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Convection in a Multilayered Wall
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ABSlRACT

Current uoisture aoalysÍs oethods for walls.i.goora air leakage effecÈs or are uot directly
applicable to.ueltilayefad nalls. MathemaÈical equaÈions ncre developed for water vePor
flow. vapo! piessufçsr aBú ooisture ace-rrnulatiirn u.uder steady-siate conditÍoos wiLh hgfo-
getreeus oqe-dimensíaBal airflcsr through a nultll4yered wal1. A couputer nethed was dElveloped
oo, the basis of ghese ecuatigsF. Î{itb Èhis nethod, a better qualiÈative r¡aderstandiog may be
gåiceó ói'tbê efÍeeEs of'ãi; lsakage on ooisture accu¡ulatioo.

at. 1- ,:., ,..
Seøple aaalybes shelr !-t¡au sigp{ficaa¿ Eoi-sçr¡-re accumu-i4iiou should not !.e e:qrccted in

nonhygrorcopic cavlty ígsulatlonr-vith gf W:ûÈhottf air leakage. The locatÍon of coadensatiou
nay chaage with chaug$ug air leakage r?Esçr - piffusion vapor flow aad terPeratures are
¿fiected:by air leakage. ConsequeuÈlyr {iffq:igg aud convcction nay ÈoÈ be treated as
independent, and addítive; Doiog no rDay lead to sj.gnificant ovcrestimates of noisture accu-
'a¡rLaË,¿oo rates. Although the piaêti""i o"" of tb{¡ nethod is liàiæa, it is e steP tor¡ard
the develgpFdc of oore coopreheosivc aud re-¿Iistíc ocLhodç of noisÈure aualysit."

*t1 :'Tbe ióf,ormation pregse'ted should be uscful .Èo eaginears, rescaEchers, "od'ith.."i1Ëtercsted'ia bulldlng ¡ççformance.

';*:
n¡ÍnÐDuclroN

Fççeot chaages in buildlug "tccþiqucs have crcated conditiqns ,Bhat could lead to increased
.noisture mígratioa and coudcnsa.t,ion in, walls. these changes include iacreased Èhickaess of

, i¡,sulation, a scalcd.'buil-di.Eg euvelope for reduce¿ ai¡.iuiiltration., ,use..of foil-.backed and
'low-peroeaàce ehcathing, -and incrcascd uge of paoelized woodr:aluniaun; or plastic s{diag.
Resulti.rrg conûgnEatios in the sral,l could result i¡ lower R v¡lues, -.decay., P 9r
the btreeding of extractj.veg.'from the back of the sidiag outo' Èhe:.facÊ'9f th th
this pcLentlal, for dar,rage:lo fhe rtructural'and u.s¡iretic integr;íty g$,qood hef
buiLd.ings, il-is iopprtônt, tn,,kagw :h.e condit-13:rn5 leadi:rg.to..ùo,Ísture.acc'.rr¡ 

.1. 
1o.

Ìfeàsrrreoents of noistr¡l'e accú¡nrrlãtåo¡¡ in high lhernal pex,torua¡¡_ce'waIlg l¡aYìe been-tuade' ',

(Sh¡rrrood .1;933), buu..Lhe regu[ì;s.;a¡e difiicB..ts $S'e:st!3p{r'[aÈe;i4.9'-ùh.¡q, c,r¡4L$.0¡siþed qa]]
ccq,'sts;rci:ii¡na r¡itbcr¡È au ariec¡ua'te ineÊhod oi.,Eoi.e$*i:* aaalysis. ...i,-;... ;, ... ,:,

^i: 
,' ,,, ¡,. '',_

Àitf,o'ugt' it is:'generally- recègnized {-ÀS¡IIll\E ,L977; She¡r,¡ood :.9$; flhe$qpd .a!rd i ,":,
'Tens¡oLde 1É81) ch¿¿ we¡er vapor cÈúasporri .Çh,a",qr1gþ. nalls bf¿eg takes pþçc by .r .coob¡inctioÉ
of air ccnvection and.çapqr diffusj.+un oosl; available ner,hod,s èo prer!íct ;:.b,Ís flow ¿¡<i .t'he
poteati.r.l for coq,.lensaÈi.ou are l,:u¡ited' to,¡vep
described ia tbe i\sHRADr äandbook-19-77.' ¡'uudao
(Kieper et. al . 1976; Shetwo4d: and..Teof{olda 19
effects. Cf:hers ha-*9 -propose¡J to càlculête
convectj.oo cou¡rouent,i Q¡oict¡.ei- aI . 1979'+ St
vepor'diff:sierr rates are greatly affected b

-'-l-T-. .; r., -,. ''i .. .," " \ :-'' :i" 
":'The autbor is a'tnrä¡b*i'ai rhe Fórest ProducÈs 'f,aborgcodr; lfdies¿.Senrice; II:S: -D:ÞTt^nçnt-.of AgrÍculture, t{adioot, I{f. Thc Labcratcry is oainta,i¡:"Eõ þ c,<¡q¡1qratíoo wÍth tbe Un:i-Tersily

