Heat and Mass Transfer 40 (2004) 413-420
DOI 10.1007/500231-003-0482-4

Heat transfer phenomena during processing materials

with microwave energy

Domenico Acierno, Anna Angela Barba,

Matteo d’Amore

Abstract This paper analyses transport phenomena that
occur during microwave heating. In particular, a transient
one-dimensional energy balance equation has been adop-
ted to describe the heating of a body in a microwave cavity
(single-mode applicator). In the energy balance, a kinetic
term has been introduced to take into account released or
absorbed heat due to chemical reaction. Thus, the energy
equation has been coupled with a mass balance and the
relevant initial and boundary conditions. Modeled heating
profiles are shown to describe the energy transfer in dif-
ferent materials and, the influence, on the heating process,
of the fluid-dynamics outside the microwave cavity is
studied and discussed.

1
Introduction
Microwave energy is an innovative tool for heating pro-
cesses, although microwaves have been firstly adopted for
communications scope. Reasons for the growing interest
to microwave heating applications can be found in benefits
such as reductions in manufacturing costs due to energy
saving and shorter processing times, improved product
uniformity and yields, improved or unique microstructure
and properties, and, synthesis of new materials [1].
These advantages have focused the attention on the use
of electromagnetics in many applications: from the mate-
rials processing, with special reference to food [2], poly-
mers (curing), wood, ceramics and composites [3]-[5]; to
minerals treatments [6], [7], and environmental remedia-
tion processes (soil remediation, toxic waste inertization)
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1.1

Microwave heating

The peculiarity of the microwave heating is the energy
transfer. In conventional heating processes, energy is
transferred to the material by convection, conduction and
radiation phenomena through the external materials sur-
face, in presence of thermal gradients. In contrast,
microwave energy is delivered directly to materials
through molecular interactions with electromagnetic field
via conversions of electromagnetic energy into thermal
energy [3].

The ability of a material to interact with electromag-
netic energy is related to the material’s complex permit-
tivity. This property, usually indicated with the Greek
symbol &, is expressed by the real part, €', or dielectric
constant and the imaginary part, €”, or loss factor. The
dielectric constant is a measure of how much energy from
an external electric field is stored in the material; the loss
factor accounts for the loss energy dissipative mechanisms
in the material. Therefore, a material with a high loss
factor is easily heated by microwave. Knowledge of the
complex permittivity is fundamental for material pro-
cessing, because it has a strong influence on the choice of
microwave devices and the set-up of working protocols.

1.2
Microwave devices
The applicator is a device that provides a means for
applying the microwave energy from the generator to the
workload (material to be heated). How to supply micro-
wave energy depending on the electromagnetic field dis-
tribution in the applicator induced by the resonant modes
(solutions of the Maxwell equations coupled with suitable
boundary conditions).

Typical microwave applicators are, travelling wave
guides, single-mode and multi-mode cavities (or ovens).

Multi-mode ovens are the most commonly used form of
microwave heating applicator (e.g. domestic microwave
ovens). The denomination is due to their ability of sus-
taining many modes related to the dimensions of cavities.
In particular, as the size of the microwave cavity increases,
the number of possible resonant modes increases. From a
mechanical point of view, they are very simple, essentially
consisting of a closed metal box with accessories, being
thus easy to realize. The popularity of the multimode
ovens arises not only from their mechanically simplicity
but also from their ability to process a very wide range
of workloads different in size and dielectric proper-
ties. However, the simplicity ends here, since the
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electromagnetic analysis is extremely complicated, being
the field pattern the results of a large number of simulta-
neous resonant modes. Moreover, the presence of different
modes generates in multiple hot spots, due to very
different spatial field strength within the cavities.
Nevertheless, to improve the field uniformity, several
efficient systems are used (workload traveling, mode
stirred, hybrid heating -dielectric and conventional heat
transfer coupled-).

Single-mode cavities support only one mode at the
source frequency, so that the field pattern is well defined in
space [10], [12]. Since the electromagnetic field can be
determined using analytic or numerical techniques, the
areas of high and low electromagnetic field are known.
This is useful for many purposes, especially in laboratory-
scale studies, for example to monitor dielectric properties
during investigation of microwave/materials interactions.
In general, single-mode cavities have only one hot spot
where the microwave field strength is high, and usually the
area of high energy intensity is confined. Then, single-
mode applicators are used every time is important to focus
microwave energy (e.g. joint applications of ceramics,
melting of multi-phase low-loss/high loss materials,
selective heating of little areas of material to start a
chemical reaction); to heat filamentary materials, to cure
polymers [3], [9], which are weak absorbers of micro-
waves.

