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Abstract—A model for the transient heat and mass transfer within an intensely heated porous half space is
presented. The model is based on three principal transport phenomena : heat conduction, vapor convection
under pressure gradients and the evaporation-recondensation mechanism. Local liquid-vapor equilibrium is
assumed. The governing equations consist of two sets: one for the porous region that has dried and one for
the remaining moist region. A self-similar solution is obtained for the combination of uniform initial
conditions with a step change in boundary conditions. Transient temperature, pressure and moisture
distributions are described in closed form for the dry region and numerically for the moist region. The model
was applied to study the rate of moisture loss from a drying concrete wall. The results correspond well with
results of previously reported investigations.

NOMENCLATURE

constant, 1.055 x 10*' [atm. K°] for
water;

dimensionless constant, a/(t3p,);
constant, 7000[K] for water;
dimensionless constant, b/t ;

specific heat;

constant defined after equation (22);
Darcy’s coefficient ;

latent heat of vaporization;

dry region permeability;

dry zone thermal conductivity;

wet zone thermal conductivity;

ratio of the thermal conductivities, K, /K 4;
vapor pressure;

dimensionless pressure, p/p,,;

gas constant of vapor;

volume fraction of pores occupied by
vapor;

absolute temperature;

dimensionless temperature, t/t,;

velocity ;

distance from heated surface;

interface location;

dimensionless functions defined after equa-
tion (23).
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Greek symbols
o, dry zone thermal diffusivity;

@, ratio of dry zone to wet zone thermal
diffusivities ;

B, dimensionless parameter,
(Qae ppy R, t,)/(k p3);

R dimensionless parameter,
(heg k PONK R, £);

&, porosity;

1, dimensionless variable, x/[(4at)'*];

i, viscosity ;

P density;

1, time;

v, dimensionless function defined by equation
(14);

% dimensionless parameter,
(22 py he)/(pse 1 ~ o)ty,).

Subscripts

int, interface;

1, liquid;

0, initial conditions;

s, solid material ;

w, surface conditions.

L. INTRODUCTION

THE wWoRK presented in this paper is concerned with
the thermohydraulic response of a porous structure to
intense heating. It was undertaken with the specific
purpose of evaluating rates of vapor release from
concrete walls in nuclear reactors under accident
conditions. In liquid-metal fast breeder reactors, for
instance, knowledge of the rate of moisture release
from a concrete floor following a sodium spill accident
is extremely important. It determines the magnitude of
the heat source generated by the chemical reaction
between sodium and steam. Application of similar
theories has been made before in studies on the drying
of clay bricks, pressure generation during sintering
processes, pressure generation during the casting of
metals in sand molds, damage to buildings following
fires, and in other studies.

Early studies on the drying of porous media were
mainly concerned with low temperature drying. The
models were formulated on the principles of irrever-
sible thermodynamics, first without pressure gradient
terms [ 1-4], and later with those terms [5-7]. In these
investigations moisture migration was assumed to take
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place predominantly in the gaseous phase and sorp-
tion curves were used to calculate the local equilib-
rium moisture content. The importance of the
evaporation-recondensation mechanism during the
pendular stage of drying was pointed out repeatedly.
In studies on high temperature drying, indirect modes
of transport, such the Soret and Dufour effects, were
neglected. Moisture migration was attributed pri-
marily to pressure [8—11] and concentration gradients
[12].

Research work on mass transfer in concrete fol-
lowed a path similar to that of porous media. Moisture
transport was first regarded as a process governed by
concentration [13] and temperature gradients (Soret
effect) [14]. Later, drying experiments at elevated
temperatures revealed high pore pressures as a con-
sequence of intense water vaporization [15-17]. For
such conditions, vapor filtration under pressure gradi-
ents were found to be the primary mode of moisture
transfer. Augmented moisture contents, in relatively
low temperature areas of the specimens, were also
reported. This further supports the evaporation—
recondensation theory. The measured pore
pressure, determined under equilibrium heating
conditions, corresponded well with the sum of the
calculated saturated water vapor pressure and ambient
air pressure [15].

