
hr. J. Heor Moss Trmujer. Vol. 32. No. 12, PP. 2351-2362. 1989 0017-9310/89$3.00+0.00 

Printed in Great Britain Pergamon Press plc 

Convective drying of a consolidated slab of 
wet porous material 

M. ILIC 

School of Mathematics. Queensland University of Technology, GPO Box 2434, 
Brisbane 44001. Australia 

and 

I. W. TURNER 

Department of Mechanical Engineering, The University of Queensland, St. Lucia, 
Brisbane Q4067, Australia 

(Received 13 December 1988 and inJinalform 2 March 1989) 

Abstract-A mode1 is formulated to describe the drying process of a consolidated finite slab of wet porous 
material by forced convection of hot, dry air past the exposed surface of a slab. The mode1 is very 
comprehensive and describes the evolution of temperature, pressure and moisture distributions in both the 
wet and dry regions. The distinct advantage of the model is that the coefficients are constructed from well- 
known experimental results. The mode1 is illustrated by application to the drying of wet brick. The 
system of three non-linear coupled partial differential equations describing the physical process, is solved 

numerically using finite difference techniques. 

1. INTRODUCTION 

THE FIRST half of this century saw several theories to 
explain the various stages of moisture migration in 
porous media. These included the Diffusion Theory 
[l-4], the Capillary Flow Theory [5], and the Evap- 
oration-Condensation Theory [6]. During the later 
part of the century, more comprehensive theories [7- 
1 l] of simultaneous heat and mass transfer processes 
have been advanced. The starting point for these 
theories is either the phenomenological approach 
(Luikov’s School), dealing directly with averaged 
quantities and experimentally determined coefficients 
[12-141, or continuum point equations which are 
averaged (Whitaker’s School) [ 15-221. 

In this study the starting point is the integral form 
of the conservation of mass and energy. The quantities 
used throughout the analysis are the intrinsic phase 
averaged quantities defined at the appropriate level 
[23], and assumed to be sufficiently smooth to allow 
all mathematical manipulations. These integral forms 
are then reduced to partial differential equations in 
the usual manner. The quantities corresponding to 
different phases are separated by simply identifying 
one expression as the source/sink for the other. The 
equations so obtained can be related to both Luikov’s 
and Whitaker’s equations [23]. 

We believe that our formulation has a number of 
advantages. Conceptually it is simple and can be 
understood by any student of continuum mechanics. 
The paper is self-contained: we begin with straight- 
forward conservation equations and finish with three 
precisely defined partial differential equations. There 

is no need for complicated background theory on 
averaging like Whitaker’s theory nor any knowledge 
of irreversible thermodynamics like Luikov’s theory. 
The ‘kinetic’ coefficients such as KS, K,, Kp and KT are 
determined explicitly by the analysis and it is not 
necessary to obtain them from experimental results. 
The source term, liz, has been eliminated which is still 
present in ref. [20]. Our model includes not only the 
three drying dynamics variables--moisture content, 
temperature and pressure-but also water vapour 
pressure both above equilibrium moisture content 
(e.m.c.) when it is given by the Clapeyron equation 
and below e.m.c. when it is determined as one of the 
variables of the moving boundary problem. Knowl- 
edge of all these variables is required for proper qual- 
ity control of the final dried product. 

The real advance on the existing theories becomes 
apparent when the theory is applied to ‘non- 
equilibrium’ processes, i.e. processes when the tem- 
perature of the solid-water phase is different from the 
temperature of the binary mixture (air and steam). A 
family of ‘practical’ problems that fall into this cate- 
gory are industrial processes involving through (or 
cross) flow such as drying of iron ore pellets which we 
discussed in ref. [23]. The original purpose of the 
present paper was to calculate the drying kinetics of 
individual pellets and hence obtain an expression for 
the source term which was discussed in ref. [23]. It 
became clear that the method is equally applicable to 
a pellet, brick, concrete slab or whatever if the same 
averaging volume can be used. Another family of 
‘practical’ problems that fall into this category are 
those that involve microwave drying which is being 
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NOMENCLATURE 

c, specific heat [J kg- ’ K- ‘1 Greek symbols 
D diffusivity [m’ s- ‘1 B surface tension constant [N m- ’ K- ‘1 
9 gravitational constant [m s- *] 0 non-dimensional temperature 
h intrinsic averaged enthalpy [J kg- ‘1 p dynamic viscosity [kg m- ’ s- ‘1 
hvap latent heat of evaporation [J kg- ‘1 P intrinsic averaged density [kg m-‘1 
J Leverett function 0 surface tension [N m- ‘1 
k thermal conductivity [W m- ’ K- ‘1 (TO surface tension constant m m- ‘1 