;óf, f{isc¿nsi'u-

i'. 1'+ils P uss¡oN puRposEso¡¡Ly;Fo!? :Î,¡cLus¡of{ l¡\ ¡sHn¡E.r8r\nisi,óT¡ohls rçe!, v..sl, Pt. i- Ñot to
.ry'. .r- ba rep in part withcut \.¿riite$ parmission ot the Arfiär¡can Sool.É{} of Heåi¡ng, R€frigoratlng arld Air-
1¿ 4 ' " ,-Con¿tt c., 1791 lullle Clrcl6, NE, Atlanre,€A 30329. Opinions, findings, conclusio,'ìs, or rocommendat¡ons

'exFsessed inlhis paper arå theso of tho au:hr(sI.an-cl dod.j"::ilt?ô:Ferily rÊf iect th€ views of ASHRAE.
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effects ßey lead Eo signíficaut overestimates of noisture accumulation' Air leakage may also

change Èbe locatioo at, which.¡oisture accunulates. The assumpÈioo ¿hat Chis locaCion is
unafiected further reduces the reliability of the su¡nrnation approach'

0gniewicz and Tien (1981) aaalyzed moisture accr¡nulatioo in iosulaEioo materials, alLowing

for simuLtaneous hea¿ cooductioo, vapor diffusion, and convec¡ion' buÈ Eheir analysis is not

easily adapCed to nultilayered coosÈrucCion- Coodensation in permeable :avity insulatiou
requíres condi¿iors ualikely !o occur io a mulÈílayered wall. Instead, condensaBioo is far
more líkely to occur on oûe or úorê of t,be iaterfaces beÈween two differenÈ building materials '

The method of computer analysis presented here is based on the símplifyiog assumption chaE

coodensaÈion ooly cakes place oo surfàces beÈween presPecifíed r¡ateríal layers ' A see of non-

dím:nsional variables, x and Y, is used Co describã the steady-state heaÈ aod vaPor flow in a

multilayered walI,,rhich greatly reduces the oaLhemaLical complexity of the flow equations'"

This approach was first in¡roduced by Kieper e! al. (1976) t'o describe vapor diffusion and is
adapted bere to include air coovectióo efiects. the analytical progran, MoISTWAI'L-2, selecÈs

the most likely locatioa(s) for coodeosaÈion, io,cludes the effect of latent heaL release, and

is suiEed for analysis of winEer heating and s Ener cooling coaditions'

Tbís report contains Èhe cheoretical developoeot of the equations chat coûstítute the

basis for this method, a short description of the algorithn of MOISTWALL'2, aD.d cwo applica-

tioo exanPles.

THEORY

In this secÈion, equations are developed for temPeraÈures' vaPor Pressures, total vapor flowt
and moisture accu.mulation in a nultilãyered nall wit,h air movenent through the wall. Equations

for tenrperature can be derived fron onä-dimensional steady-sÈate differential equa!íons for
conducÈive-coovective hcat flon. Sínilarly, vaPor Pressures nay be deteroíned fron vapor

Èraûsport differential equatioos. If condensation occurs' vePor Pressures io the wall are

lowered because vapor is renoved fron tbe air by coodensation. Latent hea! release also

raises terperatures. However, this rise in tecperature tends to lower thê râte at which

moisture accr¡¡tulates .

IIcat ort

The effcct of airflow or tenperaCurcs iD a single layer of peraeable insulat'ion has been

investigated by ncita¿ ec al-. (1980). They derived temPerature equations for exfiltrative
aud infiltrative aírflor¡ froo the steady-state energy conservaÈion equation:

ocv'p
(1)

where

P = detsity of air,
c = sDecific heat of-air,p'
k = themal coaductivity of iosulacioot
I = distance fron ¿he insíde boundary of Èhe insulaliont
t = EemPeragure,
v = velociÈy of air flowing from iqside Lo outside'

With air flowing frorn the inside Lo the outside (exfiltration), v has a positive value, and

with airflow frãn outside to iaside (iofiltraÈion), v is negative' Equation 1 only applies
to a single layer of homogeneous ma¿erial. Ilowever, it is possible to use a similar differ-
ential equaUion for a mulÈíIayered wall by substituti!,s a thermal parameter' x' for
distance, !,. Kieper et aI. (isrOl introduced tbis parameter, whích great,ly simplifies eûergy

balance equatÍons for oultilayered walls. Parameter x rePresents a fra-cÈioo of the Èota1

thermal resistarce of Èhe wall aod is most easily defined at the inÈerface becween layers:
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where

x = value of x a¿ interface bet'¡reen layer n and the oext layer'
II

R = tbermal resistance of wall,t
R = themal resistance of laYer i-Ert

lfithio layer nr x can. be defiqed as

D*=*o-1*[n]
nÈ

(3)

where

D = disÈance from incerface beLweea layer n-l and layer at
k = thernai conductivity of layer a.

n

Va}ues of x are betweeq 0 and 1, with 0 indicating the inside boundary and 1 Che outside
boundary of the system.

