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Les a u t e u r s  p re sen t en t  un modele math6matique bas6 s u r  des  
exp re s s ions  empir iques des  f l u x  de  cha l eu r  e t  d 'humidi te  e t  
s e r v a n t  3 d g c r i r e  l e  t r a n s p o r t  s imultan6 de cha l eu r  et 
d 'humidi te  dans l ' i s o l a n t  de f i b r e  de verre .  11s u t i l i s e n t  
e n s u i t e  l a  mgthode des  d i f f g r e n c e s  f i n i e s  pour ana lyse r  les 
processus de t r a n s p o r t .  Ce r t a ines  d e s  p r e v i s i o n s  e t a b l i e s  l o r s  
de l ' a n a l y s e  son t  compar6es aux mesures en  l a b o r a t o i r e .  



ANALYSIS OF SIMULTANEOUS HEAT AND MOISTURE TRANSPORT THROUGH 
GLASS FIBRE INSULATION 

M. K. Kumaran and G. P. Mitalas 
Institute for Research in Construction 
National Research Council Canada 

Ottawa, Ontario, Canada 

ABSTRACT 

A mathematical model based on empirical 
expressions for heat and moisture fluxes is presented 
to describe simultaneous heat and moisture transport 
through glass fibre insulation. A finite difference 
method is subsequently used to analyse the transport 
processes. Some of the predictions from the analysis 
are compared with laboratory measurements. 

NOMENCLATURE 

C = heat capacity of water 
H = enthalpy of water 
AH = enthalpy of vapourisation 
I = rate of generation 
j = number of slices 
J = flux 
K(T) = apparent thermal conductivity 
K = empirical coefficients 
m = mass of moisture 
p = water vapour pressure 
q = quantity of heat 
Q = measured heat flux 
t =time 
T = temperature 
u = volume element 
x = distance 

Subscripts 
C = cold surface 
H = hot surface 
m = moisture 
q = heat 
$ entity transported 

INTRODUCTION 

Heat and mass transport processes are 
conventionally described using mathematical models 
based on conservation principles. For a control volume 
u in the medium through which any entity $ is 
transported, the conservation of $ in u at any instant 
t is written as [I], 

Rate of entry 
Rate of of g into u Rate of 
storage of = through all + generation (1) 
f3 in u the bounding of g in u 

surf aces 

or symbolically, 

* = div Jg + Ip 
dt 

( 2 )  

where Ja is the flux of $ and I@ is the rate of 
generation of g. For a one dimensional transport 
process in the direction x, at any point in the medium. 
equation (2) reduces to 

A major practical difficulty in the application of 
equation (3) is to define J unambiguously. 
Traditionally, well known paenomenological laws such as 
Fourier's law, Fick's law and Darcy's law are used to 
define J . But that leads to the formidable task of 
determinyng the dependence of the transport 
coefficients on the driving potentials defined by the 
phenomenological laws. A survey of literature on 
simultaneous heat and moisture transport shows that 
very little information exists on the above transport 
coefficients of building materials that are currently 
used. This paper describes a method that overcomes the 
above difficulty and analyses simultaneous heat and 
moisture transport through glass fibre insulation, one 
of the most commonly used thermal insulations in 
buildings. 

It was recently shown [2] that for a specimen of 
glass fibre insulation. for a range of experimental 
conditions that represent practical building 
situations, the moisture flux J, in the presence of a 
thermal gradient dT/dx is well represented by the 
empirical expression 



where dp/dx i s  t h e  vapour p r e s s u r e  g r a d i e n t  t h a t  
corresponds  t o  dT/dx and K1 and K2 a r e  two m a t e r i a l  
c h a r a c t e r i s t i c s .  For s i m i l a r  expe r imen ta l  c o n d i t i o n s  
a s  above, i t  i s  a l s o  w e l l  e s t a b l i s h e d  t h a t  t h e  h e a t  
f l u x  J through a  d r y  the rma l  i n s u l a t i o n  i s  r e p r e s e n t e d  

9  by t h e  e m p i r i c a l  e x p r e s s i o n  

where t h e  appa ren t  thermal  c o n d u c t i v i t y  K(T), a t  any 
tempera ture  T  i s  g iven  by 

and K 3  and K4 a r e  aga in  two m a t e r i a l  c h a r a c t e r i s t i c s .  
Empir ica l  r e l a t i o n s  such a s  (4 )  and ( 6 )  unambiguously 
d e f i n e  f l u x e s  i n  e q u a t i o n  ( 3 )  f o r  t h e  range of 
expe r imen ta l  c o n d i t i o n s  s e l e c t e d  and l e a d  t o  t h e  
fo l lowing  mathemat ica l  model f o r  s imul taneous  h e a t  and 
moi s tu re  t r a n s p o r t  through g l a s s  f i b r e  i n s u l a t i o n .  