k, mass transfer coefficient [m s- ‘1 r non-dimensional time 
K intrinsic permeability [m2] 4 porosity [m3 me31 
Kg, K, relative permeabilities of gas and X surface fraction 

water X surface porosity, Xs + Xw [m* m- ‘1. 
L thickness of porous medium [m] 
M molar mass [kg mol- ‘1 
n unit outward normal Subscripts 
P pressure [Pa] a air 
p” non-dimensional pressure C capillary 
Q heat transfer coefficient [W m- 2 K- ‘1 cr critical 
R universal gas constant [J mol- ’ Km ‘1 g gas 
S volume saturation i spatial index 
s surface saturation ir irreducible 
T temperature [K] S solid 
t time [s] V vapour 
V averaged velocity [m s- ‘1 W liquid 
x distance [m] 0 atmospheric 
.x’ non-dimensional distance. 1 initial. 

examined by Turner. We see a place for this paper in 
the literature not only for its importance in further 
development but also for establishing common 
ground with existing theories. 

We believe that the most significant advance is still 
to come. Since our theory is basically mechanical 
rather than thermodynamical like Luikov’s (see pre- 
face of ref. [12]), it can be extended to include stress 
distribution in a porous medium whereas in Luikov’s 
formulation stresses are calculated by postulating an 
empirical stress-temperature relation [ 141 or stress- 
moisture relation [31]. This can be done by using 
the conservation of momentum equations and the 
structure of the porous medium instead of Darcy’s 
law and the results connected with it (permeability, 
capillary pressure, etc.) which are used in this paper. 

Apart from the basic equations, another essential 
ingredient is to recognize when the mathematical vari- 
ables are physically valid. This has lead to so many 
subdivisions of the drying process : saturated, unsatu- 
rated, constant rate, falling rate, above and below 
equilibrium moisture content, above and below irre- 
ducible saturation and so on. 

Most of these regimes can be expressed by inequali- 
ties involving saturation, S. For example if So is the 
equilibrium moisture content, then when S, < S < 1 
it is believed that liquid and vapour are in equilibrium, 
the relevant relation being the Clausius-Clapeyron 
equation or a modified version of it [8, 171. When 

0 < S < So this relation is no longer valid and 
when S = 0, the material is dry. Similarly if S,, is 
the irreducible saturation, Darcy’s law holds 
when S,, < S < 1 but there is no water flow when 
0 < S < S,,. Such problems are not easily incor- 
porated into the usual analysis since they are basically 
moving boundary value problems [ 11. 

In the present paper we assume that there is a criti- 
cal value of S,,, above which both Clapeyron’s and 
Darcy’s laws are valid. Further we assume that this 
value is small enough (S,, = 0.09 for brick) so that for 
most computing work this number is close to zero and 
when S = S,, we take the medium to be dry. To put it 
another way, it is assumed that the region 0 < S < Sir 
is fairly narrow and can be taken to constitute an 
averaged surface (line) jump [17]. Thus, in the present 
model there are two regions : the wet region and the 
dry region, separated by S = Si, ; we start with the wet 
region and finish with the dry region. 

The case of a wet and dry region under various 
assumptions has been solved by the moving boundary 
value problem with certain jump conditions at the 
evaporation front [17,23-251. For the finite difference 
approximations, these jump conditions need not be 
stated explicitly ; all that is required is certain con- 
tinuity conditions which will be discussed later. 

Convective drying plays an important role in many 
industrial processes. Although the design of driers 
varies from one industry to the next the central prob- 
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FIG. 1. (a) Configuration of physical problem. (b) Macro- 
scopic averaging volume element. 

lem is to be able to predict the temperature, moisture 
content and pressure profiles within the material being 
dried. Our contribution consists in the theoretical 
study of an idealized one-dimensional heat and mass 
transfer during convective drying of a consolidated 
slab of a wet porous material. The drying process 
under investigation is illustrated in Fig. l(a) where 
the shaded region 0 < x < L represents the porous 
slab being dried by forced convection of hot dry air 
(x > L). In this paper it is assumed that the results 
will not depend significantly on y and z whichever 
unit cross-sectional area in the y-z plane is taken. 
Within each macroscopic average volume of the 
porous slab, Fig. 1 (b), there is a solid phase which has 
constant density, porosity and is inert and rigid ; a 
liquid phase (water) and a gaseous phase containing 
both air and water vapour. The face x = L of the slab 
is exposed to an air flux with fixed characteristics 
(temperature, velocity and humidity), the other is 
adiabatic and impervious. Initially the slab is iso- 
thermal and at hydrostatic equilibrium with S > Sir. 

