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Abstract-A finite-element model is developed for the heat and mass transfer process in refractory concrete. 
Using this model, simulations are carried out for drying of refractory concrete slabs heated on one side 
only to investigate the effects of an impermeable surface, which may be either the heated face or the 
unheated face, on pore steam pressure and moisture removal rate. Simulation results indicate that the 
presence of an impermeable surface produces a very significant rise of pore steam pressure which may 

result in explosive spalling of the concrete. 

INTRODUCTION 

Refractory concrete is used to build high-temperature 
installations such as those encountered, for example, 
in the iron and steel industry. After curing, refractory 
concrete castables still contain a large amount of 
water. They must be carefully dried before putting 
them into service to avoid inferior quality and even 
destruction by explosive spalling resulting from rapid 
heating when exposed to elevated temperatures. 

In drying, therrnal evaporation of the water within 
the pores leads to a rise in the steam pressure due to 
limited permeabil:ity of the concrete. This pore steam 
pressure is thought to be both the driving force for 
moisture transfer and the direct cause of explosive 
spalling. Therefore, prediction of the pore steam pres- 
sure is of practical importance to the drying of refrac- 
tory concrete castables. 

Based on a diffusion theory, Bazant and Thon- 
guthai [I] developed a mathematical model to describe 
the heat and mass transfer process in refractory 
concrete. Bazant and Thonguthai [2] and Bazant et 
aI. [3] solved this model by the finite-element method 
for failure analysis of concrete reactor vessels in acci- 
dents and concre1.e structures subjected to fire. Dhatt 
et al. [4] also utilized a finite-element model to cal- 
culate the temperature and pore steam pressure 
responses to various heating rates for a one-dimen- 
sional axisymmetric geometry. Gong et al. [5] 
developed a finite-element model to simulate the dry- 
ing of refractory concrete by convection and volu- 
metric heating. Gong et al. [6] also simulated the one- 
side heating drying of refractory concrete slabs and 
proposed a set of rules for drying schedules according 
to the thicknesses of refractory concrete. The first 
attempt to simulate the kiln-drying process of refrac- 
tory concrete was carried out by Gong and Mujumdar 

[7]. They set up a one-dimensional finite element 
model and simulated different time-temperature 
schedules. Recently they extended their model to two 
dimensions [8]. 

Drying of refractory concrete is influenced by many 
factors. Among these are the thermal and mass trans- 
fer boundary conditions which have a direct effect 
on both moisture removal and pore steam pressure 
produced in the drying process. Creating an appro- 
priate boundary condition can enhance the drying 
rate as well as quality of dry products. Boundary 
conditions are decided by both the drying operation 
and the manufacturing technologies. Therefore, a 
detailed understanding of the influence of the boun- 
dary conditions on the transport process is not only 
helpful to improve the drying operation, but also to 
provide guidance for improvement of the manu- 
facturing technology. 

In this paper, a finite-element model is described 
for drying of refractory concrete. Simulation results 
are obtained for one-side heating drying of refractory 
concrete slabs. The effects of an impermeable surface 
which may be either the heated one or the unheated 
one, on pore steam pressure and moisture removal 
rate are investigated and analyzed. 

MATHEMATICAL MODEL 

The governing equations of the heat and mass trans- 
fer process in refractory concrete according to the 
simplified model of Bazant and Thonguthai [l] are as 
follows : 
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a 

a0 

permeability [m s-‘1 
permeability at reference temperature 
To [m s-‘1 
convection heat transfer coefficient 
[w..m-’ K-‘1 
convection mass transfer coefficient 
[s m-‘1 
specific heat of concrete [J kg-’ K-‘1 
evaporation heat of water [J kg-‘] 
submatrix (m = 1, 2, 3, 4) 
specific heat of water [J kg-’ K-‘1 
subvectors 

k 

K,K, 
L 
n 
nel 
nen 
4, NJ 
P 

P,, 

gravity acceleration (9.806 m ss2) 
relative humidity in the pore, 
h = P/PST) 
thermal conductivity of concrete 
[w m-’ K-‘1 
submatrices 
thickness of concrete slab [m] 
outward normal of boundary 
element number 
node number of an element 

shape functions 
pore steam pressure [N m-‘1 
ambient steam partial pressure 
[N mm21 

PS saturation pressure of water [N m-‘1 
P, pressure at boundary [N m-‘1 
t time [s] 

NOMENCLATURE 

T temperature [“Cl 
TO reference temperature [“Cl 
T,, ambient temperature [“Cl 
TW boundary temperature [“Cl 
W free water content [kg m-‘1 
wo saturation water content at reference 

temperature To [kg m-‘1 
W,, W2 free water content when h = 0.96 

and 1.04, respectively [kg mm31 
W, anhydrous cement content per m3 of 

concrete [kg m-‘1 
W, water liberated by dehydration during 

heating [kg m-‘1 
x, y, z coordinates. 