THE MATHEMATICAL MODEL 

From equa t ions  ( 3 )  and ( 4 ) ,  t h e  conse rva t ion  
e q u a t i o n  f o r  t h e  mo i s tu re  t r a n s f e r  i s  

where m i s  t h e  mass of mo i s tu re  and Im is t h e  r a t e  of 
g e n e r a t i o n  of mois ture .  A l l  t h e  m a t e r i a l s  chosen f o r  
t h e  p r e s e n t  i n v e s t i g a t i o n  a r e  non-hygroscopic and hence 
Im i s  assumed t o  be n e g l i g i b l e .  

S i m i l a r l y ,  from e q u a t i o n s  ( 3 ) .  ( 5 )  and ( 6 ) ,  t h e  
conse rva t ion  e q u a t i o n  f o r  h e a t  t r a n s f e r  is 

where q  is  t h e  q u a n t i t y  of h e a t  and Iq is  t h e  r a t e  of 
h e a t  genera ted .  It was shown [ 2 ]  t h a t  d u r i n g  t h e  
p roces s  s e l e c t e d  f o r  t h e  p re sen t  i n v e s t i g a t i o n ,  wa te r  
is  t r a n s p o r t e d  through t h e  medium, under  t h e  i n f l u e n c e  
of a  t empera tu re  g r a d i e n t ,  predominantly by 
v a p o r i z a t i o n  a t  h i g h e r  tempera ture ,  vapour d i f f u s i o n  
and subsequent  condensat ion  a t  lower tempera ture .  
Hence I i n  equa t ion  ( 8 )  i s  g iven by 

q  

where AH is  t h e  en tha lpy  of v a p o r i z a t i o n  and C  i s  t h e  
h e a t  c a p a c i t y  of water .  

MATERIALS, EXPERIMENTAL METHOD AND RESULTS 

The fo l lowing  f o u r  specimens of g l a s s  f i b r e  
insula t i0n ' 'were  used f o r  t h e  expe r imen ta l  
i n v e s t i g a t i o n s :  

Specimen I: 58.8 cm x 58.5 cm s l a b  w i t h  5.5 cm 
t h i c k n e s s  and a  bulk  d e n s i t y  o f  
30 kg-m-3 

Specimen 11: 58.5 cm x 58.5 cm s l a b  w i t h  5.1 cm 
t h i c k n e s s  and a  bulk  d e n s i t y  of 
66 kg*m-3 

Specimen 111: 58.0 cm x 58.1 cm s l a b  w i t h  5.5 cm 
t h i c k n e s s  and a  bulk  d e n s i t y  of 
117 k g . f 3  

Specimen I V :  S i x  58.0 cm x 58.0 cm s l i c e s  t h a t  form a  
s l a b  of t h i c k n e s s  15.4 cm w i t h  a  bu lk  
d e n s i t y  of 45 kg-m-3 

A  60 cm x 60 cm h e a t  f l ow meter appa ra tus  was used 
t o  moni tor  t h e  h e a t  f l u x  a s  a  f u n c t i o n  of t ime f o r  t h e  
h e a t  and moi s tu re  t r a n s p o r t  p roces s  r e p r e s e n t e d  by 
F i g u r e  I. Measurements were done on a l l  t h e  f o u r  
specimens a t  f i v e  o r  s i x  p a i r s  of h o t  s u r f a c e  
tempera ture  TH and c o l d  s u r f a c e  t empera tu re  TC. The 
d e t a i l s  of t h e  expe r imen ta l  measurements have been 
r epo r t ed  e a r l i e r  [2].* 

The h e a t  f l u x  f o r  t h e  p roces s  r e p r e s e n t e d  by 
F igu re  1 showed t h e  g e n e r a l  c h a r a c t e r i s t i c  a s  i n  
F i g u r e  2; t h e  r eg ion  BC was always a  w e l l  d e f i n e d  
i n i t i a l  s t e a d y  s t a t e ,  fo l lowed by t h e  t r a n s i e n t  s t a t e  
s i m i l a r  t o  t h e  r eg ion  CD and t h e  sys tem t h e n  
e s t a b l i s h e d  t h e  w e l l  d e f i n e d  f i n a l  s t e a d y  s t a t e  DE. 
The p roces ses  t h a t  occur  i n  t h e  above t h r e e  r e g i o n s  
have been i d e n t i f i e d  [ 2 ]  a s  fo l lows :  

BC - s imul taneous  h e a t  and mois ture  t r a n s p o r t  a t  a  
s t e a d y  r a t e ,  

CD - mois tu re  be ing  p r o g r e s s i v e l y  vanished f rom 
h o t  t o  co ld  s u r f a c e ,  and 

DE - h e a t  t r a n s p o r t  a t  a  s t eady  r a t e .  