Aim of this work is to simulate heating processes of
weak and weak “activated” microwave absorbers
(workloads) in a single-mode applicator, in presence and
without chemical reactions, under different external
fluid-dynamics conditions.

2
Model outline

2.1

Generalized balance equations

The generalized energy balance code written to numeri-
cally solve heating balance equations has been already
described in a previous paper [13] which also reports a
preliminary validation performed by comparing the re-
sults of the code with several analytical solutions obtained
from the literature. In the following, the generalized form
of energy balance is briefly summarized and the corre-
sponding mass balance is proposed, together with the
coupling terms, i.e. kinetic rate function and latent heat:

oT(t,&) _ (fOT(t,¢)  OT(t, &)\  arG(tE)
o —0(T<E BE + 852 ) X (1)
G(1,¢) =D Qq(1,&) + D _rilt, ¢)AH; (2)
j=1 i=1

In Eq. (1), t and ¢ are the time and space variables
respectively; T(t, £) is the temperature; material parame-
ters are thermal diffusivity o and thermal conductivity k.
Eq. (2) also accounts for M different heat source terms
ng(t, ¢) and for N different latent release/absorption heats
due to chemical reaction or phase change r;(t, £)AH;. Flag f

can be 0, 1 or 2, describing the heat transfer problem in a
semi-infinite flat slab (¢ = z = axial direction), in a semi-
infinite cylinder (¢ = r = radial direction) or in a sphere
(¢ = r = radial direction) respectively. Eq. (1) can be
coupled with N different mass balance equation for the N
different species:
aiM:n(t,f) Vi—1,...,N (3)
ot
where C(t, &) are the chemical species concentrations and
a; are parameters accounting for density, porosity and
dimensions adopted for C;. Functions r(t, £), already re-
ported in Eq. (2), are kinetic rates. Model is completed by
suitable initial and boundary conditions. Standard form of
initial conditions is:

T(0,&) = To(¢
e me=o {97 a @

Boundary conditions can be written in a generalized form
(n=1,2):

oT

B.C. @‘f =g, o‘n<t>8_é +ﬁn(t)T|£:E,,+Vn(t) =0

()

in Eq. (5) a,(¢), B.(t) and y,(t) are parameters useful to
reproduce usual forms of boundary conditions. A detailed
description of the values the coefficients assume in dif-
ferent cases is reported in [13].

2.2

Applied model equations

In this work induced microwave heating of cylindrical
workloads, using a single-mode cylindrical applicator is
studied. Due to the loads geometry, in the generalized
balance Eq. (1) the shape flag is f = 1, and space variable ¢
is the radial direction, bounded by the cavity radius b.
Thus, for the modeling purposes, our system consists in an
irradiated material with a radius equal to the cavity radius
b, enclosed in a thin metallic shell (the cavity itself). The
Eq. (1) is enough to describe the process because for a
long cylinder, on the basis of an order of magnitude rea-
soning, the axial conduction phenomenon can be ne-
glected, if compared with radial conduction. Having in
mind the system to heat above described, the structure of
the generalized Eq. (5) becomes:

oT
B.C1 @f=0; V>0 —| =0 6
¢ = (6)
oT

where k is the thermal conductivity and T.. is the bulk
temperature and U is the overall heat exchange coefficient.
This latter has in account for heat exchanges by conduc-
tion in metallic shell (cavity wall), by convection and
radiation in the surrounding. Neglecting the conduction
phenomenon due to the high conductivity and low thick-
ness of the metallic wall, the heat exchange coefficient, for



free convection from horizontal tubes plus radiating los-
ses, can be evaluated by [14]:

U(T) = h(T)
= [1.32 (T = To)V*- (2b)‘1/4}

where ¢ and g;,, are the Stefan-Boltzmann’s and the
emissivity constants, respectively. Values of code param-
eters are reported in Table 1.
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Heat generation by microwave and by chemical reaction
For this study a 2.45 GHz in frequency and 900 W in power
microwave source (magnetron) is supposed to be con-
nected to a closed cylindrical cavity. This latter is char-
acterized to have the critical dimension, the diameter, able
to support the TMy; (Transverse Magnetic mode, i.e. the
magnetic field propagating does not have an axial com-
ponent) resonance mode. Cylindrical cavity operation in
TMy;0 mode is commonly preferred, because of the elec-
tromagnetic distribution in such a cavity. The propagation
of TMy;o mode descends from the cavity diameter which,
in turn, is function of the dielectric properties as explained
in the following.