This statement of the problem is identical to the 
one found in refs. [ 17,201. We also use the controlling 
input constants found in ref. [20] in numerical results 
for easier comparison with that work. 

Further assumptions are given below. 

(i) Both the solid and gas phases are continuous as 
is the liquid phase in the wet region ; water is not 
bound to the solid. 

(ii) Binary mixture of air and steam behaves like an 
ideal gas. 

(iii) There is a local equilibrium within each macro- 
scopically small averaging volume. 

(iv) Darcy’s law holds for the gas and liquid phases. 
(v) Gravity is important for liquid but not for the 

gas phase. 
(vi) Conduction occurs within each phase ; the ther- 

mal conductivity of each phase is constant. 
(vii) The enthalpy in the three phases is a linear 

function of temperature. 
(viii) For S > S,,, water vapour pressure is given by 

the Clausius-Clapeyron equation. 
(ix) Capillary pressure PJS, T) is given by Lever- 

ett’s formula [26]. 
(x) Latent heat hvap is constant. Specific heat of air 

and steam are equal, i.e. C,, = C,, = C,,. These are 
not essential to the model, but they do simplify some 
of the coefficients. 

(xi) Permeabilities of gas and water can be ex- 
pressed in terms of relative permeabilities. 

Other simplifications are made in the text. 
After the mathematical formulation of the problem 

in the next section, the system is simplified to the one- 
dimensional case and three non-linear, coupled partial 
differential equations for the wet and dry regions with 
relevant boundary conditions in the following section. 
The equations are nondimensionalized in the sub- 
sequent section and solved numerically by the finite 
difference method discussed in Section 5. 

Then there follows a discussion of the results to- 
gether with graphical representations, comparing them 
with experimental and theoretical results obtained 
elsewhere [20] ; one of the highlights being Fig. 8, 
where the position of the moving evaporation front is 
plotted. We have not exhibited overall drying kinetics 
since they are similar to those found in ref. [20]. We 
look briefly at some simplified models proposed by 
Whitaker [16, 171, which are readily obtained from 
our formulation. 

2. MATHEMATICAL FORMULATION OF 

PROBLEM 

In order to make the derivation concise, the con- 
servation laws are considered in their integral form. 
In an averaging volume element dV there is a binary 
mixture of air and steam (gas), porous material (solid) 
and water. 

The mass and enthalpy in element dV are given 
respectively by 

dM = @,,p,dV++&,p, dI’ 

+$&p,dI’+(l--4)p,dI’ 

dh = 4&p&, dI’+ 4S,,p,h, dI’ 

+~S,p,h,dV+(l-~)p,h,dV. 

The mass flow rate and enthalpy flux of steam through 
an averaging surface element da are given respectively 

by 

vgu * w,& da and vgv * wgxgvhgv da. 

The corresponding values for air and water are 
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vga * npgxga da, vga * wgxgahga da 

v, - wwxw da, v, *np,~~h, do. 

The heat flux through an averaging surface element 
drr is given by 

k,n* VT& da+k,naVT,X, drr 

fk,n*VI;(l -x) da 

= (k,~~+k,;l~+k,(l_31))n’VTda. 

For a fixed volume Y enclosed by a surface A, the 
conservation of mass and energy are 

(#J&,P, + (PZvpw) dV 

=- ss vg *np,xg do- ss v, *wwxv da 0) 
A A 

+ ss (k,xe$k,xw+k,(l-x))n’VTda (2) 
A 

respectively, where we have set 

S,” +s,, = & xg”Pg”gv +xgEXaPgvga = XgPg”g. (3) 

By applying the divergence theorem and noting that 
V is arbitrary, the conservation laws are obtained in 
their differential form as 

~(~~~~~) +v * {~~~~“~) = - ; (4x&) 

- v * (XWPW”,) (4) 

; (#&p,k, + ~~~~~~~~~ + #&PA, i- (I- ~~p~h~) 

+ V * (x~P~v~~~~” + x~~p~v~~h~~ + x~p~v~h~~ 

= V*((~,xg+kvxw+k(l -x))W. (5) 

The liquid and gas phases in the mass equation are 
separated by identifying one expression as the 
source/sink for the other. Equation (4) gives 

g tQt$& 3-V - (xgp& = ti (Source) (6) 

~(#~~P~)+~.(~~P~v~) = -h (Sink). (7) 

The moisture content of the binary mixture is deter- 
mined by using equations (3) in equation (6) and 
separating the resulting equation for air and steam 
(there are no internal sources for air) to give 

4 (#&sP,) + v * (XpaPsVga) = 0. 

