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SUMMARY
The implication of the thermal conductivity of a moist porous material was investigated by the equations

of the simultaneous transfer of heat and moisture. As typical measuring methods, the steady
State method and the periodic method were analysed and the thermal conductivities were measured
by the periodic method.

RESUME
La conductivite thermique de materiaux de construction poreux et humides a ete etudiee ä l'aide des

equations du transfert simultane de chaleur et d'humidite. Les methodes habituelles ont ete etudiees
c-ä-d la methode statique et la methode periodique. Les conductivites thermiques ont ete mesurees ä

l'aide de la methode periodique.

ZUSAMMENFASSUNG
Die Wärmeleitfähigkeit feuchter poröser Stoffe wurde mit Hilfe der Gleichungen der gekoppelten
Wärme- und Feuchteübertragung untersucht. Als typische Messmethoden wurden die stationären und
instationär-periodischen Verfahren analysiert. Die Wärmeleitfähigkeiten wurden mit dem
letztgenannten Verfahren gemessen
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1. IOTHDDUCTION

Up to the present, many theories of heat and moisture transfer in the porous
materials have been proposed in the fields of soil science, dry engineering and
building engineering. Moreover these theories have been examined on the adequancy
of the modeis by the comparison with the experimental results. But it has been
seen that the theory of heat and moisture transfer had never been established
completely because of the complexity of transfer mechanism and the difficulty
of deterrnination of transfer coefficients and of Performance of detail experiments.

Especialy as the process of condensation and evapolation, the theory of
heat and moisture transfer in the wide region of moisture content in which vapour
and liquid water transfer existed together have been studied in recent years.

Our purpose in this paper is to establish the theory which can predict the
process of condensation. So, the experiments performed under the various conditions

were considerably exact, and all the transfer coefficient involved in the
theory was determined in detail.

2. THBORv.

The theory examined in this paper is that arranged by M.Matsumoto in 1967 [1].
It was assumed in the theory that the porous materials were composed of the parts
in which vapour transferd (pore parts), and the other parts in which absorbed
and capillarily Condensed water transfered (substance parts).

Vapour flux in the pore parts is given in Eq.(1).

qv -kvVX (1)

Absorbed and capillarily Condensed water flux in the substance parts is given
in Eq. (2)

q« -HmV9 " Drx^T (2)

Heat flux in the material is given in Eq.(3).

qA= -AVT (3)

Then,getting the balance of the heat and moisture, the following equations
are obtained;
for vapour tr
for liquid water transfer,

for vapour transfer, ^ v. (kvVX) + a,s(x._ x) (4)

|| VYD^VB) -l V-(D„VT) -l-aJStX - XL) (5)

for heat transfer, C'Y'!£= V-UVT) + R(t[S(X - Xt) (6)

Here, considering ct^' °° (local equilibrium) the absorption isotherm is
XL= X g(6,T) (7)

Therefore from Eq. (4) (5) (7) the basic differential equation for moisture
transfer is expressed in Eq.(8).

(1 + Cy||)|| + (Cy|3)|T V.(D9Ve) + V-(DTVT) (8)

here'
De D9V + D8£= jV|3 + DM DT DTV+ DTJ! kvj| + DTX (9)

Similarly from Eq.(4), (6), (7), the basic differential equation for heat
transfer is expressed in Eq.(10).

(CV + RCYjf)^+ (RCYJf^ V'(AVT) + RV-(D,„V6 + D^TT) (10)



S. HOKOI - G. HORIE - T. IKEDA 545

Equation (8) (10) are the basic equations which we will examine in this paper.
The above basic equations might reduce to Philip and de Vries's equation if
getting Cy 0, and correspond with Luikov's equation if getting Cy 0 and
moreover e and X as constant [2,3], here

e
D,„Ve + D^T

AI
3t

(11)

3. EXPERIMENTS

We used the wood fibre board as the experimental material which was 10 cm square
and 8.5 nm depth. Vapour barrier was applied to one end the four sides of this
material.