If no air movement takes place, ¡erperatures in the waII are a liaear funcbion of x:

t=Èi-x(t.-to) G)

where

c. = indoor temperaÈurett
t- = outdoor teBPerature.

o

I,rith a uoifonr airflow througb all maEerials of the wall, Ehe temPerature io layer n is
defined by Equation 1'

ocv'P
(s)

Equatioa 3 shows thaÈ

dD = k R.dxnE
(6)

Substitution ia Equation 5 Yields

t
d¿ I d-t r7lP"p'&=qF \',/

In EquatÍot 7, Cbe tber¡ral conducCivity specific to layer n is estirely- conÈaiaed in the
definition of x. Equarion 7 applies unifãroly across the wall and can be solved analytically'
Equation 7 is quíte similar to Equatioo 1 and has a similar solution. The solution of dif-
ferential Equation 7 is

Ax
t=g (8)

I- I

where

A=ocvR.'p t
l,Jith exfiltraÈive airflow, v, aod therefore A, is positive. I'lith infiltrative airflow, A has

a negàtive value.
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frhere

P = densitY of air'
c = W/P = consLatc (W = humidity ratio),
p = wate! vaPor PermeabiliLY,
P = rdater vaPor Pressuret
v = velociÈy of air flowing from inside ¿o outside'

sinilar to the thermal perameLer, x, â vaPor flow parameter' y, may be substituted for
dis¡ance g co describe iapor diffusion io multilayãred walls. This substitution r"es first
proposcd by Kiepcr et al. (1976). SioiLar to Equatioo 3, Y is defioed as

D (10)Y=Y,,'-rtffi'nv

dopcv¡!=p
.2dp

d92

(e)

where

D = distance from iaeerface beÈweeo layer n-l and layec n,

Fo = permeabilitY of laYer n'

Rv = Lotal vaPor diffusioa resistance of waIl'
y - = value of y at interface betstce[ layer n-t aad layer n'
'n-I

At the inside bouadary of the wall systeß, Y = 0' and at the ouÈside' y = 1' varues for
points wichin Èbe wall falI between 0 and 1'

f{ithout air movemeD.t, vapor moves by diffusíon ooly, and vapor Pressures in the wall are

a linear fuoctioa of Y:

Pdif. = e, - v(1, - no) (11)

wherc

Pi = indoor vaPor Pressuret

Po = outdoor vaPor Pressure'

Equations 4 and 11 form the basis for tbe Kieper moísÈure analysis meÈhod for walIs (Kieper

et al. 1976, TenWolde 1982).

WiEh sirîultaûeous díffusion and air movemerrg, conservatioo of mass gives

(12)

l.¡ater Vapor TransPort

If we assume that vapor pressures, p, a¡e proportional to hr:rnidity ratios* w (w = cp)'
equat,ions for steady-staeä t.iot flow are 't..y èitilar Eo those for heat flow' For a single

i"V.r of materiat witU airflow, the goveroiog steady-sLate equation is

This dÍfferential equation has a solutÍon similar to Equation 8 for temPelaeure:

"BY-1P=Pi-(Pi-Po)n-: e -I

pcv
-2clp
¿v2

do1+=-
dvR

4

*Hr¡¡¡idity ratio is the ratio of Èhe mass
contained ic a moisÈ air sauPle.

of Èhe waEer vaPor ¿o the mass of dry air

( 13)



where

B = pcvRr,,

With exfiltralive airflow, B has a posiÈ1ve value, and with infilErative airflow, B is negative

Total vapor flow Loward the outside can be expressed as

tH + pcvT ( 14)

The first Cerm on the right-hand side of Equation 14 represents the cont.ribution of diffusion
to Èhe Èotal vaÈor flow aod tbe second cerm, the convectíve cootrÍbuti.on. I,/ith continuity of
flow (no condeosatioû or evaporaLion ioside Che wall) the vapor flor¿ frou inside to outside is

'dif.

With air novemêoÈ the accumulation rate is

B

1Q
Rdvv'

'H, dif

t Pi - P, - Y"(n, - eo)
- Rv v.(1 - l")

(n, - er).By" (n, - no)
g(r - ys)

for diffusion r¡ithout airflow.

ApplicaÈioo of Equation 14 to Equation 13 yields the vapor flow for combined di.ffusion
and convection:

(1s )

( 16)

(lz¡

(18)

s(Pi-Po \
'H = ñ-( -- - PiJ

o\. - I /

Condensation and Evaporation

Eguatioos 11 and 13 through 16 are only valid for contínuiLy of flow, i.e., moisture is noE
accunulatitrg or evaporating anywhere in Èhe waII. Condensation in a multilayered wall is
most likely to occur at an interface between two differenc naterials (Shersood and Tenl'/olde
1981; Teotlolde 1982). If coodensation takes place at a surface with y-coordioate Yor vapoi
pressure at y = ys must be at saturation p.. If coadeosati.on only occurs at y = Yri the

condensiag surface divides the wall in tr¡o halves io which continuicy of flow exists
(Figure 1). Vapor flow to and fron the coqdensing surface can be calculated from the vapor
pressure profile in each balf. lbe noisturc accumulatioq rate is the difference between
these two flor¡s. The accumulation ratc for diffusiou is

t{ =-Rv BvÞ-e -I -1

The derívatioo of these equations cau be found in tb,e appendix. If Equaei.ons 17 or 18 yield
negative values for w and liquid r¡oisture i.s present aE, Èhat location, drying conditi.ons exisc
and w represents the race of evaporatioo at locaÈion (xr,Yr).

