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By ASSU~II:-;G the existence oflocal thermal equilibrium in the
porous system, and the gaseous vapor phase as the major
factor of mass transfer, one can derive the basic equations for
heat and mass transfer from the laws of conservation of mass,
momentum, and energy, and the kinetic theory of ideal gases.
For mass and heat transfer in a porous concrete, those can be
given in the following form (the Nomenclature and the
derivation of these equations are given in ref. [IJ):

Ai1>+ BJ>+CiT = DiVZl/J+£iVZP+FSzT

+ Gj(Vl/J?+ IIj(VP)z

+liCVnz+J.(Vl/J· VP)

+Ki(V¢'Vn+Li(VP'Vn,

(i = 1,2,3), (1)

where the coefficients Ai"'" L, are functions of the dependent
variables ¢, P, T and eg' They are defined as follows:

A. = Y(ceJc¢)+e. A z = (1-¢)(oeJo¢)-e.

B. = Y(ceJoP)+e.<¢/P) 8 z = (1- ¢)Op

C. = Y(ceJon-e.(¢/n Cz = -(I-¢)OT

D. = Ds.(MjM) Dz = -Deg(M,,/M)

£. = (¢(k~/I1.) £z = W-¢)(k~/I1.)

F.=O Fz=Q

G. = -DO.p(MjM) Gz = DO.p(M,,/M)

II. = ¢r~(k~/'I.) lIz = (1-¢)r~(k~/t1g)

1.=0 l z = O

J. = DOp(MjM) J z = -DOp(M,,/M)

+(k~/t1.)[¢(o(/cs.) +(k~/t1.) [(1- ¢)(o(/cs.)

x (csJo¢)+(J x (oeJo¢)-(J

K. = -DOrCMjM) K z = DOrCMw/M)

L. = -¢IVrCk~/I1g) Lz = -(I-¢)IVrCk~/t1.)

AJ = PwQ(csJo¢)

BJ = p"Q(csJoP)-e.

CJ = p"Q(csJon+ [(s-s.)p"(Cp),,+p,(1-e)(Cp),J

+s.P[¢M,,(Cp ). +(I-¢)M.(Cp),J/RT

DJ=O, £J=O, GJ=O, IIJ=O

FJ =K

*Presented at the AIAA 16th Thermophysics Conference,
23-25 June 1981.

I J = (oK/Ce.)(ceJoT)

K J = (oK/ce.)(csJo¢)-DM.M"s.P[(Cp).-(Cp).J/RTM

L J = (oK/os.)(ceJoP)+(K~(P)[M,,(Cp).¢

+M.(Cp).(1-¢)J/RT

in which

O.p = e.[CM,,-MJ/MJ-(ceJo¢)

Op = (sJP) +(oeJoP)

0T = (sJn +(oeJon

Y = ¢-(P"RT/M"P)

I~ = (C/P)+(o(jos.)(oeJoP)

IVT = (C/n-(o(/oe.)(ceJon.

For an axisymmetric boundary-value problem, the
operators shown in equation (1) are expressed as

VZ=~~(R.~) and V=~.
R. en, oR. se;

By examining the three basic equations (I), we note that
there are four variables ¢(R., t), P(R., t), T(R., t) and e.(R., t).
Therefore, equations (1) should be incorporated with a
constitutive equation, known as the liquid-vapor equilibrium
curve (Fig. I). to form a set of governing differential equations.

The boundary conditions on the inner surface of the
concrete cylinder, on which the moisture barrier is installed,
are

o¢ aT q ap
R. =R·· -=0 -= -- and -=0. (2)

" oR. 'oR. K' oR.

On the outer surface of the concrete cylinder, the moisture is
removed by natural causes. The boundary conditions are

o¢ RT
R. =Ro: oR. = -rr.pD(¢-l/Jo.),

et: h
oR. = -k(T-To.), (3)

P=Po•·

The initial conditions for the present study are given by the
following constants:

¢(R.,O) = ¢i' P(R.,O) = Ph and T(R.,O) = 1/. (4)

Therefore, equations (1)-(4) and the constitutive equation
form a well-posed nonlinear boundary-value problem for the
simultaneous mass and heat transfer in the concrete cylinder
shown in Fig. 2.

