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Abstract—A physical model is presented to describe the drying of unbound, pendular moisture, by a methpd
utilising the volumetric absorption of electromagnetic energy generated at radio or microwave frequen.c:lles.
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.

NOMENCLATURE

C, vapour mass concentration (see Appen-
dix 1);

E, electric field strength within the wet
material ;

L, latent heat of vaporisation;

M, moisture content (see Appendix 1);

P, pressure of the gaseous phase;

P maximum pressure at x = 0;

P,, atmospheric pressure;

Q, electromagnetic power absorbed per
unit volume of the wet solid;

Rt, dimensionless parameter (see equation
12);

T, temperature of the wet solid;

Ty, normal boiling point of the liquid (see
Appendix 1);

U, mass content of the kth phase (see
Appendix 1);

a,, permeability of the pores;

2b, thickness of the solid;

Cp effective specific heat of the wet solid ;

d, average diameter of the pores;

d,, effective average diameter of the pores
for vapour flow;

J» vapour flux per unit area at the external
surface;

ke k,, thermal conductivity of the solid phase
in the x and y directions;

Ta specific capacity of vapour moisture;

t, time;

Ibpr tmaxs ~ times to reach the temperature T, and
the pressure P, ;

x, ¥, spatial co-ordinates;

Yo» density of the dry skeleton solid ;

", effective loss factor of the wet material ;

Ty time constant for pressure field ;

* See Appendix 1 for a glossary of terms.

687

Ty» time constant for internal evaporation;
Ths time constant for initial heating of the
material.
Subscripts
I unbound liquid;

solid plus bound liquid;
initial value.

s’
in,

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
ELECTROMAGNETIC 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 ¢}, 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 ¢ 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

¢} = &p + constant - a/f (1)

where fis the frequency of the applied field. Both ¢} and
¢ are temperature dependent: &7, decreases and o
increases with increasing temperature.

The effective loss factor of a wet body " 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
”. Measured data are usually presented as plots of loss
factor ¢” 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
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FiG. 1. Variation of loss factor with moisture content: (a) &~
versus the average moisture content for white wool, (b)
simplified variation used in the model.
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where &, is the permittivity of free space, f the 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 electric
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 PROCESS

Before introducing the specific model used in the
paper, a general view of the drying will be outlined. The
sequence of events 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 v, is
related to the pressure gradient by v, oC a, - VP, where
the permeability 4, is a function of the geometry and
size distribution of the pores [8]. While the tempera-
ture of the liquid is well below its normal boiling point
T,, diffusion is the dominant flow mechanism. Near
the boiling point the situation is reversed and when the
liquid reaches the temperature T,, the air is expelled
from the pores which are filied 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 ¢” decreases and, with the
electric field strength remaining 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 @ is proportional to the amount of unbound
liquid present, the rate of evaporation decreases as the
solid dries out. In addition the permeability a, in-
creases so that the resistance to vapour flow, which is
proportional to 1/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 unbound
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 temperature 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. [9]. This
situation arises automatically in the present modelas a
consequence of the assumption that the thermal
conductivity k, is infinite (see Section 4.2),

Once the unbound and loosely bound moisture have
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been evaporated and removed leaving only tightly
bound liquid, it usually becomes difficult to efficiently
transfer the electromagnetic 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 [10]. At the boiling point T,, 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
temperature 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 REPRESENTATION OF THE WET MATERIAL

The rigorous derivation of heat and mass transport
equations which are applicable to drying operations
has only recently been attempted [11]. 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 structitre
The solid is taken to be an infinite slab of thickness
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Fig. 2. Schematic representation of the idealised solid used in
the model.
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2b, 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 10" 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
thata, o« dZ/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 a, increases.

