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TR4NSIENT ANALYSIS OF THE ÎHERMÀL AND II{OISTURE CONDITIONS
I¡- WALL CONSTRUCTIONS WITH ADDITIoNAL THERMÀL INSULATIoN

,\¡stract

In the present paper a transient slmulatÍon method TRÀTMO
with applications to the analysls of the hygrothermal be-
haviour of timber frane constructions $rith addÍtionaL
chermal insulation will be dlscussed. The present slmu_
lation method makes j.t possible to evaluate the hygro-
lhermaL behaviour h¡Lth respect to risks of mouldering
since it gives the simultaneous knowleclge of moisture
content and temperature aÈ certain sections of the con-
struction. Based on the compuÈer simuLations and experi-
ments a number of practicaL aspects to be applled in ad_
ditional thermal insulation of timber frame constructions
wi.Il be introduced.

Le présent article traj.Èera J'une méthode de simulation
instanÈanée, appelée TRÀT¡4O, et de son application à l,éÈ:rC<:
du comportement hygrothermlque des structures portantes en
bois doeées d'une isolation thermique. Cette méthode permet
d'évaluer le cornportement hygrothermj.que dans la perspective
des risques d,effriternent, fournissant la connaissance si-
nultanée de leur teneur en humidité et de leur température
en certains endroj.ts. A partir de simulations et d'expéri-
ences conduiÈes avec l,aide de I,ordinateur, iÌ ser:a présenté
un certain nombre de points practiques â observer lors de
I'iso1åtion thermique additionnerle des structures portantes
en bois.

1 TNTRODUCTTOI¡

A significant part of damages of building components
are evaluated co be due to internal and external ther_
mal and moisture loads not considered to a sufficient
extent in the design and dimensioning of constructi.::s
Tr¿ditionalry building components and constructions
were developed ..,ia experience durinE periods cf gener_
ations. tr-or.radays :le"r I:laterj.als and. constructions are
introduced for use r¿irhout thorough anaJ.ysis of the
durabrlity, for which the knourledge of the therr¿al an.j
moisture physicaL behaviour, fÍrst of all, has to Ðe
available. Especially in Èirnber frame constructions
after retrof,ittlr¡g tbere has appeared serious moisture
problems. The analvsis of durabÍliÈy with respecE Èo
lrygrothermal loacis nay be done by laborator), or field
experiments or blr sinr¡lations. The simulations of the
hygrothermal behaviour of coDstructions provides an ap_proach, ¡¿l¡ich enables studies on transieÂÈ transport
phenomena, because boundary conditÍons vary as a func_
tion of ti¡ne and because ,Do,st buildir¡g materials have
a naturar propert!' to charge and discharge heat and
roisÈure.

The noisture ph],sicaL behaviour of constructions has
ÈradiÈional).y been esti,mateC with respecr to the con_
densation conditions. lhat approach j-s, however, coo
simplified. Rel.evant arguments for the critical h1.9ro_
thermaL conditions of maÈerials and constructions are
chemical or mechanical destruction (nouldering or fros!
damages , respecÈively), loss of Èhermal resrsÈiviÈ!, or
strength, corrosion of metaLlic components etc. IÈ has
to be emphasized that the critical moisture content of
each material or construction has to be deterriineC ex_
perinentarry, but the knowlecge of where and when çiÈh
given environmental conditions the critical condiri.ons
will be reached, can be obtained by simulations. Fcr
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The numerical simulatj.ons of the hygrothermal conditionsin wall construcÈions hrith additional thermal Ínsulation,to be introduced in the present paper, are carried outrÀ'ith computer code TRATMO (Transient Ànalysis Code forThermal and yoisture physical gehavioir of Constructions)
t 1 l. À number of the results obtained by TRÀT,yO _ sinul-a_tions have been verified wiÈh laborato
rnents, too. 

rd'eraEor]¡ or field experi-

examples, wood begins to decay at about
humidity when the temperature is over the

I _ (u) (r,
=¡lf 'tç,*'v<u> ++,k'e<r> +

. o.,oí;;1 ., .p., jlo,l 
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85 t relative
freezing point

t

Correspondingly, the
becomes [1,2]

transient energy baLance equation

) il,

ãE (cetr <T> = v'(Kq'9<T> ) * r r. .<å. .> - t"-' - 
;'ij'eij'-rlr,,oo'tnr%,,ir' (2')