Greek symbols 
r boundary surface 

Lt 
a time integral parameter, y = &l 
time step [s] 

; 
mass density [kg :n-‘1 
solution domain. 

Subscript 
n the nth time step. 

Superscripts 
e element 
i the ith iteration. 

a apar aPaT aPaT pC~-C.~~=-c~---+--+i~ 
( g ax ax ay ay > 

This model has been verified to be in agreement with 
experiments (see ref. [3]). So, it is suitable for the 
engineering application under study. 

Since W is a function of temperature T and pore 
steam pressure P, W = W(P, T), we can write 

aw swap awair 
-=apFt+aTat at (3) 

Substitution of equation (3) into equations (1) and 
(2) yields 

+a sap +!!I$ (4) 
i > aZ g aZ 

a aPaT A,g+Ag= -c,- g ( 
apar aPaT 

--+--+azz ax ax ay ay > 

where 

(6) 
The boundary conditions are : 

for pressure 

-g$B,(P-P,,) (7) 

P = P, (8) 

and for temperature 

-kg= BT(T-T,)+C,B,(P-P,,) (9) 

T= T,. (10) 
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FINITE EILEMENT FORMULATION 

After spacewise discretization of equations (4) and 
(S), subject to convective boundary conditions [equa- 
tions (7) and (9)], is accomplished using Galerkin’s 
method [9], the following semi-discrete matrix system 
is obtained : 

[cl~,~l+Kl~~~ = IFI (11) 
in which 

and 

In the preceding equations, the superposed dot 
denotes differentiation with respect to time ; Cm 
(m = 1,2, 3,4), K, and Kz are submatrices ; F, and F, 
are subvectors. The coefficients in the submatrices and 
subvectors are calculated according to the following 
equations : 

p := 
m s A,N,N,dxdydz (14) 

4 

K” = 
I dxdydz 

+ 
s 

B,N,N,dl- (15) 
rc 

+A,,~N,~]dxdydz+Sp(B~NrN,+C~B~NrN,)dI- 

(16) 

F: = 
s 

AdN,dxdydz+ 
I 

B,P,N,dT (17) 
nc I-= 

F: = 
s 

(B,T, + C,B,P,,) N, dT (18) 
I_ 

where 

aw, 
A,=,t. 

Discretization of the time derivatives in equation 
(11) is most often achieved with a finite difference 

technique. In this work, a predictor-corrector scheme 
[lo] is adopted. 
Predictors : 

{u,o+,) = {KJ+(~-YW{~J 

{@+I} = (0). 

Correctors : 

(21) 

(22) 

{Vi;‘,} = {U:+,}+yAt{~~‘,} (23) 

{o;;:+:} = {rii+,>+{Ari;+,}.. (24) 

Substitution of equations (23) and (24) into equation 
(11) yields 

[K*l{A~if+,} = {K+,1 (25) 

where 

WI = [C(~+,)l+yAt[K(u~+,)I (26) 

{RW+,)I = (F(~~+,)}-[K(~~+,)l(~‘t+,} 

-~3~+,~1~~:+,~. (27) 

The solution procedure is as follows : 

(1) At the beginning of each time step, calculate 
{ Ul+ 1} and {of+, } according to equations (21) and 
(22) ; 

(2) With the two starting vectors, solve equation 
(25) for {A@b+r} ; 

(3) Update {ol;t,‘,} and (UL:‘,} using equations 
(24) and (23) ; 

(4) If the convergence condition is met (here, we 
compare the Cartesian norms of {Air:,.,} and {R} 
with some selected constants TOLl and TOL2), set 

I&+,> = {K:‘,} (28) 

and 

{ri,+,> = {CZ’,) (29) 

if not, using {Vi:‘, } and { oi>;‘,: } as starting vectors, 
go to step (2) and undertake the next iteration. 

