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Abstract-A physical model is presented to describe the drying of unbound, pendular moisture, by a method 
utilising the volumetric absorption of electromagnetic energy generated at radio or microwave frequencies. 
The model deals with those cases where the temperature of the wet solid can be quickly raised to the boiling 
point of the liquid. Evaporation takes place within the pores and gives rise to an increase in pressure which 
drives out the vapour. Using simplified heat and mass transfer equations, the initial heating, the pressure 

generation and the drying of the solid are related to the properties of the wet material. 

C, 

E, 

Rt, 

T, 
T b* 

aP' 
2b, 
cP* 
4 
d e, 

.l? 

4, k,, 

r 03 

4 

tbp, tnmx, 

vapour mass concentration (see Appen- 
dix 1); 
electric field strength within the wet 
material ; 
latent heat of vaporisation; 
moisture content (see Appendix 1); 
pressure of the gaseous phase; 
maximum pressure at x = 0 ; 
atmospheric pressure; 
electromagnetic power absorbed per 
unit volume of the wet solid; 
dimensionless parameter (see equation 

12); 
temperature of the wet solid ; 
normal boiling point of the liquid (see 
Appendix 1) ; 
mass content of the kth phase (see 
Appendix 1) ; 
permeability of the pores; 
thickness of the solid; 
effective specific heat of the wet solid; 
average diameter of the pores; 
effective average diameter of the pores 
for vapour flow; 
vapour flux per unit area at the external 
surface ; 
thermal conductivity of the solid phase 
in the x and y directions; 
specific capacity of vapour moisture; 
time ; 
times to reach the temperature Tbp, and 
the pressure P,,,,,, ; 

4 Y, spatial co-ordinates; 

YOT density of the dry skeleton solid; 
I, 

E, effective loss factor of the wet material; 

*P, time constant for pressure field; 

NOMENCLATURE 

* See Appendix 1 for a glossary of terms. 

*IV, 
zh, 

time constant for internal evaporation; 
time constant for initial heating of the 
material. 

Subscripts 

f; 
s, 
in, 

unbound liquid ; 
solid plus bound liquid; 
initial value. 

1. INTRODUCTION 

THE ABILITY of water and some solvents to absorb 
electromagnetic energy generated at radio and mic- 
rowave frequencies forms the basis of an electrical 
method of moisture removal known as dielectric 
drying. In contrast to conventional techniques, energy 
is transferred directly to the liquid phase distributed 
throughout the volume of the wet solid. Provided the 
liquid can absorb sufficient electromagnetic energy, 
the temperature of the wet solid can be rapidly raised 
to the boiling point of the liquid. Vapour is evolved 
within the pores of the solid giving rise to an increase in 
pressure of the gaseous phase which drives the vapour 
from the material [ 1,2]. This drying method is parti- 
cularly useful in those cases where the rate of drying by 
conventional means is limited by the heat and mass 
transfer within the wet body. 

The object of this paper is to describe the physical 
processes involved in the dielectric drying of un- 
bound*, pendular moisture, when the operation is 
carried out at the boiling point temperature of the 
liquid. A simplified model of the wet material is used to 
formulate appropriate heat and mass transfer equa- 
tions. The solutions to these equations enable the 
drying process to be related to the physical properties 
of the wet solid and provide certain criteria for the use 
of this drying method. First of all, the principles 
underlying the absorption of electromagnetic energy 
are outlined so that the way in which the liquid and 
solid phases determine the energy absorption can be 
appreciated. 
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2. VOLUMETRIC ABSORPTION OF 
EXECTROMAGNETIC ENERGY 

The volumetric absorption of electromagnetic en- 

ergy by a wet solid is due primarily to the response of 
the unbound liquid to the applied electric field. Water 
and some solvents are able to absorb energy because of 
their polar structure and the presence of salts dissolved 
in the liquid. 

The absorption and dissipation of electromagnetic 
energy as heat in unbound polar liquids can be 

interpreted either in terms of the breaking of chemical 

bonds between adjacent molecules, or alternatively, as 
the internal friction between molecules as they rotate 

in an attempt to realign their electric dipole moments 
with the changing electric field [3]. Both models give 

equivalent results. The amount of energy dissipated is 
directly proportional to the loss factor of the liquid & 
a dimensionless. frequency dependent parameter de- 
termined by the molecular structure of the liquid 
[4]. Normally at radio frequencies the motion of the 
polar molecules results in relatively little energy absorp- 
tion whereas at microwave frequencies significant 
amounts of energy can be absorbed since the max- 
imum value of the loss factor r:‘i) lies in this frequency 
range. 