W A T E R ' .  

I N I T I A L  S T A T E  F I N A L  S T A T E  

Fig.  1 Schematic r e p r e s e n t a t i o n  of t h e  s imul taneous  
h e a t  and moi s tu re  t r a n s f e r  i n v e s t i g a t e d ;  TH is  
t h e  h o t  s u r f a c e  tempera ture  and TC i s  t h e  c o l d  
s u r f a c e  tempera ture .  The t h i c k n e s s  of t h e  
wa te r  l a y e r  i s  approximate ly  0.25 mm. 

4 I 
T I M E  

Fig. 2 His to ry  of ave rage  h e a t  f l u x  du r ing  t h e  p roces s  
r ep re sen ted  by F i g u r e  1 ;  Q1 and Q 2  a r e  t h e  h e a t  
f l u x e s  du r ing  t h e  i n i t i a l  and f i n a l  s t e a d y  
s t a t e s ,  r e s p e c t i v e l y .  

*For specimen I V  t h e  t empera tu re  a t  each  of t h e  
i n t e r f a c e s  of t h e  s i x  l a y e r s  was a l s o  monitored d u r i n g  
t h e  t r a n s p o r t  process .  



TABLE 1. Exper imenta l  d a t a  o n  t h e  f o u r  specimens; TH corresponding s a t u r a t e d  w a t e r  vapour p r e s s u r e s .  Thus 
is  t h e  h o t  s u r f a c e  t empera tu re ,  TC i s  t h e  c o l d  s u r f a c e  t h e  m o i s t u r e  f l u x ,  Jm, i n  e q u a t i o n  ( 4 )  i s  e x c l u s i v e l y  
tempera ture ,  Q1 and Q2 a r e  h e a t  f l u x e s  a t  i n i t i a l  and wa te r  vapour f l u x  and i s  c a l c u l a t e d  f o r  each  p a i r  o f  TH 
f i n a l  s t e a d y  s t a t e s  and p is  t h e  d e n s i t y  of t h e  and TC from t h e  thermodynamic r e l a t i o n  
specimen. 

Specimen THI0C TCI0C Q ~ / w * ~ - ~  Q ~ / w * ~ - ~  
J m  = (9, - Q ~ ) / ( A H  + (HH - HC)) 

34.72 13.75 39.6 13.9 
Specimen I 39.75 13.94 53.8 17.4 

44.18 14.15 67.9 20.6 
p = 30 kg*m-3 48.67 14.36 84.2 23.7 

53.09 14.55 102.8 27.0 

Where Q1 and Q2 a r e  r e s p e c t i v e l y  t h e  h e a t  f l u x e s  i n  t h e  
r e g i o n s  BC and DE i n  F i g u r e  2, AH i s  t h e  ave rage  
en tha lpy  of v a p o u r i s a t i o n  f o r  t h e  t empera tu re  range TH 
t o  TC, and HH and HC a r e  t h e  e n t h a l p y  of wa te r  a t  TH 
and TC, r e s p e c t i v e l y .  The c o n s t a n t s  K1 and K2 f o r  t h e  
specimens,  c a l c u l a t e d  from a  subsequent  l ea s t - squa re s  
a n a l y s i s ,  a r e  g iven  i n  Table 2; t h e  c o n s t a n t s  K3 and K4 

30.65 13.55 30.7 11.1 
34.61 13.69 

i n  e q u a t i o n  ( 6 )  were determined by a  l i n e a r  
Specimen I1 39.6 13.6 l e a s t - s q u a r e s  a n a l y s i s  of t h e  appa ren t  thermal  

37.45 13.85 47.6 15.4 c o n d u c t i v i t i e s  of e a c h  of t h e  d r y  specimens a t  v a r i o u s  
p = 66 kg*mm3 40.19 14.04 55.4 17.3 mean t empera tu re s  and a l s o  a r e  g iven  i n  Table 2. 