4.2. Thermal properties and heat transfer

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 ¢, can then be defined by

}'Ocp = Z CpkUk
k

where ¢, 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, = > 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(¢ T/0x) 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.
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4.3. Absorption of electromagnetic energy

The variation of loss factor with moisture content is
assumed to be that shown in Fig. 1(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 M, 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=0Q,+0Q (3

where @, 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 field
strength constant, the power Q, follows the changes in
the loss factor with temperature and moisture content:

Qrx (M= M)(T ~T,) i4)

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 be
part of the solid skeleton. At the interface between the
phases local thermodynamic equilibrium is assumed
to exist.

4.5. Division 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 field and the
attainment of a maximum pressure,
(3) the moisture removal and resulting decline in
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 >10"" m.
2. P < 1.5P,: linearised pressure equation.

3. Drying conducted at boiling p}gg\t Ty

4. Pressure field set up rapidly: TE <1

w

Simplifying assumptions

1. Idealised pore model.
2. Three stage model: (i) heating, (i) pressure generation,
and (iii) moisture removal.

oM épP
. During (i) — = — = 0.
2(a). During (i) % P
3. Thermal conductivity k, = oo: gives one dimensional

model.

4. No heat flux across surface kx%g =0atx = +b.

5. The permeability a, is constant,

6. Pressure field set up before significant heat conduction
in the solid phase takes place—simplifies equations.

7. Q varies linearly with T and M.

8. Elevation of temperature above T, is smail enough to
assume that dT/0P is constant, and

M—M,
Qf - pr Min - Mc '
9. Time variation of M follows the solution found when Rt

= 0.

Simplifying conditions

—

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

oP
3. Symmetric drying i Qatx=0.
X

5. TRANSPORT EQUATIONS AND THEIR SOLUTION

Transport equations can be derived in a straight-
forward manner for the idealised model using the shell
balance method [13,14]. The assumptions 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
oT T-T,
oty 5= 0 = Cut @y = Q)= (9
where for simplicity the contribution to the absorbed
power from the solid and bound liquid Q, has been
neglected, and Q,, and Q,, represent the power absor-
bed per unit volume of wet solid by the unbound liquid
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at the initial moisture M, and the temperatures T,
T, respectively. Solving this equation gives

- 1—ap
T =T = [exp( LU 1} {6)
pr —_ TX' 1 —a

Th

wherea = Q,,/Q,, and the time constant 7, = yoc,(T},
— T.,)/Q,, represents the time which would be
required to heat the wet body to the boiling point T, if
the absorbed power were constant at the value Q.
For dipolar loss at microwave frequencies the value of
a is about five while for conductive heating at radio
frequencies & < 1. The time to reach the temperatures
T,, is given by

T log, 1

™

ty, = -
T l—a a
5.2, Generation of the pressure field

The continuity equation for the pressure P, or

equivalently the vapour concentration C, is given by

oP #2P 1 oM ®)
hal Il
ot Poxr or, Ot
with the pressure and vapour concentration related by
C = yor,P. ©

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 of the 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 a, 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 corresponding to the instant
when the temperature of the solid reaches T, is given
by P{x) = P, The corresponding equation for the
temperature changes is given by

oT oM

PoCpz = ?oL—at— + 0

(10)
Since @, > 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 07T/0t is set equal to zero.

The significant terms are a relatively slow temporal
variation proportional to exp — (¢t — tp)/t,, and a
much faster variation proportional to
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2
t —
EXp - % ( - tbp)
Te

where
‘)YO(Min MC)L :
g =i nd 1, =
Oy a

The time constant 1,, represents the time it would take
to evaporate the unbound moisture if the power were
maintained at the value Q,,; 7, 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
T, )
)

b p L (Qub\(b)_ Ma—M,

max 0= Zrve\ L a,/  2r,
{1
[

In the time taken to achieve this pressure P,,, the
actual change in a, would be small so that the
simplification that a, is constant is justified. For P,
— Po < 15P4 it can be shown from the above
expression that typically 1./, 2 100.

