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Heat and Moisture Transfer in Porous Building Material under Condensation
Le transfert thermique et humide dans des matériaux poreux dans un état de condensation

Warme- und Feuchtetransport in pordsen Baumaterialien unter Kondensation

T. IKEDA G. HORIE
Assistant, Dr. Eng Prof. Dr. Eng.
University of Kyoto University of Kyoto
Kyoto, Japan Kyoto, Japan

S. HOKOI

Assistant

University of Kyoto
Kyoto, Japan

SUMMARY

Theory of heat and moisture transfer which could predict the condensation processes was investigated
by comparison with experimental results. Transfer coefficients in the theory which largely changed
with moisture content and temperature were measured and determined in detail. It was shown that
the theoretical calculation agree well with the experimental results.

RESUME

La théorie du transfert thermique et humide permettant de prévoir le développement de la condensa-
tion a été comparée avec les résultats expérimentaux. Les coefficients de transfert dépendant large-
ment du degré d’humidité et de la température ont été mesurés et déterminés en détail. La concor-
dance est bonne entre le calcul théorique et les résultats empérimentaux.

ZUSAMMENFASSUNG

Die Theorie der Warme- und Feuchteubertragung, welche Kondensationsprobleme vorherzusagen ge-
stattet, wurde durch Vergleich mit experimentellen Ergebnissen untersucht. Die theoretischen Trans-
portkoeffizienten, welche mit dem Feuchtegehalt und der Temperatur stark schwanken, werden ge-
messen und im Detail bestimmt. Es zeigt sich, dass die theoretischen Rechnungen gut mit den experi-
mentellen Ergebnissen Ubereinstimmen.
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1. Introduction

Up to now, although the thermal conductivity measurements of a moist material
have been done in so many fields, such as soil science(l], drying engineering(2],
mechanical engineering[3], etc., it seems that they use the measured thermal con-
ductivity without knowing precisely what it means. So far, the major reason might
depend on the fact that the mechanism of the heat and mass transfering
simultaneously in the porous material has not been known enough. Recently, inves-
tigations about the mechanism have been developed[4] [5][6] and the measurements
of the transfer coefficients have been made[7].

The objectives of this study are as follows,

1) to investigate the implication of the thermal conductivity of a moist porous
material

ii) to investigate the influences of the moisture movement on the measured values
and to propose the forrula which gives the measurement error.

The steady state method and the periodic method are considered as typical
reasuring methods, and the implication of the thermal conductivities measured by
them is analysed. The formula which gives the errors induced by moisture move—
ment is proposed for the periodic method. Based on this formula, temperature con-
ductivities of wood fibre board are measured for several different temperatures
and water contents.

2. The implication of the thermal oconductivity of a moist porous material

2.1 Fundamental equations

Equations that describe the simultaneous flow of heat and moisture in a moist
material are as follows[4].

9X _ 9 X , _
(vapour balance) CYsE = 'a_x[k"'a_x] + a{S(X; -X) (1)
L 96 _9 .96, , 3 3T N
(liquid water balance) 5T = a_x[q'ﬁ] + E[Q"ﬁ] + 3'S{X-X;) (2)
1, 13T _ 3 9T 1S (X-
(heat balance) c'y'sf = ax“ax] + Ra!S(X-X;) (3)
(absorption isotherm) X; = g(6,T) (4)

where, the sensible heat transported by vapour and liquid is neglected.

Assuming o} = « (local equilibrium), using eq.(4), egs.(l)-(3) are transformed
as follows.

39,6 (39 3T _ 3 (o 38, 3 . AT
(mass balance) (l+cYae) 5t +(cYaT) T ax[D" ax]+ ax[D‘. ax] (5)
39,938 3G9 Lo )3T _ 3 My R 8
(heat balance) (Reyog) g +(Rovgs +e'y') ¢ = S| (RO =1+ Rax[q"ax] (6)
where, De = Dgy+ Dg = k\rg—g + Dy + Dy = Dyy+ Dyg = kvg—g + Dy (7)

2.2 Thermal conductivities, X and A*

In 2gq.(3), ) represents the thermal oconductivity which is mainly determined by
conduction through the constituents(solid skeleton, water, air) in case of no
moisture movement, and of course it varies with the water contents. On the other
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hand, as it is seen in eq.(6), }» and RDyyappear always in the oconjunct form
A*=)+RD,, and \* exists as a coefficient to the temperature gradient.