Product differentiation of equation (5) and sub- 
stitution of equations (7)(9) gives the energy equa- 
tion as 

ah, 
+ (I- 4)~s at + hv& -t- xgvpgvgv * Vh,,, 

+ xga~gvga * Vh,, + xwpwvw * Vhw 

= v.((k,xsfk,xw+k,(l-x))VT) (10) 

where hvap = h,, -h, is the latent heat of evaporation. 
The basic equations, equations (6)-(g) and (lo), 

are au~ented by the foIlowing relations: 

(i) Fick’s law for diffusion [27] 

xgvvpv = Xpv”g - x,DV g? = Xp”* ( > B 

(ii) Darcy’s law for momentum [ 17, 201 

&Vg = - 5VPg, XXV”, = -y$?VPw-P&k 

(iii) the~odynamic relations 

hi= hf.--(.U,--M,,)gy ; g 
(iv) Clausius-Clapeyron equation for the wet 

region [ 171 

(v) capillary pressure [26] 

P,(S, T) = Pg--P, = 
:c > 

$ 4Tm% 

a(T) = CT” -#?T, 

J(S) = 0.364(1 -exp (-40(1 -S))) 
0.005 -. +0.22l(l-3-t (S_S,,) . 

(vi) enthalpy-temperature relation 

h = Cp T+ (some reference constant) ; 
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(vii) relative permeabilities [ 16, 201 

s-s,, ’ 
&= I-S,, ’ ( > S > Sit 

K, = 0, S < Sir 
KB = l-1.11& S < SC, 
Kg = 0, s > s,,. 

Finally the boundary conditions must be specified. 
On the adiabatic and impervious surface the fluxes 

of mass and energy are zero : 

flux of air 

flux of water 

xga~%v%, * n = 0 ; (11) 

(xpVppvF + LJV,) - n = 0 ; (12) 

flux of heat 

((k,Xs+k,Xw+k,(l-x))VT 

+x~K.&~L) *n = 0. (13) 

On the exposed surface the fluxes are continuous : 

flux of water 

(xgVpgvgV + X~PJ~) * n = k&, -P& ; (14) 

flux of heat 

((k,Xp +Lxw +,%(I -x))VT 

+x~P~~~~~L) *n = QVo - T) ; (19 
pressure 

Pp = P,. (16) 

Here Q is the heat transfer coefficient for unit area of 
the exposed face of the slab. Although it is tem- 
perature dependent [8], in this work it is taken as 
constant [20]. It should be noted that equation (14) 
is true if P,, > Pgvo, otherwise we use the boundary 
condition PgV = P,,,,. 

At the evaporation front a proper treatment would 
require specification of the jump conditions, this will 
be done at a later date. For numerical simulations, 
it is sufficient to demand continuity of the relevant 
quantities across the evaporating front. 

3. ONE-DIMENSIONAL EQUATIONS 

For one-dimensional flow it is reasonable to assume 
that the surface saturation porosity x is equal to the 
volume porosity 4 and that the surface saturation S 
is equal to the volume saturation S for gas and water, 
i.e. 

xg = S;x = S& XP” = N,“, 

xW = &SW and (1-x) = (l-4). 

Also S, = 1 -S,.,. Information in the previous section 
and mathematical manipulation yields the following 
system of equations for the wet and drv retions. 

3.1. Wet region : variables S = S,.,, Pp and T 
The relation Pgv = P,(T) allows the elimination of 

ti from equations (6)-(8) and (10) to give 

(1 -S)(k,,M,-RT)M,P, aT 
(I-%):+( pwR2T3 )I 

K&K,,;+K,,&Km 1 (17) 

W,,(l - s)MP, 
RT +w,wpwS+(l -$)p,C, 

+ 4~&& + 
C,,KK,MP, ap, aT 

@T > 1 - (18) a.x ax 

( -) 

1_ Mpg ~+M.Ps)ap, 
Rp,T at Rp,T at 

+ (1 -s)[(M, -M,)M,h,,,P,, - P,MRTl dT 
pwR2T3 at 

K&K&K,,!&K,, (19) 

where the coefficients are defined as 

K =_KKwdp, pw KKws 
s 

d/L dS 
; Km=z; 

K = ~~*+(l-Q)k,+cb(k,-kg)S; KT = - f$ g ; 

K _ K + (1 -S)DM&,Zh,,f’, KK, 
*I- T 

pwMR2T3 ; K,==; 

Kp, = Kp+ 
KK,Mv P,v 
ha~wRT - 

(I- s)DM,M,P, ; 
P~RTMP, 

I-G.2 = Kpt 
KK, MP, 

@ppwRT’ 

3.1.1. Boundary conditions. 
Atx=O: 

K~~+K~I~+K~I~+K,,=O (20a) 

K ; -4&r,, &g +KT$ 

+&z +K8, = 0 (20b) 
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(Kp, - Kpz) 2 -t (K,, - KT) 2 = 0. (20~) (#,+U-&k)g= QVo-U (26b) 

Atx= L: P,(L, f) = P”. (26~) 
m 

K~~~K~,~~K~,~*K~~ 
3.2.2. At evu~oration front. 

