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Abstract

Microwave drying is getting more and more popular even in the highly regulated pharmaceutical field. In spite of its uniqueness there
is a rightful resistance because of the non-homogeneous electric field that cause non-homogeneous temperature distribution. The dielec-
tric and thermal properties of any complex workload are rarely known, and moreover, they change during a drying process, which makes
experimental tests essential to complete any mathematical modelling. To get a 3D overview of a free-flowing bulk the workload was
divided with Teflon layers to form cross-sectional surfaces. After dissipation of microwave energy, IR thermocartograms were taken
and temperature distribution was evaluated even quantitatively. The ‘‘3D layered thermography’’ method offers reliable and work-
load-specific information via simple executable technique for the optimization of a microwave processes.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The benefits and drawbacks of microwave drying in the
conservative pharmaceutical industry have been well
known for decades. In spite of the fact that dielectric drying
offers unique advantages [1] the biggest resistance to wide-
spread use may be the confirmed non-uniformity of the
electromagnetic field (E-field), which results in a non-
homogeneous temperature pattern [2,3]. The origin and
result of a generated hot-spot is influenced by the electro-
magnetic and thermodynamic features of the microwave
system and the workload. Hotter areas are cooled by heat
diffusion to the surrounding material, determined by the
thermal diffusivity and the temperature gradient. The use
0017-9310/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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of microwaves can be risky if the workload�s thermal diffu-
sivity is low, in which case the heat flow is slower than the
rate of energy dissipation.

When a drying of extremely fragile corn starch-based
granules was carried out in vacuum and accelerated by
microwaves in single/one pot equipment (a double-jacketed
high-shear granulator that incorporates vacuum and
microwave drying options), local burning was experienced
after 25 min of microwave heating. The local ‘‘hot spot’’
temperature of the product must have been over 200 �C
because of the carbonization (Fig. 1). At the same time
the measured temperature of the surrounding ‘‘spot-
related’’ product was just around 50–60 �C (Fig. 2). The
browning could not be noticed by the monochrome CCD
video system, because this area of the workload was
located out of its visual field (Fig. 3).

In case of single/one pot technology the geometry and
the construction of the microwave cavity is primarily
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Fig. 1. TG curve of corn starch.

Nomenclature

A comprises the different attenuations and losses
Anxiy by the IR camera-measured surface
cxx specific heat capacity of the indicated material
dnx ¼ d thickness
Ed dissipated microwave energy
Ei electric-field strength within the dielectric
f microwave frequency
iy temperature range (i25–30, . . . ,i95–100)
Lv heat of vaporization
M mass of the whole workload
M�

iy percent of the total material mass characterized
by an iy temperature range (%)

mnx ; mnxiy ; mxx mass of the indicated material or part
(kg)

m�
nxiy percent of the material mass characterized by an

iy temperature range wit hin the nx layer (%)
nx layer (n1, . . . ,n6)
Pd dissipated microwave power
Pm magnetron output power
Pr the reflected power

Q quantity of heat
Qxxðtyy!tzzÞ quantity of heat of the indicated material in

the given temperature range
U internal energy
t time
T iy mean temperature of the incidental iy tempera-

ture range
T nx average temperature of the nx layer
W work
Wevap evaporation work
Wvolum volumetric work

Greek symbols

e0 absolute permittivity
e loss factor of the dielectric material
DT ðtyy!tzzÞ temperature difference between the indexed

events
qnx ¼ q density of the workload
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Fig. 2. Temperature–time curve of corn starch. ‘‘Spot-related’’ is mea-
sured during the running process, hot-spot�s immediately after microwaves
was switched off (6.3 kg, 50 mbar, 1.2 kW, 2450 MHz), n = 3.
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designed for high-sheer granulation, thus to avoid the
undesirable unequal temperature distribution there are lim-
ited possible solutions, e.g. the intensification of the mixer
motion, and/or the reduction of the microwave power. The
former would change the grain-size distribution unaccept-
ably, while the latter would considerably increase the pro-
cess time. As a result of experimental process optimization
the best uniformity and acceptable highest power density,
as well as the shortest drying time are sought, without
any corresponding damage of the workload, thus the pro-
cess is close to its secure limit.

