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dA where

V. is scala¡, \¡ector or secondrcrder tænsor
I

ñ. . velocitv vector of the j¡terfacial surface ãV.. * ''ij

Wtren Eq. (1) is applied to contj¡tuity and e¡e13y equations
it is obtai¡ed

ij
@rres¡nndi¡g equations for nulti-phase system are
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In Eqs (a) and (5)

.ort is
-t

V.a9U,i,

<å..>'J.l

locally rrcIu¡¡e-averaged parLial density
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when heat and nass transfer i¡ capillary-porous bodies is dis-
cussed, the total nass fll.x t{"..i lnctudes diffusion, surface
diffusion, capitlary flov¡ and TíÊcous flo,,¡s of hu¡nid air and

liquid r¡rater. uodef eguations for 9¡4,i-:s are obtai¡ed. with

"nály".r 
of nrcnentum eqqation. It can be shown tlnt diffusion

and êapillary flows can be related to noisture conte¡t and tem-
perature. CónseqqenÈIy, the transient roisture balance egua-
tion becones :

.oor*
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(6)
2

Correspondingly, the transient energy balance equations becones

All

$ ta"rr.r)) = v. (L.v<r>) * E ( lri<åijr-._"t .,0'.nrtoo,rt 
. (7)

' I L=¿'t't

ltre follov,ri¡g transport properties ha\¡e to be kno¡.¡n sj¡rulate
sj¡ultaneous-coupled heat and ¡fìass transfer i¡r porous bodies

i) ¡rpisture a¡rd tlrernal ¡¡oistr¡re difñ¡siviti.", ui"l a¡rd

_ (r)
cl .

III'K
ii) pe.rneabilities for hwúd ai¡ and liguid \'Êter flct'¡s,

Kv,14 -d \,2 ,i
iii) therrnal capa.city and conductj-vity' C.ff *d Kq'

l4etlrods for the de@rmi¡atiqr of tllese transporE properEies are
i¡rtrodr¡ced in t3l as rnell as the deriration of Eqs (6) and (7).

the j¡terface betu¡een air and a Porous body nay be considered
as a specì.al case of rnrlti-phase syste¡ns. Heat a¡¡d rpisture
transfer processes acÌtoss the bor:ndar¡¡ layer lrlay Þ considered
as guasi-èteady-state, t].us tl-e flr.ures faci¡g sr:rface equal tl.le
fluxes leasing-. In building physical applications the follcruing
fh¡<es han¡e to be taken i¡tto account

i)
ii)
iii)
iv)
v)
vi)
vii)

ttre csrstitutir,¡e equations for tlre bcundarY corriitions a¡e ob-
tajJled frun Ðqs (6) a¡rd (7) assr-uning qr:asi-steady-staÈe trans-
Port prcc€sses across bo-rndary layers -

tj¡ernat radiation fh¡<es
conduction heat flur
cÐnvection heat flux
conduction noisÈr:re flux
conr¡ection water rraporr flu<
cpnr¡ection liquious !€ter fluc (drivjrrg rain)
filtration (visccus) ftr¡< of r€ter or hunid air '
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lTre j¡rterface of adjac.ent layers nay Þ considered i¡ the casest
wtrere tJrere j.s between tlle adjacent layers

i) perfect hydraulic contact
ii) no hydraulic contact
iii) non-capacitive layer e.g. the so<alled surface resist-

ance
iv) air gap (ventilation of constn¡ction) .

When the hydraulic contact is perfect and accun¡.¡Iation of heat
and noisture is not, alloqed at the j¡¡terface, the follot^¡ilg con-
ditions of conti¡uity are ralid :

i) tarperature distribution a¡rd heat flt-u< are continuous
il) r¡oistr:re transfer potentials (te-¡q¡erature and later lapcnlr

pressure and pressure of capillary condensate) are ctcn-
ti¡ruous .

Figure 1 illustrates fluxes and transport Potential at different
kj¡d of boundary condi-tions irr building physical applications.

A.