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

1
o

2r, [ p_p
P s )P = o)

is plotted against the time (¢ — t,,)/7,, in Fig. 3 for
various values of the ratio of the time constants 1,/7,.
It can be seen that for t,,/r, > 1 the duration of stage 2
is small in comparison with that of stage 3. The curves
for7,/t, < 1 have been included to show that for these

i
a
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ot 05 ¢ d: 0.2
?
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o : ! ‘
0 | 2 E
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Time, ———

Fig. 3. Plot of the non-dimensionalised pressure p at x = 0
against the time (t ~ 1,,)/7,, when Rt = 0, for various values
of the ratio t,/t,.
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smaller values of /7, the actual pressures generated
{x 1,/1,) 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

¢, dT

Rt = — —" i {12}
The smaller the value of Rt the less the temperature rise
affects the drying characteristics; neglecting the effect
corresponds to putting Rt = (. In the restricted
pressure range considered here, P < 1.5 P, the values
of Rrand 7, /v aresuch thatr,/t, » land Rt -1 j7, <
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:afactor 1/(1 + Rr)isincluded in the
previous fast exponential term to give

Q,.b* X% {t —ty,)

P—-p, = 2P (1 - — e OB
O JryoLa, |\ b2 )em .

32 i (~ 1)" 2n + l)nx

ae0 (2n + 1 3608 26
2 -
(2n + 1)* n {t f;,p}} (13

X @Xp —

4t {1 + Rt}

In arriving at the above expression {or the pressure,
both dT/dP and ¢, 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 0, has been linearised by setting it equal to Q,,
(M — MJ)/M, M,): the change of @, 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
Ty, and the change in @ 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 -7,/7,, < 1.
The significance of the (1 + Re) 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
4(1 + Rt)

8
fh, = e T} e
max — bp n? » 108 a{l + Riy

which remains small compared to the duration of stage
3 provided Rtt, < 1,,.

5.3. Moisture removal

The moisture removal 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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oP

J= —oralp o (15)

x=*b

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

M _ 0y MM )

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

._prb t_tbp
]= L exXp z .

(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 @, must be included to give

jm Gt P oy <t £ tbp)' (18)

L

w

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,, 7, and 7,/(1 4+ Rt). These in
turn are related to the power absorption per unit
volume @, the thickness of the solid 25, the resistance
to vapour flow b/a, which in turn depends on the pore
size since a, oc d?,and the effective specific heat c,. 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 field

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 (o 1/7,,), and the time
constant 1, for the establishment of the pressure field.
If the resistance to vapour flow b/a, is small so that 7,
< 1, the driving force dP/dx is rapidly set up enabling
the vapour flow to match the rate of internal evap-
oration. Under these conditions the time ¢
relatively insensitive to t,, and t,,,, o 7,

When the temperature elevation is included, only an
amount of power of the order of @ /(1 + Rt)is initially
available for evaporation, increasing to @ as the rate
of temperature rise (cc dP/0t) 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,,,, o 7,(1l + Rt).

As there is relatively little resistance to the vapour
flow when 1, < 7, the pressure field can quickly

max 18
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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 7, > 1,
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 7, < 1,,, and longer
times t,,,,, relative to the evaporation time z,, 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 0P/ot = 0
and evaporation is due to the absorbed power Q, ~
0,,- The total rate of internal evaporation per unit area
of the solid is given by bQ,,/L and since the pressure
does not increase this is matched by the flow of vapour
at the surface which is found from equation (15) and is
of the order of

b
Equating the two expressions gives

1 Qb -b_
rvo L a

rayoap

P

max — Lo ™

P

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 t,, > 7, 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 dP/dt = 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 a, 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. Levelling 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 ¢” 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 limitations and 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

a
Po)t.

pr = 2raYOL(Pmax - “9)
which allows estimates of the maximum permissible
value of the power Q,, to be found. The maximum
tolerable power is directly proportional to the square
of the pore diameter, since a, x d?, and inversely
proportional to the square of the thickness of the solid.
For a given value of the pressure P,,, the permissible
value of Q,, for thick, fine pored materials is less than
that for thin, coarse pored bodies.