If dissolved salts are present in the unbound liquid. 
electromagnetic energy can be dissipated as heat 

through the motion of the ions in the electric field. This 

form of heating depends on the electrical conductivity 
of the liquid (T and is approximately frequency inde- 
pendent: it contributes equally in both the radio and 

microwave frequency ranges [4]. These two heating 
mechanisms for a liquid can be formally represented in 
terms of an effective loss factor given by 

8’; = i:;, + constant . o:,f (1) 

wherefis the frequency of the applied field. Both &, and 

u are temperature dependent: t$ decreases and c 

increases with increasing temperature. 
The effective loss factor of a wet body X” is derived 

from that of the dry skeleton solid. the bound and 
unbound liquid, and can be found by several mixture 
theories [5,6]. Provided the unbound liquid is present 
in sufficient quantity it largely determines the value of 

E”. Measured data are usually presented as plots of loss 
factor L” against the average moisture content of the 

wet body at a given temperature, as Fig. 1 illustrates 

for white wool at room temperature and a frequency of 
27 M Hz [7]. It can be seen that the contribution from 
the solid phase, M = 0, is small. When liquid is first 
added to the dry material it is bound to the solid phase 
and its movement is inhibited. Consequently this 
bound liquid is only capable of absorbing a small 
amount of energy, region AB. As further layers of 
liquid are added to the bound layer they increasingly 
exhibit the properties of the bulk or unbound liquid 
and the loss factor increases rapidly in proportion to 
the quantity of liquid added, region BC. 

The power absorbed per unit volume of the wet solid 
is given by 

FL. 1. Variation of loss factor with moisture content : (a) + 
versus the average moisture content for white wool, Ch) 

simplified variation used in the model. 

Q = 27rf&)E:“E” (21 

where z0 is the permittivity offree space,fthe frequency 
of the applied electromagnetic field and E is the 
amplitude of the electric field within the solid. The 

magnitude and direction of E depends on the orien- 

tation of the external electric field relative to the 

surface of the solid and the value of dielectric constant 
of the wet solid. To avoid the problems of arcing and 

electrical breakdown the magnitude of the electrtc 
fieids associated with dielectric dryers must not exceed 
about 200 kV/m. In many forms of dielectric dryer the 
external electric field is approximately parallel to the 

surface of the material and the internal field can be 
taken as constant ; such a case is assumed in the present 
model. 

3. DESCRIPTION OF THE DRYING PROC’ESS 

Before introducing the specific model used in the 
paper, a general view of the drying will be outlined. The 
sequence ofevents described below is confined to those 
operations where the pendular liquid can be rapidly 
heated to its boiling point temperature and most of the 
moisture removal occurs once this temperature has 
been attained. In many practical situations either the 
wet solid is preheated before the dielectric drying stage 
or the required moisture removal is relatively large so 
that the above simplification applies. When the 
electromagnetic field is applied to the wet material the 
temperatures of the liquid and solid phases generally 
increase at different rates and heat conduction occurs 
between the two phases. At the interface between the 
liquid and gaseous phases local thermodynamic 
equilibrium exists so that the partial pressure of the 
vapour can be related to the temperature of the 
unbound liquid through the Clausius Clapeyron 
equation. 

Part of the energy absorbed by the liquid is used in 
evaporation. The vapour evolved within the pores lead 
to an increase in the pressure P, the sum of the partial 
pressures of the vapour and air, above the atmospheric 
pressure P,. Two mass transfer processes take place. 
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molecular diffusion of the air and vapour super- 
imposed on a convective flow of the whole gaseous 
phase which is driven by the difference between the 
pressure in the pores and the atmospheric pressure at 
the surface of the solid. The convective velocity u, is 
related to the pressure gradient by 8, cc ap * VP, where 
the permeability up is a function of the geometry and 
size distribution of the pores [S]. While the tempera- 
ture of the liquid is well below its normal boiling point 
Tbp diffusion is the dominant flow mechanism. Near 
the boiling point the situation is reversed and when the 
liquid reaches the temperature Tbp the air is expelled 
from the pores which are filled with vapour; the mass 
transfer is now due solely to the convective flow. 

With further internal evaporation, the pressure of 
the vapour rises above atmospheric pressure and 
causes an elevation in temperature of the liquid which 
can be determined from the Clausius Clapeyron 
equation. This means that unlike an open liquid 
surface evaporating into the atmosphere, not all of the 
absorbed energy can be used for evaporation since 
some of it is consumed in raising the temperature of the 
liquid, solid, and gaseous phases. Without the need to 
raise the temperature of the wet material, the rate of 
pressure rise would be extremely rapid. The effect of 
the temperature rise is to reduce the rate of pressure 
increase which can, however, still be relatively quick 
compared to the rate of internal evaporation. As liquid 
evaporates the loss factor 8” decreases and, with the 
electric field strength remanning approximately con- 
stant, causes a reduction in the absorbed power. The 
result is that the pressure in the pores quickly reaches a 
maximum value. The majority of the moisture removal 
occurs after the maximum pressure has been attained. 
All the energy absorbed by the unbound liquid is now 
used for the internal evaporation. Since the absorbed 
power Q is proportional to the amount of unbound 
liquid present, the rate of evaporation decreases as the 
solid dries out. In addition the permeability up in- 
creases so that the resistance to vapour flow, which is 
proportional to l/a,, diminishes. The outcome of these 
changes is for the pressure and rate of moisture 
removal to slowly decline. 