@ fsT.-6ì

B

a¡t
iFt ti;;ã;l

c

-¡lE I fslrJlmcc-lfiffiil
IREC¡ rl^N:d

!Ar€n ¡.r

Fig. 1. Fh¡<es and t:ansport pot€ntj"als at differenÈ ki¡d of
boundary conditions in buitdilg physical applications

A. Ai¡-solid i¡terface
B. Perfect hlgrothernal contact bet1'een adjacent

Iayers

C. Surface resist¡nce between adjacent layers

D. Visccus flot¡ i¡r the air gap beü^reen layers



2. NI¡4ERTCÀL Sof,trfto¡¡ oF Tr{E YODE m{JATroIrs

Tlrenodeleqrrationsfortlrecoupledsi¡rult¡neousheatandnpis-
irrre t unsfér i¡r porous bodies are strongly non-U¡ear witlt non-

lj¡rear boundary conditions. Ttrerefore, it is reasonable to solve

t-* tt*ticaliY bY congrter' solu-
;i;; ;ig"tithm 

-ror'a 
sYätem of 11-1-

ãifferential equations wiII be r-ons

rqs (6) and (7) can be written :

,..;|'o. 
= *r,"1''#r. "j''3ïi."j''#r. "j''** (B)

tx-xi txi
ãu . (u)r, (u) 

ro
-a*l 

* t: Ixi* t4 âxi'
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(e)

(121

\f%)=r.,(r*,t{)
( 13)

\r q. Ì = r, (rx,q.).

(t a¡

(u)
(al AT

ur Tl

(u)
,^2a

rnhere coefficie¡rt" "j -. functions of vari-ables T a¡rd u.
I

sone other cor.rpled transporE phenonena obey Eqs (8) and (9) '
too. Ttris ¡rea¡rs th,at tl¡e follovring nuneric¿I algorithm and
the c.orrespon<ii¡g corPuter ccde have applicat'ions wider tJnn
i¡r the hygrotherrnal analyses of building constnrctions'

when central differentation is used, the second a¡rd fj¡st de-
rir¡ates will har¡e the follovri.ng a¡prcxj¡nations:

- l'iì^- L+1a '.'dr. ^ a f- (10)å ("i ä)-. I . %fr
K=L- |

(j) 36 lll L+1

".- 3n¡a. (L) t hf, . (11)-i ãx -. '-'L=f1 K K

Ttre first derirate at L = 1 achier¡es the form¡la

KKL
af&

d
æ

3

-L

k=1

Table 1 gives the forrnrlaes for 1' \ *d "f .

When d.ifferentaÈion fornualue (10) and ('11) are applied to Eqs
(8) and (9) , t¡ey are transformed to tr^o ordinarT differential
equations :

$ t c.rrtt {t -TTa-
K

T) ru Tl
* 

"3 bklTk + [{ + an

wTl
\l rx+t{ + an

L+1

L k=L-1

ou) {tã* * a,
L+1

^rIL k=L-1
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Sj¡rce the system is non-Ii¡ear with non-li-near boundarry condi-
tions, general conditions for the stability of the nunerical
algoritìm can not be establisL¡ed. Ttrerefore, it is preferable
to use such approrcj¡rations for tj¡re derirate, for exanple the
Cra¡rk-Nicholson net}tod, rfiich convergeJìce without stabil ity
criteria. In the Crank-Nicholson nethod the trapezoidal n¡le
is applied:

,r s+1 ,n " ^ts s+1 s
(c"ffT)r,= (c.rrT)"*ïtFl (Ir) *r., (¡r) J (15)

s+1 s
(o'u)" = (Pou), +

s+1 s
l.Fz (Ii) *n, (¡r) l.ôr

z' (16)

(18)

!,lkren the forn¡¡alue of the functions F1 (x1) and F, (xi) are sub-
stituted to equations (13) and (14) trrc ¡ratrjxes-lA] and [B]
are obtaÍned, rtrich are double tridiagonal type ntatrixes and
wi'rich equal equations (17) [t]re ordj¡ary differential equations
(15) and (16) are transfonred Èo ttre linear syster of equations

S+1 S+1 x+1 T S s s r¡ s+'l S+1 T
tAl (*l , x2 ,...) = [B] (x., ,x, ,...) + (zj , 22 ,...) ,

(17)
wtrere *2k_1 *d *Zk Sl tarperaÈure and npisture content
i¡ the grid poirt k, respectively.

