bottom. and top surfa.ce 1;15ing the foll<!fwing 
equation: 

1 ' l !: ,_...: .. 

. q"b .. 
k --; . eff ::- A..1T 

!.!: • 

.,, . ..• , 
(22) 

giving keff·x = 0.034 ± D.002 and kllfh ~. 0.035 ± 0.002 W/(m · K) · ' ' · :. 
Because the differenc~ betwe~n keffx and kllff-y was small anc,i within the experimental' uncer

taimy, the ' !lpparenc the~al conductivity of a dry sample :;\Vas taken to be a constant in the 
nurii.erica! model with a value of 0.034 .W /(m · K) {thermal conductivity sensitivity is investi-
gated' in 'Part II). ·' , ., 

• •. I 
t • 

!fest Procedure 
., . 

The. following 'i{im ~udine of tti~ test procedu~e l!Sed for e~ch experiment. · ' ·. 

1. Before each test, the insulation samples (four boards and ·fiy~ ~m.all l?,ieces) were drie~ by 
placing all of them in an oven at l IO"C for about 14 hours. After this, ilie insulation sampl<?s 

,.,; were ·removed from the oven, wrapped in cli~g-wrap p~JyethyJene fi lJ!i, and COQled fO rOOpl 
temperature for about 4 hours. At that time; the insulation samples were con~idered to .. Qe 
totally dry, with ' the liquid volume fractibn equal to zero. After coolingto room teµiperature , 

~ ;; each insulation sample, within its polyethylene wrap, is then weig~~d ,pn. ~.c;: , ~igital scale . 
. 2 . A layer of polyethylene wrap was carefully put on'lhe surface of'colcl plate. J?.ch of the fi ye 

pieces of insulation which fo~ the layer ~~ .insul~tion adjace.nt to 
1
the co>d f.late in, ef peri

ments was unwrapped from its polyethylene· wrap an<1 placed. on iJie. _cold .plate in correct 
~er. Foun thermocouples were then·positibned on tfib top of !fl ~ ·1~Y.~r at seieQted locati~n~. 
:two v.ery-thin; one~inch <Wide ;nylorfstraps' were then p ut _on' ~e top 0( this iaye~· in O~der tO 

' aid in 'the removal ofthe'top four upper 'fayers after each test .' ... ~· .. -
3.:1Another insulation board ·was t.lien 'unwrappe'd and pre ssed'aown l2'. the _,op .of bcittom . .layer, 

• /.,. '! ... • • ·' ' 

1·:ancL another .four thermocouples are ~o~it~oned at~~ ~el~cti;-~(.P,9~ih~~s·. !his.f:?r.ocess was 
repeated .unul all the layers· and thennocouples were in-place. . . . . . 

,• ·1C · .. · -
4. The hot plate (Jid) was put in place and fastened with the six fastening' screws to seal the test 

cell so that the flow only entered at the top inlet port and exited at the outlet pon. The data 
_acquisition system was st.arted, and the ethylene glycol-water mixture pumped to the cold 

· 1 -plate, the mass flow controller was then opened to stan the flow of air into the test section, 
thereby commencing the test. During the test, all the data recorde~ were rec,ord,ed qn a . qar~ 

'-•1.<:ltsk for further'analysis, The ·wrappingsfor insulation samples ·were indiVi.dualli .wejghed so . 
. : :thatthe actual c1ry.:weight of tach 'insulation sample couli:l -00 ~afculateo. .. ·:. ,,. . -· 

5.:.. .'f.hecmass flo.w cotitroller 'aiil:l 'the pump 'supplying .. ilie coollrig lluid to .!h~ ~o~d glate._we~e-
turned off at the end of each test. The lid covering the te~! section * as r.eµtovCcl, ' apd the top 

, four ... layers of insulation were lifted by tw6'1Jy Ion "Strips. These tbp ·rotr laye;s w.ere then 

wrapped inside their original wrappings:· The layer fomled ~Y fi~~' iiid!~i~-u~l pi~c::-~s ~f ~n~~la· ~ 
r;tion·:adjacenttothe cold plate>and the Wost ·atcumulatioh jusd.lnderlhis layer) were lifted by tlie 
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layer of polyethylene wrap which was put on the cold plate in step 2. and 1.:uvt!n:d lhe front and 
back walls of the test section. A very sharp blade was now used to cut this layer of polyethyl
ene wrap along the boundaries of each insulation piece so that each piece of sample could be 
separated along with the frost accumulated under it on the polyethylene wrap. The five pieces 
of insulation board sample and five pieces of polyethylene wrap were then wrapped in their 
original wrappings. 