Although condensation at one location often eliminates tbe potential for condensaLion at
other locations, simultaneous condensaLion at te¡o or oore surfaces may occasionally occur.
The vapor pressure at each of chese surfaces i.s aÈ sacuragioo, and the coudensing surfaces
separate the sections of the wall in which continuous vapor flow raay be assr¡¡ued (FiSure 2).
Equations for moisture accumulation at each surface can be fouqd in the appendix.

LatenÈ IIea L

So far, ro assr¡mptÍons have been made about the temperat,ure and saturaEioo pressure aC ghe

condensing surface. If che effect of Èhe latent heat released by the coadensing water vapor

s



is ígnored, Èhe terpêratures can be calculated with Equations 4 or 8' Although neSlect'in8

latent heat release is ofÈen p:roissible, the latent heat release somecines has a significan't
effect oo tbe cemPeraÈure profile' Tbe heae released is

Qtr= c'w (19)

where

9L = laÈenÈ heat released'

w = rûoisÈure accuoulatiou rate t

cl = IaceaB heaE of vaporization or sublímatioo'

Tbis.auses the tempefature at lhe condensing surfáce !o rise, which iocreases the heat flow

froo the condensing surface to the cold side and reduces tbe heat flow from the warm side into
tb.e wall. Uoder sãeady-staLe coaditions, the lacenc heat' release is the difference begweeû

lhese Lwo heat flows. Tbe rclatíooship úetween latent heat release and gemPeraLure ts ac the

coodensing surface * = *, for a single poíat of condeosation is

f I
+x(t.s- t.

tLtdif (20)
x 1-x

ss

for diffusioo, aad

At(
s(r. - r.).

1

R t

c -t
A

"r* = ñl
f.

atr.

s o

t¡irh

(zr¡

(22)

(23 )

R(1 - x") Axs_e -I-1

for conbioed díffusion and convection. Tbe derivatíoos catr be fouqd in the appendix'
Equations 4 and 8, Ehe incrcase in tenperature A\ attributable to latett heat caa be

expressed. tr'or diffusion this increase is

atl,dÍf- = "l*dif.Rax"(1 
- x.)

The increase for coobined díffusion and coovectioo is

Rt"!r (.*.o (1 - x.)A

e

A
-1 ( -1

(.4 - r)

Equations 22 and,23 cao¡ot be solved analytically because w depeods on the saturation
pressure ps at * = *", rrnich is a nonliqear function of Lr. An iocrease ia tenrperatLlre (aEI)

leads Èo an increase in saturation pressure, causing a decrease in the úoísÈure accu¡nulation

rate. This in turn decreases the magniÈude of Atr. Thus, lateEt heat release teods to

moderaLe lhe rate of moisture accunulation, especially when condensatíon takes place near the
,rthermal cenÈer,, of the wall (i.g., xs is closã æ L/2)' I¡ the nore usual case, the con-

deasing surface is closer to the cold side of the wall (i.e', xs ís close to 1 during Ehe

heatÍng seasor¡ or close to 0 when the housc is air-conditioned), and Èbe influence of l'aeenÈ

heat release is linited or evetl oegligible.

Equations 22 a¡d 23 equally apply co evaporati.on in case ooisture is Presen¿ and drying
coodiLions exisÈ. Of course heat is úeiog abiorbed during evaporation, and Lhe value of Att
would be BeSacive.

EquaÈioos 22 asd. 23 ate for a single condensíng or evaporating surface. The more general

formulas for multiple locaÈioûs can be found ín tbe appendíx-

THE MOISTI.'AIL.2 COMPUTER PROGRAM

This program calculages tenperaCures, vapor Pressures, relative bunidities, aod moisture
acc,mulacion rates in a ouliilayered wall, assuniog uniform one-dineosiooal hea! and vapor

QJ



flow by diffusioo and coovecÈion. The algoriLb^o is based on the equations descri'bed

previously. Figure 3 is a flrw díagram of the progran. Calculatiorls are onJ'y nade for the

isÈerfaces betweeû tbe specified layers, and continuous flow of heaL and vaPor is assumed ¿o

exíst through each laycr. tU. user may subdivide any layer into several thioner layers of
the same maleriar. túis can be especiarly usefur for t.híck layers such as cavity insulatioa.
The prograo allows uP to 20 separate layers'

The program is writtetr io FORTRAI,I and currently runs iateractively on the central oain-
fraoe coûputer et the UniversiÈy of Wisconsin in Madison. After specifying indoor and outdoor
temperaeuies aod Éelative hunidicies, the user is asked to define the waIl desigo by eateriag
the themal and vapor flor¿ resistaoce of each layer. Fíoally tbe airflow velocíty and direc-
Èion are specified..