As mentioned above, A and RDy,never appear separately in the fundamental equa-
tions (5) and (6) and also in the boundary conditions. Consequently, Dy, Dy,
A*=)\+RDy,, D¢yare necessary to calculate the heat and mass transfer, and the
respective values of ) and Dyyare not necessary. Because of these properties of
the fundamental equations, only A*(not A) is given by any measuring method of
thermal conduct1v1ty Thus the methods which minimize the effects of moisture
movement could minimize mainly the effect of the term RgX[D-% 2] and measure \*
more correctly. This situation is the same as, for exarple, fhat of periodic
method, which can be made clear in §4. It is concluded fram the above mentioned
that in order to solve the equations of heat and mass transfer, one must measure
and use the value of A* not X.

On the other hand, as ) is defined under the assumption that there is no moisture
movement under the temperature gradient, it is a hypothetical one. But it may
offer informations about the way of the connection of the constituents and about
moisture distribution. Dy represents the vapour transfer coefficient as the part
of Dy. Both A and Dy, are of importance to know the mechanism of heat and mass
transfer in the material. As mentioned above, only A* can be measured in this
system, so A can not be measured except the special case, but may be estimated
by assuming an appropriate model.

3. Steady state method

Up to now, it has been believed that i(or A*) could be measured accurately by
reducing the temperature gradient over the sample material in the steady state
method. First, we investigated the case of which the temperature difference over
the sample was very small. Next, we examined the case of the temperature differ-
ence was larger. We found that there might be a possibility to measure A rather
in the latter case.

3.1 Fundamental equations

In the steady state method, boundary temperatures of the sample T, ,Ty , and heat
flux Q are measured, and the thermal conductivity measured by this method A' is

given by

v - 2O
)\ - TA_TS (8)
Assuming steady state in egs. (5) (6) ,
d 36,, 9 AT, _
"QI[DQE(']*’ E}—(—[D\-a—i] =0 (9)
[(A+RDN}——]+RBX[QN (10)
Boundary conditions
98
D - e, .
TIS'= P TISL= Ty (12)

and the mean water content is given
/*edx (13)
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3.2 The case of the very small temperature difference

In this case, the difference of water content occuring in the sample is small

too, so it is possible to treat the transfer coefficients to be constant. Then
egs.(9) and (10) become linear equations and the solutions of these equations
subjected to the conditions (11)-(13) are linear functions of x. A' is given as

A' = (A+RDyy) -D RO, /Dy (14)
It is concluded from the eq.(14) that,
i) generally speaking, A' doesn't equal A nor A*(=\+RDy) ,
ii) in the liquid dominant region (Dy=0, D,=0), A'=A*=),
iii) in the vapour dominant region (Dg=D,y Dy=Dyp) , A'=A.

3.3 The case of which the temperature difference is not so small

In this case, the variations of the coefficients with 6 and T can not be ne-
glected, and it is difficult to treat the problem analytically. So, we discuss
the problem only by numerical method. By solving egs.(9)-(1ll), we obtain

T . ~QDg
X (A+RDyy) D, —RDy Dy, +12)
26 _ QD+ -

3x ~ (A+RDy) Dy —RDyDgy
(Heat flux Q appears as an integral constant in eq.(10).) In calculation, egs.
(15) and (l6) are discretized, assuming 6=8, at x=0(surface s;) and Q, we calcu-
late 9;, T; at the next mesh point. Continuing this procedure, we obtain 6y, Ty
at x=¢(surface s,). When Ty=Tg is obtained we stop. If not, we assume new value
of Q until the above ocondition is satisfied.

Numerical example

material wood fibre board, 8mm thick

mean temperature = 20 (), AT = 1.0, 2.0, 3.0 (K) (17)
oT = 0.1, 0.2, 0.3 (K) (case §3.2) (18)

transfer coefficients Fig.l(Q,Dy) » Fig.2(DQ,,Dy) , Fig.3(r,1*) [6]

The results of water content distribution are shown in Figs.4,5 and »' is in
Fig.3. (in these figures, 0 = 100-6/v'%)

3. >1 A
2 1o mm g (1071 ka/m,K)
> . > 1.0
d \ d Dy
v 2.0 13
3 /ng 3 \
2 (R 2 VAL
o0 (= TV
8 1.0 \ V4 8 0-5 \ﬁ> )
4‘{; +
% 0.0 2
0 5 T00 00 50 100
water content 0(%) water content 0(%)
Water conductivities related Water conductivities related
to water content gradient to temperature gradient
(wood fibre board) (wood fibre board)
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AT=1 K AT=3 K 4|

100 100 —
- (O) «qj*f”""— 4 (g) Water content distri-
e (% o S (% " bution in the material