6. All the wrapped samples were weighed. The five pieces of polyethylene wrap containing the 
frost accumulation in the bottom layer were then dried at room temperature for about 4 hours, 
and then weighed individually to calculate the actual frost accumuhllion in each piece adja
cent to cold plate. 

The numerical and experimental results and model validation will be shown in part II. 

SUMMARY AND CONCLUSIONS -. 
Part I of this paper presents the basic equations arid- describes the experimental test facility 

used to investigate the heat transfer and moisture and frost accumulation in an insulated cavity 
subjected to cold environmental temperatures while humid warm air flowed through the cavity 
in a two-dimensional flow pattern from the waim side to the cold side. The assumptions used in 
the model were disc~~~ed i~·,the light of·.the experimental test c'ortdftions. Special attention was 
given to the development of an accurate frost growth model on the cold plate because a large 
fraction of the frost accumulated on this surface. 

The proP,:enies of the fiberglass insulation boArds used in thdests Were' evaluated in indepen
deh t test$ '. h was f9und ,that although there are variations in density within each bo~d, these 
were ex(>cfored to be insignificant w.hen averaged over the 'depth of the test cell. The variations in 
permeability nonnal (Ky) and parallel <Kx) to the plane of each board were significant and were 
taken into account for the flow calculation . I?.tY ~amples of the fiberglalls' boards were founq to 
have apparent isotropic thermal conductivity properties. ·. • 

Test conditions were selected for the test facility that would allow the collection of accurate 
data over a reasonably short time, which can be compared to the simulation results. These com
parisons are made in Pan II. 

APPENDIX A 
• : " ·, . ! • • " , l "' ·!: 

Frost Growth Model Ori The Cold Plate _ , - i.. • ' • 
1 . . 

·in thi~ ·study, it ;~ f~und that, after some time, a dense layer offi6st ~~ f~~ed ~~ ~e co.Id 
plate. Due to this layer of frost, the boundary condition at )' = 0 was more complex than an 
impermeable plate at a specified temperature. Proper boundary corf~itions at the cold side of a 
fibrop,~ matrix need to be developed for heat and mass 'transfer modeling because a large portion 
of the frost was found to accumulate on the cold plate. A one-dimensional frost growth model 
(Taoetal. l99l)wasappliedtogivetheseboupdaryc~nqitions. , ,, ,p · . ' · ·· · •·' 

~agy stJ,Jdies on.frost· growth- on' solii:I su~ce{ tinder 'com(~tiqn co11ditions have bee'n con• ' 
' duc!i_c;d (O'Neal .and Tree 1985)'.rMost of them used a lumpeft model, i.e.·, an ~verage frost 'den-< 

~ . ' . ' ' . . 
sity ~Q.Otm~ tothe cold]>late', due"to the Jack ofe~perimentaf _data on spatial variation of the frost: '· 
den~ity,.\ The frost model chosen'aiso used 'ihe concept of the ayei;age fro~qle11sity in the '!'j direc
tion. Thill means that the frost porosity. Et= Pt'Pice• is the same' throughout the frost layer in the 
y direction. . 

A schematic of the insulation slab with fr~~~ on ~the' c.old plate boqndary is shown in Figure 
A 1. Ax is element of length in the £direction of a control volume used for solving the numerical 
model. Since & is much smaller than a, it can be assumed that the frost surface temperature Tfs• 
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frost lh.ickn~ss o fi frost densit)'.,Pp frost layer effective therma! conduc_tivlty kp he~t' ~6x, into the 
frost layer q" , and ".liPOr diffusion Q.ux into the frost layer m", changed di-scon~inuoµ~ly from 
node to node in x di,r.jci.ion. Over the range of-.One node element .:lx, the'transfer ofwater vapor 
takes place only at y =of ,(1 • . . '. . . •• :-: . 
..,,,.,.,,\', . -

