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ABSTRACT

The in situ dielectric properties of a starch-based food pellet have been measured during microwave
expansion. A dual-mode cylindrical cavity allowed simultaneous microwave heating and dielectric
measurements of a single pellet inside a quartz tube, ensuring uniform heating during microwave
processing. The cavity included additional measurement devices to correlate the dielectric properties
with the main parameters of the expansion process, such as temperature, expansion time, pellet volume

and absorbed power.

A commercially available snack food pellet was used as the test material for expansion experiments.
Results indicated that dielectric constant (¢’) and loss factor (¢”’) increased during heating, reaching a
threshold value of ¢’=12.5 and ¢’’=5.2, around a temperature of 115°C when the material expanded and

the dielectric properties dropped abruptly due to the loss of water content and the increase in size.
This measurement procedure may provide useful material science information to improve the overall

design of starch-based food pellets processed by microwaves.

Vector network analyzer (VNA), expansion index (EI), cavity perturbation method (CPM), dielectric
constant (¢’), loss factor (g”°).
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1. INTRODUCTION

Next generation snack foods offer manufacturers the ability to deliver new and improved consumer
experiences through control of texture, shape and colour, and to reach consumers by non-traditional
channels, such as food service, street food and vending. The manufacture of the food snack in an
intermediate form, a shelf stable, glassy half-product termed a pellet, enables high volume/low cost
manufacturing to be separated from finish drying of the consumer-ready final product. These two stages
(Riaz, 2006) typically comprise: (1) manufacture of the shelf-stable glassy pellet, formed at low pressure
to prevent expansion, to a moisture content 10—-12% (hereinafter expressed in wet basis), and (2) finish
drying, causing expansion to a moisture content 1-2% (the “finished” product). To obtain the finished
product from the pellet, the expansion or foaming procedure is typically accomplished commercially by
baking (Chen and Yeh, 2000), hot air puffing (Nath et al., 2007) or immersion of the pellets in frying oil
(Osman et al., 2000). Domestic microwave ovens are also used for home finishing of some pellet forms

such as pappadums.

Thermal technology is one of the most delicate aspects of food processing (Meda et al., 2005). In
conventional heating, the material absorbs energy as a result of thermal gradients through convection,
conduction and radiation. By contrast, microwave energy interacts directly with the material molecules,
leading to an energy conversion to heat rather than heat transfer. Consequently, microwave energy can
reduce processing times and energy consumption, thereby improving energy efficiency. When microwave
energy is applied to starch-based materials, the factor that initiates the heating process is the water content
(Boischot et al., 2003). Accordingly, as the starch matrix heats up and the temperature increases, water
molecules are transformed into superheated steam, creating local high pressure. If the temperature is
sufficiently high, the pellet matrix experiences a phase transition from a glassy to a rubbery state and,
combined with the high superheated steam pressure, expands (Moraru and Kokini, 2003). If microwave
heating is terminated at the appropriate time, the matrix reverts to a glassy state and the foamed air cells
are retained due to the mechanical resistance of the matrix in the glassy state, generating a crispy or
crunchy texture that appeals to consumers. Conversely, the matrix might burn if microwave heating is not

terminated timely (Gimeno et al., 2004).

The detailed study of this singular heating process is particularly challenging due to the complex and

rapid transformations that occur during the short time period in which the microwave expansion takes
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place, even under irregular distribution of temperature and moisture. Despite this difficulty, there are
several studies in the literature that can provide relevant information on the process. For example, Lee et
al. (2000) analyzed the effect of gelatinization and moisture content of extruded starch pellets on some
morphological and physical properties of the expanded products (puffing efficiency and bulk density,
among others), finding that the optimal expansion by microwave heating was achieved when the starch
was approximately half-gelatinized and the moisture content in the pellets was ~10%. Kraus et al. (2014)
investigated the influence of microwave power, system pressure and sample mass on the volume
expansion, moisture ratio and pore distribution of starch pellets during microwave vacuum processing.
They determined that the surface temperature of the pellet largely depends on the moisture content,
observing that as microwave absorption increases, the water removal and the kinetics for heat and mass
transfer occur faster, inducing a higher number of nucleated vapor bubbles. A study carried out by
Gimeno et al. (2004) analyzed the effect of xanthan gum and carboxymethyl cellulose addition to
improve the mechanical and structural properties of extruded glassy corn pellets expanded by microwave
heating. The authors concluded that a small addition (~1%) of these substances could improve the shape,

structure, and texture of microwave-expanded corn pellets.