In recent analyses on high temperature drying of
concrete, moisture transport was modeled on the basis
of the evaporation-recondensation mechanism with
concentration and pressure gradient terms [18-21].
Air transport terms were also included in these
analyses. These models were solved numerically and
required extensive computation time for accurate
predictions. The models were successfully tested with
limited experimental data [22]. The purpose of the
present work is to propose a simplified version of the
above models. It was developed after a careful in-
spection of the results obtained from previous in-
vestigations. The model contains only important
transport terms for applications in studies of heat and
mass transfer in porous media of low permeability
under intense heating conditions.

2. PHYSICAL MODEL

The physical model consists of a semi-infinite por-
ous structure heated at the surface. The structure is
divided into two regions, one dry, the other wet (Fig. 1).
A portion of the heat that penetrates the dry region
evaporates water at the dry-wet interface. The other
portion enters the wet region by means of thermal
conduction. Maximal pore pressures are at the
dry-wet interface. Vapor flows from the interface
towards both the heated surface and the deeper areas
of the structure. Local equilibrium conditions require
that vapor must recondense since it has infiltrated the
region in a relatively superheated state. This is known
as the evaporation-recondensation mechanism, and is
responsible for both the enhanced heat transfer and
augmented moisture in the wet region.
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Previous studies [19, 22] indicated that under
intense heating conditions air is evacuated from most
of the heated zone. It remains only in a very narrow
zone near the heated surfaces, and in deep zones of the
structure. The total pressure where air exists is close to
the ambient atmospheric pressure. In areas of higher
pressure the vapor flow is too intense to allow any
inward air diffusion. In view of these facts, it was
concluded that the presence of air could affect only
boundary conditions and not the field equations of the
heated zone. Consequently, the following assumptions
were introduced :

(i) the transport equations include only vapor
terms;

(it) the vapor flow rate out of the structure would
remain unchanged regardless of whether air or vapor,
at atmospheric pressure, exists near the heated surface ;

(iii) the existence of air within unheated or slightly
heated zones does not affect the overall vapor
transport.

Assumption (ii) is equivalent to neglecting mass
diffusion within the porous structure near the heated
surface. This is justified due to the relatively strong
outward vapor flow. Assumption (iii) is based on the
fact that the vapor transport rate at the deep edge of
the heated zone is determined by temperature gradi-
ents rather than viscous forces. In that area the
temperature gradients are governed by thermal con-
duction and cause saturated vapor pressure gradients.
The vapor transport rate is negligible due to both small
vapor density and weak pressure gradients. The in-
fluence of air on the local energy transport or vapor
pressure gradients is minimal. Assumption (iii) may
not hold in the case of higher than atmospheric
ambient air pressures. Under such conditions the
existence of air can affect the vapor flow in areas of
steep pressure gradients. This requires a different
treatment of the boundary condition at the deep edge of
the heated zone [23]. Note that the formulation
without air is exact for problems involving one com-
ponent only.

The mathematical model for calculating vapor
transport was based on the following assumptions:

(a) moisture storage is significant only in the liquid

phase;

(b) the thermal conductivity is constant within

each zone (but not equal);
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F1G. 1. Physical model of a heated porous structure.
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(c) the specific heat of each zone is constant
[(1 = &)pye, + eper(l — So)l;

(d) the latent heat of vaporization is constant;

(e) the vapor velocity obeys Darcy’s law with a

i)
moisture dependent coefficient, u = —D a—p :
X
(f) Darcy’s coefficient is linearly dependent on S, D
= (k/u)S;

liquid mobility is negligible especially in con-
crete in view of the fine size of the gel pores
(20 A) and their enormous specific surface, (2 x
10°cm? g™ 1) [13];

(h) vapor behaves as an ideal gas, p = p Rt;

(i) thevapor is in equilibrium with the liquid phase
in the wet region, p = at™° exp (—b/t);

(J) the convection of sensible heat in the vapor
phase is negligible;

(k) the temperature of the dry-wet interface is
constant and depends on both initial and boun-
dary conditions (this implies that the moisture
content at the interface remains unchanged
during the drying process).