It must be remembered that the permeability a, 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 a, when estimating
the maximum permissible power absorbed Q. Whe-
ther this maximum value of the absorbed power can be
achieved, however, depends on the loss factor ¢ 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
Typ 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 z,, 7, 7,/(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
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of the wet body. When the time constant for the
pressure field 7, is smaller than the evaporative time
constant 7,, 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.

Microwave frequencies

915 MHz, 2450 MHz are commonly used for dielectric
heating.

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 inisolated pockets within the pores of the solid.

Radio frequencies
13.5 MHz, 27.12 MHz are used for dielectric heating.

Unbound liquid

A liquid which exhibits the properties of the bulk fluid and
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

Résumé—On présente un modéle physique pour décrire 'humidité pendulaire par une méthode utilisant

I'absorption volumétrique de I'énergie électromagnétique aux fréquences radio ou micro-ondes. Le modéle

concerne les cas ot la température du solide humide peut étre rapidement élevée jusqu’au point d’ébullition

du liquide. L’évaporation apparait dans les pores et provoque I'accroissement de pression qui chasse la

vapeur. En utilisant des équations simplifiées pour le transfert de chaleur et de masse, le chauffage initial, la
pression et le séchage du solide sont reliés aux propriétés du matériau humide.

DER WARME- UND STOFFUBERGANG BEIM VERDAMPFUNGSTROCKNEN
MIT HILFE VON ELEKTROMAGNETISCHEN FELDERN IM
RADIOFREQUENZ- UND MIKROWELLENBEREICH

Zusammenfassung—Es wird ein physikalisches Modell fiir das Trocknen ungebundener Feuchtigkeit
beschrieben, welches die Methode betrifft, elektromagnetische Energie, die bei Radio- oder
Mikrowellenfrequenzen erzeugt wird, volumetrisch zu absorbieren. Das Modell bezieht sich auf die Fille, 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 Druckerh5hung, die den
Dampf austreibt. Unter Verwendung vereinfachter Beziehungen fiir den Warme- und Stoffaustausch werden
die Anfangserwirmung, der Druckaufbau und das Trocknen des Feststoffes mit den Eigenschaften des
nassen Materials in Beziehung gebracht.

TEIJIO- © MACCOOBMEHHBIE XAPAKTEPUCTHUKMU TMPOLECCA CYIIKH B PEXXUME
KHWNEHUA XHUOKOCTHU MPH BO3AEVCTBUU PAJUOYACTOTHLIX U
MHUKPOBOJIHOBBIX 3JIEKTPOMATHHUTHBIX TOJIEH

Annoramms — IIpennoxena ¢usHueckas Molenb [UIA OMHCAaHAS NPOLECCA yNaJEHHA HECBA3aHHOM
CTBIKOBOH BJIarM METOJOM, B OCHOBY KOTOPOTO MOJIOXEHO 06BEMHOE NMOTJIOLIEHHE 31eKTPOMATHUTHON
JHEPrHM, TeHEPUPYEMOH IPH BBICOXHX H MHMKPOBOJHOBBIX 4acTOoTaX. Mogenb AeliCTBHTeNbHA B Tex
CIyyasx, KOrda TemnepaTypa BJIaXHOTO TéNa MOXKET ObiThb OBLICTPO MOAHATA O TOYKH KHIEHHs
XHIKoCTH. Ucnapenne NpOMCXONUT BHYTPH NOP H BHI3LIBACT POCT NAaBJEHMS, HHTEHCHOHUHPYIOIETO
ynanenue ofpasywowerocs napa. C NoMOWIbIO YIOPOIUCHHBIX yPaBHEHHH TemJIO- M MacCONepeHoca
Harpes, pocT JIaBJIeHUs M HCOAPEHHME XHMAKOCTH COMOCTABJIEHB! CO CBONCTBAMM BJIAXXHOTO MATEPHANa.



