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Abstract-The Stefan model has frequently been proposed to describe highly non-isothermal rapid drying of 
porous media. In particular it has been used to analyze the drying of Western coals and lignites which contain 
up to 40% water, almost all of which is unbound. The Stefan model may be appropriate for freezing processes 
but may break down when describing processes where much steam is produced within the moist porous 
material and flows outward because of an internally generated pressure build up. Recently, the first author 
developed a mech~istic moisture dynamics model called the two-phase model to remedy this deficiency and, 
thus, to rationally extend the drying theory. The objectives of this paper are : (1) to compare the Stefan and two- 
phase drying models by analyzing lignite block pyrolysis and subbituminous coal drying experiments ; and (2) 
to determine the range ofheating rates for which the Stefan model is adequate. This paper is, to our knowledge, 

the first to quantitatively assess the adequacy of the Stefan model to describe coal drying. 

heat capacity of vapor at constant pressure 
[J kg-’ K-‘-J 
heat capacity of liquid at constant pressure 
[J kg-’ K-‘-j 
mean heat capacity defined by equation (24) 
[J kg-’ K-‘-J 
heat capacity of dry coal [J kg- ’ K- ‘1 
scale factor 
heat of vaporization (> 0) [J kg- ‘1 
nodal index 
effective thermal conductivity 
[W m-l K-‘1 
effective thermal conductivity in wet coal 
region [W m-l K-“1 
effective thermal conductivity in dry coal 
region [W m-’ K-‘1 
permeability [m’] 
total rate of vapor generation per unit pore 
control volume [kg rnv3 s-‘1 
outward drawn normal direction 
pressure [Pa] 
time [s] 
temperature c”C] 
initial temperature E”C] 
vaporization temperature PC] 
time interval [s] 
local steam velocity [m s- ‘1 
distance [m] 
drying front location [m] 
distance interval [ml. 

Greek symbols 
ff thermal diffusivity [m2 s- ‘1 

% vapor volume fraction in pores 

liquid volume fraction in pores 
porosity 
volume fraction of solid 
vapor viscosity [Pa s] 
mean density, agpp-t cup) [kg mw3] 
density of vapor [kg rnw3] 
density of liquid [kg me31 
density of dry coal [kg rno3] 
initial moisture density [kg mm3]. 

1. INTRODU~ON 

THE ECONOMICAL, safe, and environmentally acceptable 
operation of underwound coal conversion (UCC) 
processes requires predictable and stable operation as 
well as optimized resource recovery. Water plays an 
important role in UCC. Detailed fundamental 
modeling of moisture dynamics (drying and processes 
associated with drying) is the key to underst~ding 
reverse combustion permeability enhancement, 
monolithic coal block gasification, spalling, subsi- 
dence, and water influx and control. 

The water contained in coal can be classified as 
unbound, weakly bound, and chemically bound. 
Unbound water is driven off at a tem~rature 
corresponding to the local saturation temperature 
(95-100°C at N 1 atm). Weakly bound water is held by 
absorption, Van der Waals’ forces and capillarity and 
evolves at somewhat higher temperatures. Chemically 
bound water which resembles water of hydration for 
crystals is driven off at a much higher temperature 
typically 20&4OO”C. Western coals and lignites 
contain up to 40”/, water, almost all of which is of the 
unbound type [l]. 

Drying modeling is an interdisciplinary science of 
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importance in chemical engineering, mechanical 
engineering, soil mechanics, and geoscience. Four 
models which have won general recognition in the past 
in interpreting the drying phenomena, according to 
Tsang and Edgar [2] are : (1) the diffusion theory ; (2) 
the capillary flow theory; (3) the evaporation 
condensation mechanism ; and (4) simultaneous energy 
and moisture transfer in porous media. Each model 
designates a different driving force of moisture 

movement. Van Arsdel [3], Peck et al. [4] and 

Whitaker [S] have given excellent surveys on the 
historical development of drying theories and models. 

For highly non-isothermal rapid drying of a porous 
media, the situation is very complicated and the whole 

process is not well understood. Recently, several 
models have been formulated. The difference between 
these models depends on their definition of the 
evaporation term, the dominating mechanism by which 
the model is formulated. Tsang and Edgar [2] have a 

very good survey on these models. Recently, 
Lyczkowski [6] developed a mechanistic moisture 

dynamics model called the two-phase model by a 
straightforward but unique application of recent two- 
fluid, two-phase flow theory to drying. Included is also 
an extensive literature review of relevant drying 

literature and the relationship of the two-phase model 
to previous models. In the two-phase model, all the 
liquid and vaporous water are assumed to exist only 
within the micropores and macropores that are 

distributed throughout the coal. Thus, no liquid or 
vapor exists within the ultimate solid portions of the 
coal itself. This is similar to that taken by Whitaker who 

uses local volume-averaging [S]. 
The Stefan model has frequently been proposed to 

describe rapid drying processes [7]. However, the 
validity of this model has not been determined by 
comparison with the more mechanistic two-phase 

model. The Stefan model may be appropriate for 
freezing processes but may break down for drying 
processes where a lot of steam is produced within the 
moist porous material and flows outward because ofan 

internally generated pressure build up. 
The objectives of this paper are to : 

(1) numerically solve the two models (two-phase and 
Stefan) describing the one-dimensional (1-D) drying of 
moist coal in Cartesian and axi-symmetric cylindrical 

coordinates ; 
(2) compare the two models by analyzing West- 

moreland and Dickerson’s [S] lignite block pyro- 
lysis and Kashiwa and Harlow’s [9] subbituminous 
coal drying experiments ; 

(3) determine the range of heating for which the 
Stefan model is adequate by comparing the results with 

the two-phase model. 