the rnatrix eqnation (17) is solved usjlg lIAG-librarl/ progra¡ns
F01BRF, F04Æ@ [4]. Elenents a1i, a2.i, ai-1 i¡r mtrix A and
e1e¡rents 21 , z2 and z1 i¡ coluñrr naÉrlx z are er¡aluated from
the boundary conditions equations of tlre tejrperature and rois-
ture distrjbution. Iahen terperature T and npisture conte¡tt u
are chosen to be transporc potenti-als, the ralue of tlte water
\apour flow i¡¡ t.lle boundary condition equations has to be sol-
ved by iteration. Itre conrrergence of iteration nay þ irçroved
by quasi-Iinearizi¡rg. If function F(x.) = 0 is dependent on
m.riables x, r so

ar (xi)..il
I

&i orç

I
dF(xt)

(p)
F(xr)

(p-1)
nl F (xi)

(p) (p-1)

rL
aF (x. ) (p-1 ).l{#} [x

].I

Ítre r¿alues of vapour pressure ar¡d its partial derivates needed
irt quasi-li¡earization a:æ er¡aluated frorn the water \¡apour Pres'
st¡re t¿ble with bicr:bic spline interpolation routj¡es (IBCIA.I
and DBCEVU, respectivefy t5l ) .
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Fornulaes for the approxjrations of fi-rst and second

derivates .

(Jt ôr (Ll(L- l) bt-ttL- l 0,5ôxB(L) (Àx8(L) ' Â¡FlLl I 2 ôrE(Ll ôrF(L¡
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Input data

ltre following ilErt data are given in subprogram IMUPR:

number of layers a¡rd rnaterial code of layers
number and resh i¡tenrals of space stePs
j¡ritial teÍperature and nþisture cant€¡t distrjbutions
surface resistances for heat and IIEISS transfe¡ at boìlndaqr
layers and j¡rterfacial surfaces of adjacent layers

"L. r

cl

c2

e!

3 CCI4PUTH. CODE TRÀTMO

eral systern of two non-linear parci,ar differential equations
i¡rtroduced above is utilized. @nseguently nost blocks of

TRÀTMO are applicable i¡ TRATMo-modifications, wttich are
valid for thgËim:lations of couPled transport phenonena de-
scri-bed by Eqs (8) and (9) . Ttre applications of the present
version of T-RATMO are i¡ the field of buildi¡g tectìnclogy e.g-
the subprograms j¡tclud
of boundary conditions
plications. TRATI'{O i
CYBER-173. A strort de
be given.

i)
ii)
iii)
iv)
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v) reãdir¡g i¡rstn¡cticns of envirqæntal ccr¡diEiqrs (natural
or artif icial envi¡cr¡ænt)

vi) execution parafieters and options
viÍ) outFrt options.

ûrvi¡onne¡t condltions

the envirorurent conditions for transient si¡rulations are evalu-
ated by El.MlRÈsubprogram. Ttre boundary conditions i¡side and
oubside tt¡e constn¡ction are descriòed by terrperature, vapour
pressure or humidity ratio of hu¡nid air, solar radiation and
wi¡rd velocity, from rnfiich the outside heat transfer coefficient,
is esti¡nated. ltre environnent c-onditions can be read frorn a
special weather file including the guantities listed above and.
the tfure step, wtridt may, due to Crark-Nicholson retlrod. vary
from step to step. In the rreather file the environ¡rer¡t data
are ti¡re averaged values for each tjrne step. the envi-ron¡¡ent
file is nrade by a se¡nrate program from an hourly rneather file,
which is connonly used in conputer codes for ttre eriergy arnlyses
of buildilgs. When necessary, enviroruIent data can be descrjbed
by internal functions i¡ ENV[Gsubprogram. For the ocecr¡tion
of TRATMO tàe nodified B¡\IlÞsubprogram ca¡r be ænpiled and
added in loading without conpiling the wttole program.

Ithterial and transport properties

LiJrrary subprogranr-s MATER and VAPOR i¡rclude ¡naterial and trans-
port properties of r¡arious ¡naterials. Each naÈerial has its ov¡n
number code identifizlng the naterial i¡¡ i¡gJc.
Subprogram ¡4ATER j¡cludes the follot*ing naÈerial and transporb
properties :

i) density (fi¡nction of u)
j.i) tJrerrml conductivity and rrclunetric thernal capacity

(fi:nctions of T and u)
iiil noisture diftusivities (functions of T and u)
iv) tlrernal npisü¡re diffusivities (fi:nctions of T and u) or
v) tenperature gradient ccefficient (function of ul .