As the power absorption due to the unbound liquid 
decreases so the power absorbed by the solid and 
bound liquid, although small in absolute value, can 
influence the drying. While the pockets of un~und 
liquid act as an effective sink for the energy absorbed 
by the solid phase, its temperature will not increase 
since the energy is used for evaporation of the liquid. 
However, if isolated dried-out regions exist, then in 
these parts the energy absorbed by the solid raises the 
local tem~rature of the solid phase which can lead to 
overheating of the material. In many practical si- 
tuations it appears that the liquid sinks remain 
effective down to the bound liquid level, e.g. [P]. This 
situation arises automati~lly in the present model as a 
consequence of the assumption that the thermal 
conductivity k, is infinite (see Section 4.2). 

Once the unbound and loosely bound moisture have 

been evaporated and removed leaving only tightly 
bound liquid, it usually becomes difficult to efficiently 
transfer the el~tromagnetic energy into the solid 
owing to the small value of the loss factor. Although 
bound moisture can be driven off, the most significant 
effect is likely to be the heating of the solid phase as 
discussed above. 

The flow of vapour from the wet material into the 
surrounding air stream is analogous to the transpi- 
ration cooling of a surface by gas injection into the 
boundary layer [lo]. At the boiling point Tbp the mass 
flow away from the surface is determined by the 
pressure generated within the material and is inde- 
pendent of the flow of the external air stream. Detailed 
modelling of the external flow, therefore, is not re- 
quired. The boundary conditions for the pressure 
equation enable the flux away from the surface to be 
determined. The role of the air stream is to prevent 
heat losses from the wet solid and to this end the 
tem~rature of the air stream and the surrounding 
enclosure should be set to a value greater than the 
maximum value reached by the wet material. 

4. DEVELOPMENT OF A PHYSICAL MODEL AND 
THE RRPRESENTA~ON OF THE WET MATERIAL 

The rigorous derivation of heat and mass transport 
equations which are applicable to drying operations 
has only recently been attempted [ll]. Most theoreti- 
cal treatments have used an intuitive approach which 
ignored the discrete nature of the different phases 
within the solid and instead assumed that the wet 
material could be treated as a ‘continuum’ described 
by the familiar transport equations [12,13]. 

In the present case the aim is to develop a picture of 
dielectric drying under certain conditions and relate it 
to the physical properties of the wet solid. For this 
reason it is considered sufficient to use a simplified, 
hypothetical model of the wet solid which retains the 
essential characteristics yet allows the limitations and 
restrictions which must be made in the mathematical 
modelling to be clearly seen. 

4.1. Pore structure 

The solid is taken to be an infinite slab of thickness 

Air stream 

-d- *de - 

Air stream 

Fig. 2. Schematic representation of the idealised solid used in 
the model. 
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26, see Fig. 2. Both surfaces are exposed to an external 
air stream so that the drying is symmetric. Only 
materials with pore diameters greater than 10e7 m, 
that is, essentially non-hygroscopic bodies, will be 

considered. The small proportion of bound liquid 

which does exist is confined to a thin layer in contact 

with the pore walls. Those pores which reach the 
surface of the solid are represented by a parallel array 

of cylindrical capillaries of length 2b and diameter d, 
where d is the average pore size as determined from the 
actual pore distribution. By assuming that the vapour 
flow through the pores can be represented as 
‘Hagen-Poiseuille’ type flow through a tube it is found 

that up x &A - d’/A where d, is the effective average 
diameter for vapour flow and A is a tortuosity factor 

which accounts for the true length of the pores. As the 

moisture evaporates d, and hence aP increases. 

4.2. Thermal properties and heat transjtir 
Strictly speaking, the heat conduction in the solid 

and gaseous phases requires a two dimensional model. 

However, in order to make the mathematical analysis 
practicable, it is assumed that the gas phase has the 
same temperature as the unbound liquid and that the 
thermal conductivity, k,, of the solid is infinite. The 

model becomes one dimensional with changes only 

occurring in the x direction: at a given level x the 
temperature of the three phases are equal. An effective 

specific heat for the wet solid cp can then be defined by 

where cpk and U, are the specific heat and mass 
concentration of the kth phase. 

