
Heat and Mass Transfer in Water-Laden 
Sandstone: Microwave Heating 

Our previous theoretical model was extended to predict the heat and mass 
transfer phenomena in microwave-heated porous materials. A water-filled sand- 
stone was heated in microwaves and its drying rates and temperature profiles were 
measured. Predictions agree well with observations. Besides moisture loss rates 
and temperature profiles, the model also predicts local moisture content, gas 
densities, and pressure. These latter quantities were not measured in our work, 
but are of interest since they reveal the basic mechanisms of heat and mass transfer 
in internally heated porous media. 
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SCOPE 

Microwave heating is an important technique in industrial 
drying and food processing because it has several advantages 
over convective heating, specific advantages being fast heating, 
high energy efficiency, and uniform moisture distribution in 
products. Local temperatures, moisture content, and pressure 
within a wet porous material heated by microwaves have been 

measured (Lyons and Hatcher, 1972), but the dynamic pheno- 
mena remain little studied. By incorporation of Lambert’s law 
for the attenuation of microwave power in dielectric media, we 
solved our previous mathematical model (Wei et al., 1984) to 
predict the fluid flow and heat transfer phenomena in a mi- 
crowave-heated, water-laden sandstone. 

CONCLUSIONS AND SIGNIFICANCE 

The predicted phenomena are shown in Figures 4-12. In 
contrast to the convectively heated sample we studied earlier 
(1984), the microwave-heated sample is hotter inside, the liquid 
volume fraction increases slightly toward the sample surface, 
and the vapor density decreases to the surface and increases 
with time. Except for a short time during which it has a weak 
maximum, the air density increases toward the surface and 
decreases with time. A pressure maximum builds up in the 
sample before it starts falling to nearly atmospheric pressure. 
During most of the heating period, air slowly flows to the sam- 
ple’s center, water vapor flows to the surface, and liquid vapo- 

INTRODUCTION 

Drying is often a limiting step in the manufacture of industrial 
products, so it is important to understand the drying mechanisms. 
There are two drying methods in common use: convective heating 
and microwave heating. Microwave heating offers several distinct 
advantages over convective heating, for example, fast heating, high 
energy efficiency, and uniform moisture distribution in products., 
although the nonuniform heating intensity in microwave fields 
needs to be improved (Watanabe et al., 1978). 

rizes as its flows to the surface with higher flux than vapor. 
The results described here help understand the pore-level 

transport phenomena when a porous medium is heated inter- 
nally. The model, having been successful in predicting moisture 
loss rates and temperature profiles in water-laden sandstone 
heated by both convection and microwave sources, should 
provide a credible theoretical tool for design of optimal com- 
binations of convective and microwave heating for drying and 
cooking, although sample shrink is a complication accompa- 
nying cooking foods not encountered in heating sandstone, 

Lyons and Hatcher (1972) measured the temperature, moisture 
content, and pressure profiles in wet cotton dried by microwaves. 
They found that near the surface, the temperature decreases 
sharply in the radial direction, that moisture spreads evenly 
throughout the sample, and that a central pressure peak rises in the 
beginning and drops afterward. These profiles are quite different 
from those predicted in convective heating (Wei et al., 1984). 

In order to understand the heat and mass transfer mechanisms 
in microwave-heated, fluid-filled porous materials, we investigated 
experimentally the progressive temperature distribution and water 
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Figure 1. A schematic graph of the microwave heating system. 

loss rate of a water-laden sandstone and extended our previous 
mathematical model to predict the dynamic phenomena occurring 
in the sandstone heated by microwaves. The advantage of studying 
sandstone instead of cotton is that the heat and mass transfer pro- 
cesses are easier to model in the former. 

EXPERIMENT 

Sample Preparation and Characterization 

The sample studied is a cylindrical sandstone 17.4 cm long and 5 cm in 
diameter. Sample preparation and the measurements of the porosity, 
capillary pressure, and permeability of the sandstone are detailed elsewhere 
(Wei et al., 1984). The dielectric constants and loss tangents at various 
saturations were measured at MIT by W. B. Westphal using a standing- 
wave method with shorted samples. The general technique is described 
by Nelson et al. (1972). 