The fotl,owinq tra¡scort oroDerties have to be kno;,n to
simulate sj-multaneous cougled heat and mass transier in
porous bodies

ri)

fn building ohysical agÞlications the
have to be taken into account

Ehermal moi sture dif-fusi.,.,i iie_.,

liquid rdaÈer

fol J.owing f luxes

moisture ãnd
.JT,l .^u ",lll

2 SII4ULATION OP COUPLED HEÀÎ ÀND ^UOÏSTURE TRÀNSPERIIi MULTTLÀYER CONSTRUCTTONS

Due to its essentia.L roLe in the studies o..l the durabili_ty of wall constructj.ons with resDect to hyqrothermalloads. rhe out.Lines of Èhe simulation method TR.ATI1O wi-Llbe discussec

(ii ) Dermeabilities for humid air and
f J-ows , Xv, 

1 4 and Kv, 
2

(ij.i) thermal capacj.ty and conductÍvity, C^-- and Ke¡t ---- -.q

Methods for the determination of these ÈransDort oroD_
erties are introducecr in [2] as werr as the detai.ìed de_
rivation of Eqs (1) and (2)

The constitutive eguations for the boundary conditj.ons
are obtained from Eqs (1) and (2) assuming quasi_steady_
stat.e transport processes across boundary layers.

l.¡hen heat and mass transfer in caoillary_Dorous bodiesis discussed, the t
sion, surra"" airrull::':::.1]u* td",' incrudes dirru-
or humid air and ,;;:::',:::::'.;.:i"" 

and viscous rrov¡s

are obtained wirh anarvses or nornentun"::::ÏÏ 
t"i.n:ái''

be shown that diffu
ro mois ture "o.,...,.'"'l: :::"::::l::':. jtï: ;::.ï. 

.:l:.:
to the gradient of static Þressure. Conseguently, thetransienE moisture bal.ance equat.ion becomes [1,2]

(i)
(ii)
(iii)
(iv¡
(v)
(vi )

(vii)

thermaL radiation fluxes
conduction heat flux
convection heat flux
conduction moisture flux
convection water vapour flux
convecÈion liquious çrater flux (drivinq rain)
filtration (viscous) flux of water or hu-mid
aJ.r.

<eo> +¿

I ¡.'
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the interface of adjacent layers may be considered in
the cases, where there is
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(i)
(ii)
(iri)

perfect hydraulic content
no hydrauJ,ic contact
non-caÞacitive J.ayer e.g. the so_called surface
res is tance
air gap (ventilaticn of constructions)

Por the numerical analyses of hygrothermal conditions i¡
buirding constructions computer code TRATMo has been
corngiled. TRATMO is written in FORTRÀN_4 language for
CDC Cyber I73 and it utilizes I¡{SL and NAG library sub_
routines.

The environment conditions for transient si,mulations
are.evaluated by temperature, \'aÞour oressure or humidi_
ty ratio of air, solar radiation and wind velocity. The
environmental data can be read from a soeciaL weather
fire including the quantit.ies listect above and the time
step, !.rhich may vary due to Crank_NichoJ.son method, frcn
steÞ to step (commonly 4 - 6 hours). Furthermore, arti_
ficial- weather files involving in the simulations of
laboratory experiments can be used.

Material and transport Ðroperties are stored in l-ibrary
subprograms. MÀTER subcrogram incluCes density (func_
tion of u), thermal conductivity and caoaciÈy (functions
of u and T) , moisture and thermal moisture diffusivities
(functions of u and T) of materiaLs. Subprogram VÀPOR
incrudes the vapour Þressure tabre of adsorbed moisture
used in calcuÌation of boundary condltions. T\ro inde_
pendent output files can be formed, one for the line
prlnter and one for the CALCOMP drum olotter. The fol-_
lowing items can be stored into the files

between the adjacent Iayers

tlhen the hydraul.ic contact is perfect and accumulation
of heat and moj.sture is not allowed at the Ínterface,
the following condltions of continuity are valid

(i) temoerature distribution and heat flux are con_
tinuous
moisture Èransfer Þotentials (tem¡rerature and
'.rater vaoour pressure and pressure of capillary
condensate) are continuous.