As shown in Fig.l, the experimental apparatus is ccmposed with three parts.
The first part is the double walled cover, the second is the plate of the experimental

material and the third is the copper box in which the regulated water is
circulating to keep the copper surface of the box at the required temperature.
At each experiment, these parts were set and sealed tightly. The air temperature
in the cover was regulated by setting the experimental apparatus in the constant
temperature room. Also the humidity of air in this cover was kept constant by
the water Solution saturated with some salt. Temperature of the material surface
applied with vapour barrier was regulated by the copper surface of the box on
which the material put closely. Increase of vapour amount absorbed into the
material was obtained by the measurement of weight of the salt Solution. Moisture
distribution in the material was obtained by cutting the material into anall
pieces and weighting the mass immediately after the end of the experiment. Changing

process of the moisture distribution were obtained by varying the times of
experiments under the same condition.

First, all the experimental system was set at the same temperature and the
material in equilibrium condition. Next, the temperature of circulating water
was lowered to the point at which internal condensation could be attained.

The experimental conditions are shown together with the number of experiments
in table 1.

Balance

ffl

OO

Fan
LÄ

r__t

^5

Constant temprtature
room

Saturated salt
Solution

Experimental
material

Insulation

Ci rcula ting
watcr

Fig.l. Experimental apparatus

I35SB
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Table 1. Experimental conditions

Experi. Experi. Temp. Temp. Humidity Temp. Experi.
conrn cold in dew times

dition No air face air point
*C *C PH % X (kg/kg) •c Hour

A
1

2

18.6
18. d

5.4
5.U

54 .4
54 .4

7.3 7 -3„*io7.49
9.2
9.5

92
296

3 20.8 9.6 75.5 11.78 16.4 28

B
4 20.5 9.6 75.5 1 1 .54 16.1 48
5 20.5 9.6 7b. 5 1 1 .54 16.1 100
6 20.3 9.6 75.5 11.40 1 5.9 165
7» 20.8 9.e 75.5 11 .78 16.4 165

C
r

8 28.5 5.2 47.9 1 1 .98 16.7 68

* Measurement of the temperature distribution in the material

4. DETERMINATION OF THE TRANSFER COEFFICIENTS INVOLVED IN THE EQUATION

Transfer coefficients in Eq.(8),(10) are moisture conductivity Ds, thermal
moisture conductivity DT and heat conductivity A. Moreover, it is necessary to
separate moisture conductivities D9, DT into vapour and liquid components Dtv,
dmv Dry du respectively. We obtained all the transfer coefficients of our
experimental material as following.

4.1 Isothermal Moisture Conductivity D9 related to Moisture Gradients

Various methods of measuring De have been proposed. In our study, Dg was measured
by the steady State method.

One dimensional moisture flow in the assumed local equilibrium is

qv + qx
ae

'ax
3T

'ax (12)

Here, under the isothermal state,
Eq.(12) beccmes

q„=-D9g (13)

Therefore, De is obtained by measurement

of moisture flux qv and moisture
gradient a6/ax at steady state.
Measurements were performed under
four conditions as shown in Table 2.
The measuring results is shown in
Fig. 2.

The figure shows that by No 1,2,3,
De curve is obtained in the region
from 5 to 150% mass moisture Contents
and that there is distinct difference
on Ds curve of 9'C and 20'C in the
region from 10 to 60% mass moisture
contents.

4.2 Separation of Dj into vapour and
liquid components D9nr D S£

Separation of Dj into vapour and

Table 2. Measuring condition of D.

No Suction Surrounding
air

Moisture
flux

cm *C RH % l(P(q/cm2h)
1

2

3

4

122
48
85
52

22.5
20.0
20.0
9.0

4Ö.Ö
40.0
40.0
53.0

0.53
17.28
9.82
0 .80

x 10"

4.0

3.0 Mo.2

2-0

No.3NO.1

1.0
No

50 100 100
Moisture content (mass %)

Fig.2. Isothermal moisture conductivity
De of wood fibre board
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liquid components is very impotant and
necessary in the problem of the
simultaneous heat and moisture transfer.
So far, some methods of the Separation
have been tried, but we think that
these methods are imocmplete. So, in
our study, new method of the Separation
is considered.