Thus, only one heat source term (M = 1) is considered
in the Eq. (1) and it is described by the common form of
the average power loss density drawn from the Poynting’s
theorem [10], [12]:

Qy(t,€) =y onat (1, DB o)

where  is the angular frequency, &, is the vacuum per-
mittivity, €” is the material loss factor and E is the field
strength. In TMj,, single-mode cylindrical cavity the
electric field strength is described by Eq. (10):
. . X01 .
E() =01, 40+ iy + Emaddo (226 -1, (10)
where E,,,, is the maximum field strength, x,; is the first
root of the J, the 0-th Bessel function of first kind, b, as
above reported, is the radius of the cylindrical closed
cavity, and i, iy, i, are the unit vectors for the adopted
reference system. Figure 1 reports the dimensionless
electrical field strength (E(£)/E,..,) in a single mode
cavity as a function of the dimensionless cavity radius
(&/b). It is worth noticing that the electric field is not
dependent upon axial coordinate. As consequence, for a
cylinder with well insulated basis surfaces (regardless
from its L/D - length/diameter ratio-value) there is no
reasons for inducing an axial temperature gradient. This
is a further confirmation for disregard the axial heat
conduction term.

Table 1. Values of code parameters
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For materials whose do not exhibit magnetic polariza-
tion [10] suggests to calculate the radius cavity, under the
condition of filled cavity, adopting the following equation:

(11)

Xo01

b:

‘£
ZINVT

where c is the light velocity and | ¢ is the material per-
mittivity modulus. A cavity built with this radius and
completely filled with that material, will sustain only the
TMy,, mode.

To keep the sustainment of the TM,,;, mode the vari-
ation of | § must be limited during the treatments.
Changes in £” that do not strongly affectld (i.e. if&e” < &)
can be easily accounted for Qg (Eq. (9)) calculation. Broad
range of ceramic materials, especially used as support-
structure, show low and constant values of permittivity if
their temperature don’t reaches a critical values.

As heat generation by chemical reaction, we assume
only one kind of reactant species (N = 1) with this kinetic
rate:

r(tv ¢) = K(t7 <) [C(t’ é)]n (12)

where K(t, £) is the kinetics constant and # is the reaction
order.

The partial differential equations (Eqs. (1)and(3)), with
their initial condition (Eq. (4)) and boundary conditions
(Egs. (5)and(6)) are solved by the finite difference method
known as Crank-Nicolson scheme, as described by [15].

3

Results and discussion

Three kinds of model results are presented. As reported
above, our attention is focused on heat transfer phenom-
ena during microwave treatments of different materials.
Thus, the work is organized in the following sub-sections:

i. microwave heating of both weak and “activated”
material absorbers without chemical reaction;
ii. microwave heating in presence of chemical reaction;
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Fig. 1. Dimensioneless electric field radial profile in a TMy,o
single-mode cylindrical cavity
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iii. microwave heating under dierent external conditions
to investigate the influence of fluid-dynamic parame-
ters on the heat transfer phenomena.

All the model runs are performed using the condition
of completely filled cavity. The characteristic parameter of
this latter (diameter) is considered as always able to sup-
port TM,;, mode resonance with respect to the dielectrics
properties of the material.

In the simulation work, some properties are kept con-
stant, even if in the real treatments they can change.
However, their variations do not have not a strong influ-
ence on behaviours of real systems.

Finally, each simulation is carried out several times by
increasing time and space step numbers, until temperature
distributions become independent of the number of these
steps.

Physical material characteristics and electromagnetic
features are summarized in Table 2 and Table 3.

3.1

Microwave heating without chemical reaction

In this section, microwave heating of two different kinds of
materials, weak and “activated” electromagnetic energy
absorbers, is described using the above reported equations.

In the Figures 2-5, thermal profiles are reported as a
function of exposure time, at two radial coordinates, and
as a function of the dimensionless radius, parametric in
the time evolution.