An alternative to the above simplification is the 

other extreme where the thermal conductivity k, is 
taken as zero. In this case the heating of the solid phase 

becomes completely independent of the processes 
occurring in the liquid and gaseous phases and can 
represent, as a first approximation, the situation when 
solids of very low thermal conductivity are dried. The 
solutions when k, = 0 for the initial temperature rise of 
the liquid, and the pressure evolution, can be found 

from those for k, = x by omitting the contributions 

from the solid phase in the absorbed power and 
effective specific heat terms. The above two extremes 

for the thermal conductivity k, yield the limiting 
drying characteristics between which the real drying 

behaviour will lie. 
At the boundary between the solid and the external 

air stream the heat flux is assumed to be negligible and 
for simplicity k,(c?T/ax) at x = + b is equated to zero. 
The heat fluxes due to the internal convective flow of 

the vapour and the conduction in the solid and 
gaseous phases in the x direction are neglected. In the 
first case it can be shown that the convective heat flux 
is negligible in comparison with the volumetric energy 
absorption term while the latter case is a result of a 
further assumption that the pressure field is estab- 
lished before significant heat conduction in the x 

direction takes place. 

4.3. Absorption of electromagnetic energy 
The variation of loss factor with moisture content is 

assumed to be that shown in Fig. l(b): the knee in the 
curve at which the proportion of unbound liquid 
increases rapidly is replaced by a sharp transition at a 

moisture content M,. The location of the point .bf, is 
not uniquely defined since it depends on how the 

simplified loss curve is fitted to the experimental data 
The exact shape of this simplified loss factor curve is. 
however, unimportant in the drying model. The contri- 
bution to the loss factor from the solid phase and 

bound liquid is assumed to be constant while that from 
the unbound liquid varies linearly with moisture 
content and temperature. For a given frequency the 
absorbed power Q is then given by 

Q = Qs+ Qi !?) 

where Qs and Q/represent the power absorbed per unit 
volume of wet solid by the solid plus bound liquid, and 
the unbound liquid respectively. With the electric held 

strength constant, the power Qf follows the changes m 
the loss factor with temperature and moisture content. 

Q, x (M - M,)(T -~ 7.,). (4) 

4.4. Moisture distribution 
In a real solid the isolated sites containing liquid can 

be fed by local capillaries but on a macroscopic scale 

movement of the liquid phase is not possible. Despite 
the discrete distribution of the liquid most theories 
assume that localised values can be assigned to its mass 

concentration and related to a continuum transport 

equation [13]. To represent these characteristics a 
hypothetical model for the liquid phase is assumed: 
unbound moisture is distributed continuously on the 

pore walls without actually filling the pores, see Fig. 2 
Liquid flow is prohibited and the thermal conductivity 
of the water in the x direction is taken as zero. The 
small amount of bound moisture is considered to he 
part of the solid skeleton. At the interface between the 
phases local thermodynamic equilibrium is assumed 

to exist. 

4.5. D&ion of the drying operation 
In line with the physical picture presented, it is 

expedient to assume that during the period when the 
temperature of the liquid rises to the boiling point T,,, 
evaporation of moisture is negligible. On this basis the 

pressure within the pores does not increase above 
atmospheric pressure until this temperature is at- 
tained. For simplicity the initial moisture content and 
temperature distributions are assumed to be uniform. 
The drying process can then be divided into three 

periods : 
(1) the initial heating of the solid to the normai 

boiling point temperature T,,, 
(2) the generation of the pressure held and the 

attainment of a maximum pressure, 
(3) the moisture removal and resulting decline tn 

the pressure as the absorbed power decreases. 
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Table 1. The limitations of the model and the simplifications 
employed in solving the transport equations 

Limitations 

1. Non-hygroscopic solid; pore size > lo-’ m. 
2. P 6 1.5P, : linearised pressure equation. 
3. Drying conducted at boiling qrj;t T,, 

4. Pressure field set up rapidly: < < 1. 

Simplifying assumptions 

I. Ideaiised pore model. 
2. Three stage model: (i) heating, (ii) pressure generation, 

and (iii) moisture removal. 

2(a). During (i) $ = g = 0. 

3. Thermal conductivity k, = cc : gives one dimensional 
mdel. 

4. No heat flux across surface &E = 0 at x = f b. 

5. The permeability ap is constant. 
6. Pressure field set up before significant heat conduction 

in the solid phase takes place-simplifies equations. 
7. QI varies linearly with T and M. 
8. Elevation of temperature above Tbp is small enough to 

assume that aT/aP is constant, and 

9. Time variation of M follows the solution found when Rt 
= 0. 

Simplifying conditions 

1. The electric field E is constant. 
2. The initial moisture and temperature profiles are 

uniform. 