That is, assuming that vapour and
liquid transfer respectively in according

with Stephan's low and Darcy's low
which is extended in unsaturated flcw,
the equations for vapour flow

Table 3. Changing ratio
due to temperature

Factor Temperature (*C)
9.0 15.0 20.0 23.0 30.0

fl(T)
f2(T)
f3(T)
f4(T)

1.94 2.94 4.11 4.99 7.78
1.31 1.52 1.71 1.82 2.11
1.9 1 2.90 4.05 4.94 7.80
1.33 1.57 1.78 1.91 2.24

q, -dot5^ sv;vjp

for liquid flow

q4 -JVKVY

can be obtained.
Here, the following relations exist.

(14)

(15)

Pv P« exPlRfl £">h

Y
2a

r ;«g
K EX jvg

(16)

(17)

(18)

xlO

3.0

B 2.0

1.0

50 100 150

Moisture content(mass %)

Fig.3. Isothermal moisture conductivity
De.EboDftt of wood fibre board (20 *C)Changing these transfer equations into

the transfer equations due to temperature
and moisture gradients, as it may be considered that .fvo only depends on

temperature, and h only depends on moisture contents, Eq.(14) becomes

P „ h 2o d ,l,n„qv=-o«^ßl^lvd-e(7)V9 p-rY ar
-%h VT

and Eq. (15)

^ -^krf2öfe(7)V0 2JV
£k -rrf — 3S + °^( — )]VTnrl JV dT dT f»

(19)

(20)

each coefficient in the reduced equations respectively correspond to Peir, DTi/-

Den and DT£ in Eq. (9) Some elements involved in these ooefficients depend only
on temperature, and the other elements depend only on moisture contents. Then,
De and DT are expressed in the next forms.

D6 Dev + D$i ~ D»; fi(T) + Ds; f2 (T) (21)

Dr DTV + Du DT; f3(T) + Dtx' f u(T) (22)

where f,,f2,f5 and f „ are the factors which change with temperature and DSv', Dw*,
Dtv° and D-n?are the factors which change with moisture contents. The changing rates
due to temperature in f.. - f+ are calculated and shcwn in Table 3. Comparing these
changing rates with the values of De obtained in the measurements No.1 (22.5 C),
No.4 (9.0°C), it was supposed that vapour transfer was dominant in the region
less than 45% mass moisture content and liquid transfer was dominant in the
region larger than 80% mass moisture contents. Then, it was indicated that vapour
and liquid flow existed together in the region from 45 to 80% mass moisture
contents. So, the Separation of De into Dev and Des. in this region was obtained
by means of interporation with smooth curve. The results of the Separation is
given in Fig.3.
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4.3 Thermal Moisture Conductivity DT related to Temperature Gradients

As thermal moisture conductivity DT cannot be measured directly, the following
method is used. When qv is zero, Eq. (12) becomes

also
-d9 ve

DT
Do

Dt VT 0

ve
VT

(23)

(24)

where we will call e as the coefficient of temperature gradient. From Eq.(24),
DT e D9 (25)

Therefore, Dt is obtained by knowing De which can be measured indipendently and
e which can be calculated from the measured values of the temperature and
moisture gradients in the equilibrium State (qv= 0)

Measuranent of e have been done under the condition provided with a vapour
barrier all along the material surfaces [4,5]. But it was pointed out in some
papers [5,6] that theoretical results was not agree with the experimental results
in the occasion of using c which was obtained in this method.

So, in our study, we used the result of the experiment under the condition of
condensation occuring in the material of which the vapour barrier was appried
on one end. In such condition, moisture transfer becomes finally to zero, and
the moisture profile is shown in Fig.8. Tenperature profile in the equilibrium
State was calculated using the temperatures of both surfaces and thermal conductivity

obtained later (see 4.5). Result of e is given in Fig.4., and D9 curve
calculated fron Eq.(25) is given in Fig.5.