The program first calculates the x and y parameter values for each inÈerface. Tben it
proceeds by ídentifying Che interface witb the highest moisture accu¡¡ulation rate. If no

positive accumulatioq is found ât any interface, che rest of the Prograo is skipped aod

output values prinÈed if so desired. If condeosatioo cakes p1ace, the accr¡mulatioo raEe and

tedfreraÈure are adjusted for laÈent heae release. Because condeosaÈion affects vaPor pres-

"o.ã" 
and, to a lesser extent, temperaÈures elsewhere in the t¿all, recalculation ís necessary'

The program then searches for additional locatioas where condeqsatíon may be occurrilg simul-
caneãusiy. Tbe prograo is able to handle one additÍonal location on each side of Èhe

initially Ídentifieã surface, enabling it to accurately analyze uP to three simulÈaneous

locations with moisturê accuoulation. If a second or third locaLioa is fouod, adjustment for
latent heat is made, and Doisture accr¡nulatíon at other previously identified points is
recalculated uatil tbe convergence críÈerion is satisfied'

Specific values of physical paraneters used in the Progrant are: specific heat of airt

c = 0.24 Bru/lb. F (1.6 lcllkg-oc); coasraot, c = 145 grains/lb'in Hg (6.14 Pa-l); latent
P

heat of vaporizatiot' cL = 0.15 Btu/grain (2,400 kJ/kg); IateDt heat of sublimatioo'

"l = o'17 Btu/graio (2'aoo kJ/ke).

Air deasity p is seûsitive to tcEperature. In all equatioos p aPPears in the product
pv, the air mass flow, which is const"ãt tbroughout the wall. Both p and v are therefore
defined at the inside Ceoperature, i.e., at the inside surface of the wall, and p is cal-
culated with

p = 353.05/Ti kgln3 Qtr¡

where

T is the insíde air teoPerature e:çressed in K.
1

APPLICATION

The follocriag examples dcmonstrate Che I{OISTI.JAII-2 progran capabilities and shoq¡ the inter-
actioo between o.pãr diffusion, aír leakage, ¡nâterial properties, and wall design' The first
exanple de¡roostrates how vapor pressures, temperatures, and Èhe locaLion aod rate of moisture
accumulation vary wiÈh air leat<ãge in a single layer of insulation. The secood example, wit'h
a complete wall, shows the difference in accu.nulatioû rates as calculated wíth MoISTWALL and

rates calculated with the additive meÈhod assr:rning thac diffusioo and coovecgion flows are

indepeadeot.

For both examples, the indoor conditíoos are 68 F (2OoC), 40% relati.ve hunidity (RII) 
'

and the outdoor condítioos, 0 F (-17.8oC), 50% RH.

Exaople 1. Sincle Laver of lasulatíoo
a

(2.4a n' 'Kll.J) and a vaPor

results are for tbree
The layer is 4 in (r00 mn) tbick with a thernal resistance of R-13.6

diffusíon resisrance of 0.03 Rep:v (!.24 x 108 m/si#r). The following

1 Perm-1
)

1 in Hg'hr f.t- / graía.*1 ReP =

t*1 o/s = I1 Pa.s .n2 /ug.



siÈua!Íons: no air leakagc, infíltrative, and exfiltrativc air movement aÈ a rate of 10 ft/hr

(g.47 x f0-4 m/s). The terpcrature profiles are shot¡u ia Figure 4 for iafileration and

exfiltrarion, and they are 
-ideotical to Lhe results published by Berlad eÈ al. (1980)' The

vapor pressures are showa in Figure 5. The results coofirm thaÈ vapor pressures and lempera-

t,rr." 'ricuin the wall are greatly iofluenced by air leakage.

The results also shol¡ that an iofiltrative airflow increases Èhe vapor Pressure gradienE

across the inside sectiotr of the insulatioo, resultiog in more vaPor euÈeriag the insulation
by diffusioo. Toward Lhe outside, ¿he vapor pressure gradíeot gradually decreases, causing

a'decrease in diffusional flow. As Figure 6 shows, thís varíalion io diffusional flow is
offset by a variatioo in convective flor¡ in the opposite directioa, resulÈing io a constant

total vePor flor¡ tbroughout Èhe insulation.

Diffusioo r¡ith an exfiltrative airflow follows a different Patcern. Here the coûvective
and diffusioqal flows are in che same direction. The convecÈive cornponenÈ domiaates ¿oward

the i¡side, and Ebe diffusional component near thc outside surface (Fígure 7). Fígures 6 and

7 assu.oc contíauiLy of vapor flon.

Figure 8 shows how relative br.¡midiÈies io the i.nsulation are affected by airflow' f'Jith-

out airilow, relativc hurnidiÈy reaches a maximuo of 941, approximately 20 m in from the

ouÈside surface. Infiltrative airfloc, tends Èo loser this maximr¡n and nove it toward the

inside surface of the Ínsulation. Exfiltrative airflor¡ te!,ds to Íocrease the oaxinr¡n rela-
tive hr¡¡Ídity and move it toward the outside surface. f{ith ao exfiltratiotr rate of 10 ft/hr
(8.47 x 10-4 m/s), moisture is coodensíag approxímately 10 ¡o fron the outsíde surface at a

rate of 2.4 gtzí¡^/ft2.hr (0.46 x fO-6 t<g/o2.s). Both the accr¡¡¡ulation rate and locatÍon
depend on thã airflor¡ rate. Addítional aoalysis showed Èhat condensati.on Þegins Lo aPpear

with an exfiltrati-on rate of 4 ft/hx (3.4 x 10-4 m/s) at aPProxioately 15 m froo tbe
outside surface.