3. Symmetric drying g = 0 at x = 0. 

9. TRANSPORT EQUATIONS AND THEIR SOLUTION 

Transport equations can be derived in a straight- 
forward manner for the idea&d model using the shell 
balance method [13,14]. The ass~ptions and limi- 
tations used in the model and the further restrictions 
employed in solving the equations are listed for 
convenience in Table 1. 

5.1. Initial heat period 
With insignificant evaporation and no heat transfer 

across the external surface of the solid the equation 
describing the rate of increase in temperature of the 
wet body reduces to 

‘k’~Cpg = Q, = Qin + (Qbp - Qd F -_?I (5) 
bp in 

where for simplicity the contribution to the absorbed 
power from the solid and bound liquid Q, has been 
neglected, and Qb, and Q, represent the power absor- 
bed per unit volume of wet solid by the unbound liquid 

at the initial moisture Mj, and the temperatures Tap, 
T*, respectively. Solving this equation gives 

where CI = Qi,jQbp and the time constant z,, = yOc,( Tbp 
- Ti,,)/Qbp represents the time which would be 
required to heat the wet body to the boiling point Tbp if 
the absorbed power were constant at the value Qb, 
For dipolar loss at microwave frequencies the value of 
a is about five while for conductive heating at radio 
frequencies a < 1. The time to reach the temperatures 
Tbp is given by 

t =&10&L bp a 

5.2. Generation of the pressure field 
The continuity equation for the pressure P, or 

equivalently the vapour concentration C, is given by 

ap azp 1 8M 

dt =a,s-; at’ (8) 

with the pressure and vapour concentration related by 

C = yOr,P. (9) 

The equation shows that the rate of pressure increase 
within an element volume is determined by the rate at 
which vapour is evolved by internal evaporation, and 
by the net flow of vapour out ofthe volume. In deriving 
this equation terms in P have been linearized so that 
the equation is only accurate for values of the pressure 
less than about 1.5 P,. This limitation is not serious 
since many drying materials cannot sustain pressures 
greater than this. The solutions to the pressure equa- 
tion can still be used to predict the occurrence of large 
pressures within the pores even though the magnitudes 
will be wrong. The permeability ap has been taken as 
constant; as will be seen its actual variation with 
moisture,content is unimportant in the model. At the 
surface of the solid the pressure is equal to the 
atmospheric pressure and as the drying is symmetric, 
the pressure gradient at x = 0 is zero. The initial 
boundary conditions corr~ponding to the instant 
when the temperature of the solid reaches Tb, is given 

by P(x) = P,. The corresponding equation for the 
temperature changes is given by 

aT dM 
YOCQ- = Gat + Qs (10) 

Since Q, > Q,, the power absorbed by the solid has 
again been neglected for simplicity. 

Formally the characteristics of the dielectric drying 
are exhibited by the solution to the pressure equation 
which is obtained when the temperature elevation is 
neglected, that is when aT/at is set equal to zero. 

The significant terms are a relatively slow temporal 
variation proportional to exp - (t - t&, and a 
much faster variation proportional to 
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where 

The time constant rc, represents the time it would take 
to evaporate the unbound moisture if the power were 
maintained at the value Qbp; zp is the time constant to 
establish the pressure field. The fast variation describes 
the initial build-up of the pressure while the slower 
term is related to the moisture removal in the third 
period. 

The maximum pressure P,,, which is generated at 
the centre of the material is given by 

In the time taken to achieve this pressure P,,, the 
actual change in up would be small so that the 
simplification that uB is constant is justified. For P,,, 
- P, ,< l.SP, it can be shown from the above 
expression that typically tw/tp 2 100. 

The non-dimensionalized pressure at the centre of 
the solid, 

is plotted against the time (t - t,,)/z, in Fig. 3 for 
various values of the ratio of the time constants z,,& 
It can be seen that for z,,,/T~ > 1 the duration of stage 2 
is small in comparison with that of stage 3. The curves 
for z,/rp 5 1 have been included to show that for these 

a. 

5 
2 05 

I 
cir 

0 
I -i 

I 2 2 

Time, % 

Fig. 3. Plot of the non-~imens~onal~s~ pressure p at x = 0 
against the time (t - lb&/z,, when Rt = 0, for various v&es 

of the ratio z,,kp 

smaller values of t,,Lrp the actual pressures generated 
f x z,i~,,,) would be large: the linear theory would be 
inapplicable in such cases. 