4.4 Separation of DT into vapour and liquid components DTV., DT_j

From Eq. (9) DTV- is obtained in Eq. (26)

DTV ~ D«l>~
IT
39

(26)

Therefore, DTv is ditermined by D6v- and absorption isotherm. By obtaining DTv,
Dtx can be calculated in Eq. (27)

D-u DT - DTv
Result of Separation is given in Fig.5.

(27)

300-

200_

I

x 10'

100

0 50 100 150 200
Moisture content (mass %)

Fig.4. Coefficient of temperature
gradient e obtained by experiment
of condensation

2.0

-J i—i—i i --!--<
50 100 150

Moisture content (mass %)

Fig.5. Thermal moisture oonductivity
Dr,DTV,Duof wood fibre board (20'C)



S. HOKOI - G. HORIE - T. IKEDA 549

4.5 Thermal Conductivity A

It is well known that thermal conductivity A

would change largely with moisture content.
There have been many proposed methods of measuring

the thermal conductivity. But these methods
have not been analyzed on the base of heat and
moisture transfer equations, because these
equations have not been oompletely established
up to date.

We have developed the measuring methods of
thermal oonductivity depending on moisture
contents. The detail is given in another paper [7].
In this paper, we used the results obtained by
the above methods which can be seen in Fig.6.

5. RESULT AND DISCUSSION

Measured
0.20

0.15

0.10

0.05

0

value

0 50 100 150 200

Moisture content (mass %)

Fig.6. Thermal conductivity A

of wood fihre board

Experimental results are given in Fig.7,8,9,10,11. The Fig.7 shows that under
the experimental condition A, the absorption finally stops and the moisture
content approaches the oonstant value which is less than that of the pores filled
completely with water. In the absorption processes of A,B,C, the amount of
absorbed moisture increase with the straight line in the early time. The reason
seems to be the influence due to the increase of thermal conductivity.
The theoretical results are also given in Fig.7,8,9,10,11. The basic equation
of heat and moisture transfer was differenciated with Clank-Nicholson method

and calculated with electronic Computer.

Xl(T

calculation
L.5

condition C

1.0

condition B x

/
: /H 0.5

iy
y

iSV

• • • [ experiment
ß Ca az.

-M
condition A

100 200 300
Time (hour)

Fig.7. Experimental and theoretical results of amount of
absorption under internal condensation (A,B,C)
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150

100

50

OL—I

I 1

Condition A

Calculation

A />

ExperimentA X,

29 6h

5 2h

tß
J I I

0 2 4 6 3

Distance from warm face (mm)

i i i i i 1

1

150 — Condition B

_ Calculation

:
A dl /k x l Experiment /o ol /• /

/• / ~

/ •
100 165 h\ / 7 —

100 h J I / /

48 L / ^*/ /"
50 — / __

28h / ^^ / -

1 11 1 1 1 1

J0 2 4 6 8

Distance from warm face (mni)

Fig.8. Experimental and theoretical
results of moisture content
distribution (condition A)

Condition C

Calculation

A c\ Experiment

150

100

68 h

i 50

0 2 4 6 i
Distance from warm face (mm)

Fig.9. Experimental and theoretical
results of moisture content
distribution (condition B)

~i—r~i—r
' / i Condition B

15

E
Ol

E-i

10

* U h

MS
s 10 h

^ (1 n

1 UO h

ŶY
NE165 h

VN

Calculation

^
* * i

0 o \7 v j Experiment
* 1 L I L_

0 2 4 6 8

Distance from warm face (mm)

Fig.10. Experimental and theoretical Fig.11. Experimental and theoretical
results of moisture content results of temperature
distribution (condition C) distribution (condition B)
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100

oo
e 50

-

- -
- -
- -

25» h

-v / 3)0 h —

\ / ISOhV - 1 HD h

_^"%Y/ 5.1h-
'^vCY/=Y3^Cy\Y>.