Exanple 2. Insulated Licht-Frame \.1a11

The sane iasulatíon of example 1 is placed in a líght-frane wall with g¡rpsum board, plyro-od

sheatbiag, asd wood sidiag. Table 1 lists the tberual and vapor diffusion registances of
each materíal. The addition of the g¡rsun board, sheathing, and siding Sreagly changes t'he

hgnídity conditions in the insulaÈion (Figure 9). All coodeasation has moved out of the
insulatíon to the siding and sheathíng, and relative hr¡midities in the insulation stay
below 100%.

TASI.E 1

Thernal and Vapor Diffusíon Resistance of
LighÈ-Erane llaIl Materials (ExaoPIe 2)

Theroal Resistancc

hr.fr h/s..o (r2'xlw)

Vapor Diffusion
Resistance

8Rep (rO m/s)

Air filn (still)
Gypsun board
InsulaÈioa
P1¡¡wood sheatbing
f{ood siding
Air filn (6.7 m/s wind)

(0. 12)
( .08)

(2.40)
(. r1)
(. 18)
(.03)

(0.4s)
(1e.1)
(5.2)

(87.0)
(s.o¡
(.os)

68
¿+)

64
62
05
17

0
0

13
0
1

0

0 .0026
0. 11
0.03
0.5
0.029
0.00029

Total L6.6t

I

(2.92) o .672 (116.8)



Figure 10 shows the accu¡tulation rate as a function of aír leakage rate' l'¡iEhout air

reakage I.5 grain/hr.ft2 (0.29 x to-6 tg7n2.s) is condensiog on the sbeathiog. Exfiltration

causes a rapid increase in the accr¡¡rulatioû rate to 10 graio,/hrftl (2.0 x 10-6 kg7m2's¡,

with an exfiltratioo raÈe of 4-72 f¿lhr (400 x 10-6 m/s). Dryíng conditions prevail at

sheaÈhiug surface for iafiltracioa raLes above 1.3 ftlhr (f10 x 10-6 o/s).

DISCUSSION

Corparison of Figures 8 aod 9 shows that hunidity conditíoos i.a the insulation greally depend

oo lhe preseqce aod properties of other materials in tbe wall. Although some moisture may

condense in a single- layer of insulatioo, coadeasation is mucb less likely io the cavity
insulagion in an ".ttt.I-Iight-frame 

wall because of the influence of the oÈher maËerials'

Moisture accr¡¡rulaÈior rates as shown iu Figure 10 were conpared with resulLs calculated
with Lhe addi¡ive approach (Burch et aI. 1979; SLewart 1981). Tbe additive method is based

on the assurnption Èhat temperatures, condensation locatioa, and diffusional flor¡ are unchanged

by aÍr leakale. There is no agreenent in the literaeure about the equations that should be

used for this calculation, espãcially for exfiltrative airflow. For infiltration we used

*iof. = rdÍf. - pcv(p, - po) (25)

and for exfilÈration,

rexf.="dif.*pcv(pt-ps) Q6)

Equat,ion 26 for exfiltration yields lower moisture accu¡rulatioû raees thao the equations
pioposed io the literature. Nevertheless, Equations 25 and 26 yielded substantially higher
accunulaÈion rates than MOISTIJALI-Z tot infiltration and exfiltration (FiSure 11).

In this example, the additive appro¿¡ch gives resulls that are as much as 30% above the
rates calculaeed with MOISTI{AIL. This is due primarily eo the interaction between convection
and diffusíon and the effect of air leakage oo. tetPeraCures. Lateqt heat effects, which are
íncluded in MOISTI{ALL, nay io somc câses add to the discrePaûcy in resulcs from the two
nethods.

The MOISTIIAtrL-2 program has sevcral advantages over other oeLhods. It ís able to deter-
oíne the location for condensation and calculate the noisture accu¡nulalion rate with or
without air leakage ioto the wall. The oethod ís oot as cooplex as finiÈe differenciog
urethods and does not require as many input data. Ilonever, Lhis sirnplicity and Èhe underlying
assumptions linit the applicability of MOIST\.JALI resulLs. The equatioos are limited to
steady-state conditions,-aud the air is assuned to move uuiforoly f¡om inside to outside or
in the opposite directioo. Air convection loops r¡ithin the cavity, between the cavity and

the indoors or caviLy ventilation with ouÈdoor air, are nou sPecifically handled in MOISThTAILt

buÈ tbe effect nay be approxinated by eateriog appropriate equivaleot values for thermal and

vapor diffusion resistances. -

The method is one-dimensional; corners' tears' cracks, or holes in
adequately modeled. The flow of tiquid \tater in hygroscopic oaÈerials,
panels and cellulose iqsula¿ioo, is igoored. Reliable ioput values for
resistance are nog always available, but this problem is generic co any
analysis. Research is planoed to experimentally evaluate the model.