This study is. to our knowledge, the first to 
quantitatively assess the adequacy of the Stefan model 
to describe coal drying. The results have broad 
applicability to UCC processes, coal mine fire research, 

large coal particle gasification, wood pyrolysis, oil shale 
extraction, pellet drying, and sand mold casting. 

2. THE STEFAN MODEL 

Transient heat transfer problems involving melting 
or solidification generally referred to as ‘phase change’ 

or ‘moving boundary’ problems are important in many 
engineering applications such as the freezing of food, 
fractional crystallization, and the solidification of 

metals in sand molds. Solutions of such problems are 
inherently difficult because the interface between the 
solid and liquid phases is moving as the latent heat is 
absorbed or released at the interface. As a result, the 
location of the solid-liquid interface is not known a 
priori but must be obtained as part of the solution. This 
is known as a Stefan problem [lo]. It has been applied 

to drying but with little or no justifications [7]. The 
model is now briefly reviewed. 

Consider the evaporation of a single component 
liquid contained in the pores.of a 1-D solid. Heat is 

assumed to be added continuously at the surface x = 0. 
Prior to the start of drying, the temperature 
distribution within the solid-liquid mixture will be 

assumed to be determined by the conventional heat- 
conduction equation alone if the temperatures are 
equal locally. After the initiation of drying, the analysis 

requires the formation of a gas-liquid boundary which 
moves in the positive x-direction. Figure 1 shows a 
schematic representation of the process and shows the 
position of the gas-liquid interface X(t) during the 
drying process. Saturated coal is initially at a 
temperature 7-; and the surrounding temperature is 7;. 
The heated surface at x = 0 is represented by a 

prescribed time-dependent surface temperature [S, 91. 
The mathematical formulation of the problem of 
drying is as follows 

11) 

FIG;. 1. Schematic representation of the coal drymg process 
described by the Stefan model. 
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where 

h, = scale factor 

= { 

1 Cartesian coordinate, 

r ax&symmetric cylindrical coordinate, 

and ajan denotes differentiation along the outward 
drawn normal direction. The initial and boundary 
conditions are given by 

I.C. : 7-(0,x) = T, (2) 

B.C.1 : T(t, co) = T, (3 

B.C.2 : w, 0) = f(t). (4) 

At the drying front 

T = Tap, x = Z(t). (6) 

The boundary conditions at the drying front are 
governed by equations (5) and (6) as discussed in 
Carslaw and Jaeger [lo] for freezing problems and 
were extended to drying ofporous materials by Cross et 
al. [7]. The ~s~ptions which enable us to use these 
equations are that a coal-water or a coal-steam 
mixture behaves as a single effective component and 
that steam motion is neglected. We denote the thermal 
conductivity of the wet coal-water mixture by an 
effective thermal conductivity K: and for thedry coal- 
steam mixture by K,. These may be determined 
experimentally. 

The existence of a moving boundary poses numerical 
diffidulties which have limited most investigations to 
1-D problems. Murray and Landis [l l] developed two 
difference schemes to obtain accurate numerical results. 
Springer and Olson [ 121 used a finite-difference scheme 
similar to one of the methods proposed by Murray and 
Landis [ll]. Lazaridis El33 extended it to the 
multidimensional melting problem. Recently, Yuen 
and Kleinman Cl43 developed a numerical scheme 
using a variable time step finite-difference method. All 
these methods produce satisfactory agreement with 
experimental results and analytical solutions for 
melting or freezing problems. However, they may break 
down whenapplied to drying processes where steam is 
produced within the moist porous material and flows 
outward because of an internally generated pressure. 

Equations (l)-(6) were solved numerically using 
Springer and Olson’s method [12]. More details may 
be found in Chao [ 151. Programming was checked for 
correctness and accuracy by comparing with an 
analytical solution for the case of constant temperature 
at x = 0 in Fig. 1 and the semi-infinite solid initially at 
its melting temperature, T, [lo]. 

At time t = 0, the temperature of the boundary 
surface at x = 0 is raised to To, which is higher than T, 
and maintained at To for time t > 0. As a result, melting 
starts at the surface x = 0 and the solid-liquid interface 
moves in the positive x-direction. The solid phase being 

at a constant temperature T, throughout, the 
temperature is unknown only in the liquid phase. 

From Carslaw and Jaeger [lo], the melting front 
position for this Stefan problem can be evaluated 
analytically from 

j?(t) = 21(crt)“2, (7) 

where A is the root of 

1 ei* erf (1) = C,(T, - Xl) 
Lja . 