The mass balance appJied to, the frost layer interface, which fonns on the cold plate and grows 
into the fibrous matrix, yields, o·· . , 

J • • • 

'··· 

m/ 

... 
- dp/ ' · do

1 = e(01Tt+P1Tt) 

-. 
. ~ I 

(Al) 

where E = l - Eu is the porosity of the insulation slab in the dry conditio~ -~~l~P.t,PJ is tti,e l'J,\~S ., 
of frost in the frost layer. The densification of the frost layer, showri"in Figtire Al , obeys the 
following m3:5s diffusi~n C<JUatjon: . ·<. _ __, i ~' · ··•· l: • . -' .• ic 

. -. •. -· . ,. . :; e, • - .. j . - ... . .... 
. _ .. _ . -d.Bt _. (1-p1/P;c~)dp 11 1 · ~; -Tc: · . 
"'·

11 ·J ... - ·• ' · ··0-=-D - ·~ "'···~-~ . " .. , . , dt . -.. ! :t "r"' dT o,. . ,---; .. .. , ·· ..... r . s 1 • " . · 
.. -· 

; . '., .~ 7 .:·- -. l . :· I .< l o.I' -!o • I' ~· . - . :.: .• 1rt. :. c • ' I, .. - '·. . "· 

where the right hand side of the equatiori " cfes~~~~s thf?.,~oleci,la,r diffusion of. water vapor 
within tbdrostJay,er 2:ntl 'l:j is the ·ro~osity iWtlfo frost layer. <;9nside¢ng the presence of glass· 
fi~r.ajn i the frost layer:, i-1 is chosen as!/= (.2 il) c,*iii~tion, (i-1r=~U ,is; often used. for the frost
lay.e~ -.gr-0w~g on the solidlsurf~~-~n~er ~o~~~ction .~i~out gl~s fi~rs). (dp/·dT)'I· tan, .. be ·'.. 
obt~Jt_ed using the Clapeyron &juatibn. . . , . 1 , , , , • • .. • ,s ·' 

·.;.·-.. ; ;:,_, ·r·. ~ .. : _.T:.:.-1 1'-i :1 ·, ,: :'C ... ': , ... .... ... - !"~!JI'·:: I~.'· 

''.~ -ri·":i I~\ 

dpvl r Aifl ,.1 .-... ).J' . Ai "' • ·- · 
~. ~ =5~xpL-'~-\rf~ -:, Tref. ~vrf;; .-. ,. . 

~-..;. ,;.: ... ,(':·_ .. !.: ..:> 1

: rL . ·· · ~.. · 

.-,·;..; 

~ -1 :- ·1 .1:·. 1 . (A3) 
. .-~j '/' II 



210 HY AC&R REsEARCH 

t I 

An energy balance at the: frost-layer-in£ulation interfacefs gives the heat flux 

. . ,, k Tfs - Tc .. " 
qt = j-0- - ll.1m1 

f 
(A4) 

Equation (A5) includes the frost layer thermal conductivity kt which must tl\ke, into consider
ation the contribution of the glass fiber thermal conductivity ka and the volume fraction of ice in 
the frost layer, Ef3 = u 1 = E(pf IP ice) as well as conduction in the air and water vapor contained 
inside the frost layer 

kvp~. + kaPa 
k1 = Ecrkcr + c,~k~ + Ey .. 

P~· +Pa 
(AS) 

Equations (Al) through (AS) describe this frost growth model. Togethe~ they .give a' complete 
description of the average frost density Pr the thickn.e.ss of the insulation-frost domain C>1, and 
the temperature at the boundary between the insulation domain and the insulation-frost layer 
domain Tfs· Simulation studies show that Tfs is less than l K warmer than the cold plate for the 
conditions investigated. , c, 

The frost growth model only provides the boundary conditions for energy and vapor transport 
equations and does not change the calculation domain within the insulation btc'ause o1 is ml:!ch 
smaller than the total insulation height b (e.g., Oj/b < 0.01 ). Therefore heat flux and mass flux into 
the frost layer can be calculated using following equations for the propenies above the. frost layer 

arj .,, = -keffdv 
qf y y=O 

!. (A~) 

a I . ,, Pv 
mf = -Deff'dV 

) y=O 
(A7) 

Equations (Al) through (A 7) are to be used with all governing equati~~s ~revjpusl~ jntroduced. 
The solution method for the frost growth model can be described with the. following steps. 