Based on the procedure described above, a finite 
element computer code for one-, two- and three- 
dimensional problems, called DRY-RC, has been 
developed with FORTRAN 77. Using this code, simu- 
lations are carried out for one-side heating drying of 
refractory concrete slabs. All the computations in this 
work are carried out in a 486 personal computer rnn- 
ning at 25 MHz. The results were tested to be inde- 
pendent of mesh size. 

RESULTS AND DISCUSSION 

A refractory concrete slab of 200 mm thickness is 
used to model the influence of an impermeable surface 
which may be either the heated or the unheated one, 
on the development of pore steam pressure and mois- 
ture removal rates. Initially the refractory concrete 
slab is prescribed to have a uniform temperature of 
25°C with a relative humidity of P/P, (25°C) = 90% 
in the pore. When dried by one-side heating, the 
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Table 1. Computed cases 

Case no. 

Heated surface Unheated surface 

Mass boundary Mass boundary Thermal boundary 

1 Impermeable Permeable Convection 
2 Permeable Impermeable Convection 
3 Permeable Impermeable Adiabatic 
4 Permeable Permeable Convection 

temperature of the heated surface is required to 
increase in accordance to a prescribed time-tempera- 
ture schedule to ensure a good quality and possibly a 
shorter drying time. 

To investigate the influence of an impermeable sur- 
face on the pore steam pressure and the moisture 
removal rate, four cases were computed as listed in 
Table 1. 

When a surface is impermeable, the moisture flux 
at this surface is zero ; while for an adiabatic surface, 
the heat flux is zero. In reality, the surface of a concrete 
installation cannot be completely impermeable. 
Assumption of a completely impermeable surface is 
made only to accentuate the effect of poor mass trans- 
fer at the boundary. When a surface is permeable, the 
moisture flux can be described by equation (7) and 
when there is convection heat transfer at the unheated 
surface, the heat flux can be described by equation 

(9). 
The parameters used in the computations are listed 

in Table 2. 
The permeability, a, is strongly dependent on both 

moisture and temperature. It is computed according 
to the following empirical correlation [ 1,2,1 I] : 

aafi (h, T)L(T) (T G 95°C) 
a= 

5.6a& (0 (T > 95°C) 
(30) 

where 

fi@, r) = 

i 

1.28929-0.013571T 

1+[4(1-h)J4 
+O.O13571T-0.28929 (h < 1) 

(ha 1) 

(31) 

1 
___ - __ 
273 + To (32) 

Temperature ( ‘C ) 

Fig. 1. Dehydration curve. 

“(‘) = exp 
T-95 

0.881+0.214(T-95) 1 ’ (33) 

8 WjaP and a WjaT are obtained from the following 
state equation, W = W(P, T) [I ,2,1 l] : 

1 /m(T) 

(h < 0.96) 

wz - w1 W +0.08h-0.96 (0.96 < h < 1.04) 

w = ’ W,[o.O37(h- 1.04)+0.3335( 1- A)] 

[ (ha1.04) 

(34) 

in which m (T) is a coefficient dependent on tempera- 
ture, 

m(T) = 1.04- 
(T+ 1O)2 

(T+ 10)‘+22.3(T,+ IO)* 

(35) 

Ad is calculated with the aid of the following equation : 

Table 2. Parameter values utilized in the simulation 

Parameters Values Parameters Values 

2200 kg m-’ 
1100 J kg-’ K-’ 
1.67 W m-’ K-r 
4100 J kg-’ K-’ 
1.0x 10-‘Zms-’ 
1.0 W m-* Km’ 

1.0 x 10m6 s m-’ 
25°C 

2850 N m-* 
300 kg me3 
100 kg m-j 

25°C 
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aw, aw, ai- 

in which aW,/aT is obtained from the dehydration 
curve of Fig. 1 [4]. 

A,=,t=,,, 

Computation of A,, is as follows : 

(36) 
Table 3. Time-temperature schedule 

Temperature Rate [“C h-‘1 Time [h] 

25-200°C 30 5.83 
200-200°C 0 10 
20&625”C 30 14.17 

The central difference scheme is employed for the 
calculation of 8 W/dP and 8 W/aT. 

aw ( > WV”,,, _ = ap Xfl 
J)_p”F-I T> (38) 

P n I 

Two-point linear elements are utilized for this one- 
dimensional problem. Twenty elements with a time 
step of 30 s are used and the convergence condition is 
selected to be TOLl = 0.005 and TOL2 = 0.005 for 
all the computations. 
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Fig. 2. Evolution of temperature distribution : (a) for case 1 ; (b) for case 2 ; (c) for case 3 ; (d) for case 4. 