The influence of the temperature elevation due to 
the increase in pressure can be characterised by a 
dimensionless number 

f?t= -5 d.? 
Lr, dP 

t12) 

The smaller the value of Rt the less the temperature rise 
affects the drying characteristics ; neglecting the effect 
corresponds to putting Rf = 0. In the restricted 
pressure range considered here, P 4 1.5 P,, the values 
of Rt and r,/t, are such that t,,,;r, >> 1 and Rt . s,ir, K 
1. In these circumstances the solution to the equations 
taking into account the temperature rise can be 
obtained by a perturbation technique from the so- 
lution for Rt = 0: a factor I/( 1 + Rt) is included in the 
previous fast exponential term to give 

In arriving at the above expression for the pressure. 
both dT/dP and cg have been taken as constant, the 
latter at its initial value corresponding to M = M,. 

The term for the energy absorbed by the unbound 
liquid Qr has been linearised by setting it equal to Qbp 
(M - ~~)/(Mi~ - M,): the change of Q, with 
temperature above T,, has been ignored. Furthermore 
in the expression for Q/ the temporal variation of the 
moisture content M is taken to be that found from the 
solution for Rt = 0. The first two simplifications are 
justified as long as the elevation in temperature above 
‘P,, and the change in Qr are small. In any case, order 
of magnitude estimates of the pressure increase will not 
be seriously affected unless Q/ changes dramatically 
with temperature which is unlikely. The approxi- 
mation for M is applicable provided Rt . T&, < 1. 

The significance of the (1 + Rt) factor is that it slows 

down the rate of pressure increase in the early stage in 
accordance with the physical model presented. The 
maximum pressure P,,, is still of the same magnitude 
as for Rt = 0 and is achieved in the time interval 

which remains small compared to the duration ofstage 

3 provided Rtz, c: T%,. 

5.3. Muisrure remorlul 
The moisture removat which occurs after the max- 

imum pressure has been reached is determined by the 
vapour flux per unit area at the surface given by 
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8P 
I = -W.%~,= & (15) 

In this period the time variation of the pressure is 
relatively slow and the approximation 13P/at = 0 can 
be made in the transport equations. The heat transfer 
equation then simplifies to 

dM Qbp M - Mc --- at- LYO Mia - Mc ’ 
(16) 

which leads to the following expression for the vapour 
flux at the surface 

j=Wexp_ LIIY2.2. 
L ( > 

(17) 
=w 

If the final desired moisture content is close to M, then 
the contribution from the energy absorbed by the solid 
and bound liquid Q, must be included to give 

j _ (Qbp + Q,)b exp _ 
L 

(18) 

Without the energy Q, the time required to reduce the 
moisture content to M, would be infinite whereas with 
Q, included the time remains finite. 

6. DISCUSSION 

The expressions derived from the simplified model 
show that the drying process is determined principally 
by the time constants t,,, t, and TJ( 1 + Rt). These in 
turn are related to the power absorption per unit 
volume Q, the thickness of the solid 2b, the resistance 
to vapour flow b/a, which in turn depends on the pore 
size since a,, x d2, and the effective specific heat ci,. The 
evolution of the pressure field and the magnitude of the 
pressure generated are readily understood in terms of 
these basic parameters. 

6.1. Generation of the pressure jeld 
As already seen, the pressure reaches a maximum 

value and then declines along with the absorbed power 
as the solid dries out. Assuming for the moment that all 
the absorbed energy is used for the evaporation, Rt = 
0, the time t,,, to reach the maximum pressure is 
determined by the rate at which vapour is generated to 
produce the increase in pressure (x l/7,), and the time 
constant rp for the establishment of the pressure field. 
If the resistance to vapour flow b/u, is small so that rp 
< 7w the driving force aP/&x is rapidly set up enabling 
the vapour flow to match the rate of internal evap 
oration. Under these conditions the time t,,, is 
relatively insensitive to r, and t,,, cc T,,. 

When the temperature elevation is included, only an 
amount of power of the order of Q//( 1 + Rt) is initially 
available for evaporation, increasing to Q/ as the rate 
of temperature rise (x aP/at) goes to zero. Vapour is 
generated more slowly as compared to the Rt = 0 case 
and the pressure gradient is set up (1 + Rt) times 
slower so that t,,, cc ~~(1 + Rt). 

As there is relatively little resistance to the vapour 
flow when or < rw the pressure field can quickly 

respond to the slow changes in the internal evap 
oration rate. In this way during the third stage of 
drying, the pressure and vapour flow follow the time 
dependence of the power absorption. When rp > r, 
the vapour flow, owing to the large resistance, cannot 
match the rate of vapour generation until a large 
pressure gradient is produced. Consequently larger 
pressures, as compared to the case rp < rw, and longer 
times tmox, relative to the evaporation time t,, are to be 
expected. In the third stage the large resistance to the 
flow prevents the pressure field from following the 
changing rate of evaporation. 