Drying Experiments 

The heating system, whose schematic layout is depicted in Figure 1, is 
a specially constructed hybrid microwaveconvection oven with controllable 
microwave power at 2450 MHz, oven temperature, and air flow rate (Hung, 
1980). For receiving the water-filled sandstone, the oven was maintained 
at room temperature with air circulating at 0.245 m/sec. Teflon discs 
wrapped in aluminum foil were used to cover both ends of the sample, and 
thermocouples were mounted at three radial positions along the axial di- 
rection halfway through the sample. Then, connected to the balance on 
the top of the oven, the sample was suspended at the center of the oven 
chamber. After the oven door was secured, the microwave power was 
turned on and controlled at 60 W. Temperatures were recorded by a 
multichannel chart recorder, when the microwave power was momentarily 
turned off. Weight loss was measured with the balance every 5 min for 1 
h. Also, the fraction of wet surface was estimated throughout the experi- 
ment. The wet fraction is defined as the darker area (wet surface) divided 
by the sample area. 

THEORY 

As in our previous model, we shall assume that the porous me- 
dium is rigid, that no chemical reactions occur in the sample, and 
that local thermal equilibrium exists in the sample. One can then 
derive the following Darcy-level conservation equations (Whitaker, 
1977). 

Thermal energy equation: 

in which pC, is the volume-averaged heat capacity per unit vol- 
ume; T the local temperature; t the time; p i  and pg the liquid and 
the gas (air-water vapor mixture) densities, respectively; Cp, and 
Cp, the respective specific heats; Ve  and Tg the Darcy-level su- 
perficial velocities; Ahva,, the heat of vaporization per unit volume; 
r f ~  the mass rate of evaporation per unit volume; K,ff the total ef- 

fective thermal conductivity tensor; and qm the rate of microwave 
energy absorbed per unit volume. 

Liquid phase continuity equation: 

where €1 is the liquid volume fraction. 
Gas phase continuity equation: 

where eg is the gas volume fraction 
Gas phase diffusion equation: 

where pa is the air density, and Deff,a is the effective diffusion 
tensor of air in the air-water vapor mixture. Although these for- 
mulas are valid for anisotropic porous media, we use only their 
isotropic limits in the analysis given below. 

Liquid in a drying porous medium exists in either isolated or 
accessible states. Accessible liquid is connected by a continuous path 
to the sample surface and therefore can deliver moisture to the 
sample surface by liquid convection, a process much more effective 
for moisture release than vaporization followed by gaseous diffusion 
and convection, the process whereby isolated liquid must deliver 
moisture to the surface. 

As in our previous work, we express Darcy’s law for liquid in the 
form 

- 
VP = - (K.? /p t )  * [vpg + k, VEI? -k kTVT - P i g ]  (5) 

in which k, = - d P , ( ~ e , T ) / d ~ p  and kT = -dP,(Ee,T)/dT. Also, 
in Eq. 5, Ke and pe denote the permeability tensor and the liquid 
viscosity, respectively, and Pg the gas pressure. 

The appropriate version of Darcy’s law for the gas phase is 

where Kg and pg are the permeability tensor and the gas viscosity, 
respectively. 

With the assumption of local thermal equilibrium, Kelvin’s 
equation can be used to calculate the density of water vapor in the 
temperature and pressure range of interest here (Collins, 1961): 

PO = Pu,sat exp(-PcvTe/RgT) (7) 

where pu is the water vapor density and Pv,satd reprssents the sat- 
urated water vapor density at temperature T; and Ve and R, are 
the liquid molar volume and gas constant, respectively. 

Microwave heating is volumetric in nature. If a dielectric sample 
is placed in a high frequency electromagnetic field, local dipole 
moments attempt to align with the rapidly changing alternating- 
current field. Because of intermolecular friction, the electrical 
energy injected into the dipoles is partly dissipated into the medium 
and causes heating of the sample. Thus, the sample absorbs mi- 
crowave power. According to Lambert’s law (von Hippel, 1954; 
Mudgett, 1982), the power absorbed per unit volume in a long 
cylinder of radius R can be expressed as 

where qm(r)  is the power absorbed per unit volume at a distance 
(R - r )  from the surface; r the radial position; and 6 the charac- 
teristic penetration depth, which is the distance through which the 
electric field strength decays to l / e  of its original value. The 
characteristic penetration depth can be calculated from 

(9) 

in which h is the wavelength of microwaves in free space; D the 
dielectric constant relative to vacuum; and tan0 the loss tangent. 
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TABLE 1. DIELECTRIC PROPERTIES OF THE WATER-LADEN 
SANDSTONE 

Liquid 
Saturation, 
cel(6e + cg) 