(8) 

Some physical properties are taken from Murray and 
Landis [ 111: 

cx = diffusivity of liquid and solid = 2.5808 
x 10ms mz s-’ 

L, = latent heat of fusion = 1.162 x 10V5 m2 s-l 
K, = conductivity of solid and liquid 

= 86.49 W m-’ K-’ 
C, = specific heat of solid and liquid = 4.184 

xlO’Jkg-‘K-i 

PS = density of solid and liquid = 8.0 
x lo3 kg mV3 

T = T, = 0°C 

To = 111 K+?,. 

By substituting these physical properties into equation 
(8), we obtain 

(4.184x 102)111 
L el* erf (2) = (1.162 x 105)Jn = 0.255. (9) 

From Curve I of Carslaw and Jaeger [ 10, p. 2871 we can 
read I x 0.44. Thus 

X(f) = 4.47 x 10e3Jt [m]. (10) 

This problem was calculated numerically with the same 
physical properties. It is well known that the stability 
criterion for the diffusion equation using the explicit 
finite-difference method is (aAt)/ < b. In our 
calculations, we follow this criterion using (~A~)/(Ax)~ 
= 0.2. Figure 2 compares the melting front position vs 
time obtained numerically with the analytical solution. 
From these comparisons, we conclude that the 
numerical scheme is stable and convergent. 

3. THE TWO-PHASE MODEL 

Lyczkowski [6] developed a mechanistic theory for 
drying of porous media by using two-fluid, two-phase 
flow theory. The model rationally extends classical 
drying theory to handle rapid drying of moist solids 
where the bulk motion of steam and water occurs 
within the matrix. As discussed by Lyczkowski [6], the 
minimum realistic two-phase drying model is given by : 

vapor continuity 

where 

-& C(1 -hvb.,P,m = (1 -hJ% 

l--E, = E; 

UW 

(1 lb) 
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NUMERICAL SOLUTION (At =28 8. Ax=0 061 
- NUMERICAL SOLUTION (At=O228,Ax~OOO6) 
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FIG. 2. Comparison of melting front position using exact [lo] and numerical solutions of the Stefan model. 

liquid continuity given by 

; C(l -~&,I = -_(l-EJljZ/P,; (12) 

vapor momentum 

K 8P 
(1 -c&P = - A --; ( > PLp ax 

(13) 

mixture energy 

PC,, at T +(1-e,)u,p,C,,l/pT 
8X 

=; Keg -(l-e,)fiAH,. (14) 
,( > 

The volume fraction of vapor and liquid are 
constrained to add up as 

c(,+c(, = 1. (15) 

The above equations derived by Lyczkowski [6] are 
based on the following assumptions : 

(1) Heat transfer between the coal and the two-phase 
mixture is complete so that they are in a state of thermal 
equilibrium. 

(2) Capillary forces are negligible. 

(3) Vapor motion is slow enough so that all inertial 
terms may be dropped. 

(4) The liquid does not move and so 1/’ = 0. 
(5) Wall friction and pressure work terms are 

unimportant. 
(6) The accumulation of mass of vapor is negligible 

compared to liquid. 

We feel the assumption of negligible capillarity can 
be justified based on observations that many large 
cracks form probably caused by thermal and drying 
induced stresses [16, 171. Capillarity could be included 
in the model as suggested by Lyczkowski [6]. 

The boundary and initial conditions for temperature 
are the same as the Stefan model and are given by 
equations (2)(4). 

The additional initial and boundary conditions are 

a&O, x) = 0, (16) 

VP(O. x) = 0, (17) 

ti(0, x) = 0. (18) 

a&t, co) = 0. (19) 

There are six unknowns ps, a,, T, P, i, and Vs, and 
five equations, equations (11)(15), since pgr K,, p,, s,, 
K,, C,,, and.AH, are assumed to be known. To solve 
this problem, one additional assumption must be made. 
Experimental data for coal [ 1, 8, 91 and wood drying 
[ 16, 171 suggest the assumption that the saturation 
temperature is not a function of pressure. This may be 
possible if the pressure build up is small because of the 
formation of large cracks and fissures which allow the 
steam to flow easily [17]. The pressure build up has 
been measured in wood dowels (which have a tighter 
structure than Western coal) heated at a heat flux of 
2 cal cm-* s-l (8.3 x lo4 J mm2 s‘.‘) to be less than 
0.3 atm [ 161. We shall discuss the effect of permeability 
on pressure in Section 7. 

An explicit finite-difference staggered-mesh [IS] 
numerical scheme is used as shown in Fig. 3. The 
fundamental variables P, T, rh, and c(~ are computed and 
defined at the center of each node j. The phase velocity 
Pis computed and defined at the cell edges or junctions 
denoted by(,jf$)for nodejanddenoted by(V8)ji,:2. 

FIG. 3. Interior finite-difference mesh for two-phase model. 
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The indices j -t* are replaced inside the scheme by the 
integersj and j + 1, wherej is a volume number. In the 
description which follows, when fundamental nodal 
values are needed at junctions they are linearly 
averaged. The same applies for the junction velocity 
needed at cell centers. 