T(x, t) and P,(x, t) are continuous, S = S,, 

=E!$-$) (21a) and (274 

as a~ ap, 
Ksa,, +Krax +KF~ +iu,, 

> 
Pgy = P,( I”,) where T,,, 

is the temperature at the front. (27b) 
= Q(7’0- T) (21b) 

P&L, t) = PO. 

3.1.2. Initial condition. 

(2lc) 
4. NON-DIMENSIONAL FORM OF 

EQUATIONS 

T(K,O) = T, 

P&,0) = PO 

g = pwg, 

(224 The equations of the last section are transformed 
(22b) to non-dimensional form by using the scaling 

WC) x’ = x/L; z = c+L2 ; 
T(x, t) - T, 

a(~‘, 7) =: ..__-- . 
T,-T, ’ 

pg (x3 0 
3.2. Dry region : variables are P,,, P8 and T Pfx’, 7) = - . 

p (x7 t) 
PO ’ 

Fgv(xC, T) = -y 
0 

In this region ti = 0, S is taken as S,, and gravity is 
negligible. Equations (6), (8) and (10) become and the non-dimensional parameters defined in the 

Appendix. 
9~” ap,, --- H&P,, LJT 
RT at RT= at 

4.1. Wet region 
The variables are S, 0, B, written in vector form as 

(23) II, = (S, 0, 4’. Equations (17)-(22) become 

rb(Mv--Ma) aZ-‘,, $MP, aT -_-- 
RT at RT2 at 

4.1.1. Boundary conditions. 

x’=O: B,z=b, 

ah x’= 1: C,g=C”. 

4.1.2. Initial conditions. 
where the coefficients are defined as 

T = 0: u&f, 0) = (S(x’,O),O, l)T 

where 

(3lb) K&P&v ~M~M~~P* S(x’, 0) is defined by J(s) = J{S(O, 0)) + u2x’. 
f&2 = 

P$T - MRTP, ’ The coefficients of the matrices A,(u,), B,(u,,,), 

= KK,MP, 
Cw(u,), D,(u,) and of the vectors a,, b,, c,, d, are 

K 
v3 X’ defined in the Appendix. 

(28) 

(29) 

(30) 

(31a) 

3.2.1. Bu~ndary conditions. 
Atx=L: 

4.2. Dry region 
The variables are I’,,,, 0, P, written in vector form 

as ud = (FgV, 0, i”>‘. Equations (23)-(27) become 

(32) 



42.1. Boundary conditions. ing D,(IJWi) and Dd(Udi) for i < Z and i > I, respec- 

Cd 2 = Cd. 

tively, and Q(U) is a vector involving a,(U,J and 

x’ = 1: ad(&) for i < I and i > I. 

Initially : 
42.2. Evaporation front. 

(36) 
S = S,,, 0 and p 

u= (s,,o,l,s,,o,l,..., s,,O)T. 

are continuous and p, = pV,F(0). 
An efficient solution technique which solved the SYS- 

(33b) tern of algebraic equations (34) employed full row and 

The coefficients of the matrices Ad(~), Cd(ud), Dd(uJ column pivoting. Stability was assured by use of the 

and of the vectors a,, cd are defined in the Appendix. fully implicit scheme (the Crank-Nicolson method 
was found to be unstable). 

A predictor-corrector method developed via the 
5. FINITE DIFFERENCE SOLUTION Adams method was also implemented on the fully 

The numerical solution technique employed to 
non-linear system. It was found that this method 

solve the system of three non-linear partial differential 
required extremely small time steps for convergence. 

equations is the fully implicit time discretization 
Consequently it was very time consuming during pro- 

scheme which is known to yield stable solutions for 
cessing. 

any selection of the space and time grid spacings. 
The fully implicit scheme agreed well with results 

Details of the numerical procedure and its validity can 
produced by the predictor-corrector scheme and has 

be found in ref. [28] ; finite difference approximations 
the advantage of faster processing times. 

of moving boundary problems are discussed in ref. 
[29]. Linearization was always accomplished by eval- 6. GRAPHICAL RESULTS AND DISCUSSION 

uating the non-linear coefficients at the previous time 
step [17]. 