The aim of the present study is to specify this limit and
for that very reason to map the forming stereoscopic tem-
perature pattern in the case of a free-flowing bulk workload
(e.g. powder, granule, grain crops, etc.). In this paper we do
not focus on the microscopic details [4,5] rather just on its
macroscopic result.

2. Theoretical aspects

2.1. Non-homogeneity of microwaves

Field concentration of standing waves or close proxim-
ity to the power-feed-point can cause non-uniform distri-
bution of the microwave field [6]. Many factors influence
the uniformity of the E-field. They can be divided roughly
into two groups: cavity effects (design limitation, location
of the microwave inlet point, shape of the cavity, hanging



Fig. 3. Single/one pot apparatus equipped with Teflon layers.
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parts such as spray gun, mixer, chopper, thermometer etc.)
and workload interactions (loss factor, penetration depth
and thickness of the workload, particle�s feature, etc.) that
are different from product to product and from equipment
to equipment.

Inter alia ‘‘mechanical moving mode stirrers’’ or ‘‘wave-
guide rotating joints’’ or simple agitation of the workload
are used to assure more uniform E-field distribution, and
thus heating. Adequate homogeneity can be achieved e.g.
in a developed microwave applicator, characterised by
cylindrical shape and adjusted with several magnetrons
[7]. In the case of special single/one pot pharmaceutical
microwave equipment the number and place of magnetrons
are very limited due to its primary functional purpose, thus
agitation of the workload is preferred that may endanger
the quality of the product.
2.2. Theoretical models

An inherent deficiency of dielectric drying is that there is
no common method to control, nor to properly monitor
the E-field distribution and its effect after starting the
microwave treatment. With the help of mathematical mod-
els based on Maxwell�s equations the theoretical electric
and magnetic field configuration within the product can
be calculated [8,9] even in 3D [10,11], if the configuration
of the cavity, the dielectric properties of the workload
and the granule�s geometry, etc. are exactly known. The
following dielectric heating equation is also used to calcu-
late the dissipated microwave power (Pd) [3,9]:

P d ¼ 2pf e0e00E2
i ð1Þ

The calculations involve difficulties especially in the case
of complex compositions (e.g. pharmaceutical and food
products). The workload consists of several ingredients
characterised by different and often unknown dielectric
and thermal properties that are furthermore changing con-
tinuously during the drying process depending on the
changing moisture content and temperature. Moreover
the temperature and the moisture content dependencies
of the dielectric characteristics are also rarely known. For
that reason, experimental tests can never be omitted.

The internal energy (U) of the product being dried in
microwave oven changes by the absorbed (dissipated)
microwave energy (Ed). Based on the first law of thermo-
dynamics, temperature is considered as an indicator of
E-field. The change of the internal energy can be expressed
by the following relations:

DU ¼ RQ� RW ð2Þ
DU ¼ Qsolventðtstart!tBPÞ þ QsteamðtBP!tendÞ

þ Qsolidðtstart!tendÞ

� W volum þ W evap ð3Þ
DU ¼ csolventmsolventDT ðtstart!tBPÞ þ csteammsteamDT ðtBP!tendÞ

þ csolidmsolidDT ðtstart!tendÞ � pDV þ Lvmsolvent ð4Þ

The energy dissipation of the steam which is actually pres-
ent in the cavity is negligible due to its small amount
(msteam � 1 g). There is no volumetric work (DV � 0).

DU ¼ csolventmsolventDT ðtstart!tBPÞ þ csolidmsolidDT ðtstart!tendÞ

þ Lvmsolvent ð5Þ

In accordance with the presented it can be stated that the
change of the temperature is proportional to the change
of the internal energy. The change of the internal energy
during microwave drying can be calculated on the basis
of the dissipated microwave power (Pd) and the microwave
treatment time (t).

DU ¼ Ed ¼ P dt ð6Þ

For experimental determination of the dissipated micro-
wave power a special instrumental set-up is required fit to
measure the magnetron output power (Pm), the reflected
power (Pr) and all the losses that are evolved in the set-
up (e.g. losses by the direction coupling, by fitting attenua-
tion, etc.). Based on the measured reflected microwave
power, the dissipated microwave power can be calculated
by the following equation [12]:

P d ¼ Pm � AP r ð7Þ
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Fig. 4. Transient temperature of corn starch at different initial temper-
atures (the long-wave emission constant of corn starch is 0.95).