(ii)

( iv)

F j-9. 1

(i)
(ri )

(iii )

( iv)

A. Air-solid lnterface
ts. Perfect hygrot¡errnal oontact

betçeÐ adjacent lal€rs
C. Surfac€ resist¿nce betîËe¡

adjacent layers
D. Viscqls flc,h, ilt the air gap

bet',¡ee¡ layers
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[.ñTpfu-Elffi'lf,?¿:ÐF¡ill

environment conditions
temperatures and ìnoisture contents at grid points
heat and moi.sture fluxes at surfaces
r"/ater vapour Þressures ( +relative humidity) at
surfaces
cumulative heat and moisture fluxes at the ex_
ternal surface of construction.

Fluxes and transport potenti.als at differentkinds of boundarv conditions in buildingphysical applicaÉicns.

(v)
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TRANSIENT ÀNÀLYSIS OF THE HYGROTHERMAL CONDITIOT{S IN
I¡ALL CONSTRUCTTONS WITH ADDITIONAL THERMAL TNSULA_
TION

H1'grothermal conditions in tyDical wal-I constructions
invol.ving in renovaÈions of existing buildings have
been studied t3r. The puroose of the work was to find

rn Finrand, the mosÈ typicaJ. walr construction in smarlhouses up to the fourtles tras the loq waJ-I. Durlng thefourties and fifties smaÌl house" f,.á tirn¡.r frame with
100 rnrn sawdust enclosed r.rith tar Þaper as thermal in_sulation. After that mineral ,oof *"= introduced foruse as thermal insulation material. TyoicaL thickness
of the insulation layer was 1OO Íun. fn the sixties
houses with massLve aerated concrete ,.va1ls were buiIt,too. At tiìe moment those existing houses are under re_novation and thermal insulation is often added in orderto lower the U-values of walls to the level reguired
from the new buildings.
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is above +5 oc. FurÈhermore, net accuir¡uration of mois-
tt¡re takes pJ-ace at annual Þeriods. Corresnondj,ng sinu_
lations have been executed $rith log ',rall, mineral, wooL
and aerated concrete walI. These comÞutations as welL
as the laboratory and fieLd exDeriments are the basis
of the discussion of t.he durability gresented later in
this paper.

4 Lè.BORATORY AND FIELD EXPEP.IÌ,lE:i?S

In order to verify Èhe validity of TRATyO simulations
of the hygrothermal conditions in wall constructions
a number of laboraÈory and fleld exoeriments have been
carrled out [3]. The laboratory exgeri¡nents were cer-
formed Ín a e/eatherlng chamber, where Èhe exterior and
lnterlor climate can be controlleC autornatically. The
dimensions of test walls are apDroximatelly 2 x 2 m2 .

The hygrothermal loads were chosen Èo corresoond typical
clirnate in southern Finland durinç the r.¡inter months,
e.9. during the so-called wetting period. The experi-
ments lasted about from two to four months. For the
moisture detection it was used Va:.saIa Humicap caDa-
citive sensors and samples fron the test walls.
Figure 3 ill-ustrates computed and measured resuìts of
the Laboratory test witlì a timber frar¡e wall with addi-
tional 100 mm mineral- wool. insulation inside the orj-gi-
nal construction having 100 m¡n sawdust insuLation.
There gras no water vaÞour barri-er inside Èhe mineral
wool layer. The results show that althouqh no surface
condensation occurs, the hygrother¡naL behaviour of Èhe

wal1 construction is not acceptable, sj¡rce the llþj,sture con-
tent reaches vaLues cri.tical to wood aJ-ready during a

shorÈ wetting period. In additj.on, it may be seen chat
the computed and measured values of moisture contents
are in a rather good agreement, vrhich verifies the va-
lidity of TRÀTMa. for longterm simuLations, too, Corre-

3

The simulations have been executed uslnd hourlv s¡eatherdata typical for middle Finland, (Èhis kind of breatherfiles are commonly used in Drogralns for the energy ana_lyses of buildings) . The interior temDerature was as_
sumed to be +20 oC during heating period and egual tooutside temperature at other times. The interior humidi_ty ratio was assumed to be x. = y
2 shows tr," r.^p.,.;J" ï. iåi,."]:"år].lrillr"":'ï..
a sawdust wall with 1OO nn mineral- wool insulation. Þ.sthe curves shoh/, the construcÈion does not work qrithout
water vaoour barrier, si¡¡ce the nnlstu¡e content. in certainsections exceeds .lg per cent by weight v"t¡en the tefnperatu-re
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sponding experinents varing insulating naterial have
been carried ouÈ with a log wall, mlneral wool wa).l,
aerated concrete and 1] stones masonry wa1ls.