The majority of the experiments performed in these studies and other reported expansion trials made use
of multimode microwave equipment, such as domestic home equipment (Camacho-Hernandez et al.,
2014; Lee et al., 2000; Zhou et al., 2006) or specialized laboratory equipment (Boischot et al., 2003;
Gimeno et al., 2004). Multimode microwave chambers are known to produce uneven temperature
distributions, especially in low moisture content products, which are affected by factors including oven
cavity geometry, location of the sample and size of the workload. Moreover, multimode applicators lack
specific information about the absorbed power by the samples. For example, Lee et al. (2000) reported a
power of 700 W to expand 30 g of pellets for 70 s in a commercial furnace (RE-552N, Samsung), Zhou et
al. (2006) applied 1000 W to expand 10 g of pellets in a microwave oven (R-8720M, Sharp), and Gimeno
et al. (2004) expanded single pellets inside a laboratory apparatus (AVC-80 moisture-solids analyzer,
CEM Corporation) at 600 W for different periods of time, up to 60 s. On the other hand, experimental
analysis relies on measurements before and after the expansion process, without monitoring the behaviour

during the heating process.

The precise knowledge of the food pellet properties and process-related parameters is important to fully

understand the heating of such materials by microwave energy. In particular, the dielectric properties
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define the interaction of dielectric materials with microwaves and, consequently, these parameters are an
essential variable to describe the heating behaviour of food pellets when applying microwave fields
(Nelson and Datta, 2001). The permittivity is defined as a complex value. The real part (or dielectric
constant) is related to the ability of a material to store energy when it is polarized under alternating
electric fields. The imaginary part (or loss factor) quantifies the capacity of the material to absorb this
stored electromagnetic energy and dissipate it into heat. Since the loss factor of food materials is highly
correlated with the amount of water (Meda et al., 2005), the moisture content of pellets will have a

significant effect on the microwave heating process.

The influence of moisture content on the dielectric properties of ground pellets has been reported recently
by Kraus et al. (2013), who used a cylindrical resonant cavity and the cavity perturbation method (CPM).
Some attempts have also been made to measure dielectric properties of pellets during foaming for
packaging applications, as described in Peng et al. (2013). In the latter work, the microwave instrument
described in Nesbitt et al. (2004) was also used for thermal and dielectric measurements. The volume of
pellets was calculated before and after the expansion, however, the influence of volume changes in the

dielectric calculations was not provided.

The aim of the present study was to determine in situ the evolution of dielectric properties of starch-based
food pellets during expansion as they are heated by microwave energy. The microwave apparatus used in
the study was based on the dual mode cylindrical cavity described in (Catala-Civera et al., 2015), which is
able to heat and measure simultaneously with two different microwave sources. This setup was modified
including some additional devices to fit the specific needs of the expansion procedure. The experimental
study was carried out using a single pellet placed in the uniform field of the cavity to maximize the even
absorption of microwave energy during heating and expansion. Unlike previous approaches, the
temperature, microwave absorbed power, volume and processing time was also monitored in situ during
the expansion process and correlated with the dielectric properties of the pellet. The calculation of
dielectric properties made use of an enhanced CPM with calibration coefficients of different volume to

increase the accuracy of in situ measurements.

The findings obtained using the experimental system described here may be useful for a better
understanding of the kinetics and processing conditions of the expansion process under microwaves. The

dielectric properties may be valuable parameters for the modeling and design of energy efficient
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microwave heating chambers. Moreover, these results may help food researchers to further adapt the

overall properties of this type of snack to the conditions needed during microwave heating.

2. MATERIALS AND METHODS

2.1. FOOD PELLETS

A pellet used to make a commercially available snack food was used as the test material. The pellet (11—
13% wet basis moisture content) was formulated primarily from potato flakes and was designed to be
finished by factory frying in hot oil to a final moisture content of 2%. Although not formulated for
microwave heating, the pellet has been found to expand reasonably well in domestic microwave ovens.
For example, 100 g of pellets of approximately 30 mm in length and 3 mm in diameter (placed in a plastic
tub), when heated at full power for 120 s yielded around 70% of pellets which were fully expanded, with
the remaining pellets under-expanded or burned. The finished product when fully expanded was 50-60

mm in length and 6 mm in diameter.

Prior to expansion with the microwave system described below, pellets of circular cross-section ~3 mm in
diameter were cut into pieces of 10—11 mm in length with flat sides and equilibrated to room temperature
(~23°C). The approximate weight of a pellet was 0.09 g. The moisture content of pellets was determined

from the weight loss after heating to 103°C in a convection oven (Heracus WU 6100) for 72 h.

