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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 1021 [atm. KS] for 

water ; 
dimensionless constant, a/(t:p,); 
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,; 
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). 

Greek symbols 

a, dry zone thermal diffusivity ; 
4 ratio of dry zone to wet zone thermal 

diffusivities ; 

A dimensionless parameter, 

(2at: WI R, t,)l(k ~6); 
Y> dimensionless parameter, 

(h,, k P;MK,P Rv 6; 
c, porosity ; 
49 dimensionless variable, x/[(4az)‘:‘] ; 

P? viscosity ; 
P? density ; 
7, time; 

$9 dimensionless function defined by equation 

(14); 

x.7 dimensionless parameter, 

(2~ PI h,,)l(p,c,(l - &,A 

Subscripts 
int, interface; 

1, liquid ; 
0, initial conditions; 

s, solid material ; 
W, surface conditions. 

1. INTRODUCTION 

THE WORK 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 [l-4], and later with those terms [S-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- 1 l] and concentration gradients 

ISI. 
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 [15-171. 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. 

Previous studies [19, 221 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 ; 

(ii) 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); 

Heated Dry 

Surface Zone 

Wet 

Zone 

I 

Dry-Wet 

Interface 

FIG. 1. Physical model of a heated porous structure. 



(c) 

(4 
(e) 

U-l 

k) 

(h) 
(9 

(i) 

(k) 

Self-similar temperature, pressure and moisture distributions 1471 

the specific heat of each zone is constant Equation (6) shows that the difference between the 

[(l - E)P,C, + W,(l - WI; heat flow that reaches the interface and the heat that 

the latent heat of vaporization is constant; enters the wet region is consumed by vaporization and 

the vapor velocity obeys Darcy’s law with a displacement of the interface. 

8P 
moisture dependent coefficient, u = -D Z ; 

In the present analysis the governing equations were 
subjected to uniform initial conditions, 

Darcy’s coefficient is linearly dependent on S, D 

= (klp)S; 
S(x, 0) = so, 

(7) 

liquid mobility is negligible especially in con- t(x, 0) = t, 

Crete in view of the fine size of the gel pores 
(20 A) and their enormous specific surface, (2 x 

and boundary conditions ofconstant ambient pressure 

lo6 cm’ g-l) [13]; 
with a step change in surface temperature 

vapor behaves as an idea1 gas, p = p,R,t ; P(0, 7) = P, = P,, 

the vapor is in equilibrium with the liquid phase 
(8) 

in the wet region, p = a t-’ exp (-b/t); 
t(0, T) = t,. 

the convection of sensible heat in the vapor For the above initial and boundary conditions the 

phase is negligible; governing equations can be transformed to ordinary 

the temperature of the dry-wet interface is differential equations with a similarity variable 

constant and depends on both initial and boun- 
dary conditions (this implies that the moisture 

r) = x/(4ar)’ 2. (9) 

content at the interface remains unchanged The dimensionless forms of the equations are 

during the drying process). 
The conservation equations for mass and energy 

transport in the dry region are, respectively, 

; (UP”) = 0 (1) 

and 

Equation (1) states that moisture cannot be stored in 
the dry region. The continuity and energy equations of 
the wet region are, respectively, 

and 
Epl g = &UP”) (3) 

w - E)P,C, + WlCI(1 - s,,1; 

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: 

(Vv)int+ - (UPv)in*- = Wl [(I - S,glin,, (5) 

= @‘lb [(L - s,$ (6) 

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

d 1 dP2 

-i-)=O dq T dq 

and 

d2T 
,+2&O 
dq drl 

(10) 

(11) 

for the dry region, and for the wet region 

and 

(13) 

The function $ is temperature dependent and arises 
from the conversion of pressure derivatives to tempera- 
ture derivatives following dP/dq = (dP/dT)dT/dtl. 
The term in the bracket is simply the temperature 
derivative of the saturation pressure [see assumption 

(i)]. The function $ is defined by 

$=$(F-5>-p[-?7B). (14) 