Subprogram \APOR i¡cludes the rapour- pressure table of absorbed
noisture (sorptio isottrerms) for each ¡raterial . vapoJr Pressure
is a function of noisture cìcnterit and tenperature for hygro-
scopic neterials buÈ only of terperature for non-hygroscopic
naterials. The ¡nrtial derirates needed due Eo quasi-lineari-
zation of the boundary conditions are calculated using bict-¡bic
spline interpolation (Il4SL-liJrrary program IBCICL and DBCEVU

tsl).
Oltput options

T\alo indeperdent output files can be forned. One is for the print-
er and tlre other for the CAlÆ\4tr-dnnn plotter. The CALCþ¡4P -
Figures illustrate a function usi¡q tj¡ne as abscissa, while
frcrn the printer output file tJre n¡cistr.re distri-bution cLr¡f¡es
using tj¡re as a pararneter can be drawn.

,$

rffi
':ä¡

'.¡ii;c.
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ftre follcr,¡irg itens can be stored into tìe files
i) environrnent condition-s
ii) tsrperatures and npisture contenEs at grid poj-nts
iii) heat and rr¡istr:re fltxes at surfaces
:.v) h/ater vapour pressures at surfaces and
v) cr.¡rn¡lative heat and noisture fluxes at inner and

ouEer surfaces of tJte c-onstn¡cÈion .

4- \ERTFICATTOIJS OF TRÀTMO

4.t of TRATMO with an ana
a

When consj-dering tÌ¡e diffusion and capillarT flcr¡s of gaseous
and liquious nr¡istr¡re, the li¡earized bala¡¡ce equations beccne
(for sirrplicity symbols of local averaging are left out) :

1

.t" aT= â'T*., _ âucerr ãË = ;7 
* rrztrz Ë and (1e)

2r
âu
æ

Æ\-u v-x
c a't''n

4
I

n=1

(u)
a

m

1

Tz*

(u)
*ét^2,du

I-'^ 2dx -2dx

a

for wtrich tl¡e soLution is t 7 l.
_4
T(x,s) = t

n=1

-u'n

(20)

(21)

(22t

(23)

(241

u(x,s) =
2

Cr., (1-ur. ) e

lgv-xa

Itre roots of the characteristic equation are

2
112 ] t tt+re+t /utl ! (1+re+1rlr¡¡)2 - S/yr lp

Fe j.s Feodorovs npdurt¡s = e,,rya.l'= 
tt:1ir-t, 

S, 
where

err m

.12 d 1,', are the so.ralled phase change criteria a¡rd heat of
phase change, respectively, and

r,¡r is r¡.rikor¡s modutus = #'ru = #'/Ã/c::".r) .

Ihe solution j¡r tfune dcrnai¡ for the case of step
surface tønperaÈure ATO a¡d ¡rpistu¡e cþntent Aup

lT(x,t) , u(x,t) lT = {C} (OtO, A5)t.

change of
is t6l

Ttle elsrents of transfer matrix
lt.x'l
2/æ

{c} are of form

:s are elenrents of nracrix {e}q.. = a.. erfc'rl rl wt¡e¡¡e d..rl
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{a} =

103

FLq- z.

| ,3-

l,i-
1 

'i2þ
Koe1

2

Figrure 2 ir'lustrates the resur-ts frcrn an anaryticar and TRÀTccrnputations [ 6 ] . The follo,ring input data were usedÀ = 0.14 w/nK. c^ = 550 kc/^3, c"'-_ = o.l w/n3x, .JJa 1.4.10*2,2s and {t,'= Y.0.,:ti *r"."tå." space sreps in TRATM.
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A field experiment under natural clj¡nate conditions has been

carried out in orOer to verify the validity ofTRATMO' The

waII constn¡ction from outside to inside was:

4.2 Aòsuracv of TRATMO ccrnpard with a field experirrent

i)
ii)
iii)
iv)
v)
vi)

0.@
2ao 160

Íl€ ldl
¿ûo

0
t ougúl
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¡bisture conditions i¡r a timber wall with wi¡td c-over

of erçanded PolYstyrene.

uwood

ttrì

0,t0

rã¡

Fig. 3
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