The volume fraction ag (or R,) in the two-phase model 
replaces the distinct liquid-vapor interface in the Stefan 
model. The two-phase model assumes liquid and vapor 
to coexist locally in a representative control volume : 
1 > ag > Oin the two-phasere~on, cxI = 1 in thesingle- 
phase vapor region, and dg = 0 in the single-phase 
liquid region. 

In the single-phase liquid and vapor regions, the 
phase change rate ti = 0 and therefore, some 
modifications of equations (1 lHf4) are necessary for 
numerical computation purposes. In the two-phase 
region, liquid is continuously vaporized, and because 
the mass transfer rate ni # 0, it becomes much more 
difficult to solve the problem. The resolution of this 
difficult problem has been investigated by Solbrig et al. 
[ 181 and Lyczkowskiand Solbrig [ 191 using two-phase 
unequal velocity equal temperature (UVET) and 
unequal velocity unequal temperature (UVUT) 
numerical schemes. As we mentioned earlier, the 
experimental data show that the temperature in the 
two-phase region remains essentially at a constant 
saturation value. This observation provides con- 
siderable simplification. Once the temperature in the 
single-phase liquid region reaches the saturation value 
for any finite-different control volume, it is considered 
to be in the two-phase region. As time goes on, the 
volume fraction of vapor is allowed to change from Of 
to l-, but the temperature will remain at the saturation 
temperature T,,, until 01~ = 1. 

Now the problem is to determine the value of ag for 
each node in the two-phase region. To determine ag 
from equation (1 l), we must know tir first. One way to 
get ti is to assume an arbitrary value of riz and then 
iterate using equations (1 I), (12), and (14) until 
convergence occurs. We used this method but found the 
convergence rate to be extremely slow. Another 
method to get ti is by forming the difference in 
temperature calculated with and without the evapor- 
ation rate term. Since we already know that the 
temperature in the two-phase region is at saturation 
value Tvap, compute the temperature T’f’” for the next 
time step assuming no vaporization occirs. Ifit is above 
the saturation temperature and it is still in the two- 
phase region, the differences can only be caused by the 
evaporation term as long as At is chosen sufficiently 
small as discussed in Section 8. The procedures 
described can be summarized as follows : 

(1) evaluate & from i N -((TV+’ J - ~~~)/A~) 
x PC~~/(&AH”~, 

(2) calculate t~i from equation (12) and hence OZ~ 
(3) calculate pa Vg from equation (1 l), 
(4) substitute these values into equation (14) to solve 

for T, 

(5) solve for the pressure using equation (13). 

The finite-difference approximations of equations (1 l)- 
(14) can be written as 

@,P,w;+ l,Z -@,P,~3i”- 112 

AX 
=: &gf! 

J’ (21) 

The effective thermal conductivities of dry and moist 
coal I(,, and ,K,,, respectively, in equation (25) are 
weighted by volume fraction as suggested by 
Lyczkowski [6]. 

4. COMPARISONS WITH KASHIWA AND 

HARLOW’S COAL DRYING DATA 

In this section, we compare our numerical results 
with Kashiwa and Harlow’s experimental data for the 
drying of moist Western coal [9]. The physical 
situation in the experiment is as follows. 

A subbitu~nous coal sample 3.86 cm in diameter, 
8.0cm long is initially at room temperature and rapidly 
heated by electrical resistance to a temperature 
thereafter controlled at 200°C. Thermocouples are 
embedded in the sample along its length. The physical 
properties of this experiment are [9] : 

microscopic density of water 
= lo3 kgmm3 

permeability of coal 
= 1.0 md = 9.86 x 10-r’ m2 

viscosity of vapor 
= 1.27 x 10m5 Pa s 

microscopic density of dry coal 
= 1.3 x lo3 kg mm3 

density of insulation 
= 9.1 kgmY3 

specific heat of water 
=4.0x103Jkg-‘K-l 

specific heat of coal 
= 1.0x lo3 J kg-’ K-’ 
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specific heat of insulation 
=2.0x103Jkg-‘Km’ 

thermal conductivity of saturated coal 
=0.8Wm~‘K~r 

thermal conductivity of dry coal 
=0.42Wm-rK_’ 

thermal conductivity of insulation 
=O.O3Wm-‘K-r 

heat of vaporization of water 
= 2.1 x lo6 J kg-’ 

saturation temperature of water at test altitude 
= 94°C 

local volume fraction of water 
= 10%. 

We used the value of permeability of 1.0 md 

(9.8 x lo-r8 m’) which is in the range of dry coal and 
char [20]. 