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

(i$- - (szgi.,+ = [@(a)q(l - S) ]i”t 
and 

Note that a similarity solution requires that X = 
qi,,(4ar)1’2 (vi”, stands as a proportionality constant). 
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The dimensionless representations of the initial and 
boundary conditions are, respectively, 

S(r) = Z) = S,, (17) 

T(t7= r_)=T, (18) 

and 

P(q = 0) = 1, (19) 

T(r/ = 0) = 1. (20) 

3. SOLUTION 

The temperature and pressure distributions of the 
dry region are obtained from a direct integration of 

equations (11) and (lo), respectively, 

erf(a) 
T = 1 - (1 - T,“J ~ 

erf(M 
(21) 

and 

Both expressions are dependent on the interface 
location nin, and temperature Tin,. 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 qin, and Tin, the equations of the wet zone 
are integrated numerically. The correct selection of vi,,, 
and Tint should give a solution which asymptotically 

satisfies the initial conditions as r) + z’. The constant 
of integration C, in equation (22) depends only on vi”, 
and Tin,. 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 

and 

Sin, = [-Y1 + (Y: - 4Y,)’ 2]/2 (23) 

where 

y 
1 

y 
2 

(27) 

The saturation parameter Sin, was obtained from the 
solution of a quadratic equation. The second root of 
the equation does not satisfy the requirement 
0 I S I 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 nin,. 
T,,, is the third necessary condition. The selection of 
vi,, and Tint 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 

(28) 

Equations (28) and (13) were integrated numerically 
using a Runge-Kutta routine. The integration pro- 
cedure began by a systematic selection of vi”, and Tin,. 
Equations (23) and (24) were used to calculate Si,, and 
(dT/dq)in,. Beginning at vi,, the integration proceeded 
towards q --) ‘x. Based on known values of S, T and 
dT/dq, at a given 11, new values were computed at q + 
An. New values of S were computed with equation (28) 
and new temperature derivatives with equation (13). At 
large v (about r) = 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 nin, and TinI are equivalent to 
variations of initial conditions, T, and S,. 
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Table 1. Values of dimensionless parameters used in the analysis 

A B K l-S, 

Nl 1.124 x 10’ 11.24 1.5 0.055 

N2 1.124 x 10’ 11.24 1.5 0.131 

N3 1.124 x 10’ 11.24 1.5 0.296 

N4 1.124 x 10’ 11.24 1.5 0.690 

N5 2.696 x 10’ 13.38 1.5 0.873 

N6 1.708 x 10’ 12.22 1.5 0.441 

N7 1.708 x 10’ 12.22 1.5 0.073 

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 evaporationrecondensation 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. 

NI __ 

N2 --- 
N3 _____- 

N4 -- 

FIG. 2. Temperature distributions within heated porous 
structures. 

TO OS B Y x 

0.48 0.693 176.7 4.72 x 1O-3 1.252 

0.48 0.728 176.7 4.72 x 1O-3 1.252 

0.48 0.797 176.7 4.72 x 1O-3 1.252 

0.48 0.967 176.7 4.72 x 1O-3 1.252 

0.57 1.047 148.4 6.70 x 10m3 1.492 

0.52 0.857 162.5 5.59 x 1o-3 1.362 

0.52 0.698 812.6 1.12 x 1o-3 1.362 

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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‘\ N4 -- 
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FIG. 3. Moisture distributions within heated porous 
structures. 
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NI - 

N2 --- 
N-j _.___ 

N4 -- 

FIG. 4. Pressure distributions within heated porous 
structures. 

1.0 

N4 -- 

N5 ~ 

N6 --- 

T 
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I 
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00 1.0 77 2.0 

FIG. 5. Temperature distributions within heated porous 
structures. 

N4 -- 

N5 - 

N6 --- 
NT _____ 

0.0 1.0 ?) 2.0 

FIG. 6. Pressure distributions within heated porous 
structures. 