42.82 14.10 63.4 18.9 
45.33 14.18 72.7 21.0 SOLUTION OF THE CONSERVATION EQUATIONS 

36.06 12.17 41.8 15.4 
Specimen I11 39.10 12.24 49.9 17.4 

41.88 12.34 57.4 19.1 
p = 117 kg-m-3 44.73 12.48 67.4 21.1 

47.45 12.58 76.8 22.8 
50.27 12.71 87.3 24.6 

36.38 11.69 17.9 5.9 
Specimen I V *  40.85 11.80 23.3 7.1 

45.56 11.82 29.9 8.6 
p = 45 kg*m-3 50.04 11.85 37.2 9.6 

53.41 11.90 43.9 10.4 

*he amount of mo i s tu re  used w i t h  specimen I V  v a r i e d  
from 150 g  t o  75 g  whereas w i t h  t h e  o t h e r  t h r e e  
specimens i t  was approximate ly  100 g. 

The expe r imen ta l  r e s u l t s  on a l l  t h e  f o u r  specimens a r e  
summarized i n  Tab le  1. The r e s u l t s  were ana lysed ,  i n  
terms of t h e  thermodynamic model r epo r t ed  e a r l i e r  [ 2 ] ,  
t o  a r r i v e  a t  t h e  m a t e r i a l  c h a r a c t e r i s t i c s  K1 and K2  i n  
equa t ion  ( 4 )  f o r  each of t h e  specimens. The above 
model assumes t h a t  t h e  m o i s t u r e  t r a n s p o r t  through t h e  
specimens is  r ep re sen ted  by t h e  thermodynamic p roces s ,  

For t h e  mathemat ica l  a n a l y s i s  of s imu l t aneous  h e a t  
and moi s tu re  t r a n s p o r t  through t h e  t e s t  specimens ,  t h e  
conse rva t ion  e q u a t i o n s  ( 7 )  and ( 8 )  a r e  so lved  
numer i ca l ly  a s  o u t l i n e d  i n  Appendix A. The specimen i s  
t r e a t e d  a s  formed by a  number j of s l i c e s  of t h i c k n e s s  
Ax each. Equat ions  ( 7 )  and ( 8 )  a r e  t hen  w r i t t e n  f o r  
t h e  f i n i t e  increment  Ax i n  t h i c k n e s s  and f o r  a  f i n i t e  
increment A t  i n  time. It was found t h a t  a  combinat ion  
of Ax = 2 mm and A t  = 10 s and o f  Ax = 5 mm and 
A t  = 10 s were s u i t a b l e  f o r  a l l  t h e  c a l c u l a t i o n s  done 
on specimens I t o  111 and specimen I V  r e s p e c t i v e l y  - 
s u i t a b l e  i n  t e rms  o f  computer t ime a s  w e l l  a s  d e s i r e d  
p r e c i s i o n  of t h e  c a l c u l a t e d  r e s u l t s .  

DISCUSSION 

The f i n i t e  d i f f e r e n c e  method o u t l i n e d  i n  
Appendix A was used t o  c a l c u l a t e  t h e  d a t a  shown i n  
F igu res  3a and 4a. The corresponding expe r imen ta l  d a t a  
a r e  p l o t t e d  i n  F i g u r e s  3b and 4b, r e s p e c t i v e l y .  Except 
f o r  t h e  s h a r p  b reak  i n  t h e  h e a t  f l u x  cu rves  a t  t h e  
complet ion  of t h e  i n i t i a l  s t e a d y  s t a t e ,  t h e  s e t s  o f  
cu rves  i n  F igu res  3a and 3b a r e  p r a c t i c a l l y  i d e n t i c a l ;  
t h e  h e a t  f l u x e s  a t  t h e  i n i t i a l  s t e a d y  s t a t e s .  t h e  
d u r a t i o n  of t h e  i n i t i a l  s t e a d y  s t a t e s  and t h e  d u r a t i o n  

Vapour t r a n s p o r t  through of t h e  t r a n s i e n t  s t a t e  between t h e  i n i t i a l  and f i n a l  * 
s t e a d y  s t a t e s  a r e  w e l l  reproduced. The smooth 

Vapour (TH, pH) t h e  specimen Vapour (TC, pC) 

t 
expe r imen ta l  c u r v e s  s u g g e s t  t h a t  t h e  non-hygroscopic 
n a t u r e  of t h e  m a t e r i a l ,  assumed f o r  t h e  c a l c u l a t i o n s  i s  

Vapour isa t ion  Condensation an  approximation.  It i s  t o  b e  expec ted  t h a t  r e a l  
m a t e r i a l s ,  depending on t h e i r  a b i l i t y  t o  r e t a i n  

Water (TH, pH) Water (TC, pC) moi s tu re  w i l l  d e v i a t e  from t h e  behaviour  c a l c u l a t e d  

where TH and T a r e  t h e  h o t  and c o l d  s u r f a c e  
t empera tu re s  o f  t h e  specimen and pH and pC a r e  t h e  

acco rd ing  t o  t h e  model p r e s e n t e d  i n  t h i s  paper .  
The above c a l c u l a t i o n s  were  r e p e a t e d  f o r  a l l  t h e  

t e s t  specimens f o r  a l l  t h e  boundary c o n d i t i o n s  chosen 

TABLE 2. The m a t e r i a l  c h a r a c t e r i s t i c s  K1, K2, K 3  and K4, g i v e n  by e q u a t i o n s  ( 4 )  
and (61,  f o r  t h e  f o u r  specimens. 