For accuracy tests of the model, computations were 
carried out for case 4 using 40 elements with a time 
step of 15 s. It was found that the results were within 
2% of those using 20 elements with a time step of 30 s. 

For comparison, the same timetemperature schedule 
is used for all the computed cases. This schedule sug- 
gested by Gong et al. [6] is presented in Table 3. 

Figures 2(a)-(d) and Figs. 3(a)-(d) demonstrate 
the evolution with time of the temperature and pore 
steam pressure distributions, respectively, of the four 
computed cases. It can be observed from these figures 
that there are no significant differences in the tem- 
perature distributions among the four cases, but the 
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Fig. 3. Evolution of pore steam pressure distribution : (a) for case 1; (b) for case 2 ; (c) for case 3 ; (d) for 
case 4. 

pore steam pressure distributions are very different 
except between cases 2 and 3. This is due to the differ- 
ence in the pressure boundary condition. From Fig. 
2(a)-(d) we can find that the temperatures of the 
unheated surface for the four cases are all around 
400°C at the final stage of drying. The influence of 
radiation at the unheated surface has not been taken 
into account. This will be studied in a future paper. 

Figure 4 compares the maximum pore steam pres- 
sure history curves for the four cases. Curves l-4 
are for cases 14, respectively. The predicted global 
maximum pore steam pressures are 5.69 x 105, 
7.87 x 105, 5.30 x 10’ and 2.33 x IO5 N m-* for cases 
14, respectively. The global maximum pore steam 
pressures for cases 1 and 3 are over twice as great 
as that for case 4. The global maximum pore steam 
pressure for case 2 is over three times greater than 
that for case 4. From this comparison, it can be seen 
that an impermeable surface, whether the heated or 
the unheated, tends to develop higher pore steam pres- 
sures. This greatly increases the explosive tendency of 
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Fig. 4. Maximum pore steam pressure history curves. 
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Fig. 5. Cumulative water release curves. 

the concrete. Among the four cases, case 2 produces 
the highest pore steam pressure. This is caused by the 
heat loss at the unheated surface due to the convection 
heat transfer. The heat loss leads to a lower tem- 
perature at this surface, which slows down the devel- 
opment of a favoburable pressure field for moisture 
transfer. (A favourable pressure field in this case 
should be that the pore steam pressure decreases from 
the impermeable unheated surface to the permeable 
heated surface.) TIherefore, the moisture content close 
to the unheated surface is not decreased, but 
increased, at the earlier stage of the drying process. 
The increased moisture content naturally results in a 
higher pore steam pressure with the elevation of the 
temperature at the unheated surface. 

The only way to lower the pressure for the first 
three cases is to increase the drying time. This is more 
energy-consuming and takes longer. 

Figure 5 compares the cumulative water release 
curves for the four cases. Curves l-4 correspond to 
cases 14, respectively. The predicted water release 
rate is much slower in case 1 than those in the other 
three cases. This is because a relatively high tem- 
perature is slow toI set up and, therefore, so is a relative 
high pore steam pressure at the unheated surface 
(moisture transfer surface) in case 1. As a result, 
moisture transfer is much slower in the early stage of 
the drying process. The rates of moisture release in 
case 4 are the highest and the global maximum pore 
steam pressure is the lowest. This is due to the higher 
moisture transfer surface in this case. 

An impermeable surface is extremely unfavourable 
to keep a low pore steam pressure and to moisture 

removal in the drying process. Therefore, an imper- 
meable surface or one with low mass transfer rate 
should be avoided in the manufacturing process. 

It is obvious that, when the boundary conditions 
of concrete installations are different, different time- 
temperature schedules need to be adopted for drying. 

CONCLUDING REMARKS 

A finite element model for the drying of refractory 
concrete is described. Simulations are carried out for 
concrete slabs to investigate the influence of an imper- 
meable surface on pore steam pressure and moisture 
removal rates. Simulation results indicate that an 
impermeable surface can produce very high pore 
steam pressures in the drying process. This increases 
greatly the potential for explosive spalling. Experi- 
ments are required to validate the simulation results 
and enhance it for industrial application. 
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