The conservation equations for mass and energy

transport in the dry region are, respectively,

G

75 W) =0 1)

®

and

ot 0%t
1- —=Ky4—. 2
( 6)pscs ot daxz ( )
Equation (1) states that moisture cannot be stored in
the dry region. The continuity and energy equations of
the wet region are, respectively,

s 0
= 3
and W15 = o (up,) 3)

ot
[(1 - 6)pscs + Splcl(l - SO)]E

oS %t
+ splhfga‘ = wax_z-

Equation (3) indicates that phase change is the source
or sink of vapor. Equation (4) contains a source term
which means that energy is delivered into the wet
region by recondensation of vapor.

In addition to the above equations, the following
continuity conditions must exist at the interface:

“)

(upv)inl+ - (upv)inl— = &0 [(1 - S)dEA‘CX_:l > (5)

int
0
KW<_‘ _k, (&
ax int+ ax int—
dX
=gohe, 1 —S)— | . (6
&p1heg [( Va4 ]m (6)

Equation (5) states that the vapor mass flow rate from
the interface equals the rate of moisture vaporization.

1471

Equation (6) shows that the difference between the
heat flow that reaches the interface and the heat that
enters the wet region is consumed by vaporization and
displacement of the interface.
In the present analysis the governing equations were
subjected to uniform initial conditions,
S(x, 0y = S, )
tx,0) =1,

and boundary conditions of constant ambient pressure
with a step change in surface temperature

PO, 7)=P,=P,,
10, 7) = t,.

(@)

For the above initial and boundary conditions the
governing equations can be transformed to ordinary
differential equations with a similarity variable

n = x/(4a)' 2. ©)

The dimensionless forms of the equations are

d /1 dpP?
—(=—]=0 (10)
dn \T dn
and
d2T + dT —0 (11
dn? 1 dn
for the dry region, and for the wet region
d dr ds
— Sy — | — —=0 12
d'1<l//d'7> ﬁnd” (12)
and
d’T - dr ds
— 42 — 43 — = 0. 13
e m /ﬂndn (13)

The function i is temperature dependent and arises
from the conversion of pressure derivatives to tempera-
ture derivatives following dP/dn = (dP/dT)dT/dy.
The term in the bracket is simply the temperature
derivative of the saturation pressure [see assumption
(1)] The function ¥ is defined by

A* /B 5 2B
v=galz-s)er(-7)

The dimensionless forms of the continuity con-
ditions at the dry—wet interface are

dpP dpPdT T
(a)inl‘ B <Sd—Ta>im+ N |:ﬁ (F>n(l - S) ]int

(15)
and

dT _ T
<_ E)H.f K <a> = [en (1 = 8 (16)

Note that a similarity solution requires that X =
Mim(da7)' % (n;,, Stands as a proportionality constant).

(14)
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The dimensionless representations of the initial and
boundary conditions are, respectively,

S(n=x)=S,, (17)
Thh=x)=T, (18)
and
Phr=0)=1, (19)
Th=0)=1 (20)
3. SOLUTION

The temperature and pressure distributions of the
dry region are obtained from a direct integration of
equations (11) and (10), respectively,

erf(n)

T=1-01-T,) P (21)
and
1-T,
PP=14+C{|1- ‘“‘1
- {[ erfrim) |
1 - Tint 1
+ m[ﬂ erfe(n) + (777)[1 - eXP(—nz)]}}
(22)

Both expressions are dependent on the interface
location #;,, and temperature T;,. These two para-
meters are, in turn, dependent on the initial and
boundary conditions. Their values, like most of
Stefan’s problem, cannot be expressed in closed form.
Here they are found by an iteration process. For each
selection of n,,, and T, the equations of the wet zone
are integrated numerically. The correct selection of ;,,
and T, should give a solution which asymptotically
satisfies the initial conditions as # — . The constant
of integration C, in equation (22), depends only on #;,,,
and T,,. The equation can be readily solved for C
following the substitution of the saturation pressure
P(T;,,) [see assumption (i)].