We calculated the temperature distribution in 1-D 
Cartesian coordinates using the Stefan and two-phase 
models. The radial heat loss is assumed neglected 
because of the fiberglass insulation. The boundary 
condition at the heating surface is specified at a 
constant experimental temperature of 200°C. The 

second physical boundary condition at the opposite 
end is uncertain. Kashiwa and Harlow [9] report that 

the second (cold) surface “was exposed to a water 
reservoir whose temperature was controlled by a heater 
responsive to a buckling thermocouple pair, such that 

its temperature closely followed that of the coal 0.4 cm 
from the coal-water interface”. Neither the reservoir 
water flow rate nor the temperature nor the heat 
transfer coefficient between coal and water were 
reported. Our treatment is to extend the original 8 cm 
length by different lengths L. The heat loss to the 
reservoir water in the system is simulated by the 

temperature rise in the extended region. 
Figures 4 and 5 are the plots of the temperature 

profiles at two different times using Ax = 0.2 cm and 
At = 0.4 s. The two-phase model results match the 
experimental temperature profiles much more 

accurately than the Stefan model. Since we did not 
consider the radial heat loss from insulation, this could 
be one reason for the higher predicted temperature in 
the dried coal region. Another factor that may cause the 
higher predicted temperature in thedried coal region is 
the porosity change due to shrinkage and cracking 
during drying. A problem we encountered was the 
inconsistency between the reported moisture and 
porosity. Porosity in coal is quite difficult to measure 
accurately because of the presence of micropores, 
shrinkage, and cracking. 

The reported moisture content of Kashiwa and 
Harlow’s experiment is 12 wt. “<, from a proximate 
analysis. Ifweconsider thedrycoal and wet coal to have 

the same volume, we discover only 68 kg of water can fit 
inside the reported pore volume of lOU,<; for 1000 kg of 
moist coal. 

There are several ways to resolve this discrepancy. 
The first is to change the reported water density due to 
the presence of impurities. However, we discover the 
value would have to be 1.8 x 10” kg mm3 which is 
unrealistically high. We could also add some micropore 
volume. We would find that there would have an 
additional micropore volume fraction of 0.058 for a 
total volume fraction of 0.152. We could also consider 
this extra porosity as being due to shrinkage. 

Westmoreland and Dickerson found that Texas lignite 
shrinks 8.4*3”<,. We decided to reduce the reported 

moisture content to 6.8:~;) accepting the reported 10:~~ 
porosity. This corresponds to lOOl$ saturation. 

In the saturated coal region, the predicted 
temperature can go either higher or lower than the 
experimental data depending on the second boundary 
condition uncertainty. Wedid somecomparisons using 
different extended lengths Las shown in Figs. 6 and 7. 

From Fig. 6 at 1 = 4.0 x 10’ s. an extended length 
f. = 10 cm caused the results to be a little closer to the 
experimental data. f. = 15,25, and 30 cm yield the same 
results. all somewhat higher than I, = 10 cm As time 

goes on a longer extended length is needed for the 
calculations to agree with the data as shown in Fig. 7. 

L 00 
I I I I / I j 

2 3 4 5 6 7 R 

DISTANCE FROM HEATED FtZE (cm) 

FIG. 4. A comparison of Stefan and two-phase models with Kashiwa and Harlow’s experimental data at 
4.0 x 10” 5. 
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0 I I I I I I I 
0 I z 3 4 5 6 7 8 

DISTANCE FROM HEATED FACE km) 

FIG. 5. A comparison of Stefan and two-phase models with Kashiwa and Harlow’s experimental data at 
9.96 x IO3 s. 

This effect can be explained by the penetration theory- 
the longer the time, the larger the influence of the 
heating surface on the distance. We estimate that our 
calculations have about 5% deviation based on our 
convergence study. 

There were no moisture distributions reported in the 
experiment and so none are reported here. 

5. COMPARISON WITH WESTMORELAND AND 

DICKERSON’S EXPERIMENTAL DATA 

Westmoreland and Dickerson [8] used Wilcox 
lignite in their experiment. Instead ofa constant heating 
surface temperature as in Kashiwa and Harlow’s 
experiment, they used a temperature-programmed 
furnace to keep the heating surface temperature 
increasing at a constant rate of 3 K min- ’ until a 
predetermined maximum was reached. The system was 
purged with argon and after a constant flow rate of 
purged gas was established, heating was started. 

We calculated the temperature distribution in 1-D 
axisymmetric coordinates using both the Stefan and 

two-phase models. The physical properties we used 
were [S] : 

radius of coal sample 
= 7.62 cm 

thermal conductivity in dried coal region 
= 0.14 W m-l K-’ 

thermal conductivity in saturated coal region 
=0.37Wm-‘K-l 

porosity of coal 
= 0.3 

density of water 
= 1.0 x lo3 kg mm3 

density of vapor 
= 5.98 x 10-l kg mm3 

density of dried coal 
= 1.33x lo3 kgmm3 

saturation temperature of water 
= 373 K 

heat capacity of water 
=4.213x103Jkg-‘K-l 

heat capacity of vapor 
=2.059x103Jkg-‘K-’ 

0 I I I I I I I 
0 I 2 3 4 5 6 7 

DISTANCE FROM HEATED FACE (cm1 

J 
8 

FIG. 6. The effect of simulated length on the temperature distribution in Kashiwa and Harlow’s experiment at 
4.0 x 103 s. 
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DISTANCE FROM HEATED FACE (cm1 

FIG. 7. Theeffect ofs~mu~ated length on the tem~rafure distributl~n in Kashiwa and I-Mow’s experiment at 
9.96 x 103 s. 

heat capacity of coal 
= 1.6x lo3 Jkg-’ K-’ 

viscosity of vapor 
= 1.27 x 10m5 Pas 

permeability of coal 
= 9.86x lo-” m2 (I md). 