0 
0.05 
0.42 
0.58 
0.62 
0.82 
0.92 
1.0 

Dielectric 
Constant, 

D 

3.72 
4.04 
6.93 
8.0 
8.45 

10.07 
10.86 
11.33 

Loss 
Tangent, 

tan0 

6.34 X 
5.53 x 10-2 
8.39 x 10-2 
9.5 x 10-2 
9.6 X 
0.11 
0.1303 
0.1323 

Characteristic 
Penetration Depth, 

6, cm 

318.69 
35.07 
17.66 
14.44 
13.98 
10.91 
9.09 
8.77 

The proper initial conditions for the experiment considered 
are 

t e ( t  = 0 , r )  = e l i ,  P,(t = 0,r) = Pat,, and T ( t  = 0 , r )  = Ti 
(10) 

Besides the symmetry condition applied at the center of the 
sample, three surface boundary conditions are imposed. The first 
one is the thermal condition: 

h(T - T,)n  + AhvapAeffMw Nos = -K,ff - VT (11) 

where h is the heat transfer coefficient; n the unit outer normal 
vector to the sample surface; Aeff the fraction of wet surface; M, 
the molecular weight of water; and N,, the molar flux of water 
vapor at surface. The second surface boundary condition is for 
liquid moisture: 

The third boundary condition is that the gas pressure at the surface 
is 1 atm. 

SOURCES OF PHYSICAL PROPERTIES 

Except for the heat and mass transfer coefficients h and k,, the 
physical properties of the sandstone are taken from the Table 1 of 
our previous paper (Wei et al., 1984). The coefficients h and k, 
were not measured but instead were estimated from limited drying 
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Flgure 2. The histograms of temperatures and evaporatlon rate for 
sandstone. 
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Figure 3. The fraction of wet surface area versus time. 

data. We estimated k, from film theory (Bird et al., 1960), ac- 
cording to which 

where x, and xwrn are the mole fraction of water vapor at the wet 
sample surface and in the drying medium, and N ,  and N ,  are 
the flux of water vapor and air at the sample surface. For the ex- 
periments reported here air flux was negligible. The flux of water 
was computed as the rate of water lost by the sample divided by 
the exposed area of the sample. We calculated k, using data taken 
at three different times. The values found were within a few per- 
cent of one another and so their average value, k, = 0.5 mole/m2s 
was accepted as correct for the microwave heating. The heat 
transfer coefficient, h, was calculated from the boundary flux 
balance, Eq. 11, with data taken at the same times as those used to 
calculate the mass transfer coefficient. Again the three values were 
within a few percent of one another and the average value, h = 16.7 
W/m2 K, was accepted as correct. 

The dielectric constants, loss tangents, and characteristic pene- 
tration depths at various liquid saturations are listed in Table 1. 

NUMERICAL ANALYSIS 

A one-dimensional model was employed in the analysis since the 
sample approximates an infinite cylinder with both ends covered 
by aluminum foil. The backward-difference implicit method and 
the six-point orthogonal collocation method were used to solve the 
nonlinear differential equations. The computational schemes are 
presented elsewhere (Wei et al., 1984). For this case, the computing 
time for the implicit scheme is 698 s with a spatial mesh 0.0625 cm 

t -.- 

t =O min 
20 

1 I 1 1 1 
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Dirtoncr From Sampk Center 

Flgure 4. Hlstory of temperature proflle. 
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Flgure 5. Hlstory of llquid saturatlon distribution. 

and a time step 0.75 sec on a CYBER 74 computer. The computing 
time for the orthogonal collocation method is 85 s with the same 
time step. The two sets of solutions agree and will be discussed in 
the next section. 

RESULTS AND DISCUSSION 

During the microwave heating process, the sandstone surface 
was totally wet in the first 15 min; thereafter dry spots start to ap- 
pear. As characterized by Figure 3, the specific effective area for 
evaporation gradually decreased with time. In Figure 2, experi- 
mental water loss rates and temperatures are plotted and compared 
with predictions of the theoretical model. The experimental and 
theoretical curves agree quite well. 

In Figures 4-8 are the predicted distributions of temperature, 
liquid content, vapor density, air density, and gas pressure within 
the cylindrical sandstone at selected time levels. In contrast to that 
in convective heating, the microwave-heated sample is hotter in- 
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Flgure 6. Hlstory of vapor denslty profile. 
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Figure 7. History of air density profile. 

side, as indicated in Figure 4. The calculated temperatures in the 
cylinder rise up rapidly in the beginning, slow down in the middle, 
and increase again moderately by the end of the heating period. 
This is mainly due to surface evaporation: A large portion of the 
internally absorbed microwave energy is convected by liquid to 
the surface where it evaporates and cools the surface; the rate of 
microwave energy absorbed is approximately constant, the surface 
cooling increases monotonically with time, and the evaporation 
rate increases in the beginning and then decreases. 

