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Abstract—A method is proposed for evaluation of the mass diffusivity D, (w, ), thermo-mass diffusivity

D,(w, 1), non-linear thermal conductivity &(w, ), and mass—thermal conductance a(w, ¢) of moist porous

media at different temperatures and moisture contents based on the measured mass diffusivity D, (w, t*)

and thermo-mass diffusivity D,(w, £*) at a specified reference temperature 1*. It is a valuable and convenient
approach for engineering practice.

1. INTRODUCTION

THE HEAT and mass transfer in moist porous media
often occurs in nature and in engineering. The case
without considering the total pressure gradient is a
special one, of which the transport phenomena in soils
or in building materials are typical examples [1, 2]. The
heat and mass transport properties of moist porous
media are basically important in solving such prob-
lems [3]. However, there are very little data and still
few convenient means available for the measurement
of these properties.

A synthetical theory, based on a previous paper
[4], was developed further for heat and mass transfer
phenomena in unsaturated, moist porous media with-
out sweeping flow of fluids [5, 6], which relates the
transport properties to the characteristic functions of
the basic transfer mechanisms, and presents the heat
and mass transfer equations as follows :

pc,,*g{' =V (VO + LV +aVw Ve (1)

%v = V- (D, Vw)+V-(DV1)
where ¢ and w denote local temperature and moisture
content, respectively, p the local density of the moist
porous body, C} the nominal specific heat, 1* the
nominal thermal conductivity, ¢ the non-linear ther-
mal conductivity, « the mass—thermal conductance,
and D,, and D, are mass diffusivity and thermo-mass
diffusivity, respectively. It would be very difficult to
experimentally determine all the properties included
in equations (1) and (2). With the assumption of con-
stant properties and small temperature and moisture
gradients, it was shown [6] that equation (1) can be
simplified to

@

ot N
E = aeV t
where a. = A./(pC}) is the ‘effective’ thermal diffus-
ivity, and /A, the ‘effective’ thermal conductivity which

3)

reflects the overall effect of nominal heat conduction
indicated by nominal thermal conductivity, vapour
diffusion, and capillary flow of liquid on heat transfer,
just the same as that derived in ref. [4].

Recently, we had reported a method for measuring
simultaneously the mass diffusivity D,,, and the thermo-
mass diffusivity D, with a one-dimensional constant-
property system subject to the Robin boundary con-
dition {7], of which the accuracy depends mainly
on the stability of surrounding conditions. A method
for measuring the mass diffusivity for moisture
migration in porous media from the isothermal water
absorption with consideration of variable properties
was also proposed [8]. Even for D,, and D,, it is still not
an easy task to determine them in a larger temperature
range. Here, we propose a method to evaluate the heat
and mass transport properties of moist porous media
at different temperatures in the range 0 < ¢ < 100°C,
based on the measured D, (w, t*) and D,(w, t*) data
at a specified reference temperature ¢*. It would be
obviously significant for engineering applications.

2. MAIN IDEA

The relations between the transport properties and
the characteristic functions of basic transfer mech-
anisms were derived in ref. [6] and summarized in
ref. [5]. For convenience, they are reorganized and
rewritten as

k(w) dp.

Dm(w3 t) = - m 5;; (W3 t) (4)
d k(w) P
D,0n0) = B G~ ey 9
£0n0) = 0| (€= CBD0O S
k() op.
- Cpl ;{(‘fj 3t (W’ t)] (6)
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NOMENCLATURE

g, effective thermal diffusivity [m?s™'] A*  nominal thermal conductivity
B influence function Wm K]
C, specific heat [Jkg='K~'] u  dynamic viscosity of wetting fluid
C} nominal specific heat {Jkg'K™'] Nsm~?
D diffusion coefficient for vapour—air non-linear thermal conductivity

diffusion [m?s~'] Wm~'K~%
D, mass diﬁ'usivity [mzs"] p  density [kgm™?]
D, thermo-mass diffusivity [m?s™ 'K ] o surface tension [Nm~']
k  specific permeability [m®} T time [s]
p. capillary pressure [Nm~2) @  mass content of water vapour in saturated
t temperature [°C] humid air [kg (water vapour)/
T  temperature [K] kg (humid air)}.
w  moisture content [kg (moisture)/

kg (solid matrix)]. Subscripts

air
Greek symbols 1 liquid water

®  mass—thermal conductance [Wm~'K ™'} s  saturated state
A effective thermal conductivity v water vapour