The coal was assumed to be saturated with water. 
The effect of temperature on these properties was 

neglected. The thermal conductivity of dry coal in 
Westmoreland and Dickerson’s experiment was 
chosen as 0.14 W mm ’ K -- ‘, which is adequate in the 
temperature range of4 IO-570 K and 30% porosity. The 
specific heat of dry coal used was 1.6 J kg ’ K 1 which 
is actually the value obtained at 500 K. Also, the effects 
of temperature and pressure on vapor density, 

viscosity, specific heat, etc. are all neglected. These 
factors can cause a slight difference on the temperature 

distribution especially in the dry coal region, which is 
more sensitive than the wet coal region. 

Figures 8-t 1 plot coal temperature against distance 
at different times by using At = 0.29 s and Ax = 0.0762 
cm. We can see both models agree well with 
experimental data in the saturated coal region. In the 
dried coal region, the two-phase model predicts the 

temperature much better than the Stefan model does up 
to a surface temperature of 6OO’C. At surface 
temperatures over 6Oo”C, the net efTect ofpyrolysis and 
steam self-gasification reactions apparently cause the 

dryingregion to move faster than thecalculated results. 
ignoring chemical reactions, as can be seen in Fig. 1 I 

Once again, no moisture distributions were reported 
in the experiment and so none are reported here. 

6. HEATING RATE STt’Dk 

From the previous two sections, we can clearly see 

that the two-phase model is better than the Stefan 
model for predicting temperature distributions during 
coal drying. The basic difference between these two 
models is the heat transfer mechanism. in the two- 
phase model, both conductive and convective heat 
transfer are considered, whereas in the Stefan model. 

only conductive heat transfer is involved. In the 
problem ofsolid-liquid phase change, the Stefan model 
is adequate as proved by previous workers because 
there is not much convective heat transfer involved. in 
the case of liquid-vapor phase change, a lot of steam is 
produced which flows outward opposite to the drying 

Fro. 8. A comparison of Stefan and two-phase models with Westmoreland and Dickerson’s experimental data 
at 3500 s. 
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FIG. 9. A comparison of Stefan and two-phase models with Westmoreland and Dickerson’s experimental data 
at 7500 s. 

front motion because of the internally generated 
pressure build up. This steam flow carries large 

amounts of energy out of the system, and hence, 
decreases the local temperature. This is shown clearly in 
Figs. 4 and 5 and Figs. 8 and 11. The two-phase model 

usually predicts a lower temperature than the Stefan 
model. 

Figures 12-14 are the comparisons of these two 
models at three different heating rates using 
Westmoreland and Dickerson’s experiment. We can 
see that the higher the heating rate, the larger the 
difference in predicted temperatures. They differ mainly 
because of the higher heat flux producing more steam. 

The convective term is missing in the Stefan model, and 
hence, the drying rate is consistently faster than the two- 
phase model. This term acts as a transpiration cooling 

mechanism bringing cooler steam into the hotter dried 

coal region. At a heating rate of 0.6 K min - I, these two 
models basically agree as shown in Fig. 12. Part of the 
disagreement may be due to variation in the physical 

properties. 

7. PERMEABILITY STUDY 

As we mentioned in Section 3, our calculations are 

based on the assumptions: (1) the saturation 
temperature will not be affected by the pressure build 
up ; and (2) no shrinkage during the heating process. We 
examined these two assumptions by computing the 
pressure using different permeabilities. Figure 15 shows 

that the maximum pressure is at the drying front, and 
the lower the permeability, the larger the pressure build 

- STEFAN YODEL 

-----r*o-PHASE MODEL 

-~-EXPERIMENTAL 

t, = 11,500s 

G 
t- 500 - 

L 
2 
2 if 400 - 

P 
4 8 300- 

200 - 

100 - 

01 I I I I I I I I I 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

0 0.762 ,524 2.266 3046 3.810 4.572 5334 6.096 6.858 7.620 (cm ) 

DISTANCE FROM CENTER OF COAL 

FIG. 10. A comparison of Stefan and two-phase models with Westmoreland and Dickerson’s experimental 

data at 11500 s. 
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FIG. I 1. A comparison of Stefan and two-phase models with Westmoreland and Dickerson‘s experimenlal 
data at I5 500 s. 

up. As can be seen from Fig. 15 and Table 1, 
permeability over 9.86 x lo- I9 mz (0. I md) causes an 
increase of pressure less than about 1.5 x lo4 Pa which 
causes the saturation temperature to change less than 

3.5”C. The drying rate is not affected by the 
permeability variation over the range used. It is 

primarily a function of the heating rate. 