materials cannot be
such as wood-based
vapor diffusion
method of moisture

SIJìÍIIARY

Mathematical equatioûs r.rere developed for water vâpor flow, vapor Pressures, and noisture
¿qqrrm¡¡f¿lfon ia a composiÈe wall tith lrniforn ai¡ leakage. The MOISTWALL'2 ptogtao is based
on these equations .oã i" especially designed for moisture analysis of nultilayered walls and

is capable of including Ebe ãffects of air leakage. On the basis of a series of sample
analyses, it may be coocluded that sigoificant moisture accumulatioo is uälikely ía nonhygro-
scopic cavity insulation, with or wiÈhout aír leakage into the walL. The locaÈioc of coa-
deqsation may move as a result of air leakage. Vapor flow by diffusion is affected by air

1



leakage, as are the terperatures in tbe walI. I¿ is, thereforer not correct Èo treat dif-
fusional and coovective flos¡s as iodependenu aad su.n Èhe seParate effects. This may lead
to significa!.t overestimates of moisture accunulatioo races.

Despite a n,nìber of li.mitations, MOISTWALL-2 cao provide valuable qualitative íusight
into Che potential effects of air leakage on moisture accumulation ín wa1ls.

NOMENCI,ATI'RE

A = PcnvRa

g = pcvRo

c=t/¡/P

c = sDecific heat of aírP-
cL = Iatent heat of vaporíza¿ioo or sublination

k = themal conductivity

I = distance from the warm side of iosulaÈion

P = f,tater vaPor Pressure

Rt = thetmal resistance

Ro = t"t.r vaPor diffusíon resistaoce

t = te0peraturÊ

T = tetrpeFature

9tr = latenÈ heat release

v = velocity of aír

w = noisture accunula¿ioû rate

wII = water vaPor flor¡ rate

W = hr¡oídity raÈío

x = Lhermal paraneÈer

y = vaPor díffusion Parameter

P = deqsiÈy of ai.r

F = r,tater vapor peroeabiliLy

Subscripts

grain/lb'in Hg (P"-1)

Btu/lb' F (k]/kg'oc)

Btu/grain (ktlkS)

Btu/hrft'F (I{/n'oC)

fr (m)

in Hg (Pa)

hr-ft2. F/Bru (r2.x/w)

Rep (m/s)

F (oc)

OR (K)

Btu/hr.fr2 1w7n2)

ftlhr (n/s)

Srain/hr.ftZ (tcg/m2's)

grain/hr fc2 (trg/ur2's)

tb/ fr 3
1t97o3)

pero'io (s)

dif. =

exf. =

i=

inf. =

l{=

diffusion

exfíltration

insíde

infiltration

water vapor
ID



L = laÈeot

a = pertaining to laYer o

o = outside

s = saturatíon
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APPEI{DIX

Derívation ot' Moísture Accunulatíon aod La tent IIeat ue¿ions

Tbis apgendix cootains a compleLe derivation of the equat'Íons for noisture accu¡nulatioo
(Equat.iãos 17 aod 18) and laleot heat release (Equations 20 and 21)' Eguatioos 22 and 23

ioi t..p..ature íncrease are derived froo thc equations for laÈent heat release'

Geoeral EquaÈion'for Heat aad VaPor Flow

If condeasation is occurring sinultatreously at locatioûs Y = Ylr "', YN (Figure 2), vapot

pressures aÈ Chose locations are at saturation. Vapor flon Èoward the ortside is

,H rq
Rdvv

+ pcvT (A1)

(A2)

(A3)

(A4)

(As )

(A6)

(A7 )

(A8)

and heat flow toward the outside ís

Both equations havc the same form:

q =-då:+Pcpvt

pcvS+gs
dz

_1t=---R

Geoera tion for and V

The equatíons for terperature aDd vapor pressure also have an identical forn- The oaly
diffeience is that ooisture accr¡nulatíon at (xr,Vr) equals tbe net vaPor flow to that
location

'i = *H'i-l - wH'i = -(!tE'i -'H'i-l)

while tbê lateÊÈ hcat releasc equals the net heaÈ flow gg frou that locatioa:

9L,j=e¡-9¡-r

Both equations can still be coosídered to have ghe same fom:

oj=tj-rj-,

substituting h. for gLrj ot -rj.