Specimen expe r imen ta l  a d j u s t e d  K ~ / w * ~ - ~ - K - ~  K , + / w * ~ - ~ - K - ~  

S p e c i m e n 1  1 . 1 7 ~  1 . 2 3 ~  4 . 2 1 ~ 1 0 - ~  -1.450 x  1.70 x  

Specimen I1 1.05 x 1.13 x  5.58 x  2.162 x  10-3 1.01 x  lo-b 

Specimen I11 1.15 x  10-7 1.18 x  2.17 x  10-6 9.903 x  10-3 8.6 x  10-5 

Specimen I V  1.44 x  10-7 1.54 x  1.68 x  10-6 -7.546 x  10-3 1.48 x  1 0 4  
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Fig. 3  Hi s to ry  of h e a t  f l u x  through Specimen I1 f o r  
t h r e e  d i f f e r e n t  boundary c o n d i t i o n s  
( a )  c a l c u l a t e d  u s i n g  t h e  f i n i t e  d i f f e r e n c e  

method 
( b )  expe r imen ta l  r e s u l t s  

f o r  t h e  experiments.  The c a l c u l a t e d  v a l u e s  of t h e  h e a t  
f l u x e s  a t  t h e  i n i t i a l  s t e a d y  s t a t e s  and t h e  d e v i a t i o n s  
from t h e  expe r imen ta l  v a l u e s  a r e  g iven  i n  Table 3. The 
f i n a l  s t eady  s t a t e s  correspond t o  h e a t  t r a n s f e r  through 
d ry  m a t e r i a l  and a r e  e x a c t l y  r ep resen ted  by t h e  model 
by u s i n g  on ly  t h e  thermal  c o n d u c t i v i t i e s  g iven  by 
equa t ion  (6) .  

The magnitude of t h e  h e a t  f l u x e s  i s  ve ry  s e n s i t i v e  
t o  t h e  va lue  of K i n  equa t ion  ( 4 ) ;  t h e  exper imenta l  
va lues  f o r  K de r ived  by t h e  method desc r ibed  i n  
r e fe rence  [ 2 f  and were a d j u s t e d ,  w i t h i n  t h e  l i m i t s  of 
t h e  u n c e r t a i n t y  determined by t h e  i n i t i a l  l ea s t - squa res  
a n a l y s i s  [ 2 ] ,  t o  a r r i v e  a t  b e s t  va lues  t o  r e p r e s e n t  t h e  
behaviour  of each  specimen f o r  t h e  range of 
exper imenta l  c o n d i t i o n s  chosen. The a d j u s t e d  v a l u e s  
a r e  g iven  i n  Table  2. Table  3  shows t h a t  one s e t  of 
m a t e r i a l  c h a r a c t e r i s t i c s  KI, Kp, Kg and K q ,  independent 
of t h e  boundary c o n d i t i o n s  and d r i v i n g  f o r c e s ,  
d e s c r i b e s  t h e  s imul taneous  h e a t  and mois ture  t r a n s p o r t  
through each  t e s t  specimen. 

Comparison of F igures  4a and 4b adds  f u r t h e r  
conf idence on t h e  method desc r ibed  i n  t h i s  paper.  To 
g e n e r a t e  t h e  cu rves  i n  F igure  4a only  t h e  boundary 
cond i t ions  and t h e  m a t e r i a l  c h a r a c t e r i s t i c s  were used. 
The v a r i a t i o n  of temperature  d u r i n g  t h e  s imul taneous  
h e a t  and moi s tu re  t r a n s p o r t ,  a t  d i f f e r e n t  l o c a t i o n s  
w i t h i n  t h e  s l a b ,  i s  w e l l  p r e d i c t e d  by t h e  method a s  i s  
demonstrated by t h e  expe r imen ta l ly  gene ra t ed  cu rves  i n  
F igure  4b, i n  a l l  t h e i r  d e t a i l s ,  p a r t i c u l a r l y  t h e  d rop  
i n  temperature  a t  t h e  completion of t h e  s t e a d y  s t a t e  
followed by an  i n c r e a s e  i n  temperature  a s  t h e  movement 