The maximum pressure is attained when aP/dt = 0 
and evaporation is due to the absorbed power Q, - 
Qbr The total rate of internal evaporation per unit area 
of the solid is given by bQ,JL and since the pressure 
does not increase this is matched by the flow of &pour 
at the surface which is found from equation (15) and is 
of the order of 

(Pm, - PO) 
raYOap 

b 

Equating the two expressions gives 

P l Qbpb b 
ntax _p,__ ~ - 

ray0 L up 

in general agreement with the more exact form, 
equation (11). As the resistance to flow b/a, and the 
rate of internal evaporation decrease, so the maximum 
pressure produced also decreases. 

6.2. Equivalent drying model 
It has been seen that when r, > rp Rt the maximum 

pressure is attained in a short time compared to the 
subsequent period of moisture removal and the equa- 
tions describing this third period can be simplified 
using aP/& = 0. The expression for the vapour flux at 
the surface, equation (17), depends on the power 
absorption but not on the pore structure of the solid as 
represented through the permeability up. In these 
circumstances the structure of the solid, from the point 
of view of moisture removal, is unimportant and a 
drying model using a ‘free’ surface covered with an 
equivalent amount of liquid can be used. 

6.3. Leoelling of moisture profiles 
The simplified equations for the third period can be 

used to bring out an important feature of dielectric 
drying, namely the ability to reduce any non- 
uniformities in the moisture distribution in a wet body 
[9,15]. Equation (16) shows‘that the rate of internal 
evaporation at a point is directly proportional to the 
amount of liquid present. Consequently with an initial 
non-uniform moisture profile the fastest rate of evap- 
oration occurs where the solid is wettest. As the drying 
proceeds so the gradient in the moisture profile ‘levels’ 
out. 

In the present case this characteristic has been 
obtained because the electric field was taken as 
constant and the loss factor E” varied linearly with 
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moisture content. In general, provided the overall 
result of any changes in the loss factor and electric field 
is for the absorbed power Q to decrease with decreas- 
ing moisture content, this levelling effect will be 

obtained. 

6.4. Pressure limitutions und power input 

The second period which describes the pressure 

build up is very important since it relates the maximum 
pressure generated to the absorbed power density. 
Rearranging the expression for the maximum pressure 

gives 

Qbg = 2r,M4P,,, - PO) $-. 
which allows estimates of the maximum permissible 

value of the power Qbp to be found. The maximum 
tolerable power is directly proportional to the square 
of the pore diameter, since ar x 8, and inversely 
proportional to the square of the thickness of the solid. 
For a given value of the pressure P,,, the permissible 

value of Qb,, for thick, fine pored materials is less than 
that for thin, coarse pored bodies. 

It must be remembered that the permeability uy is 

determined from the average pore size. When the 
variation in pore sizes is large, it is possible for the 

pressure in the fine pores to exceed the permissible 
value while the pressure in the coarse pores is below 
this value. The pore size distribution will determine the 
tolerance which must be placed on ap when estimating 

the maximum permissible power absorbed Qbp. Whe- 
ther this maximum value of the absorbed power can be 

achieved, however, depends on the loss factor E” and 
the maximum electric field strength which can be used 

before breakdown problems occur. In circumstances 
where the loss factor is relatively small, the maximum 

allowable electric field rather than the maximum 
pressure will limit the value of the absorbed power. 

7. CONCLUSIONS 

The simplified drying model considered materials 

which are essentially non-hygroscopic apart from a 
small proportion of bound liquid. In such cases the 
main sink for the electromagnetic energy is initially 
provided by the unbound liquid. If the required final 
moisture content approaches the bound moisture limit 
however, it is necessary to consider the energy absor- 

bed by the solid and bound liquid. 
The heat and mass transfer model developed for the 

dielectric drying divides the drying into three phases : 
initial heating of the wet material to the boiling point 
T,,r, generation of a pressure field, and the internal 
evaporation and subsequent removal of moisture. In 
the practical cases covered by the model the duration 
of the second period is small. 

The solution of the simplified transport equations 
showed that the drying process is related to several 
time constants t,,, TV, -,/( 1 + Rt) which are determined 
principally by the power absorbed by the wet solid, the 
pore structure of the solid and the effective specific heat 

of the wet body. When the time constant for the 
pressure field TV is smaller than the evaporative time 
constant rw the moisture removal is determined solely 
by the effective power available for evaporating the 
moisture: the pore structure does not seriously impede 
the vapor flux. Provided the absorbed power per unit 
volume of the wet solid decreases as the moisture 

content decreases, then dielectric drying will lead to 

the smoothing out of non-uniform moisture 

distributions. 
In general the absorbed power densities must not 

exceed a critical value determined either by the 
maximum excess pressure which can be tolerated 

within the solid or by the maximum electric field which 
can be applied. In order to calculate the drying and 
pressure curves the dielectric properties and per- 
meability of the solid must be known. 
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APPENDIX 1: GLOSSARY OF TERMS 

Bound liquid 

A liquid whose properties are modified due to the in- 
teraction with a solid phase through chemical or Van der 
Waal forces. 