The graphical results presented in Figs. 2-9 are for 

The (x’, T) domain is subdivided by using 
the porous material brick. The physical data for brick 
is well documented in refs. [8, 11, 201. These values 

xi = ih, 7i = jAz where together with the actual physical constants for air and 
i= 1,2,..., (3N-1); j= 1,2 ,..., rmax. water and the controlling constants : 

Upwind differencing was implemented for the con- Z-, = 360.15 K; T, = 320.15 K 
vection terms in the energy equation and central dif- 
ferencing for the other terms. The system of algebraic 

PO = 1.0133 x lo5 [Pa]; P, = 2.55 x lo3 [Pa] 

equations reduces to the form PgV, = 8.5 x IO3 [Pa] ; L = 0.01 m 

Uj+’ = (I-Azp(uj)-lR(uj))-l s,, = 0.09; S,, = l/l.1 

x [U’+ArP(U’)- ‘Q(Uj)] (34) were used in all numerical calculations. 

where 
It should be noted that most of the physical con- 

stants do really vary with temperature, but the vari- 
u=(u,,@,,~,,U*,@*,P”* )...) ation is small for the working interval. 

Ui, Oi, Fi>. . y UN, O,)T (35) 
In accordance with physical expectations, at the 

start of drying, the temperature of the porous medium 
and falls to the wet bulb temperature (Fig. 5). During the 

1 

si ; i-cl ‘constant drying rate’ period the temperature (Fig. 5) 
and the pressure (Fig. 7) are uniform and almost 

ui= 0; i=I 

FgVi ; i > I I .o 

0.9 

with 0.6 0 Time-27 + Time-54 Q Time-63 

I = min {iIS, < Sir}. 0.7 
A Time -72 x Tlnw-61 D Time - 90 

6 0.6 

The matrix P(U) = diag (P,, . . . , P, . . . , P,.J and 

i < I 

i=I 

i > I 

with AWi = A,(U,J, Adi = Ad&) as the matrices 0 0.2 0.4 0.6 0.6 1.0 

given in the last section, P, and A, are basically 2 x 2 Distance, x’ 

matrices. FIG. 2. Moisture content as a function of distance at various 
Similarly R(U) is a tridiagonal block matrix involv- times (all nondimensional). 

Convective drying of a consolidated slab of wet porous material 23.57 
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= 0.6 
.P 
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FIG. 3. Moisture content profile in time at various distances 
(all nondimensional). 
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FIG. 4. Temperature as a function of distance at various 
times (all nondimensional). 
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0.4 

0 d-0 
0.3 E j + .r’=IO 

3 0.2- 
g 0.1 - 

C 
2 

0 

-0. I 

-0.2 

1\ I 
&----I 

-0.368 ’ 
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FIG. 5. Temperature profile in times at various distances (all 
nondimensional). 

constant. In fact the model is well approximated by When the moisture content reaches S,, at the 

the constant temperature and pressure model (see Sec- exposed surface there is a slowing down of the drying 

tion 7). The time taken for the saturation, S, at the process. As soon as the dry zone appears (Fig. 2), the 

exposed surface, to fall from 0.9 to S,, (Fig. 3), is a temperature starts increasing (Fig. 5) as does the 

non-dimensional time of 55, which in actual time is pressure (Fig. 7), which is at the maximum at the 

91 min. This seems slightly longer than the results in evaporation front. The front is marked by the dis- 

ref. [20] but see the comment on evaporation front continuity in temperature (Fig. 4) and pressure (Fig. 

later. The corresponding temperature at the exposed 6) gradients. This would be accounted for by jump 

surface is 45°C and the saturation value at the imper- conditions across the front, involving latent heat of 

vious surface is 0.3 15. evaporation as well as the change in coefficients in our 
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FIG. 6. Pressure distance profiles at various times (all non- 
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FIG. 9. Vapour pressure vs distance (both nondimensional), 
when the front reaches impervious face. 

equations. A casual glance at Fig. 4, which was drawn 
by computer, may indicate no discontinuity in slope, 
but a more thorough examination will reveal a jump 
in slope where the front is. 