X. SENSITIVITY STUDY 

To our knowledge, there is no stability criterion for 

explicit finite-difference solution of the complex 
mixture energy equation (14) coupled with equations 
(1 It( 13a). To choose suitable At and Ax, we assumed 

30 
I / 

02 04 06 08 

DISTANCE FROM CENTER (r/ro) 

FIG. 12. A comparison of Stefan and two-phase models at a 
heating rate of 0.6 K min ’ 

the stability criterion that the ratio of (aAt)/( must 

be less than 0.5, because the mixture energy equation is 
reduced to a simple diffusion equation in the single- 
phase liquid region. We used the ratio of0.3 at first, but 
we found the solution to be unstable in the single-phase 

vapor region because of the appearance of the 

convective term. Different values of this ratio were 
tested. Finally, we chose a ratio of about 0.08. In the 
two-phase region, the situation is even more complex. 
To get a reasonable estimate of ti, AI is kept small so no 
single-phase liquid node changes to a single-phase 
vapor node within one time step. Figure 16 shows a 

0 
0 02 04 06 08 IO 

DISTANCE FROM CENTER (r/r0 1 

l-k. 13. A comparison of Stefan and two-phase models al a 
heating rate of 6 K min- ‘. 
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FIG. 14. A comparison of Stefan and two-phase models at a 
heating rate of 15 K min-‘. 

comparison with Westmoreland and Dickerson’s 
experimental data using different Ax’s and At’s, We can 

see these results are quite close. Part of the deviation 
may be due to the estimation of ti. 

Because of the error probability involved in the 

measurements of K,, we tested our numerical scheme to 
see how sensitive it was to the variation in K,. Figure 17 
plots temperature distribution against distance at 
different K,‘s which are chosen &20x from the 
reported data [8]. We conclude that the effect of K, on 
generating temperature distributions in our range of 
study is about + 10%. 

400 

+= 7500 * 

- EXPERIMENTAL DATA 

---- TWO-PHASE MOML(AX=0.0762cm,Al=O.P9r) 

-.- TWO-PH~SEMODEL(AX=O,4572cm, At: 19.451) 

DISTANCE FROM COALCENTER (rho) 

-“- TWO-PHASEMODEL~AX=O.O2S4cm,At=0.032sl 

FIG. 16. Comparison of two-phase model using different Ax 
and At. 

9. CONCLUSIONS 

Comparisons with experimental temperature data 
reveal that the two-phase model is more accurate than 
the Stefan model in dealing with coal drying for heating 
rates typical for underground coal gasification. From 
our calculations, we did not see the existence of a 
temperature plateau between the wet coal region and 

the dry coal region but just a single two-phase node. 
The temperature of adjacent points in the wet coal 
region approach the saturation value, but never reach it 
until the two-phase point becomes pure vapor phase. 

This result can be explained from the mixture energy 
equations. If a plateau exists, there is no temperature 
gradient, so the conduction and convection terms in 
equation (3) vanish. Further evaporation of liquid 
water will cause the temperature in the two-phase 
region to decrease. If we consider the influence of 

t; I 

TWO-PHASE REGION 

I I 
0 07 06 09 I 

DISTANCE FROM CENTER OFCOAL (r/r.,) 

FIG. 15. The effect of permeability on the maximum pressure build up. 
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Table I. Maximum build up and saturation temperature change for different 
permeabilities for heating rate of 3 K min I 

tm’) 
Permeabihty Maximum T 

1 I ‘AP ‘“p 1(‘() 
(mdi pressure t <‘) ( <‘I 

(Pa, 

formed the basis of this paper, and Miss Brenda Wright of 
Argonne National Laboratory typed the manuscript. 

c_ _=__A 
I 

OO 
I / I I 

02 04 06 08 

DISTANCE FROM COAL CENTER (r/ccl 

i 
( .o 

FIG. 17. The effect of effective thermal conductivity on the 
calculated results. 

pressure build up on saturation temperature, a plateau 
is possible, but it is not absolutely flat. 

In summary, the two-phase model provides us with a 
very acceptable method to deal with coal drying, the 
Stefan model does not. Based on our comparisons, 

several conclusions can be drawn : 

(1) The Stefan model is accurate only for surface 
heating rates less than 0.6 K min ’ 

(2) As surface heating rates reach 3 K mini ’ or 
higher, the two-phase model is more accurate because 

of the steam flow caused by ti. 
(3) The steam ilow rate is primarily a function of the 

surface heating rate and is not affected by the 
permeability. 