Diffusion (v = 0)

Tbe general form of tenperature aûd vapor Pressure equations, either side of (xr,Yr), is

z ' z:-l
8 = 8i-r - 

- 

(er-r - er) rot z'-LÉ " "iJ J-I -

(s, - 85+r) for z. 5 z' "j*,

l
R

4s
dz( ) 2--Z

Flow to (x,,yr) is

8=8j

tj-t

lL
j-1

(Ae )



and flow from (x.,yr) Ís

- ti - Bi*lî5=-

Thus, the general foru of laCeng heat and moi-sture accr¡mulation equations is

, /sL' ti+r, - lJ - tr\ 
rot i = 2, . .., N-lh. = f . - f . = 3l --i -i -i-1 R\"j*r-rj ,j'rj-r/

The equations for Èhe first (xr,:fr) locaeion and the last locatíon (5'y*) are slightly
different:

(A10)

(A11)

(A12)

(A14)

(A16)

(A17 )

(Ar8)

sÍI=-R

1

I
R

1

R

s1 8r - 8z\

"t \)hr
"L

\
8o

(A13)
tN

I{ítb only ooe poiot of condeosatioo at (x.ryr) the above equaÈÍons are conbíned:

8r-8i+zr(8a-8o)
zr(1 - z")

Idíth the appropriate subEtitutions, Equation 414 yíelds. Equations 17 aod 20.

Latent heat releasc causcs a ríse io terperaatt. A"Lrj at (xrrVr). This resul8s in a

decrease Onj-, in heat flor¡ to (xrrVr) and an increase Aq. in heat flor¡ tron (x¡Vr). Both

Onj-, aad 49, are proportional to Atlrj.

ar-
Àa =_--!rJ- (A15)-"j-1 - R.(x., - *r-r)

hdif

Tbus, the increase in tenPeragure is

8f,f-f - gN\

t-' 7"r)

The net chauge in heat flow must equal the latent hea! release rate qL, .:

x +1 ^i-1
Qrb1 J "Ltj = onj onj-t x.

J
- *r-r)(x¡+1 - x¡)

a¿- = c-r{.*. 
(*j - *i -r) (*j*r - *j )

L,J LJs *j*l-*j-t

*1(*2 - *r)
otlrt = "T,tlRt *2

for j = 2r ...' N-1

\Þ

(A1e )



For a single condensation Point (xrrY") Equation 22 energes:

Ah="ï.*Rr*.(l -xr)

Combined Diffusion and ction

Derivagion of moisture accu¡ulatioa and latent heat equatioos with airflow is is principle
the sane as for diffusion, but here the general form of vapor Pressure aad temperature
equations is

(22)

(A2o)

(A21)

(A22)

(A23)

(^26)

(A27 )

D(z'z )
e

j-1 -1
8 = 85-1 (e¡-, - sr) D(2. - z. -)- J J-r'

fot z lz<zj 1 J

e

-1

D(z'z
J -1

)

s=sj-(8j

Flows to and froor (x.,Y¡) are

\

e¡+r) D(z zj+t J

f.ot z 5z<z
J j+1

e -1

_1
f=--'j-1 R (å:)

D

'F sj-rD'R

D*n-8j
z

.D
'j-R

J-t

t; - 8¡+1

D(z j+1 -1e

The general for¡ of latest heat and moisture accr¡mulation equations for combined diffusion
and convection is

.ot"' 
- "j-')

8¡-1 -8¡W
eJt--1

)j

oj=rj-fj-1=R si - 8¡+r

)D(z zj+1 J
)
-l

for j = 2, ..., N-l G24)

For ¡ = 1, the first location, and j = N, the last location, the geaeralized equations are

DzEt- 8z
(A2s )D(2, - zr) - (e, - s,) Dz

1

1.Dhr=ñ
e

8N-8o

-1 e -1

D(z* - zr_r)
D

R

e

D(r - z*) - (sr-, - s*) D(zN - trr-r)-1 1

I{ith a single point of condensation at (xr,y") Èhe three equalions reduce to

Dz

þ=
8"-8o - (er 8s

\g-)Dz!
R D(1 - z.)

s

s-e -Ie -1

Appropriate substitutions in Equatioo' A27 yield Equations 18 and 21.

caused by latent beat release results in.changes io heat

t+
The rise in lemperature At, :

flows co and from (xr,Vr). þ¡J



Aqj-1
A

R
È

A

e.

A
e

x. - x. ..J J'I
=- (A28)

(A3o)

(A31)

(A32 )

(A33 )

(23 )

-1

tL e
j+r

Aq (A2e )*j*1
-1

Eguations 428 and 429 can be derived by making cbe appropriate substitr¡Èions in Equations 422

.n¿ eZg aod subtractiÂg the heat flows nithout latent heaE release from Che heat flows with
latent heat release.

The aet change in heat flolr must egual Ebe latent heat rclease:

x.)
J

A(x

x.)
J

A
R

EJ

A(xj+1 x. .)J-r - IA

el,i = "L*i = onj oni-, = *. ott,, 
(.o,*r*, - *j)- J(.o,., 

- *¡-r)- 
,)

The increase ín temPerature is

A(x x
2 1

) Ax
. Rt"L'l
otl,l = 

--

1
e -1 e -1

Ax
2 -1

n(x¡+t - xj A(x x. -J-tj

J A *j*1 - *j-1
-1

)

atl for j = 2' ..., N-1

Rr"r,'N
^t=---L,N A

For a single location (x.,Y") Equation 23 emerges

n(t - 5) A(\ - \-r)
1

1-\_r
-1

R¿"T., (.*, - ,) ("tt ' *"1 
,)atl

A=-
( A -1
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