2.2. EXPERIMENTAL MICROWAVE SET-UP

The microwave experiments were conducted using the instrument described in Catala-Civera et al.

(2015), with appropriate modifications to account for the singular shape and behaviour of the pellet.

The microwave applicator consisted of a cylindrical cavity designed to simultaneously operate with two
different resonant modes. The Transverse Electric (TE;;;) mode was used for heating the pellet sample
(heating mode) using high-power microwave signals (~150 W), and the Transverse Magnetic (TMg;o)
mode provided the information to perform the calculation of the dielectric properties (testing mode). Both

operating modes have a uniform electric field in the cavity center where the pellet sample is placed.
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Figure 1 shows a schematic view of the microwave applicator. The cavity has a diameter of 104.92 mm
and a height of 85 mm and includes several apertures for feeding the cavity in each mode and placing

infrared thermal and video cameras.

The microwave source used to feed the heating mode of the cavity comprised a vector network analyzer
(VNA) and a 50 dB gain solid-state amplifier working from 2.2 to 2.6 GHz. The output signal of the
VNA was guided to the amplifier and introduced into the cavity through an N-connector port placed at the
sidewall and terminated in an electric probe. The VNA was able to perform several frequency sweeps per
second, allowing about 5 heating cycles per second depending on the bandwidth of the signal. The
average absorbed microwave power was determined by measuring the forward and reflected microwave
signals in this port of the cavity within the range of frequencies delivered by the microwave source, as

described in Catala-Civera et al. (2015).

To ensure efficient power delivery to the microwave cavity during processing of the dielectric sample, an
automatic procedure adjusted the sweep frequency band of the input VNA source to provide the desired

sample heating rate, as described in Catala-Civera et al. (2015).

The testing mode used a second VNA calibrated in the frequency range 1.9-2.2 GHz and a cross-coupling
filter to avoid disturbance signals received from the heating mode. The low-power signal was coupled to
the cavity by another electric probe placed at the central position of the bottom wall by an SMA
connector. The input return loss measured in this frequency range was employed to determine the

resonance parameters required for dielectric calculations according to Cands et al. (2006).

A single pellet sample was positioned vertically at the bottom of a quartz tube holder of 10 mm internal
diameter, which was introduced into the reactor through a non-radiating cylindrical access at the top of
the cavity. To prevent water condensation on the quartz holder that might influence dielectric
measurements when the moisture of the pellet was released during expansion, a venturi-based suction
device was placed on the top of the upper cover in the cavity as shown in Figure 1. An infrared thermal
camera with an accuracy of £2°C (Optris PI 160, Optris, Berlin, Germany) was also placed at the top of
the suction system to monitor the surface temperature of the pellet during microwave processing. The
emissivity was fixed to 0.96 in the camera by comparing the temperature measured by the camera with
the temperature of a thermocouple sensor in contact with the sample. The configuration of the camera was

set to measure the maximum surface temperature on the top of the material.
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To evaluate the volume changes during the heating process, the volume expansion index (EI) was defined

as

EI = 1)

SIS

where Vo is the initial volume of the preprocessed pellet and V, is the time-dependent volume of the

pellet by microwave processing.

The pellet volume Vl evolution during the heating process was calculated from the video signal of a

miniature video camera (15 % 15 x 8 mm dimension) with a 2.2 pm pixel size (MU9PC-MH, Ximea,
Miinster, Germany) attached to the lateral side of the cavity. Analysis of the 2D frames recorded during
microwave heating allowed the in situ identification of the pellet expansion profile by in-house image
process software with MATLAB libraries, including multi-point edge detection and filtering functions.
The total height of the pellet was divided into 30 circular cross-section cylinders with diameters
calculated from the profile of the video frames, and the final volume was determined by adding the

separate volumes of the small cylinders together.

All components of the measurement set-up system, including network analyzers, video camera and
thermal camera, were controlled by in-house developed LabVIEW software (LABVIEW 5.1, National

Instruments, Austin, USA) to achieve a full automatic process for heating and testing operation modes.

2.3. CAVITY PERTURBATION METHOD (CPM)

The CPM is possibly the most popular technique for measuring the dielectric properties of materials,

among them food products, at microwave frequencies (Risman and Bengtsson, 1971; Lyng et al., 2014).