In order to proceed with the solution of the wet
region, consider the interface conditions, equations
(15) and (16). They contain two unknowns: the
saturation parameter at the interface, and the tempera-
ture derivative to the right of the interface. The solution
of these equations is

S =[—Y, + (Y1 —4Y,)'?]2 (23)

and

dT dT i—
<a>m+ = [Z Mol = Sindd + <Erl—>amf:|/ﬂ K
where
ok (rp), e (), ()
P Jint 41 fin- JNAT Jii

dpP
XA Min dT -
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and

(25)
aT\ o [2exp(—rk)
<d’7 )imf— Tinc = 1) [nl 2 erf (Vlim)]’ 20)

apy _c(T
dr] inl—_ 2\P in(.

The saturation parameter §;,, was obtained from the
solution of a quadratic equation. The second root of
the equation does not satisfy the requirement
0 < § < 1 and thus is inapplicable.

Two boundary conditions are required for the
solution of the temperature field in the wet region.
Only one boundary condition is necessary for the
solution of the vapor saturation parameter S. Equa-
tions (23) and (24) are two of these conditions at #;,,.
T, 1s the third necessary condition. The selection of
M @and T, as boundary conditions may seem less
appropriate than a selection of boundary conditions at
infinity, namely S, and T,. In practice it makes no
difference where the conditions are specified. By using
an iteration procedure one can find the correspon-
dence between different sets of boundary conditions.

The moisture and temperature distributions of the
wet region were obtained numerically. Before in-
tegration, equations (12) and (13) were solved for the
saturation-parameter derivative

<(23—15T)(B—4T)>d_z] o
ds TXB—5T) Jdy 1 (4T

dn L dr an’
[<$ " }S>M - dn]

Equations (28) and (13) were integrated numerically
using a Runge-Kutta routine. The integration pro-
cedure began by a systematic selection of n,,, and T,,.
Equations (23) and (24) were used to calculate S;,, and
(dT/dn),,, Beginning at #,,, the integration proceeded
towards  — oc. Based on known values of S, T and
dT/dn, at a given #, new values were computed at n +
Ay. New values of S were computed with equation (28),
and new temperature derivatives with equation (13). At
large  (about y = 4) the temperature T and saturation
parameter S assumed almost constant values. These
were compared to the initial conditions to determine
when a new selection of interface conditions was
required. For parametric studies, however, such iter-
ations are not required. For given boundary con-
ditions, variations of #,,, and T, are equivalent to
variations of initial conditions, T, and S,

(27)

(28)
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Table 1. Values of dimensionless parameters used in the analysis
A B K 1-5, To E: i ¥ P
N1 1.124 x 107 11.24 1.5 0.055 048 0.693 176.7 472 x 1073 1.252
N2 1.124 x 107 11.24 1.5 0.131 048 0.728 176.7 472 x 1073 1.252
N3 1.124 x 107 11.24 1.5 0.296 0.48 0.797 176.7 472 x 1073 1.252
N4 1.124 x 107 11.24 1.5 0.690 0.48 0.967 176.7 472 x 1073 1.252
N5 2.696 x 107 13.38 1.5 0.873 0.57 1.047 148.4 6.70 x 1073 1.492
N6 1.708 x 107 12.22 1.5 0.441 0.52 0.857 162.5 5.59 x 1073 1.362
N7 1.708 x 107 12.22 1.5 0.073 0.52 0.698 812.6 1.12 x 1073 1.362

4. RESULTS AND DISCUSSION

Transient temperature, pressure and moisture dis-
tributions were calculated for material properties
typical to those of concrete. The corresponding dimen-
sionless parameters used in the analysis are sum-
marized in Table 1. The results obtained are for porous
media which are initially in equilibrium with a stan-
dard atmosphere (1 atm., 25°C). All the transient
distributions presented are for the boundary con-
ditions of a step change in wall temperature.