Fig.  4  V a r i a t i o n  of temperature  a t  d i f f e r e n t  l o c a t i o n s  
i n  Specimen I V  f o r  boundary c o n d i t i o n s ,  

= 53.41°C and TC = 11.90°C 2) c a l c u l a t e d  u s i n g  t h e  f i n i t e  d i f f e r e n c e  
method 

( b )  exper imenta l  r e s u l t s  

of moi s tu re  s t o p s  a t  t h a t  l oca t ion .  The i n s t a n t  a t  
which t h i s  r e v e r s a l  of temperature  change occur s  a t  
d i f f e r e n t  l o c a t i o n s  w i t h i n  t h e  s l a b  a r e  a l s o  w e l l  
p r e d i c t e d  by t h e  model. 

CONCLUSIONS 

I n  p r a c t i c a l  b u i l d i n g  s i t u a t i o n s  w i t h i n  t h e  l i m i t s  
o f  t h e  boundary c o n d i t i o n s  chosen f o r  t h e  exper iments ,  
t h e  s imul taneous  h e a t  and moi s tu re  t r a n s p o r t  through 
nowhygroscopic  g l a s s  f i b r e  i n s u l a t i o n  can  be p r e d i c t e d  
u s i n g  f o u r  m a t e r i a l  p r o p e r t i e s .  These p r o p e r t i e s  a r e  
independent of  t h e  boundary c o n d i t i o n s  and t h e  
d i s t r i b u t i o n  of moisture.  Th i s  is  an  advantage 
ove r  t h e  t r a d i t i o n a l  method where t h e  concept  of 
" e f f e c t i v e  thermal  conduc t iv i ty"  of  mois t  thermal  
i n s u l a t i o n s  i s  used. The above q u a n t i t y  i s  n o t  a  
m a t e r i a l  p rope r ty  i n  t h e  s e n s e  t h a t  it depends on t h e  
boundary c o n d i t i o n s  a s  w e l l  a s  on t h e  moi s tu re  
d i s t r i b u t i o n .  

The c a l c u l a t i o n s  used t o  g e n e r a t e  t h e  d a t a  on 
temperature ,  shown i n  F igure  4a,  could  be used t o  
g e n e r a t e  p a r a l l e l  d a t a  on vapour p r e s s u r e  and moi s tu re  
con ten t  a t  v a r i o u s  loca t ions .  F u r t h e r  exper imenta l  
i n v e s t i g a t i o n s  a r e  d e s i r a b l e  t o  check t h e  a p p l i c a b i l i t y  
of t h e  p r e s e n t  approach. 

The approach d i scussed  i n  t h i s  pape r  p rov ides  a  
b a s i s  f o r  f u r t h e r  r e s e a r c h  on h e a t  and mois ture  
t r a n s p o r t  through hygroscopic  b u i l d i n g  m a t e r i a l s .  
Appropr ia te  e m p i r i c a l  expres s ions  w i l l  have t o  be 



TABLE 3. The h e a t  f l u x  Q1 du r ing  t h e  i n i t i a l  s t eady  
s t a t e s  a s  c a l c u l a t e d  us ing  t h e  f i n i t e  d i f f e r e n c e  
method; TH t h e  ho t  s u r f a c e  temperature  and TC t h e  c o l d  
s u r f a c e  temperature  a r e  i n  t h e  same o r d e r  a s  i n  
Table 1; AQ i s  t h e  d i f f e r e n c e  Q1 (measured) - Q1 
( ca lcu la ted ) .  

Specimen Q~ A Q ( w * ~ - ~ )  

39.3 0.3 
39.6 0.0 

Specimen I 53.3 0.5 
67.5 0.4 
84.2 0.0 

103.5 -0.7 

30.9 -0.2 
40.3 -0.6 

Specimen I1 47.8 -0.2 
55.6 -0.2 
64.0 -0.6 
72.7 0.0 

41.8 0.0 
49.7 0.1 

Specimen 111 57.6 -0.2 
66.6 0.7 
76.0 0.8 
86.7 0.7 

18.0 -0.1 
23.2 0.1 

Specimen I V  29.7 0.2 
37.1 0.1 
43.5 0.4 

developed t o  d e f i n e  t h e  mois ture  genera t ion  term t h a t  
appears  i n  t h e  mois ture  conse rva t ion  equat ion.  
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APPENDIX A NUMERICAL SOLUTION OF THE CONSERVATION 
EQUATIONS 