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. Therefore 
the area of augmented moisture is narrowed and 
temperature gradients are increased (Figs. 5 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 pressurescan 
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 10% 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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FIG. 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 

R&urn&On presente un modele pour le transfert thermique et massique dans un milieu poreux semi-infini 
et chauffe intensement. 11 est base sur les trois phenomenes principaux : Conduction de la chaleur, convection 
de la vapeur sous l’elfet des gradients de pression et evaporation-recondensation. On suppose l’tquilibre 
liquide-vapeur. Les equations concement deux systdmes: l’un pour la region poreuse qui a s&he et I’autre 
pour la region encore humide. On obtient une solution affine pour la combinaison des conditions initiales 
uniformes avec un changement en echelon dans les conditions aux limites. Les distributions variables de 
temperature, pression et humidite sont d&rites de faccm analytique pour la region s&he et numeriquement 
pour la region humide. Le moddle est applique a l’etude de la vitesse de dchage pour un mur de beton. Les 

resultats correspondent bien a ceux anterieurement publies. 

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

Zusammenfassung-Es wird ein Model1 fur den instationaren Warme- und Stofftransport in einem stark 
beheizten pordsen Halbraum vorgestellt. Das Model1 beruht auf drei grundlegenden Transportvorgangen : 
der Wlrmeleitung, der Konvektion des Dampfes unter dem EinfluD von Druckgradienten und dem 
Verdampfungs-Rekondensationsmechanismus. Es wird Brtliches Gleichgewicht zwischen Fliissigkeit und 
Dampf angenommen. Die das Problem beschreibenden Gleichungen bestehen aus zwei S&en : einem fur 
das getrocknete porose Gebiet und einem fur das verbleibende feuchte Gebiet. Eine Ahnlichkeitslosung wird 
erhalten fur die Kombination gleichformiger Anfangsbedingungen mit einer sprungfiirmigen Anderung der 
Randbedingungen. Instationlre Temperatur-, Druck- und Feuchtigkeitsverteilungen werden in 
geschlossener Form fur das trockene Gebiet und fur das feuchte Gebiet in numerischer Form beschrieben. 
Das Model1 wurde zur Bestimmung des Feuchtigkeitsverluststroms einer trocknenden Betonwand 

verwendet. Die Ergebnisse stimmen gut mit friiher veroffentlichten Untersuchungen iiberein. 
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ABTOMOAEJIbHbIE PACIIPEAEJEHMX TEMnEPATYPbI, fiABJIEHMIl M BJIAXHOCI-M 
B MHTEHCMBHO HAI-PEBAEMOM FIOPMCTOM nOJIYnPOCTPAHCTBE 

AHHoTauw- npencTaBneHa btonenbHecTawioHapHoroTenno-uMacconepeHoca BRHT~HCRBHO Harpe- 

BaeMOM llOflyO~paHWl~HHOM nOplrCTOM TeJle. B OCHOBY MOflenH nOJlOEeHb1 Tpll OCHOBHble RBneHAR 

nepesoca: Tennonepenaqa,KoHBeKum napa non neAcTBAeh4 rpaneetiToB naBneHm H h4exaHH3h.4 wna- 

pewin-nepeKomeHcauss. IIpennonaraeTca noKanbHoe paBHosecee Memy winKocTbm A napohl. 

OcHosHbleypaBHeumnpencTaBneHb~nByh4nckicTeh4abtlc: oma am nop~c~oircyxoii o6nacTu H BTopar 

,sw snamok nOnyqeH0 aBToh4onenbHoe pellreme nna cnyvan, KOTna OnHOpOL,Hble HaqanbHbIC. 

YCnOBlla COqeTaH)TCII CO CTyneH',aTbIM H3MeHCHHeM rpaHAYHbIX YCnOBkiii. HeCTaUIiOHapHbIe IlpO&iJW 

TeMnepaTypbI, L(aB,,CHMR II BSIa~HOCTH OnHCbIBaIOTCI aHa."ATI('ECKH LlJ,ll CYXOB o6nacTe H VHCneHHO 

nna BJIa*HOii. Monenb BcnonbsyeTcR nnll paC%Ta CKOpOCTH IIOTepH Bnam IIpki CyuIKe 6eTOHHOfi 

n."ATbI. Pe3ynbTaTbI XOpOluO COrnaCyfOTCX C IlaHHbIMA paHee Ony6JHiKOBaHHbIX HCCJIeL,OBaHdi. 