Ca=82 (] On=9
% ///’ T + =30 at the steady state
g 50 9 50/7 // ocondition
b /G.\=15 A /4»-6,,\:46 Gn= Mmean water content
ﬁ L —1 § | of the material
2 |
27 ¢ 8 =24 ¢ 8 Figs. 4,5
distance x(mm) aistance x(mm)
Fig. 4 Fig. 5

0.12[ [ [ T

PLINY M LS ngD°“

(W/m, K) | —e
z o
E 0.10 }
%; Comparison of the thermal
'8 conductivities i, **, !
§ (wood fibre board)
_g. 0.08 Fig. 3
o
5

As the temperature difference AT falls from 3K to 1K, water content distribution
becomes rather uniform (Figs.4,5), and »' departs from A and approach A*-D;RDy/Dg
(Fig.3) . On the other hand, in the case of AT=3(K),%s=46(%), although water
content distribution varies rather sharply (Fig.5), »' is almost equal to )} which
corresponds to the mean water content 64, (Fig.3). I'ram the above results, it is
seen that if we choose an appropriate teamperature difference in the steady state
method, the measured A' can be almost equal to . Fig.3 also shows A*-DyRDy/Dg
values with A, A* and »' for AT=0.1, 0.2, 0.3 (K). It shows that the range of AT
where the result in §3.2 holds approximately is rather small and there is a wide
range of water content in this material where the values of A, A*, A*-D{RDpy/D,
are considerably different.

4. Measurament of temperature conductivity by periodic method

4.1 Objective

It is estimated fram the result of §2 that the temperature conductivity corre-



558 VI — HEAT AND MOISTURE TRANSFER ‘

sponding to \* can be measured in a non-steady state method minimizing the mois-
ture movement. We consider here the periodic method as a representstive of many
methods. The objective of the analysis is to estimate quantitatively a measuring
error caused by moisture movement and to derive formula to give the error which
is composed of material properties and is applicable to any material.

We analyze this problem by perturbation method, that is, we assume that the
transfer coefficients are linear functions of water content and temperature and
that the solution is power series of the input surface temperature amplitude.

The influences of moisture are those caused by

i) the existence of the moisture movement,

ii) variation of the transfer coefficients with water content and temperature.

It may be considered approximately that the first term of the solution represents
i) and the second term represents ii).

4.2 Formulation

Consider that the material is semi-infinite and its surface temperature vari-
ations are sinusoidal. Basic equations are egs.(5)and (6) (neglecting smaller
order terms in the left hand side)

8 _ 3 W , 3 38
3E = 3t Doell¥n, (8=85) ] [1n, (T=T ) )= + oA Dpy[1+2, (6-6,) ] [1+2, (T-Tp) I )

oT

g 3T
% T ox Dnl1+E, (8-6) 1 [1+€, (T-T) 12} (19)

d
oDyl 148 (6-6,) ] [1+8, (T-T() )

C'y" (L, (8-8,) 195 = S-(2 [y, (8-8) ) Ly, (T-Ty) 153 +RDG[1+E, (6-6,) ]

oT d a6
" [146, (T-T() 523+ RaAD,[1+, (8-6) ] (14, (T-T) 1532 (20)
{Initial conditions) T =Ty, 6 =86, (21)

(Boundary conditions)
(Dygl1#n, (8-8) ] [L4n,, (T-T ) 14D,y 142, (6-6,) ) (142, (T-Ty) 1} S=
+ (D148, (6-6,) ) [1+8, (T-T ) 1+D[1+€  (6-0 ) ] [1+6, (T-T() 13> = 0 (x=0)  (22)

= Finite (x ~=), T = T0+ Iysinwt (x=0), T = Finite (x =) (23) (24) (25)
Transforming 6, T to 6', T' by the relation,

6' =86 -6, T'=T-T, (26)

transformed equations have the same form as egs.(19)-(25) except that 0, and T,
are 0. Hereafter we rewrite 6', T' by 6, T.