Characteristic temperature distributions are shown
in Fig. 2. The discontinuity in the slope of the
temperature profiles designates the location of the
dry-wet interface. Reduced temperature gradients in
the wet region, as compared to the dry region, result
from the better thermal conductivity and enhanced
heat transfer by the evaporation-recondensation me-
chanism. This is especially apparent near the interface
where moisture recondensation is substantial (Fig. 3).
The augmented moisture content, as shown in Fig. 3,
results from recondensation. A higher moisture con-
tent tends to keep the dry—wet interface closer to the
heated surface. Consequently, the interface tempera-
ture and pressure are greater (Fig. 4). In contrast, the
larger amount of heat required for vaporization in-
hibits the rate of temperature rise in the heated zone.

00 L ! N L !
0.0 1.0 n 2.0

FiG. 2. Temperature distributions within heated porous
structures.

Effects of initial moisture content are minimal at points
deep in the wet zone.

Inspection of Figs. 3 and 4 reveals that moisture
recondensation is pronounced at moderate degrees of
saturation. At a large initial moisture content the
vapor flow is limited by reduced apparent permea-
bility. At low initial moisture contents pressure gradi-
ents become weak and cannot drive an intensive
vapor flow. The average rate of moisture loss from a
heated structure is expected to increase with the initial
amount of moisture owing to greater pressure
gradients and smaller sensible heat storage.

From a standpoint of material strength, it is nec-
essary to limit peak pore pressures. This is particularly
important in concrete which has a weak tensile
strength. In general, higher wall temperatures would
produce higher pressures. In order to maintain peak
pressures at a constant level one would have to offset
effects of higher wall temperatures by selecting drier
structures. This is depicted by observing curves N5 and
N6 in Figs. 5-7. Comparison of curves N4 and N6
confirms the intuitive fact that higher wall tempera-
tures promote rapid drying rates. Curves N6 and N7
are transient distributions with equal wall tempera-
tures and peak pressures. However, they belong to
porous structures of different permeability and initial
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t— l N~
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i |
- I N
0.5 N
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0.0 7 20

Fic. 3. Moisture distributions within heated porous
structures.
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structures.
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moisture content. It is apparent that low permeabil-
ities tend to elevate peak pressures. The increased
resistance to vapor flow suppresses the evap-
oration-recondensation = mechanism.  Thetefore
the area of augmented moisture is narrowed and
temperature gradients are increased (Figs. S and 7).

The worst possible combination that may jeopard-
ize the structural integrity of a porous media is that of
high wall temperature, large moisture content and low
permeability. In concrete structures pore pressures can
reach levels of several atmospheres and cause spal-
lation [21].

Results of the present model were compared with
results of the model described previously [22]. The
latter, as mentioned earlier, contains terms for the
conservation and transport of air including mass
diffusion. The parameters used for the calculation of
curves N6 were chosen for the comparison. The results
showed that the model without terms for air yields a
dry zone temperature distribution which is less than
3% lower, and a wet zone temperature distribution
which becomes 109 higher towards the edge of the
heated region. The moisture distribution in the recon-
densation zone is somewhat higher as required for the
higher local temperatures. A negligible difference be-
tween the vapor and total pressure at the interface were
found in the results of the complete model.

In conclusion it is seen that the present model is a
simple and reasonably accurate tool for the prediction
of moisture and temperature distributions within
intensely heated porous media of low permeability.
The fact that the equations were written for one
gaseous species does not restrict its applicability to
other problems. It can be applied, for instance, to
transport calculations in porous media that contain air
and vapor provided that the pressure of the former is
not too high.
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F1G. 7. Moisture distributions within heated porous

structures.
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DISTRIBUTIONS DE TEMPERATURE DE PRESSION ET D’'HUMIDITE DANS UN DEMI-
ESPACE POREUX CHAUFFE INTENSEMENT

Résumé—On présente un modéle pour le transfert thermique et massique dans un milieu poreux semi-infini
et chauffé intensément. Il est basé sur les trois phénoménes principaux : Conduction de la chaleur, convection
de la vapeur sous leffet des gradients de pression et évaporation-recondensation. On suppose 'équilibre
liquide-vapeur. Les équations concernent deux systémes: 'un pour la région poreuse qui a séché et I'autre
pour la région encore humide. On obtient une solution affine pour la combinaison des conditions initiales
uniformes avec un changement en échelon dans les conditions aux limites. Les distributions variables de
température, pression et humidité sont décrites de fagon analytique pour la région séche et numériquement
pour la région humide. Le modéle est appliqué a I'étude de la vitesse de séchage pour un mur de béton. Les
résultats correspondent bien 4 ceux antérieurement publiés.