Numencally, when the local relative humidity of a control volume adjacent to the cold plate 1 

re:ac.he.s 100%, the frost growth model is used for that control volume as a boumiary condition. 
Small values, 0.1 kg/m3 and I 0-4 m, are used as initial conditions for the frost density ~rid frost .. 
thickness in the frost growth model. Before the relative humidity of a control volume adji,.cent to : 
the cold plate reaches 100%, the cold plate boundary is as an impermeable one, with a specified . 
temperature Tc. 
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NOMENCLATURE . 
A cross-sectional area of insulation slab, m2 

Arb 
a 

Archimedes number based on height of porous slab. Arb= RaJ!PebReb 
width of test porous slab, m 

b 
c,, 
D 
d 
a 

, 0 

h 
K 
k 

:L 
rit" 
ri 

.:p 

Peb .,, 
: q ' 
R ·1: 

Rab 
Red 

height of test porous slab, m 
heat capacity at constant pressure. J/(kg ·K) , 
molecular diffusivity of water ~ap~r. m2ts, _1 

glass~fiber diameter; m' 
gravity , m/s2 

width of inlet slot, m 
permeability. m2 

thermal conductivity, W/(m·K) 

~ : ! ;; 

length of the insulation slab in permeability test ~ fu 
mass flux kg/(m2 · s) 
rate of phase change, kg/(m3 · s) 
pressure, Pa 1• <· -· _ •'.:· · ~:L 
Peclet number based on height of porous sl.~b. Peb = [Job/a 
heat f\ui<., W /m2 ,_. · · . '~ ' · · · 

gas constant, J/(kg:-K) 
\( . 

Raleigh number based on slab height, gpf:!.Tb3!µT 
Reynolds number based on pore ·size, , 
Red ='pu41# . :· -
Reynolds number bas~ o,n .~i:ight of porous slab, Reb =pub/µ ·· R!i/' 

rh'; I 

T 
Tc 
Tfs 
Th 
( 

u 

relative humidity . 1 "' 

temiieracure. K · 
cold-plate temperature, K 
frost surface temperature, K 
hot-plate temperature, K 
time, s 
x direction velocity, mis 

U0 uniform velocity in center of test 
section, mis 

V y direction velocity, mis 
x[y coordinateoaxles, m. i ·. :~ i i'.i. " 

µ ;.;:Viscosity; :kg/(m:·s) . ' 
p density, kg/m3 .. 

ac. :>:>!.th~rmai'diffusiVity, m2/s 

::1 ' . J ;) 

1 .,. 

I : .. .,_ .. 
:h :1· 

,• 

• .I 

J.; 

•11 . 

u': • 
!) .. t ' •. 

r~ 1J ~·: ~~ 

e. ·' ;. P<>rosit}l!cif insulation marcrial 
;.1 

,, ,, :i.. ' . • • • , JO; . 
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.'.! 

)' :.. ."..."' ! 

11 ;'1'" 

-::· 

t' tortuosity 
<P ·.· , ,relative nutnidity ,. -.1.L '.'.' .. • t,!' • • i;.-.· r .• ~· It.; ~ l 

of frost layer thickness, m 
M. , 11ressµre ,differ,ence. Pa , , .-, , __ ; ·.: · ' 

' 'J I ~ • t} I Jl ·.;. " - .. . 
AT · temperature difference, K 
Ai enthalpy of phase _change, J/kg . r 

-:-i ... ,1. .. ,.,~ ; · r1 : · .' ...i ; · ·. · - - • .·.J-· subsen'J>is · · · · 
eff effective properties 
cg condensable gas 

f •,_ L. f~St . j '!'\. ;fit a 

fs , . fro~~ suif,~~1 , : !.. ·: • 
g · · · ga.S phaSe (air and, vapor) 
ng 'l' nohco~den~able 

1
' • 

1 
' 

;.• 

v • v~(:it' .. , !1 1 
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y 

fJ 
0 

y direct~?.n : : . 
liqui<,l _or ice phase 1 •• , • , 

solid'~'t\ase 

'· 
I ·-- •· 

Superscripts 
cg 
0 

condensable gas 
reference value 

'>'.· 
l • 
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