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Abstract

Microwave drying of sliced apples was carried out while fixing their temperature level in a multimode cavity. The
temperature of the samples was controlled on-line through an infrared thermography assisted control system, that
enabling to suitably adjust the delivered microwave power. The control strategy was no more related to a single arbitrary
chosen slice but to the actual hottest one. The effectiveness of the system in realizing temperature was proven and
drying kinetics were analyzed through the determination of the effective mass diffusivity by applying a 2D unsteady
analytical model. Data reduction by the Levenberg Marquadt technique led to quite satisfactory agreement with analytical
predictions.

1. Introduction

Drying is a widely used technique for food preservation, but long drying times and high temperatures are
required by using sunlight or conventional hot air drying. Conventional drying turns out to be a low efficient process
because of the foods low thermal conductivity and high internal resistance to moisture transfer [1-2]. Thus an increasing
demand for faster procedures is arising in the food industry. In this connection, microwave (MW) driven drying processes
have been studied extensively in the last decade since it is well known that they provide an efficient mean for moisture
removal. In facts, it has been demonstrated that, for a large variety of foods, microwave heating considerably lowers
drying times without damaging flavour, colour, nutrients of the fruit [3-12]. Improved drying rates can be explained
considering that the interior of the sample is quickly heated by internal heat generation due to MW exposition and, as a
consequence, the generated vapour is forced towards the surface where it is easily removed by the air flow.
Furthermore, fast vapour expulsion creates a porous structure which facilitates the transport of vapour being responsible
of reduced shrinkage [13-16]. On the other hand, some critical points arise when performing microwave heating, such as
uneven temperature patterns as well as temperature readout and control problems. The former are due to
electromagnetic fields behaviour which is highly uneven and hardly predictable while the latter are to be related to
difficulties in measuring temperatures inside the illuminated cavity where traditional probes fails. As a matter of facts,
typically, drying processes are carried-on fixing power rather than temperature levels: this occurrence can lead to
product overheating, with charring and unacceptable final quality [13;17-22]. Thus, it is clear that temperature must be
controlled [21-25] but such procedure is seldom reported in the literature [26-27], probably for the reasons outlined
before.

To address the problem, a new microwave drying system was developed which can automatically and
continuously adjust the power levels by acting on the magnetron duty cycle time in order to control the product
temperature. The signal for realizing feedback temperature control was obtained looking inside the illuminated MW
chamber by an IR temperature equipment; the latter allowed to detect the instantaneous maximum temperature among
the sample slices distributed randomly on the turning table. For the first time the feedback signal was no more related to
a single arbitrarily chosen slice inside the MW chamber, which can affect results [28], but to the actual hottest one. Air
temperature, humidity and speed were also controlled while the sample-holding turntable was suspended to a technical
balance located on the top of the oven for online mass measurement. Considering that microwave drying kinetics mainly
depend on moisture diffusion phenomena since external and internal heating resistances become irrelevant to heat
transfer mechanism, the ability of realizing experimental drying texts featured by constant temperature levels suggested
to process the weight loss data by using a 2D unsteady analytical model for mass diffusion inside isothermal samples.
Thus, the effective mass diffusivity [28-30] was determined and, as a consequence, the drying process prediction was
allowed.

2. Experimental setup

Drying was performed in a pilot plant, Figure 1, projected for general purposes in order to encompass different
loads, i.e. different materials and samples distributions, weight, size. Hence, it has been aimed that the illuminated cavity
could behave as a reverberating chamber, at least in the central space, due to the superposition of multiple modes. A
large (with respect to volume where the samples under test were placed) cavity was then required, thus generated
microwaves illuminate an insulated metallic cubic chamber (1 m3). The microwave pilot plant was equipped with a
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Fig. 1. Microwave pilot plant heating system

magnetron rated at 2 kW, emitting at a frequency of 2.45 GHz. A mode stirrer rotating at 250 rpm was employed to
enhance the microwave power distribution inside the cavity.

A teflon rotating tray (50 cm diameter, 22 rpm) housed the samples under test and was connected to a technical
balance (Gibertini EU-C 1200 RS) located on the top of the oven. The balance allowed real-time mass measurements.
The tray was rotated at 10 rpm on a ball bearing shaft driven by an electrical motor.

An external centrifugal fan facilitated the moisture removal by forcing external air into the cavity; the renewal air
flow was kept constant throughout the experiments by controlling the inverter feeding the fan electric motor. The channel
feeding the external air flow was equipped with an electric heater controlled by a thermocouple placed on the air
expulsion channel. The relative humidities and temperatures both of the exhaust and external air were measured by
hygrocapacitative sensors (BABUC/M, LS| LASTEM Srl). A suitable combination of electric heater power and renewal
airflow was selected in order to realize a fixed temperature level inside the illuminated chamber, with a reduced gap
(about 10°C) between inlet and ambient air temperatures.