The first profiles (Figure 2 and Figure 3) represent the
temperature distributions in microwave “transparent”
materials (with a low loss factor) usually adopted as cat-
alyst support (ceramics before their “critical” temperature
of the thermal runaway, carbonates and silicates), reaction
medium, seals (Teflon, insulating such as polymer, wool
quartz and glasses) [5], [6]. Their general features are re-
ported in Table 2. Weak microwave absorbers are also
basic components of composites which are “activated” by

microwave energy when they are added with strong-loss
materials (additives or fillers or active phases) such as
carbonaceous and so called “hyperactive” structures: UO,,
SiC, sulphide and oxides iron compounds etc. [6]. Multi-
phase systems are adopted in microwave assisted sintering
of ceramics and glasses and microwave curing of poly-
mers.

In weak absorbers, microwave energy weakly interacts
with the material’s structure, then the heating process is
not very strong and not very fast (Figure 2). Instead, at the
same radiating and external fluid-dynamic conditions, in
presence of added absorbed microwave additives, the
heating process becomes faster, i.e. the steady state is
rapidly attained (Figure 4) and the reachable temperatures
can differ one order of magnitude. Moreover, neglecting
the contributes of the absorbed phase on the thermal
properties due the very small addition required, it is
important to outline the development of thermal gradients
inside the processed materials. Indeed, high thermal gra-
dients can cause stresses that can be high enough to
fracture the material. This is the most important problem
also in microwave treatments, see for example in ceramics
sintering due the low thermal conductivity of the materi-
als. Thus, the knowledge of thermal profiles is crucial to
the control of heating treatments, which in turn affects the
final quality of products. In particular, Figures 3 and 5
report temperature profiles of the two kinds of irradiated
materials. The strong absorber kind (Figure 5) shows a
very high thermal gradients for its strong interaction with
microwave energy and its low ability to dissipate heat by
conductivity phenomena.

In Figure 6 are shown the thermal gradients, calculated
at the steady state, induced in materials with different loss
factor at various electromagnetic field strength distribu-
tion. In particular, at E,,,, 10* V/m and for a material with
loss factor 2, the thermal gradient is about 27 °C/mm, then
in a cylindrical shape body with 15 mm in radius (by
Eq. (11)) the temperature difference between the axial and

Table 2. Values and units chosen for physical parameters involved in simulations

Parameter Value Units Parameter Value Units
o 1-1077 m*s™! c 3.108 ms™!
kr 1.5 JmteCc st 1) 27m2.45:10™° s7!
p* 0.9 - € 8.85:10712 Fm™!
T.. 25 °C 4 10 -
gt 0.2 - &’ 0.1-2 -

o 5.67-107 W-m K™ b 15.107 m

* Ttire k% : : 4 -1
porosity; **polished metallic surface E pax 10 V'm
Table 3. Values and units chosen for physical parameters involved in simulations
Parameter Value Units Parameter Value Units
AH 1.1077 J'mol™ Co 1.2 % weigh
E./R 18000 K €0 8.85:107'2 Fm™

R 3.186 J-mol 1-K! 4 10 -

Koo 11-107° gms™! &’ 2 -

ky 1.5 Jm K s Enmax 10* Vm™!
p 0.9 - » 272.45:10"° s
*Arrhenius’ Law: K, = K9 exp ( — %) b 15107 m
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Fig. 6. Thermal gradients (temperature increases per linear unit
dimension) at the steady state as function of the maximum fields
strength for different loss factor values

the maximum coordinates is larger then 400 °C. Vice
versa, in weak absorber (¢” < 2), at the same conditions,
lower radial gradients are obtained (in the order of a few
degree per mm).

3.2

Microwave heating with chemical reaction

As a model chemical reaction assisted by microwave, we
considered an oxidation process. In particular, combus-
tion of carbonaceous-like materials has been simulated
(Table 3) using the Arrhrenius’ law to describe tempera-
ture dependence of kinetic constant, and considering the
process as a zero order reaction [16], [17]. We supposed
that the reaction was carried out in a two-phase system
composed by a weak (porous support) and a strong
absorbers (carbonaceous-like material). Soot-traps are
typical examples of the described system. Their regener-
ation by microwave-assisted combustion is currently

studied [16], [18].
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Figure 7 shows the evolution of temperature as a 40 42 44 46 48 50 52 54 56 58 60