(4) The two-phase model is good for temperatures 

less than 600°C. 
(5) Our calculation is accurate for a maximum 

pressure rise less than I I7 x IO5 Pa (0.15 atm). 
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COMPARAISON DU MODELE DE STEFAN AVEC CELUI DU SECHAGE DIPHASIQUE 
DU CHARBON 

ResumC-Le modele de Stefan a et& frequemment propose pour decrire le sechage rapide et fortement non 
isotherme des milieux poreux. En particulier, il a Bti utilisi pour analyser le sechagedes charbons et des lignites 
qui contiennent jusqu’a 40% d’eau,la grande part n’etant pas like. Le modele de Stefan peut etre approprii pour 
le mecanisme de gel mais il peut dtre dtfaillant pour les mecanismes dans lesquels beaucoup de vapeur est 
produite dans le materiau poreux et que des Ccoulements vers l’exterieur se produisent a cause des pressions 
internes c&es. Recemment, le premier auteur a dtveloppe un modtle mecanique appelt modele diphasique 
pour elargir la theorie du sechage. L’objet de cet article est : (1) de comparer le modele de Stefan et celui du 
sechage diphasique an analysant les experiences de sechage de lignite et de charbon ; et (2) de determiner le 
domaine des flux thermiques pour lequel le modtle de Stefan est acceptable. Ce texte est, a notre connaissance, 

le premier a fixer I’aptitude du modele de Stefan pour decrire le sichage du charbon. 

EIN VERGLEICH DES STEFAN-MODELS MIT DEM ZWEIPHASEN-MODELL ZUR 

KOHLETROCKNUNG 

Zusammenfassung-Das Stefan-Model1 wurde vielfach verwendet, urn die stark nichtisotherme schnelle 
T’rocknung von poriisen Stoffen zu beschreiben. Im besonderen wurde es benutzt, urn die Trocknung von 
“Western Coals” und Braunkohle, die bis zu 40% Wasser meist in ungebundener Form enthalten, zu 
untersuchen. Das Stefan-Model1 mag fur Gefriervorgiinge tauglich sein, aber es versagt bei Vorgangen, bei 
denen innerhalt des feuchten, porijsen Gutes vie1 Dampfgebildet wird und durch innere Druckerhiihung nach 
a&en gerichtete Strijmungen entstehen. Der erstgenannte Autor hat kiirzlich ein mechanistisches Model1 
zum dynamischen Feuchtetransport, das sogenannte Zweiphasenmodell, entwickelt. Dieses Model1 sol1 das 
bestehende Manko beseitigen und die Theorie der Trocknung sinngemll3 erweitern. Das Ziel dieser Arbeit ist, 
(1) das Stefan-Model1 und das Zweiphasentrocknungsmodell anhand von Braunkohleblock-Pyrolyse und 
Moorkohle-Trocknungsexperimenten zu vergleichen; und (2) den Bereich der Heizraten, in denen das Stefan- 
Model1 anwendbar ist, zu bestimmen. Diese Arbeit ist nach unserer Kenntnis die erste, die den Einsatzbereich 

des Stefan-Modells zur Beschreibung der Kohletrocknung qualitativ abschltzt. 

CPABHEHME METAY MOAEJIbIG CTEDAHA H ABYX0A3HOGi MOAEJIbIO 
CYIIIKM YI-JIlI 

AHHoTa~n-&a OuHCaHHB CHnbHO HeH30TepMHBeCKOrO 6bICTpOHpOTeKaiOmerO npoueCCa CymKH 
nopHcTbrx cpen HacTo HcnonbsyeTca bronenb CTei$aHa. B HacTHocTH, 3Ta Monenb npebreHnnacb nnn 
asanrisa cymKH 3analulbrx yi-neii li mirkitiToB, conepmamex no 40% aomr, 6onbmefi Sacrbro uaxo- 
JJBmeiiCa B HeCBH3aHHOM COCTOBHHH. Monenb CTe$aHa MOxeT TaKge HCuOnb30BaTbCR J&Jut OuHCaHHIl 
upOueCCoB 3aMOpa;rtHBaHHB. HO MOXeT OKa3aTbCB HeupHrOnHOH IUlR upOueCCOB, upH KOTOpblX BHyTpH 
BnamHOrO uOpHCTOr0 MaTepHana 06pa3yeTca 6onbmoe KOnHYeCTBO napa, BbIxonBmero Hapymy non 
neiicTBHeM o6pa3yromeroca BHYTPH Marepwana nanneumr. &a ycTpaHeHHB 3Toro HenocTaTKa nepubrh4 
aBTOpOM CTaTbH 6btna pa3pa60TaHa MOnenb &HHaMHKH BnarH, Ha3BaHHaR nByXi$a3HOH MOnenbm, 
KOTOpaB CymeCTBeHHO uOuOnHHna TeOpHiO CymKH. AaHHaB pa6ora 6btna BbInOnHeHa C uenbio: 
(I) cpaBHHTb Monenb Cre@aua c nnyx+a3uoii rdonenbm cytu~ri ua ocuoae aeanasa nuponasa 
nHrHHTOBOr0 6noKa H 3KCHepHMeHTanbHOrO HCCnenOBaHHR cytu~a 6HTyMHOrO yrnn; u (2) onpenenurb 
AHaHa30H CKOpOCTeir HarpeBa, HpH KOTOpbIX MOXHO HCuOnb30BaTb MOnenb CTe$aHa. HaCKOnbKO 
HSBeCTHO aBTOpaM, 3Ta pa6ora BBnBeTCB uepBOii, B KOTOpOii HpenupHHBTa uOubITKa KOnHHeCTBeH- 

Horo onpenenemin anexaaruocru Monem4 Cre+aua ana oruicanua cym~a yrna. 