The position of the front, which moves from the 
exposed surface to the impervious surface, is plotted 
in Fig. 8 which exhibits two distinct behaviours : one 
for small time and one for large time. The shape for 
large time is the usual t ‘/2 shape found in other moving 
boundary value problems, see ref. [23] and references 
cited therein. The shape is similar to Luikov’s curve 
of evaporation surface deepening (Fig. 9.36(c) of ref. 
[12]) for quartz sand. It is to be noted that Luikov’s 
curve is not brought all the way to the exposed surface. 
There may be a period of time when it is hard to 
determine experimentally whether the front has left 
the exposed surface. The gap requires much more 
thorough mathematical analysis for small time which 
will be done at a later date. This may also explain why 
our time for the front to appear at the exposed surface 
is different from that of ref. [20]. The total time taken 
to dry the brick, i.e. when the front reaches the imper- 
vious surface is a non-dimensional time of 83, which 
in actual time is 140 min. This compares well with ref. 
[20]. The corresponding temperatures at .‘c = 0 and L 
are 53 and 55”C, respectively. Figure 9 shows the 
water vapour pressure profile as the front reaches the 
impervious face. 

Most experimental methods and results in drying 
are concerned with determination of drying kinetic 
curves, since a knowledge of the drying kinetics is 
necessary for drier design. Drying kinetics are con- 
nected with the changes of average material moisture 
content and average material temperature with time, 
contrary to drying dynamics which describes changes 
in the temperature, pressure and moisture profiles 
throughout the drying body. Consequently exper- 
imental results involving drying dynamics that could 
be compared directly with our results are very few. 
Harmathy [S] gives a few temperature curves for brick 
but with different drying agent characteristics from 
ours ; however his Ti curve for Experiment 3 (his Fig. 

6) has the same shape as our temperature curves in 
Fig. 5. Luikov [12] gives a few moisture content and 
temperature distribution curves (his Figs. 5.18(b), 
9.36(a) and 9.37) obtained experimentally for sand 
and with different drying agent characteristics from 
ours : the shapes of the curves are similar to our Figs. 
24. 

7. SIMPLIFIED MODELS 

Two models which are often used in the literature 
are the constant pressure model and the constant tem- 
perature and pressure model. We briefly exhibit how 
these models can be recovered from our model and 
discuss the parameters involved. 

7.1. Simple modelfor moisture distribution [16, 18, 191 
If we set 0 = 0 and P” = 1 for 0 < x’ < 1, equations 

(28)-(31) reduce to a single equation 

7.1.1. Boundary conditions. 

7.1.2. Initial conditions. 

J(s) = J(S,) $62X’ 

provided : 

(i) 

that is, the system is at the wet bulb temperature, T, ; 
(ii) the parameters vg and vgs are negligible ; vg is 

effectively the ratio of air density to water density and 
vgs is the ratio of steam density to water density. 

7.2. Constant pressure model [17] 
If we set P” = 1 for 0 < x’ < 1 equations (28)-(31) 

reduce to the following two equations : 

7.2.1. Boundary conditions. 

x’=O: %g+&=o, !Co. 
ax’ 1 
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7.2.2. Initial conditions. 

0 = 0 ; J(s) = J(S,) + 62X’ 

provided the parameters vg and vgs are negligible. 

8. CONCLUSION 

The drying model formulated in this study has the 
form of the Luikov equations and is in the spirit 
of Whitaker’s work but has the advantage that all 
coefficients are constructed from well-known exper- 
imental results. The results obtained in this work for 
the drying of brick agree with available experimental 
results and the results in ref. [20] based on Whitaker’s 
equations. 

The paper is written for specialists in the area of 
mathematical modelling of drying processes but the 
computer program which is parameter driven can be 
easily understood and used by workers in this area. 
In particular dryer designers can use the program with 
different input parameters to see which values give the 
optimal results. Ideally one should solve the three- 
dimensional case including the geometry of the drier 
and the boundary layer equations for air flow over 
the exposed surface. This data forms the basis for 
the design of the remaining components of the drier 
installation [30,31]. 

As described in the introduction, the formulation 
in this paper can be extended to include ‘non-equi- 
librium’ processes as well as problems where stress 
development is of interest. 
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APPENDIX 

Non-dimensional parameters 

AT= (TO-T,); 0, =$T; 0, =;;; 

p+Q; ps,+; p”,+; 

PI 0 0 

k(l--4)fQ#J ; BAT 

a = Cl- +h%cp, 
0, ZP’ PgVIW 

3 00 % = jjjp ; 

pdf, hapW )I =_. #$,=p; 4Pwhvap 
’ = AT(l -$~)p&,, ; 8 Rp,AT’ RAT 

K&L 
aw = (l-$5)p,C,, ; 

4C,,PW 
ag = (1 -&,C, ; 

4% -kg) M,-M, 
% = &+(l _&k,; YPr = M,; YS = 

(K - WP,, ; 
W’O 

a2, = --I,; 

a,v,&P(l-S) 
; az2 = l+a3+ (@+@,) 

a23 - -0; 

VtiP 

a31 = I-&&J; 

a32 = Vg(l -s)[I,,Y,~(~)-n7j,~((o+~,)l, 
(o+o,)’ 

%(1--s) 
a33 - (@+a,)’ 

Wet region. 