An implicit finite-difference scheme is employed to obtain
numerical results. The first step is to replace the equations by a
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FIG. 1. Liquid-vapor equilibrium curve for a lightweight concrete.

set of algebraic finite backward-in-time equations, which give
the relationships among thedependent variables I/J, P,and Tat
neighboring points in an (R h I)space. The numerical solution
of the simultaneous algebraic equations thus obtained yields
the values of the dependent variables at the pre-assigned grid
points throughout the domain investigated. In order to
achieve a stablecomputation, a valueofAt must be used at the
initial stage ofthc computational simulation which is smaller

than that at the advanced stages.due to errors associated with
the initial guess of sorption equilibrium.

Figures 3-5 show the moisture distributions in a porous
concrete cylindrical tube with different intensities of heat nux
(q = 0.5 X 102, 0.8 X 102, 1.1 X 102 kg S-3) imposed on the
inner wall surface. At a stage of high pore saturation or the
funicular saturation stage, a considerable amount of moisture
loss has occurred in both the hot and the cold zones. The

T. = 20' C
p. = Patm
m. - 0.096 m7-m3
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FIG. 2. Porous concrete vessel.
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FIG.3. Moisture distribution in radial direction.

intensity of heat flux affects the rate of moisture losses locally.
The higher intensity of heat flux imposed on the inner surface
of the cylinder results in a higher drying rate in the heated
surface zone only. A steep temperature gradient provides the
large thermal driving force to transport the moisture in the hot
inner zone outward into the middle zone. On the outer
unheated surface exposed to the natural ambient surround­
ings, the moisture loss, caused by the mass diffusion, is rather
high. The drying rate of moisture is relatively independent of
the properties of the porous concrete and the properties of
fluid moisture; it depends strongly on the parameters
characterizing the surroundings of the system. In the middle
zone between two surfaces, only a meagre amount of moisture
loss has been observed. Both diffusion and thermal driving
force are inactive in this region. These phenomena have been

reported in refs. [2, 3]. When the drying proceeds to a stage
called pendular stage, capillary "action and evaporation­
condensation occur in the pore spaces: Both the internal and
the topological characteristics of porous concrete and the
intensity of a heat flux play the dominant role in the migration
ofmoisture. Moisture distribution curves for this stage, shown
in Figs. 3-5, are no longer convex, while the moisture
distribution curves resulting from the molecular diffusion
alone are convex. Inaddition, the rate ofmoisture ioss is faster
near the heated surface than that at the outer exposed surface.
The moisture content in the hot zone has a tendency to travel
outward in the negative direction of temperature gradient.
Obviously, an increase in heat flux generally increases the
mobility of the water molecules, the viscosityof water, and the
adhesive forces existing between the solid and the absorbed
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FIG.4. Moisture distribution in radial direction.
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FIG. 5. Moisture distribution in radial direction.

liquid layers. This phenomenon results in accelerating the
removal of gel and capillary water in concrete. Therefore, the
drying rate and the moisture loss at any time are functions of
temperature; the drying rate increases rapidly with increase of
temperature. Similar results have been reported previously
[4].
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normalizing constants
concentration
initial concentration
final concentration
diffusivity
functional information
differential entropy
length of diffusion cell
density distribution function
time
distance

ASAMEASURE ofthe disorder of a continuous distribution with
the density distribution function p(x), the differential entropy
can be calculated in the following way [1]:

H = -a1 f~", p(x)1og p(x)dx, (1)

where a1 is a constant.
In distributions with a large number of particles, e.g. as is

usually present in diffusion processes, the density distribution
of the residence probabilityp(x) in equation (l)can be replaced
by that of an appropriately normalized concentration c(x).

On the other hand, for time-dependent concentration