Figure 5 is the theoretical histogram of liquid moisture distri- 
bution. Unlike the profiles of liquid volume fraction in convectively 
heated sandstone, here the liquid volume fraction at any instant 
increases slightly with distance toward the surface, and at any 
position the liquid volume fraction declines steadily with time; this 
behavior is similar to the experimental results found for cotton in 
the work of Lyons and Hatcher (1972), although their heating in- 
tensity may have been higher than ours. 

The vapor density profiles and the air density profiles at several 
time levels are depicted in Figures 6 and 7 ,  respectively. Due to 
thermal equilibrium, the vapor density varies more sharply with 
distance than does temperature because the density of equilibrated 
vapor increases exponentially with temperature. The sharpness of 
the vapor density profile grows with time and causes an increase 
in the diffusive vapor flux to the surface. On the other hand, air 
density at any point in the sample gradually decreases due to in- 
crease of void (gas) volume and slow air supply. 

The progressive pressure distribution in the gas phase within the 
cylinder is shown in Figure 8. In the beginning, a ring of maximum 
pressure shrinks to the sample’s axis while the pressure is rising. 
Then the ring becomes a centered pressure peak and the pressure 

0.98 O.ggL 0 0 2 R  0.4R 0.6R 0.8R R 

Distance From Sample Center 

Flgure 6. History of gas pressure dlstributlon. 
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Figure 12. Fluid flow Dallern at 55 mln. 

keeps going up. After the peak reaches the highest pressure at about 
15 min, the pressure starts falling. This transition behavior in the 
pressure peak was also reported by Lyons and Hatcher (1972). 

The fluid flow patterns in the sandstone at 1,5,25, and 55 min 
are shown diagrammatically in Figures 9-12, respectively. Al- 
though there exist different flow patterns during the first few 
minutes, during most of the heating period air slowly flows to the 
sample's center, water vapor flows to the surface, and liquid va- 
porizes as it flows to the surface with higher flux than vapor. In- 
terestingly, liquid driven by pressure gradient flows in the direction 
of increasing saturation. Detailed calculations show that vapor 
diffusion is enhanced by convective vapor flow, but air diffusion 
is retarded by convective air flow; therefore vapor flux is larger 
than air flux. Figure 13 summarizes in a more conventional plot 
the flow patterns depicted in Figures 9-12. 

As a final remark, the major objectives of our previous study and 
this work are to investigate the fluid flow and heat transfer phe- 
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Flgure 13. Profiles of predicted fluid fluxes at 1 and 25 min. 
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nomena in a rigid, disordered porous medium and to explain the 
drying mechanisms in external or internal heating. Further re- 
search on boundary phenomena during drying will help to predict 
drying characteristic curves more accurately. 
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NOTATION 

Aeff = fraction of wet surface 
C, = mass fraction weighted average constant pressure heat 

C,e, = constant pressure heat capacity of liquid, vapor. J/kg- 

Deff,n = total efffective diffusivity tensor of air in airwater vapor 

0 
g = gravity vector, m/sz 
h 
Ah, = enthalpy of vaporization per unit mass, J/kg 
K = permeability tensor, Fm2 
k, = - bP,(ce,T)/bcd, N/m2 
kT = - bP,(ee,T)/bT, N/myK 
k, 
M, 

Nw 
n 
Pat, = atmospheric pressure, N/m2 
P,  = capillary pressure, N/m2 
P = pressure, N/m2 
qm 

W/m3 
R =radius,cm 
R,  = gas constant, J/mol-K 
r = radial coordinates, cm 

capacity, J / k g K  

CP&? K 

mixture, m2 /s 
= dielectric constant relative to vacuum 

= heat transfer coefficient, W/m2-K 

= mass transfer coefficient, mol/m2-s 
= molecular weight of water, kg/mol 
= mass rate of evaporation per unit volume, kg/m3.s 
= molar flux of water vapor at surface, mol/m2-s 
= unit outer normal vector to surface 

= rate of microwave energy absorbed per unit volume, 
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Tc 
Tr = room temperature, K 
T = temperature, K 
t = time, s 
tan0 = loss tangent 
V p  
v 
X = mole fraction 

= critical temperature of water, K 

= molar volume of liquid water, m3/mol 
= local superficial velocity, m/s - 

Greek Letters 

6 

€ = volume fraction 
K,ff 
X 
p = viscosity, kg/m-s 
p = density, kg/m3 

= characteristic penetration depth of microwave energy, 
m 

= total thermal conductivity tensor, mz/s 
= wavelength of microwaves in free space, m 

Subscripts 

a = property of air 
g 
i = initial condition 
i? 
v 

= property of gas phase 

= property of liquid water 
= property of water vapor 
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