4.3 Solution

We assume power series solution as
2 3 .
6 = I,6, + I20, + I30; +
= 2 3 a
T Io'['l + IOTZ + IOT3 +

(27)

Substituting these equations to transformed egs. (19)-(25) and equating the
coefficients of the same order, we obtain the equations for 6,, T,, 8,, T,, etc.

i) el, Tl (periodical solution)

8, (t,x)=alE-exp(-¢w/2a1x) sin(wt-vw/ra,x) -a,Eexp(-Yw/70,X) sin(wt=Yw/s0a,X)
(28)
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T1 (t,x) = alEEl/B'exp(-Vw/zalX) *sin(wt-vw/70,%)
E:Ez/B-exp(—n/m72a2x) -sin(wt—/w72a2x) (29)
where,

B
(a,=a,) [C- (CA-BD) (a‘+a a +c1£)]

E; =C- ((‘A—BD)m1 . E = C—((‘A—BD)Q.2 (30)

E =

2

a,, a, are positive roots of the quadratic equation (a)<ay)

(AC-BD)a" - (A+C)a? + 1 =0 (31)
A=Dg, B=D, C=2r/c'y', D=Ry/c'y' (32)
ii) Solution o 5 T2 Periodical solutions are

8, (t,x) = 2U,exp(-a,/ux) cos(2ut-a,vwx) + 2U,exp(-a,/wx) cos (2ut-a,vuwx)
+20, exp(-2vuw/;a, ) c0s (2wt-2 /20, %) +20,exp(-2vVw/3a,X) oS (2wt-2/w/5a,X)
+203exp [-V/5 (o) +a,) X]cos [2ut-Yuw/; (o +ay) X] + Q,exp(-2/w/3a, %)
+HQsexp(-2/w/50,%) + 2Qtexp(-Vu/; (a)+ay) x]cos [Vu/; (o) -ay) x]
+2Qgexp[-/a7§(al+a2)x]sin[J$7§(al-a2)x] (33)
T, (t,x) = 211;20 3€Xp (—a | Yux) cos (2wt-a, Ywx) + 2%“-507@@(—a2/5x)cos(2wt—a2/u_;x)
+2R exp(-2/5/7 0, %) 008 (2ut-2via/a, X) +2R, exp(~2V/u/50,%) 00S (2ut-2/a/50,X)
+2R3exp [-Yw/; (o +a,) X] cos [2wt-Vw/5 (a)+a,) X] + R, exp(-2/w/p0x)
+R5exp(—2/U2_a X) + 2Réexp[—\/u7/?(cx +a2)x]oos[mml—a2)x]
+2R! exp{ /u72_(a +a2)x]51n[/_/'(o. -a )x] + Vg (34)

4.4 Approximation of the coefficients appearing in the solution

By assuming A/C<<l, BD/AC<1l, etc.(which were derived fram the values shown in
Figs.1,2,3 and refer to [2]), the following approximate equations are obtained.

B N
T e S P - IR SO o2
. A _ _BD,. A E_ ,_ YABD
El = C(l- E) ’ E2 = _F(l*'a‘?) ’ O‘IEIE = 1-7EE
E YA BD BD 1-Aa?
a,Ez = - —=(1+ 555 ., 2——1u, = -2(R +R,) (35)
2728 J/C BC 2AC Bo:1 3 1773

4.5 Observational error

i) The solution of the heat flow without moisture
T(t,x) = Ioexp(—/m72a.x) *sin(wt-vYw/2ax) (36)

is the solution, and, for example, the method using phase difference gives the
temperature conductivity 'a' as follows

a = 3765 (x,-%)) (37)

where, X),X, are any two points in the rnaterial,oand ¢, is a phase difference
between temperatures at points x, and x,.



560 VI — HEAT AND MOISTURE TRANSFER ‘

ii) The solution of the heat flow with moisture
By using the fact that generally a,(=1//A) is larger than « (=1/¥0), eq.(35)
approximately becomes

T, (t,x) = o EE,/B-exp(-a,/w/2X) *sin(wt-a, Yw/2x) (38)
because of the rapid exponential decay of the second term.

The error of temperature conductivity calculated by using phase difference ¢
measured in this case relative to that of eq.(39) is

8 ,_11 . BD
g@ l—Cal l=57 (39)

where, an approximation 1/a2=1/C(1-BD/C?) (eq.(35)), was used. As expected,
eq. (39) represents the influence of the term RJ3/0x(Q,06/9%). Similary, T, may
be utilyzed to determine the amplitude of the input temperature.

5. Experiment (measurement of A* by periodic method) [8]

5.1 Measuring conditions pre-examined by calculation and apparatus

Amplitude of the input temperature, the time necessary for achieving stationary
state, etc., are referred to [8]. A schematic diagram of the apparatus is given
in Fig.6.

5.2 Teamperature conductivity and thermal conductivity (wood fibre board)

i) The results of the thermal conductivities obtained are shown in Fig.7. In
calculating the thermal oconductivity, the volumetric heat capacity of the mate-
rial was calculated with the following equation

cy = (cg + 6)*vg (40)
where, ¢,y are specific heat and density of the solid skeleton, respectively.
The mean temperatures of the sample were 8.0,27.5,40.0 (C).

ii) In these measurements, the maximum theoretical error of the periodical method
calculated by eq.(39) is 0.1(%) (at © =10%), and is sufficiently small compared
with the other errors caused by experimental processes.