0 2 4 6 8

Distance from warm face (mm)

Fig. 12. Moisture flux q^.

Figures shcw the good agreement
of the theoretical results with
the experimental results. Namely,
our tehory can sufficiently
estimate the process of condensation

in the region over 0*C.
sz

Next, we will analyze in detail ~j
the mechanism of heat and moist- ^
ure transfer in the material £
on the basis of the theory.
The condition of calculation is
that of the experiment B.
Theoretical results are given in Fig.
12,13,14,15,16.

-1.0

-0.5

u 0 2 4 6 £

Distance (mm)

Fig.13. Vapour flux
due to moisture
content gradient

•1.5

¦1.0

-0.5

1.0

sz
—.

:><J ri

1 L— L

0

t 0.5 -

"0 2 4 6 8

Distance (mm)

Fig.14. Vapour
flux due to temperature

gradient

1.5

1.0-

0.5

0 2 4 6

Distance (mm)

0
0 2 4 6 l
Distance (mm)

rig.15. Liquid water Fig.16. Liquid water
flux due to moisture flux due to temper-
content gradient ature gradient

As shown in Fig.12. the distribution

of the moisture flux qv
in the material are made up of
two parts; one part in which qw
is constant value, and the other
part in which qw decrease rapidly from constant value to zero. The former is
hygroscopic region in which vapour transfer is dominant, and this region decrease
with time. In the latter part, vapour and liquid water transfer exist together,
and as approaching the cold face, liquid water transfer becomes dominant. These
are understood from the figure 13 - 16. As shown in these figures, the liquid
water fluxies q ,q are higher than the vapour fluxies q(v,qTV. Moreover, qw
and qTje are almost the same order. But, q8Jt and qTi are cancelled each other
because the direction of the temperature gradient and moisture content gradient
are opposite in the process of condensation. Therefore the moisture transfer in
the material under the condition of condensation depends largely on vapour
transfer.
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NOTATION

specific humidity in the pore (kg/kg'),
effective vapour transfer coefficient
at the interface (kg/m,s,kg/kg'),
porocity (m3/m3)
vapour diffusivity (kg/m,s,kgAg')
specific heat of the material (J/kg,K),
density of the material (kg/m3),
latent heat of vaporization (J/kg),

qv vapour flux (kg/m2,s)
q.t liquid water flux (kg/m2,s)
qA heat flux (W/m2)

q^y. vapour flux due to moisture content
gradient (kg/m2,s),

qgj liquid water flux due to moisture
content gradient (kg/m2,s)

q-pr vapour flux due to temperature gradient
(kg/m2,s)

qT£ liquid water flux due to temperature
gradient (kg/m2,s),

qv moisture flux (kg/m2,s)
Dfa. vapour diffusivity in air (m2/s)
P total pressure (kg/m2)
pv partial pressure of vapour (kg/m2)
ß tmrtuosity (-)

unsaturated hydralic conductivity (m/s)
relative humidity (-)
radius of capillary (m)

specific permeability (m2)

density (kg/m3)

X;

AO^NOWLEDGEMENT

specific weight of dry air (kg/m3)
specific surface area inside the
material, i.e., ratio of surface
area to the pore volume (m2/m3)

equilibrium specific humidity
with liquid or capillary water at
the interface in the material
(kg/kg')

Da* liquid water conductivity related
to moisture content gradient
(m2/s)

Dn liquid water conductivity related
to temperature gradient (kg/m,s,K)

D8, DT, DjV, Dtv conductivities defined
by Eq.(9),

6 moisture content of material
(kg/m3)
tenperature (K)
time (s)
coordinate (m)

thermal conductivity without
moisture movenent (W/m,K)
capillary potential (m)

acceleration due to gravity (m/s2)
gas constant of vapour (N/kg,K)
surface tention (H/m)

viscosity (kg/m,s)
coefficient depends on moistur
content (-)
density of saturated water
vapour (kg/m3)
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