Loss factor 

A dimensionless parameter related to the electrical proper- 
ties of the medium; it determines the possible energy 
absorption. 

Mass concentration of a phase 

Mass of a given phase held in a unit volume of the wet 
material. 

Moisture content 

The mass concentration of the liquid phase divided by the 
mass concentration of the solid phase, i.e. the density of the 
skeleton solid. 

Normal boiling point 

The temperature at which the saturated vapour pressure of 
the liquid is equal to atmospheric pressure. 

Pendular moisture 

Liquid held in isolated pockets within the pores of the solid. 

Radio frequencies 

13.5 MHz, 27.12 MHz are used for dielectric heating. 

Microwave frequencies Unbound liquid 

915 MHz, 2450 MHz are commonly used for dielectric A liquid which exhibits the properties of the bulk fluid and 

heating. exerts its full vapour pressure. 

LES CARACTERISTIQUES THERMIQUES ET MASSIQUES DU POINT 
D’EBULLITION EN SECHAGE A PARTIR DES FREQUENCES RADIO ET DES CHAMPS 

ELECTROMAGNETIQUES DE FREQUENCE MICRO-ONDE 

R&sum&-On presente un modele physique pour ddcrire I’humiditt pendulaire par une mbthode utilisant 
I’absorption volumetrique de l’energie electromagnetique aux friquences radio ou micro-ondes. Le modele 
concerne les cas ou la temperature du solide humide peut &tre rapidement tlevee jusqu’au point d’ebullition 
du liquide. L’ivaporation apparait dans les pores et provoque I’accroissement de pression qui chasse la 
vapeur. En utihsant des equations simplifiees pour le transfert de chaleur et de masse, le chauffageinitial, la 

pression et le sechage du solide sont relies aux propritds du materiau humide. 

DER WARME- UND STOFFtiBERGANG BEIM VERDAMPFUNGSTROCKNEN 
MIT HILFE VON ELEKTROMAGNETISCHEN FELDERN IM 

RADIOFREQUENZ- UND MIKROWELLENBEREICH 

Zusammenfassung-Es wird ein physikahsches Model1 fur das Trocknen ungebundener Feuchtigkeit 
beschrieben, welches die Methode betrifft, elektromagnetische Energie, die bei Radio- oder 
Mikrowellenfrequenzen erzeugt wird, volumetrisch zu absorbieren. Das Model1 bezieht sich aufdie Falle, wo 
die Temperatur des nassen Feststoffes schnell auf die Verdampfungstemperatur der Fliissigkeit gesteigert 
werden kann. Verdampfung findet innerhalb der Poren statt und fiihrt zu einer Druckerhohung, die den 
Dampf austreibt. Unter Verwendung vereinfachter Beziehungen fur den Wiirme- und Stoffaustausch werden 
die Anfangserwarmung, der Druckaufbau und das Trocknen des Feststoffes mit den Eigenschaften des 

nassen Materials in Beziehung gebracht. 

TEIIJIO- H MACCOOBMEHHbIE XAPAKTEPMCTBKR IIPOHECCA CYIIIKH B PEXHME 
KMIIEHHR )KHfiKOCTki IIPM B03jJEfiCTBMH PAAHOHACTOTHMX I4 

MHKPOBOJIHOBbIX 3JIEKTPOMAFHMTHbIX IIOJIEti 

AnHoTaqHa - IIpeanomena 4H3mecKaK Monenb nnr ormcanmi npouecca ynanerina necaa3amiofi 
CTbIKOBOi BnariiMeTOLZOM, B OCHOBy KOTOpOrO IlOnO)KeHO 06LeMHoe nOrnOUeHHe 3neKTpOMarH%iTHOfi 

3HepUiB, reHepHpyeMOti IIpH BbICOKHX H MlKpOBOnHOBbIX WCTOTSLX. Monenb neiiCTBHTenbHa B TeX 

cnyvarx, xorna rehmeparypa anaxcnoro rena Moxer 6bITb 6bICTpO nonHKTa no TOVKW mnefim 

~I~~KoCTK Mcnapenne q%iCXOn~l BHYT~H nop B Bb13bIBaeT pock nasnesm, mTeHcu$~apylo~ero 

ynaneme o6pasymqerocn napa. C nOMOulbH) ynpouees~x ypaBHeHHii Tenno- u Macconepmoca 

HarpB, pOCT AaBneHUII H EiCIlapeHSie XWUWCTH COIlOCTaBneHbl CO CBOikTBaMH BnalHOrO MaTepHana. 