The conservat ion equa t ions  ( 7 )  and ( 8 )  can  be 
approximated by a  s e t  of f i n i t e  d i f f e r e n c e  equa t ions  i n  
terms of increments Ax and A t  i n  th i ckness  and time 
respec t ive ly .  Thus a t  a  g iven  i n s t a n t  t ,  temperatures ,  
vapour p ressu res ,  hea t  and mois ture  f l u x e s  and hea t  and 
mois ture  s t o r a g e s  can be  r e l a t e d  by t h e  ma t r ix  
equat ions ,  

and 

where [ T I ,  I P I ,  111 and ] G I  a r e  column mat r i ces  w i t h  
J-1 e lements  and I B I , I C  I  and I D  I a r e  square  
ma t r i ces  of ~ - 1 ' ~  o r d e r ,  

J = L/Ax, t h e  number of s l i c e s  t h a t  makes up t h e  
specimen w i t h  J-1 i n t e r f a c e s  between t h e  
s l i c e s .  

L = specimen th ickness  
Ax = s l i c e  th ickness .  

The elements of t h e  ma t r i ces  a r e  t h e  fol lowing:  

T. = temperature a t  t h e  i n t e r f a c e  of s l i c e s  j 
and j + l  

P  = vapour p r e s s u r e  a t  t h e  above i n t e r f a c e ,  
j c a l c u l a t e d  from t h e  equation* 

B j , j - l  = b j  and 

where, 

b j  = thermal  conductance of s l i c e  j c a l c u l a t e d  
us ing  equa t ion  (6) .  

A l l  o t h e r  elements of ~ B I  = 0 

*equation v a l i d  f o r  t h e  range 273.1513 < Tj < 330K 



where K1 and K p  a r e  t h e  m a t e r i a l  c h a r a c t e r i s t i c s  
de f ined  by equa t ion  (4 ) .  

A l l  o t h e r  e lements  i n  I c I  and I D I  a r e  a l s o  e q u a l  t o  
zero. 

G j  = AMj,  excep t  G1 and GJ-l 

AMj = Change i n  moi s tu re  f low a t  t h e  i n t e r f a c e  
of s l i c e s  j and j + l  

The boundary cond i t ions  a r e  de f ined  by t h e  h o t  and c o l d  
s u r f a c e  temperatures  TH and TC and t h e  corresponding 
vapour p r e s s u r e s  PH and PC and hence G a t  t h e  f i r s t  
and l a s t  i n t e r f a c e s  become j 

and 

I t h e  change i n  t h e  h e a t  f low a t  t h e  i n t e r f a c e  of 
s l i c e s  j and j + l  i s  d e f i n e d  by 

except  I1 and IJ-l which i n c o r p o r a t e  boundary 
temperatures  a s  

I1 = I l l  + IZ1 + 131 - THbl and (16 )  

where 

and AHj i s  t h e  en tha lpy  of vapour i za t ion  a t  T , 
c a l c u l a t e d  by d i f f e r e n t i a t i n g  equa t ion  (12)  ~ 4 t h  
r e s p e c t  t o  temperature  and s u b s t i t u t i n g  f o r  t h e  
d e r i v a t i v e  dp/dT i n  Clausius-Clapeyron equa t ion  f o r  
wa te r  t o  w a t e r  vapour t r a n s i t i o n .  IZj i s  t h e  change i n  
h e a t  s t o r e d  i n  water  and t h e  s l i c e  a t  j de f ined  a s  

IZj  = (T j  - Tj)  (Mlj Cm + o*Co) (18 )  

where T3 is t h e  temperature  a t  t ime t - A t ,  M i j  i s  t h e  
moi s tu re  s t o r e d  a t  j, o is  t h e  mass of t h e  s l i c e  of 
i n s u l a t i o n ,  Cm is  t h e  s p e c i f i c  h e a t  of wa te r  and C 
t h a t  of t h e  i n s u l a t i o n .  The q u a n t i t y  13j i s  t h e  c?tange 
i n  t h e  amount of h e a t  c a r r i e d  by water  vapour t h a t  
f lows through t h e  specimen and i s  d e f i n e d  a s  

where Cv i s  t h e  s p e c i f i c  h e a t  of water  vapour and M j  i s  
t h e  wa te r  vapour f low c a l c u l a t e d  accord ing  t o  
equa t ion  ( 4 )  a s  

assumed t o  be  v a l i d  even a t  vapour p r e s s u r e s  lower than  
s a t u r a t i o n  vapour p r e s s u r e s  and P is  c a l c u l a t e d  wi th  

j 
G s e t  e q u a l  t o  z e r o  ( i .e . ,  no evapora t ion  o r  1 condensat ion) .  I n  doing s o ,  a  s i t u a t i o n  analogous t o  
t h e  thermal d i f f u s i o n  of a  g a s  is  considered.  
C a l c u l a t i o n s  show t h a t ,  a t  l o c a t i o n s  where s a t u r a t i o n  
cond i t ions  do n o t  e x i s t ,  ma in ta in ing  vapour p r e s s u r e  
equa l  t o  PC has  i n s i g n i f i c a n t  e f f e c t  on t h e  r e s u l t s .  