EINE AHNLICHKEITSLOSUNG FUR DIE VERTEILUNG VON TEMPERATUR, DRUCK
UND FEUCHTIGKEIT IN EINEM STARK BEHEIZTEN POROSEN HALBRAUM

Zusammenfassung—Es wird ein Modell fiir den instationdren Wirme- und Stofftransport in einem stark
beheizten porésen Halbraum vorgestellt. Das Modell beruht auf drei grundlegenden Transportvorgingen :
der Wirmeleitung, der Konvektion des Dampfes unter dem EinfluB von Druckgradienten und dem
Verdampfungs-Rekondensationsmechanismus. Es wird ortliches Gleichgewicht zwischen F]ﬁssigkeit und
Dampf angenommen. Die das Problem beschreibenden Gleichungen bestehen aus zwei Sitzen: einem fiir
das getrocknete porose Gebiet und einem fiir das verbleibende feuchte Gebiet. Eine Ahnlichkeitslosung wird
erhalten fiir die Kombination gleichférmiger Anfangsbedingungen mit einer sprungférmigen Anderung der

Randbedingungen. Instationire Temperatur-,

Druck-

und Feuchtigkeitsverteilungen werden in

geschlossener Form fiir das trockene Gebiet und fiir das feuchte Gebiet in numerischer Form beschrieben.
Das Modell wurde zur Bestimmung des Feuchtigkeitsverluststroms einer trocknenden Betonwand
verwendet. Die Ergebnisse stimmen gut mit friiher versffentlichten Untersuchungen tiberein.
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ABTOMOJEJIbHBIE PACIPEAEJEHWUS TEMITIEPATYPBI, JABJIEHUA W BJIAXHOCTHU
B UHTEHCUBHO HAT'PEBAEMOM I[MOPUCTOM TMOJYITPOCTPAHCTBE

Aunotanns — [pencrasieHa MoJeb HECTALIHOHAPHOTO TEMIO- ¥ MAcCONEPEHOCa B HHTEHCHBHO Harpe-
BAEMOM MOJIyOTPaHHYEHHOM NOPHCTOM Tene. B OCHOBY MOmenH NoJIoXeHb! TPH OCHOBHbIE ABJEHUS
nepeHoca: Temjaonepeaya, KOHBEKIIUA napa nojd ACHCTBHEM IPAaMEHTOB JAaBJIECHHA M MEXaHH3M Hcna-
peHusA-NepeKkoHIeHcauuu. [lpeanonaraercd J1oOKaJlbHOE PAaBHOBECHE MEKIY XKHMAKOCTBIO M NapoM.
OcHOBHblE YpaBHEHHUA NIPEACTABNCHbI JBYMS CHCTEMaMH : OfIHa ANA MOPHCTOM cyXxoi obnacTu H BTOpas
s BnakHoi. [lonyyeHO aBTOMOMEIbHOE pellleHMe ANS cilydas, KOrja OJHOPOAHbIE HavaslbHbIC
YCJOBHS COYETAIOTCH CO CTYMEHYaThIM H3MECHEHHMEM IpaHHuHBIX ycsoBuil. HecTaumuoHapHbie npodunu
TeMINEPATYPbI, AABJACHUA U BJAKHOCTH ONMUCBHIBAKOTCS AHATUTHYECKHM A CYXO# 00JacTH H YMCIEHHO
a8 BaaxHod. Mojens Henosb3yercs [AAs pacyeTa CKOPOCTH MNOTEPH Blard NpH cCyllike OeTOHHOH
IIHTBL. Pe3ynbTaThl XOPOLIO COrNacytoTcs ¢ JaHHbIMH paHee oNyOJIUKOBaHHBIX KCC/IeNOBAHMIA.