function of time. At the imposed parameters (Table 3), the 1300 T 1300
heating process is very fast, chemical reaction is completed 1200 £ 1200
in a few tenths of seconds, as can be seen in Figure 8 where “ :
the evolution of chemical reactant concentration with time 11007 1100
is reported. O 10004 £ 1000
The axial temperature (solid lines in Figures 7 and 9) ¢
initially increases at the same heating rate experienced in a 2 9004 ;’900
pure heating experiment (Figure 2). After about 30 s, o 8001 E 800
ignition temperature is achieved and chemical reaction g 200 5700
starts (Figure 8). As a consequence, heating rate increases, E 3
then temperature sharply raises and reactant concentra- 6001 ———— Y -600
tion d.ecreases ‘(Flgure 10 and 11). Whgn the reactant in 500 a5 Gljz; E._=10000 V/m 200
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microwave energy dissipation. At the same time, the Time, s

r eaction. heat flux moves 1n r adia'l di.rection whelte Causes  Fig, 9. Close-up of temperature evolutions as a function of
the attainment of the ignition point in outer radial layers exposure time at two radial coordinates
together with the heat generated by microwave in the
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Fig. 8. Reactant concentrations as a function of exposure time at Fig. 11. Reactant concentrations as a function of the radial
two radial coordinates coordinate at different time
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Fig. 13. Reactant concentrations as a function of the radial
coordinate at different time

unburned sections. By this way, reaction front moves
along the radial coordinate (Figure 13) where a maximum
in temperature is also achieved (Figure 12). High tem-
peratures reached in outer layers then cause a temporary
inversion of radial heat fluxes, and the inner layers are re-
heated (dotted line in Figures 7 and 9): the axial temper-
ature shows a new maximum due to the heat coming from
boundary regions.

3.3

Microwave heating at different external conditions

In this sub-section, the influence of different external
conditions on heat and mass transfer phenomena is
examined. As reported in the Model outline, boundary
condition 2 takes in to account the external heat exchange
using the total heat transfer coefficient. External cooling or
insulating operations can have an important role on the
heat transfer inside the microwave cavity. Steady state
conditions, high temperatures, thermal gradients reduc-
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1600 ....................................
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O 1200-: - 1200
@ 10007 - 1000
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© 8004 - 800
()] 4
o ]
£ 6004 - 600
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Time, s

Fig. 14. Temperature evolutions as a function of exposure time at
two radial coordinate (at insulated cavity conditions)
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Fig. 15. Temperature evolutions as a function of exposure time at
two radial coordinate (at first cooling conditions)

tion are the fundamental effects obtainable modifying the
external heat capacity losses.

A semi-quantitative study on the effects of external
conditions can be performed simply adopting arbitrary
fixed values for the total heat exchange coefficient. In
particular, being the heat exchange coefficient in previous
section of the order of tenth of Wm™ K™!, the external
insulation of the cavity has been reproduced imposing low
value for h (of the order of several Wm™ K™). Similarly,
the presence of an external cooling system has been
reproduced by imposing value for total heat exchange
coefficient two order of magnitude higher (of the order of
hundreds Wm™ K™).

In a rigorous treatise external cooling fluxes or layers of
insulating materials must be take in account using appro-
priated correlations for h(T) and/or introducing an overall
heat transfer coefficient in the boundary condition 2.

Figure 14 and 15 report examples of what happens
during the microwave heating in presence of the chemical
reaction (see the second sub-section), when the total heat
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transfer coefficient is changed. Temperature evolutions
show the influence on the microwave induced oxidation
process when heat transfer coefficient changes (decreases
and increases) of one order of magnitude. In particular, in
Figure 14 is reported the thermal situation occurring when
the total heat transfer coefficient decreases. Due to minor
heat losses, chemical reaction reaches more rapidly the
ignition point and thermal gradients are very reduced.
Vice versa, in correspondence of fast cooling, i.e. high
values of h, thermal profiles speedily arrive at the steady
states never attaining the ignition points (Figure 15). Un-
der these conditions, the reaction is never supported.

4

Conclusions

Microwave heating processes of weak and of “activated”

absorbers are investigated. The significant role of the loss
factor is outlined through two crucial aspects: the heating
rate and the induced thermal gradients in low conductor
materials.

Effects of a chemical reaction assisted by microwave on
heat and mass transfer are analyzed. The monitoring of all
stages of the chemical reaction performed by thermal and
concentration profiles, explained the heat transport and
the temperature distribution inner the materials.

Finally, the influence of different external fluid-dy-
namic conditions on microwave heating processes has
been examined. It is shown that external parameters can
control heat an mass transfer phenomena during micro-
wave-heating: cold streams or insulating layers applied on
the microwave oven can reduce process time and thermal
gradients or ensure appropriate thermal profiles in heating
treatments.
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