An IR equipment (thermaCAM flir P65) looked inside the oven through a hole 70 mm diameter properly shielded
with a metallic grid trespassed by infrared radiation arising from the detected scene but impermeable to high-length EM
radiation produced by the magnetron. The camera was calibrated to account the presence of grid as follows: the
temperatures of a large apple slice, cooled from 90 °C to 35 °C, were simultaneously recorded by the IR equipment and
by a thermocouple placed on the surface of the target. The emissivity of the target was set to 1, while the air
temperatures inside and outside the cavity were set to the same levels adopted during the experiments; thus the
reflected ambient temperature was fixed and IR thermography readout was allowed. A second order polynomial related
the two measured temperatures.

The measured data, i.e. samples weight, internal and external air temperature, the reflected magnetron energy
and duty cycle, were transferred to a personal computer each minute for control and recording purposes. Power control
based on thermography temperature readout was accomplished governing an I/O board (AT MIO 16XE50, National
Instruments, TX, USA) with a suitably developed Lab View 7.1 code (National Instruments, TX, USA). In particular, the
instantaneous maximum temperature in the detected scene was communicated via RS232 to the controlling code each
0.7 seconds.

3. Experimental procedure

Preliminary experimental tests were carried on white apples (Golden delicious); their initial moisture content was
86% wet base. Apples were handy peeled, shaped as cylindrical pieces with a diameter of 20 mm, 10 mm height, and
finally distributed on the tray. The total amount of samples considered for each trial was 300 g that resulting in 6.7 W/g
energy density. Weight changes during MW drying were registered on line by the technical balance.

The IR system acquired the instantaneous surface temperature map inside the illuminated cavity gathering in
the IR scene a number of samples covering about 20% (see Figure 2). The code scanned for the maximum temperature
among the samples appearing in the IR image under test. Because of the turntable rotation, different samples were
individuated by analyzing different images. Then code automatically adjusted the magnetron delivered power by
operating it in intermittent mode with constant power density; an on-off control was then set inside a specified differential
band (£1°C) over the target temperature. The code also deliberated the end of the experimental test when the actual
moisture content achieved a conventional fixed value of 20%.

Three selected temperature levels were chosen for processing the samples under test, namely 55, 65 and 75 °C;
for all of them the internal air temperature was set to 30°C with an air speed equal to 2.5 m/s on the tray layer. The
external relative humidity was controlled by an air conditioning system so to realize 6 guw/kga. The renewal air flow was
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Fig. 2. Real-time IR thermography for apple slices  Fig. 3. Temperature fluctuations for the selected temperature levels

fixed to 25 m®h in order to contain the inlet temperature excess within few degrees. All the experiments were repeated in
triplicates and the related average values were processed.

The ability of the system at hand to keep the controlled temperature at the desired values, is shown in Figure 3.
It can be easily checked that the overheating which features the uncontrolled MW heating-up period was avoided;
however, temperature fluctuations become larger with decreasing moisture content. As expected, temperature span also
increases with increasing temperature levels due to the decreasing of the dielectric loss factor with temperature.

4. Basic Equations

Several models have been proposed to describe the rate of water loss during drying processes [6; 31-37].
Among them, the description in terms of the effective diffusivity appears to be more adequate than the ones steaming
from empirical kinetics: in facts, the latter don’t exhibit a general validity being related to specific load and boundary
conditions features [38]. At the aim of determining the effective diffusivity, the decrease of water in the apple slices has
been described trough an analytical model based on the local mass balance assuming isothermal conditions, constant
properties, negligible shrinking and cylindrical shapes for samples, Figure 2. Considering first type boundary conditions,
the dimensionless equations turn out to be:

wz=1r7)=0 )
wulzr=171)=0 @)
%z-o,r -0 4)
Z_/; L (5)
w(z,rr=0)=1 (6)

where: u(z,r,7) = (X(z,r,7)-Xe)/(Xo-Xe) iS the normalized moisture ratio, x being the mass fraction of the water on dry basis;
Xe and Xo are the unperturbed air and the initial mass fractions of the water in the apple slices; z=Z/L and r = R/Ro are
the dimensionless axial and radial coordinates, 2L and Ro being the height and the radius of the cylinder, respectively;
7= t/to is the dimensionless time, with to = Ro’/D.

The problem being linear and homogeneous, the solution of the problem may be written as the product of two partial
solutions, each one depending on a single spatial coordinate, (z,r,t) = 1(z,7)-1(r,t). The two partial solutions have to
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Both the two sub-problems are well-known, the former being related to the infinite slab, the latter to the infinite
cylinder; they were solved by the separation of variables method yielding:
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where Gn(z) = Cos[An (L/Ro)z] and Fn(r) = BesselJo(fn 1) are the eigen functions and A,, S are the related eigenvalues
arising from the characteristics equations: Cos[An (L/Ro)] = 0, BesselJo(5n) = 0.