-¡rl-
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The field experirnents of the referred stucly were carriedout by partek Ltd. The test houses were existinq andoccupled. fn each exÞeriment house there were Ehreefour separate ',neasuring lines,,, r+here the tenperatures andreLative hurnidities at internal and external- and inter_facial surfaces of t_he layers of therecorded. 
__..e 1ql,sr_ e! Ene exterior walls v¡ere

Figure 4 illustrates resu.j.ts of a field exDerimentcarried out in a small house vrith log waLls. The re_sults shovr that there is no need of water vaDour barrierdue to the internal moisture transfer.

i Drscussror.t

À number of practical aspects concerning additional ther_mal insulation of r{ralI constructions have been establishedwith computer simulations and field and laboratory exDe_rl-ments. The essential question in additional thermalinsulaÈing is, if ne$, v/ater vagour barrler has to be in_stalled or not. Hor"rever, it is to be emghasized thatsrater vapour barrier has a functlon r.rith resÞect to airleakages, tc¡o. Olrlng to the advanced simulation methodTRÀÎMO it has been
behaviour or wa, r .ï::::::r::,ïi:í":.:::":"::"::i:ïï.
cri terla, e. g. t"rith
conrenr in warr .""=::;::::""] 

*" tenqærature a¡d rÞisrr¡re
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2 New water vapour barrier on Èhe j.nner surface of
insulating material is not necessary Ín internal
additional insulating of 6 ,,loo walLs, when the
thickness of permeable insulaÈing material (¡¡fneral
wool, expanded polystyrene) is less than 1OO mm and
when relaÈive impermeable maÈeÌ-ials, for examole
woodchipboard, are used as interior covering. ç{hen
polyurethane or extruded polvstyrene are used as
insulation, it is obvious tha: there are no linita_
tions to the thickness of insulation layer or in_
Èernal covering. ÀgaÍn, we i.arzs to note that air
leakages from inside to outsj,de rnav cause serious
accumulation of moisture.

The internal thermal additi.onat insulation of the
so-called sawdust wall-s provides new water va_
pour barrier inside the insulating layer, except
when imper¡neable insulating material,s as poly_
urethane or extruded oolystyrene are used. When
using rigid sheets it has to be ensured that the
joints of Èhe sheets are well. seaLed.

The hygrothermal conditions i¡ the so_called mineral
wool walls depend on the ratios of the thermal and
vrater vapour resistivities of original and recon_
structed wall consÈruction. The anal-ysis of the hyg_
rothermal conditions may be done, in this case, by
the traditionaì. dewpoint considerations, since the
thermal and rnoisture capacities of the J.ayers in_
volved are not dominating in heat and mass transfer
Þrocesses, e.g. heat and moisture fLuxes can be con_
sidered as guasj--stationary fluxes.

Critical hygrotherrnal- conditions for aerat.ed con_
crete and masonry walls egual conditions, r"rhere
mechanical destruction, e.g. frost damages take olace.
Furthermore, the moÍsture contents corresÞonding the

3

4

Under Finnish natural cLimate the
in additional Èhermal insulating
tions should be applied :

followlng principles
of existing construc_

5

ExternaL insulation is preferable to internal,since it brings less rl-sks to nolsture damagesthan internal insulation. !ì¡hen closed_cell foaminsulating ¡naterlals are used the minimun thick_ness of external insulaÈion is about 25 mm.
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posslbillty of frost damages are due to external
moisture transfer, e.g. due to drivinq ra1n. Conse_
quent11z, any general rules or recommendations can
not be established.

ft is, however, obvious that since internal addi_
tlonal thermal insulation lov¡ers the temoerat.ure
of the outer layers of v¡alls, risks of frost dam_
ages increase. À1so for these constructions the
external Èhermal insulation seems tc be oreferable
to internal.

In the Dresent paÞer only the changes in the hygrother_
mal. conditions of wall construcÈions due to additional
thermal insuÌaÈing have been dlscussed. Other effects
of the measure are first of alL, reductfon in heat
losses (which ls the orimary purpose of the measure),
decreasing of the seasonal efficiency of the heatinq
boiler (which does not, however, mean increasing of
losses in boiler), need of readjustmenÈ of the radiator
network. These questlons, among others, are dlscussed
tn [4].
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