Fig. 5. The lid of the equipment and 2D thermocartograms of the layers.
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3. Experimental techniques

3.1. Experimental methods for determination of the

temperature (microwave energy) distribution

in microwave treated workload

In the case of dielectric heating without any mixing
motions the location and the temperature of hot spots
are a mystery, thus to obtain information on these values
is very limited from the energy distribution point of view
[13].

3.1.1. Thermography

Among the neither perturbing, nor intrusive tempera-
ture-monitoring alternatives, infrared imaging is known
as one of the most promising. The unique advantage of
IR monitoring is that it does not disturb the drying at all
and a huge quantity of data can be recorded digitally and
displayed instantly [14]. The limitation of IR monitoring
is that it provides information exclusively about the moni-
tored surface. Ohlsson et al. made cross sections of solid
objects and used thermal imaging to get 3D information
about their temperature distributions [15].

3.1.2. Mapping the temperature distribution in 3D

Vass and Pallai elaborated a method to map the 3D tem-
perature distribution in microwave heated granular work-
load [16]. Special foils with given softening temperature
were placed into the workload on the surface of different
layer-levels. By microwave heating the granules of the
workload stick into those areas of the foils at or above
the softening temperature and form a so called 3D heat-
map. Using foils with different softening temperatures also
the exact temperatures could be determined. Quite a num-
ber of trials are needed to map the whole workload.

3.1.2.1. The elaborated ‘‘3D layered thermography’’ map-

ping method. In our experiments the workload is corn
starch (Roquette GmbH, Germany) as a common pharma-
ceutical diluent. Teflon (PTFE) disks of 1 cm thickness are
used to divide the workload horizontally into six corn
starch layers of 2 cm thickness. Between the layers tiny Tef-
lon distance pieces assure the even density of corn starch,
because it is known that the loss factors of granular mate-
rials are dependent on bulk density [17]. The change of the
dielectric and thermal properties of the starch depend on its
moisture content. During the drying process the moisture
content changed from 13% to a value close to zero, while
the temperature increased from 25 �C to 100 �C. In this
particular case, these differences were neglected due to
the minimal change of thermodynamic features [18] and
dielectric properties [19].

The workload (6.3 kg, 2/3 of the total capacity) was
divided by Teflon disks and heated by microwaves at
1.2 kW (2450 MHz) under pressure of 50 ± 5 mbar in a sin-
gle pot system (Fig. 3) (Collette Ultima 25 l, Collette NV,
Belgium). At first the temperature of the double-jacket of
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the cavity and the workload were tempered at 25 �C for
60 min. The temperature of the condenser was controlled
at 6 ± 1 �C during the drying processes. The circulation
in the cooling system was blocked, thus the double-jacket
was heated up exclusively by thermal conduction. After a
given drying time (25 min) all the six corn starch layers
were immediately monitored one by one by infrared cam-
era (AGA782 Infrared Imaging System, Infrared System
AB, Sweden). The sensitivity of the temperature determina-
tion was 0.2 �C. All the six snapshots were taken within
1 min after the microwave was switched off. Transient IR
snapshots [20] prove that the temperature decrease between
the end of the microwave treatment and taking the thermo-
grams is negligible (Fig. 4).

4. Results and discussion

Thermal imaging offers immediate 2D visual informa-
tion. It is easy to evaluate the coloured temperature distri-
bution patterns of each layer (Fig. 5) according to the
required temperature ranges. (In the pharmaceutical tech-
nology a temperature range of ±5 �C is yet acceptable).
In the case of dielectric drying of corn starch, the hottest
area is situated directly under the microwave inlet window.
Based on preliminary tests the vertical temperature differ-
ence within the corn starch layers of 2 cm thickness was
never greater than 1–2 �C, thus the temperature of the
whole amount under a given surface can be characterised
by the surface temperature.