The s o l u t i o n  of t h e  above equa t ions  i s  achieved by 
two s e t s  of i t e r a t i v e  procedures ,  one ope ra t ing  w i t h i n  
t h e  o the r .  The mathematical t echn ique  a l s o  u t i l i z e s  a  
ma t r ix  i n v e r s i o n  procedure.  The main i t e r a t i v e  
procedure  c a l c u l a t e s  ] B I  from ( T I  and i t  incorporates 
the second i t e r a t i v e  procedure  t h a t  c a l c u l a t e a  I T  
P ar tllae t f o r  e g i v e n  IB(. For t h e  l a t t e r  sel tyd 

lt!rarions, t h e  temperature  Tnj for t h e  nth c y c l e  is 
updated by 

where 

T = temperature  c a l c u l a t e d  a t  t h e  l a t e s t  s t a g e  of 
j i t e r a t i o n ,  

Tj  = temperature  c a l c u l a t e d  a t  t h e  p rev ious  s t a g e  
and 

F < 1.0. 

The p resen t  c a l c u l a t i o n s  i n d i c a t e  t h a t  F = 0.1, i n  
most cases ,  g i v e s  a  s t a b l e  and r a p i d  convergence. 
These i t e r a t i v e  c a l c u l a t i o n s  a r e  terminated when 
ER > 0.01 

where 

The r e l a t i v e l y  low va lue  of ER used i n  t h e  p resen t  
c a l c u l a t i o n s  d i d  n o t  s i g n i f i c a n t l y  a f f e c t  t h e  
computation time. 

The purpose of t h e  main i t e r a t i v e  procedure  i s  t o  
update  t h e  ( B I .  This had t o  be r epea ted  only  t h r e e  
t imes  because f o r  t h e  range of temperature  s e l e c t e d  f o r  I 
t h e  p resen t  i n v e s t i g a t i o n ,  t h e  thermal conductances,  
b ' s ,  a r e  only  weak f u n c t i o n s  of temperature.  

The i n i t i a l  and boundary cond i t ions  imposed f o r  
t h e  exper iments  a r e  approximated f o r  t h e  c a l c u l a t i o n s  
a s  fo l lows.  The temperatures  a t  a l l  t h e  i n t e r f a c e s  a r e  
s e t  equa l  t o  TC, t h e  c o l d  s u r f a c e  temperature ,  t h e  
vapour p r e s s u r e s  a r e  s e t  equa l  t o  PC, t h e  s a t u r a t i o n  
vapour p r e s s u r e  a t  TC and t h e  mois ture  s t o r a g e  
everywhere is s e t  equa l  t o  zero.  Then a t  t = 0, t h e  
temperature ,  vapour p r e s s u r e  and t h e  moi s tu re  s t o r a g e  
a t  i n t e r f a c e  1 a r e  s e t  e q u a l  t o  TH, t h e  h o t  s u r f a c e  
temperature ,  pH, t h e  corresponding s a t u r a t e d  vapour 
p r e s s u r e  and t h e  t o t a l  amount of moi s tu re  in t roduced  
i n t o  t h e  specimen. The co ld  s u r f a c e  temperature ,  TC 
and t h e  corresponding s a t u r a t e d  water  vapour p res su re ,  
PC, a r e  maintained c o n s t a n t  a t  a l l  t imes.  

A t  any i n s t a n t  and a t  any i n t e r f a c e ,  s a t u r a t i o n  
c o n d i t i o n s  may o r  may n o t  e x i s t .  I f  l i q u i d  wa te r  i s  
; resent  ( i .e .  M C 0) o r  i f  temperature  and vapour 
p r e s s u r e  c o n d i t i o n s  a r e  such t h a t  wa te r  vapour 
condenses,  t hen  s a t u r a t i o n  c o n d i t i o n s  e x i s t  and i t  i s  
assumed t h a t  a t  such l o c a t i o n s  equa t ion  (12) i s  v a l i d .  
Otherwise,  f o r  t h e  sake  of cons i s t ency ,  equa t ion  ( 4 )  is  
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