[Wm™ 'K~} 0 solid matrix, or at 0°C.

k(w) 3pc temperature approaches 0°C, the power n may differ
2w, 1) = —poCu ey u(n) ow 3w (1) D for different porous media. Both p, and » can be

where p. is the capillary pressure of moist porous
media, g the dynamic viscosity of the wetting fluid,
the mass content of water vapour in saturated humid
air, D the diffusion coefficient for vapour—air
diffusion, C, the specific heat of fluids at constant
pressure, the subscripts a, v and | of which denote air,
water vapour and liquid water, respectively, P, the
nominal uei‘x’sﬁy of the solid matrix, & the Sr;eCmb
permeability which is a function of moisture satura-
tion only [9], and B reflects the influence of moisture
content on vapour diffusion in porous media.

For moist porous bodies, the capillary pressure p,
is varied with temperature and moisture content
according to [10]

@{W\An (Q)

where w, denotes the saturated moisture content, o
the surface tension, and o, the surface tension when
the temperature approaches 0°C. As given by Zem-
ansky and Dittman {5}

a(t) = oy (1 - ;) ®

For the water—air interface, t, = 374°C, m = 1.2. Sub-
stituting equation (9) into equation (8), we have the

darivatives
aernvauves

ap. _npy Y wy !
= -3 1=

ow we \ ) \w,,

ap. mp, e w
= _ oty 2 -

ot . \ L, W,

where p, is the saturated capillary pressure when the

(10)

(an

determined in hydrodynamics and infiltration mech-
anics with effective methods.
adrem oy ~ovyyes e an o e d FTEN feedn el

ouuau‘iuuug cq'dauuua {14} and {11j int0 equalions
(4)-(T), we obtain the following practical relations:

D npo k(ﬂ)) / lf\’" /My\"‘"“l
w, 1) = — 1——) [— 12
M( ) Wy ﬂ(t) tc) Wy ( )
fir #Y o £ fr sV F ) 1y
LSRRI L] = FAUV A E 2R W b 112
é(w‘) t) = pQ{(Cp Cpa)fl (W, E)+Cplf2(w, t)} (14)
fx(W, t) = pOCpIDm(Wa l) (15)

with f,(w, 1) and f,(w, ) defined as
de

Silw 1) = B(w)D(r)a; (16)
Sa2w, 1) = - )wD W, 1). a7
Both k(w) and B(w) can be determined from the fol-

lowing relations ;

k l{'f*}us ) t*\—'”t'{w\“'*”p * 18
- o mAWs 1
w =22 (1= ) (2] paone a9
B( ) D’(w t \—sz(w’ 1*\ (19)
w
d *
pe+y 42 fo(t )

3. EVALUATING APPROACH

For the porous body of pore diameter larger than
10~ % cm, the gas phase diffusion can be approximately
described by Fick’s law of diffusion [2], so, the
diffusion coefficient can be chosen as [12]
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F1G. 1. The measured mass diffusivity of the sand at 20°C.

T 1.81
= -5y _— 2.1 2
D(r) =223x10 (256) [m*s™'] (20)
where T is the absolute temperature.

The mass content of water vapour in saturated
humid air under 760 mmHg with the variation of
temperature, w(t), was derived as [10]

dw 1.8041 x 10°exp (g)

i K™' 21
dr ~ [760—0.378 exp (¢)]12(t+227.02)° [ 1@
with the parameter g as

3816.4

The dynamic viscosity of liquid water, u(f), can
be easily predicted from the well-known empirical
expressions. The specific heats of air, water vapour
and liquid water at constant pressure can be taken as
constants in the temperature range 0 < ¢ < 100°C, i.e.
C,=100kJ kg 'K, C,,=184kI kg™ K and
C,=4.18kJkg 'K

Hence, we can use D, (w,t*) and D,(w,t*) mea-
sured at a specified temperature t* to determine the
specific permeability k(w) from equation (18), and to
determine B(w) from equation (19), then to calculate
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F1G. 2. The measured thermo-mass diffusivity of the sand at

20°C.
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FiG. 3. The specific permeability of the wet sand.
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F1G. 4. The influence function of the wet sand.