The obtained thermocartograms were evaluated to pro-
duce a certain 3D pattern of temperature as well as of E-
field distribution in the workload. Due to this ‘‘layered
thermography’’ technique, the temperature and its distribu-
Table 1
The quantitative and qualitative evaluation of the temperature distribution ba

T iy (�C) Layer no. (nx)

1 2 3
m�

nx iy (%) m�
nx iy (%) m�

nx iy (%)

20–25 16.3 3.2 –
25–30 21.9 33.9 37.3
30–35 19.9 39.1 39.1
35–40 20.7 10.5 18.0
40–45 6.1 7.2 3.1
45–50 3.2 3.5 0.7
50–55 2.2 0.7 0.5
55–60 1.6 0.6 0.5
60–65 1.4 0.4 0.6
65–70 1.2 0.3 0.1
70–75 1.0 0.2 –
75–80 0.8 0.2 –
80–85 0.6 0.2 –
85–90 0.6 0.4 –
90–95 0.6 – –
95–100 2.1 – –

T nx (�C) 36.7 33.2 32.4

T iy ¼ temperature range;M�
iy ¼ percent of the total material in the iy temperatu

temperature range within the nx layer; T nx ¼ average temperature of the nx la
tion can be identified even quantitatively according to the
following method (Table 1 and Fig. 6).

The mass (mnxiy / kg) of a bulk characterised by a chosen
temperature range (iy : i25–30, . . ., i95–100) in a layer (nx :
n1, . . ., n6) can be calculated by the camera-measured sur-
face (Anxiy=m

2), the known thickness (dnx ¼ d ¼
constant=m) and the density (qnx ¼ q ¼ constant=kg=m3)
of the product layer.

mnxiy ¼ Anxiy dq ð8Þ

The percent of the material mass (m�
nxiy

/%) characterized by
an iy temperature range within the nx layer can be calcu-
lated with the help of the given mass in question
(mnxiy=kg) and the known mass of the entire layer (mnx=kg)

m�
nxiy

¼
mnxiy

mnx

� 100 ð9Þ

The percent of the total material mass (M�
iy
/%) character-

ized by an iy temperature range within the whole workload
(M/kg) is

M�
iy
¼

Miy

M
� 100 ð10Þ

The average temperature of the nx layer (T nx/�C) can be cal-
culated by the percent of the material characterized by an iy
temperature range within the nx layer (m�

nxiy
/%) weighted by

the mean temperature of the incidental iy temperature
range (T iy /�C).

T nx ¼ Rðm�
nxiy

� T iy Þ=100 ð11Þ

The presented ‘‘3D layered thermography’’ technique
offers even quantitative information about temperature dis-
tribution of a free-flowing workload in a simple way. It is
sed on ‘‘layered thermography’’

M�
iy (%)

4 5 6
m�

nx iy (%) m�
nx iy (%) m�

nx iy (%)

– – – 3.2
34.9 31.3 13.9 28.9
37.7 34.9 39.1 34.9
20.7 26.4 38.3 22.4
5.0 5.7 8.6 5.9
1.0 1.8 – 1.7
0.5 – – 0.6
0.2 – – 0.4
– – – 0.4
– – – 0.2
– – – 0.2
– – – 0.2
– – – 0.1
– – – 0.2
– – – 0.1
– – – 0.4

32.6 33.1 34.6 33.7

re range within the whole workload; m�
nxiy ¼ percent of the material in the iy

yer; T ¼ average temperature of the total workload.



Fig. 6. The different layers are characterized by different temperature
distributions, n = 3.
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not suitable for monitoring directly during a running pro-
cess, but based on the confirmed reproducibility of E-field
distribution, it makes the modelling of a real microwave
assisted drying possible even in the case of a pharmaceuti-
cal composition characterised by unknown and continu-
ously changing features.
5. Conclusions

Monitoring of temperature distribution in the case of
microwave vacuum drying is essential in the pharmaceuti-
cal and food industry to prevent even local undesirably
high product temperature.

The elaborated ‘‘layered thermography’’ technique pro-
vides reliable and quantified 3D information about heat
distribution even in the case of a free-flowing bulk. In the
case of microwave vacuum drying in a pharmaceutical
high-shear granulator the temperature measuring possibil-
ity during a running process is very limited due to its func-
tional reason. Add to this that the dielectric and thermal
properties of a complex pharmaceutical composition are
rarely known, and moreover change during the process,
therefore preliminary tests can never be neglected.

The ‘‘3D layered thermography’’ method offers repro-
ducible, reliable and workload-specific information for
the drying process optimization.
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