5. Datareduction

Assuming that the measured weight loss was equally distributed for all the samples, it was possible to evaluate
the drying curves for the three selected temperature levels. Evaluating their slopes the drying rate curves were built as
reported in Figure 5. As expected, drying was faster at higher temperatures, but it became less sensitive with increasing
temperature levels: slight differences can be appreciated between 65 and 75 °C related curves, while the process at 55
°C is much slower. All the curves exhibit the three typical phases for fruit drying: the first one, roughly corresponding to
the thermal transient and thus termed warming up period, where increasing moisture removal rates were realized; the
second one, identified in correspondence of a constant rate of moisture removal; the third one, in which moisture rates
fell off continuously [13;39].

Data reduction was carried-on by processing the falling rate period, when the resistance to species transfer by
diffusion in the product is much larger than the resistance to species transfer by convection at the surface. Such an
occurrence can be shown evaluating the mass transfer Biot number, Bi = (hm Lo)/D, where hy, is the mass transfer
coefficient, Lo is the reference spatial coordinate. In the case of the air, the mass transfer coefficient can be estimated as
hm =h/(p c), 1/h being the thermal resistance to heat transfer, p and c being the mass density and the specific heat of the
air [40]. The magnitudo order of the reference length and of the mass diffusivity is 102 and 10°, respectively, thus the
Biot number turns out to be much larger than unity. Accordingly, first type conditions on the wall are properly involved in
equations (2) and (3) [41]. On the other hand, the use of the above model including the spatial dependence rather than a
concentrated parameters model, was suggested by considering that the time extend needed for the apple moisture
content to decrease from 86 to 20% is small when compared to the sample characteristics time, Ro%/D.
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Fig. 6. Analytical prediction (continuous lines) vs experimental trend (falling rate period)

When performing measurements, it was assumed that the average weight loss for samples under test was
described by the above model. Due to the complexity of the response model, the Levenberg Marquadt technique based
fitting method has been selected. The technique enables to process non-linear models with an arbitrary number of
parameters. Thus, the optimal choice for matching experimental and theoretical data was accomplished by minimizing
the RMSE merit function:

N 12
1 — - R
RMSE{WZ(AI(M,D)—M) } (©)
i=1
where (u, t;) are the N experimental normalized moisture content taken at the corresponding times t, the function z is
the functional relationship given by the model for the average normalized moisture ratio, D being the unknown diffusivity.

The number of terms in the sum needed to evaluate p was chosen when the corresponding RMSE variation, A, was less
than 0.001.

In particular, moisture evolution of the samples was evaluated from the knowledge of the samples weight loss, AW, and
initial weight, Wy, such as follows:

pm1 AW [ 1 ;1,M[HJ (10)
WO XG+X0 WO 6.14

The above simplification is suggested by considering that the air humidity concentration is much smaller than the one in
the food.

6. Results and discussions

Experimental curves and the corresponding analytical ones resulting from data reduction are reported in Fig. 6
for the three temperature levels at hand. The maximum standard deviation of the experimental data was equal to 0.28
Owater/Jdry matter. A Satisfying agreement between experimental and analytical data exists and is confirmed by the
corresponding correlation coefficients, as shown in Table 1. In the same Table, the resulting diffusivities are reported; as
expected, the effective mass diffusivity increases with temperature increasing while quantitative results seem to be
consistent with the ones reported in literature. In particular, the values of apple effective diffusivities reported by some
authors ranges from 1.1410° to 6.4+10° depending on airflow and air temperature conditions [29;42-44]; however, the
results presented in this work should be more appropriate since the analytical model holds strictly for isothermal
conditions. Such occurrence is closely realized by the present experimental set-up rather than by traditional hot-air
heating or by microwave heating without temperature control. In the Table 1 are also reported the number of terms
needed in the sum and the corresponding RMSE variation.

7. Conclusions

Drying kinetics in a microwave controlled-temperature system have been studied for cylindrical apple samples.
IR temperature detection allowed to keep constant values for sample surface temperature avoiding to establish control
temperature in an arbitrarily fixed apple slice. If one considers that the electromagnetic field can be highly uneven in the
illuminated cavity, operating temperature control in such a way can remove singular effects typically due to the fiber optic
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probe positioning thus assuring higher uniformity in the quality of the final product. The consequence of increasing
temperature levels was to reduce drying times but with decreasing sensitivities. An isothermal 2D unsteady model for
mass transfer was employed to describe the measured drying kinetics of apples. Quite satisfying results were obtained
applying the model to recover experimental data probably due to operating at fixed temperature levels for the samples
under test. Further test are intended to study the effect of different air velocities and temperatures, thus configuring
combined microwave and convective heating for enhanced drying times.

Table 1. Data reduction results

T [°C] D [m/s?] Terms RMSE A 10° Correlation Coeff.

55 °C 2.502-10° 10 0.10932 6.426 0.992

65 °C 5.601-10° 16 0.07945 8.821 0.995

75°C 6.401.10° 12 0.14421 8.306 0.991
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