5.3 Discussion

i) The results obtained for a wood fibre board show that thermal conductivity A*
increases rapidly with water content fram 0.06 (W/m,K) when air dry, to 0.21
(W/m,K) at 200% of water content (at 25C). This fact suggests that the variation
of the thermal conductivity with water content must be considered.

ii) Themmal conductivity increases with the mean temperature and its change is
rather large. This increase is because of the temperature variation of the values
of ) and Dy, which are components of A*. Making use of this fact, the value of Dy,
and A can be known separately by the results obtained[7].

6. Conclusions

i) The implication of the thermal conductivity of a moist porous material was
discussed and it was shown that A*=)\+RDyywas sufficient tc solve the simultanecus
flow of heat and moisture and that ) was necessary for the elucidation of the
mechanism of heat and mass transfer in the material.
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— e 5 B.00
Periodical Voltage A* | (W/m,K) ® 27.5(%)
r switching stabilizer g. 58— o AO-O(t) ) A B
apparatus T
o 0.20 | oo
(Specinen |- TEmroPe o
0.15 /

L

0.10
Thermostat controller /

Heater ' o = /
pa—
AN i

0.05
0 50 100 150 , . 200
water content (%)
Block diagram of measuring Thermal conductivity 2* of wood
equipment for thermal con- fibre board
ductivity »* mean temperature 8.0,27.5,40.0(%)
Fig. 6 Fig. 7

ii) In the steady state method, it was shown analytically that when the temper-
ature difference was very small, the measured value did not generally equal A nor
A*, and that the care must be paid to interpret the measured value. Further it
was shown numerically that when AT was larger, there was a possibility that the
measured value almost coincided with X.

1ii) In the periodic method, we obtained the formula which gives the measurement
errors in terms of the material properties.

iv) Based on the above analysis, ** of the wood fibre board at the mean temper-
atures 8.0,27.5,40.0(C) were measured. It seems that the good results were
obtained.

Nomenclature

X=specific humidity in the pore (kg/kg'), y=specific weight of dry air (kg/m?),
o, =effective vapour transfer coefficient at the interface (kg/m,s,kg/kg'),
S=gpecific surface area inside the material, i.e., ratio of surface area to the
pore volume (m’/m?), c=porosity (m?/m?®), k.=vapour diffusivity (kg/m,s,kg/kg'),
Xi;=equilibrium specific humidity with liquid or capillary water at the interface
in the material (kg/kg'), C'=specific heat of the material (J/kg,K),

y'=density of the material (kg/m?), R=latent heat of vaporization (J/kg),
Dw=liquid water conductivity related to water content gradient (m’/s),
Dy,=liquid water conductivity related to temperature gradient (kg/m,s,K),
e=water content of material (kg/m’), 6,=initial water content (kg/m3),
T=temperature (C), T,=initial temperature (C), t=time (s), x=coordinate (m),
w=angular velocity of the input surface temperature (rad/s),

A=thermal conductivity without moisture movement (W/m,K),

A*=thermal conductivity defined as A\*=A+R:Dw (W/m,K),

)\ '=thermal conductivity measured by steady state method (W/m,X),

2=thickness of the sample material (m), A,B,C,D=defined in eq.(32),
DyysDrys Dg s Dy =conductivities defined by eg.(7), .

Ta , Ty =boundary temperatures of the sample in the steady state method (C),

6. =the mean water content of the material in the steady state method (kg/m3),

Bg 36 SB
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Q=heat flux in the steady state method (W/m?), AT=Ta-Tg (K),

nysLy0B)1E) k), Y, =water content coefficients of Dy, DugsDegsDyeC'y' /A (m3/kqg) ,
”2'42'32'5 temperature coefficients of Dy, DyysDesDrye A (1/K) ,
Tl,el,Tz,ez—tﬁe first and second terms of the perturbation solution of the
temperature and water content, respectively,

I,=amplitude of the input surface temperature (K},

o, ,a,=defined in eq.(31), E,E|,E,=defined in eq.(30),

Us,Up,Q;,Q2,Q5,Q, Q5,08 Q8 R) /Ry, Ry, R, Rg ,RE,RY V) coeff1c1ents in By Ty
¢, ,¢;=water content coeff1c1ents of Dg,Dx, respectlvely (m3/kq) ,

¢, s Yp=temperature coefficients of Dg,Dy, respectively (1/K)
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