D,(w,t), D(w,t), &(w,t) and a(w,t) according to
equations (12)—(15).

It should be pointed out that, from equations (12)
and (9), we have

Dn(w,1) _ a()u(r*)
D, (w,t*)  o(t*)u(t)

23

4. WORKING EXAMPLE

The mass diffusivity D, (w,*) and thermo-mass
diffusivity D,(w, t*) of the wet sand had been mea-
sured at t* = 20°C, and summarized in Figs. 1 and 2
[7, 10]. The grain diameter of the sand sample tested
was 0.25-0.5 mm, with porosity 0.41. The saturated
moisture content was 0.273, and its matrix nominal
density was 1510 kg m >,

Taking p, = 3247 N m~?, n = 0.137 [9], and the
data of D, (w, t*) and D,(w, t*) shown by the dashed
lines in Figs. 1 and 2, we calculated k(w) and B(w)
from equations (18) and (19), respectively, which had
been plotted in Figs. 3 and 4, while the evaluated mass
diffusivity D,,(w, ¢}, thermo-mass diffusivity D,(w, t),
non-linear thermal conductivity &(w,t) and mass—
thermal conductance a(w, t), with temperature ¢ rang-
ing from 10 to 90°C, are shown in Figs. 5-8. It is
found that, all these properties are sensitive to both
temperature and moisture content, so that the effect
of varying them should be considered in general.
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F1G. 5. The evaluated mass diffusivity of the wet sand.
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F1G. 6. The evaluated thermo-mass diffusivity of the wet
sand.

5. CONCLUDING REMARKS

The semi-empirical method proposed here can be
used to evaluate the heat and mass transport prop-
erties for meeting the needs in engineering practice.
This may be an economic approach, which can save
time and investments for tedious experiments. The
reliability of this method depends mainly upon the
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F1G. 7. The evaluated non-linear thermal conductivity of the
wet sand.
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accuracy of the data D, (w, t*) and D, (w, r*), and also
depends upon the precision of the capillary pressure

pelw, 1).
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METHODE D’EVALUATION DES PROPRIETES DE TRANSFERT DE CHALEUR ET DE
MASSE D’UN MILIEU HUMIDE POREUX

Résumé—On propose un méthode d’évaluation de la diffusivité de masse D,,(w, ), de la diffusivité de

chaleur D,(w, 1), de la conductivité thermique non linéaire &(w, 7) et de la conductance masse-chaleur a(w, )

pour des milieux poreux a différentes températures et 4 différentes humidités, ceci 4 partir de la mesure de

D, (w, 1*) et de D,(w, t*) faite 4 une température de référence r*. Cette approche est tres appréciable pour
la pratique industrielle.

EINE METHODE ZUR BESTIMMUNG DER WARME- UND STOFF-
TRANSPORTEIGENSCHAFTEN VON FEUCHTEN POROSEN MEDIEN

Zusammenfassung——Es wird eine Methode zur Bestimmung verschiedener Wiirme- und Stofftransport-

eigenschaften von feuchten pordsen Medien bei unterschiedlichen Temperaturen und Feuchtegehalten

vorgestellt. Das Verfahren beruht auf der Messung der Diffusionskoeffizienten D,,(w, t*) und D,(w, t*) bei

einer bestimmten Referenztemperatur 1*. Es ist eine brauchbare und bequeme Niherung fiir den prak-
tischen Gebrauch.

METO/ OLIEHKH XAPAKTEPUCTHK TEIUJIO- U MACCOITEPEHOCA BJIAXHBIX
TMOPUCTBIX CPE

Amnorauss—IIpenoxen METON OLEHKH MacCONPOBOAHOCTH D, (w, t), TEMIOMACCONPOBOTHOCTH D(w, 1),

HeNMHeAHON TeIIONPOBOAHOCTH (W, ) H MacCOTEIIIONPOBOMHOCTH &(w, t) BJAXHBIX MOPHCTHIX CPEX

OpH pasJHYHbIX TEMIIEPATYPAX U BJIAroCOAEPXAHHAX, OCHOBAHHBIH Ha M3MEPEHHH MacCONPOBOJHOCTH

D,(w, t*) uTemiomacconposonnoctu D(w, t*) npu 3afaHHOK TeMnepaType t*. DToT moaxox yaoben as
HHXEHEPHOH NPaKTHKH.