$ = l+K$; Ii+, = 6,K,(S); 

Dry region. 

Matrix and vector coefficients 
Wet region. 

Dry region. 

1 F 
_. 

all = (@+a,) ’ 62= -(Of0,)2; a,,=O; 

a*, = 0; a,v,n;i,~ . 
a22 = 1+ (@+@,), az3 = 0; 

1 -. Ii&F 
a3l = (&,) a32 = (@+@,)2; a)) =(0+01); 

aI3 = 0; 
ad = ( 0, 

avf&PaPao T 
8 g ” 
(o+o,) GPO ) ; 
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a,(1 -0) 

B-1 

SECHAGE PAR CONVECTION D’UNE PLAQUE CONSOLIDEE DE MATERIAU 
POREUX HUMIDE 

R&mm&--On formule un modele pour d&ire le mecanisme de sechage dune plaque agglomeree de materiau 
poreux humide, par convection fo&e d’air chaud set sur la surface exposee de la plaque. Le modele decrit 
l’bvolution des distributions de temperature, pression et humidite a la fois dans les regions humides et 
seches. L’avantage du modele est que les coefficients sont construits a partir des resultats experimentaux 
bien connus. On applique le modele au dchage de briques humides. On r&out numtriquement par la 
technique des differences finies le systeme de trois equations non lineaires aux d&iv&es partielle qui dicrit 

le mbanisme physique. 

KONVEKTIVE TROCKNUNG EINER PLATTE AUS VERDICHTETEM NASSEM 
PORdSEM MATERIAL 

Zusammenfassung-Es wird ein Model1 zur Beschreibung des Trocknungsvorgangs in einer endlich grogen 
geprel3ten Scheibe aus nassem pordsem Material erstellt. Die Trocknung geschieht durch erzwungene 
Konvektion mittels heiDer, trockener Luft an der Oberflache. Das Model1 ist sehr umfassend und beschreibt 
das Fortschreiten von Temperatur, Druck und Feuchtigkeitsverteilung sowohl im nassen als such im 
trockenen Gebiet. Ein deutlicher Vorteil des Modells besteht darin, dal3 die Koeffizienten aus gut bekannten 
experimentellen Ergebnissen berechnet werden. Das Modell wird anhand der Trocknung von nassen Ziegeln 
erliiutert. Das System von drei nichtlinearen gekoppelten partiellen Differentialgleichungen beschreibt den 

physikalischen Prozeg und wird mittels eines Finite-Differenzen-Verfahrens numerisch gelost. 

KOHBEKTHBHAII CYIIIKA 3ATBEPAEBAIGLqEfi IIJIkiTbI kI3 BJIAXHOrO IIOPkiCTOf-0 
MATEPMAJIA 

AonmrmPC+opMynqos rdonenb npowcca cyun~ saTaepnesaKnue8 u.uHrbI xoHeSHUx pa3rrrepoe, 
HsroTosnemiol si3 nnaIcHor0 nopsicroro MaTeptiana, npH ebniy~emioP KOHWKW~H B cnpae o6Teka- 
HHR IIOEX~XHOCTH IlJlXTHHbl IIOTOKOM CyxOrO BO3J&)'Xa.MOAellb KBJIWTCK WCTaTOPHO nOJIHOii H OnH- 

CbtBaeT H3bteneHkie TeMnepaTypy ManeHan H pacnpeneneHHn snarl no nnaxtnbrx H cyxHx o6nacrnx. 
~BIiblM IlpeHMyIlreCTBOM MOL&TJ,H llBJ,leTcIl TO, ST0 KO@@H~eHTbl CTpOKTCK ,TO XOpOluO H3BWTHL.M 

3KmIepHMeHTaJrb~ pe3yJlbTaTaM. npEMeHeHH’2 MOJEJIH anmocrpHpyeTcn na npmepe cymmi enam- 
HOro KHpIniSa. M~O~OM KoHewwx pa3H0crel wicneHH0 perneHa cwrehsa Tpex onticbmahzuwx @H3H- 

WCKSiiIIpOUXC He~He~HblXCBX3aHHblX~~~~H~XypaBHeHH~B~a~HblXnpOH3BO~MX. 