The method entails the resonance measurement of a microwave resonant cavity before and after the
insertion of a sample of the material under test. The fundamental concept of this technique is that the
introduction of a small sample in the cavity barely perturbs the electromagnetic field around the material.
Under this assumption and making use of the quasi-static approximation (Altschuler, 1963), the dielectric

constant &’ and the dielectric loss factor &” of a material under test (here, the food pellet) can be related to
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the relative shift in the resonant frequency Af'/f" and the change in the Quality factor term A(I/ZQ) by

(Khanna et al., 1974),
el ]
g'=1+ / zf 9 @
(4]
f 20

1
{20}
o 20 3)

o) vl

where: &' = dielectric constant (dimensionless); &" = loss factor (dimensionless); f = resonant
frequency (s™); O = quality factor (dimensionless); 77 = sample filling factor (dimensionless); N =
sample depolarization factor (dimensionless).

In (2) and (3), Af refers to the difference of the resonant frequency of the cavity with the sample with

respect to the resonance without the sample. The shift in the resonant frequency and the change in the

Quality factor are written, respectively (Catala-Civera et al., 2015),

A S Su
f fMtS

A(ljz S 1(lllffj “
2Q f;m 2 Quts Qut Quo f,;()

“4)

where f ,s and Qm are the resonance frequency and Quality factor of the cavity, respectively, with the

sample holder containing the sample, and fm and Qm with the empty sample holder.
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The presence of apertures in the cavity for sample insertion or video visualization requires additional
corrections to the cavity resonance. However, in the microwave cavity shown in Figure 1, the fields in the
holes remain virtually unaltered in the perturbed cavity because the dielectric sample is far from the holes.

The effect of the insertion holes is therefore assumed to be canceled by the perturbation expressions (2)
and (3) making use of equations (4) and (5), which involve relative deviations, and then f . refers to the

resonant frequency including the insertion holes.

Parameters 77 and N (N € [0.1]) represent the sample filling factor (which quantifies the relative

electric volume sample/cavity) and the sample depolarization factor, respectively. These parameters
depend on the specific geometry of the cavity, resonant mode and dielectric sample, and they are typically
determined through calibration procedures by measuring reference materials with known permittivity
(Roussy et al., 2001). In the case of food pellets, the samples are expected to reshape and expand
considerably during microwave processing, thus the calibration procedure has to take into account

reference samples of different size.

Three different samples with known dielectric properties, polytetrafluoroethylene (&’= 2.03, £’’=0.0007),
polyvinyl chloride (&’= 2.93, £’=0.023) and marble (¢’=7.36, £’=0.024) were used to perform the
calibration. For each reference material, nine cylinders were machined in different sizes by varying
diameters and lengths to achieve volumes from 30 mm’ (10 mm length and 1.95 mm diameter) to 610
mm® (25.96 mm length and 5.47 mm diameter). Each material was introduced vertically into the quartz
tube and positioned in the cavity for resonant frequency and quality factor measurements in the testing

mode. For each volume, 77 and N parameters were minimized using equations (2) and (3), with the

resonance measurements and their respective values of permittivity, and they are represented in Figure 2.
As the figure shows, a straight line was sufficient to find this relationship despite the difficulty to machine

precise samples of very small and specific sizes.

To verify the accuracy of the permittivity calculations by the CPM described above, different trials with
cylindrical and non-cylindrical samples (circular cross-section with different diameters in height) with
known permittivity and with a volume within the range 100—700 mm® were measured in the cavity at
room temperature. From the discrepancies observed in the results with respect to the reference values, the
average accuracy of the CPM was estimated to be in the range of 5% for the dielectric constant and ~10%

in the loss factor within the range 107 through 10"
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The accuracy was significantly higher as the precision in the calculation of the sample’s volume was
improved. The volume measurement of the sample was therefore of the utmost importance to properly

determine dielectric properties from calibration parameters.

3. EXPERIMENTAL RESULTS AND DISCUSSION

Extensive experimental trials were carried out with the microwave system by heating pellets under
different microwave conditions and measuring the evolution of dielectric properties during microwave
expansion. The input source was configured to provide an average absorbed microwave power from 8 W

to 20 W to achieve approximate heating rates in the pellets from 2°C/s to 24°C/s.

3. 1. TEMPERATURE AND VOLUME (EXPANSION INDEX) DURING MICROWAVE EXPANSION

Figure 3 shows the surface temperature and the evolution of the expansion index (EI) of two pellets as a
function of the processing time for two different microwave trials. The average microwave power
absorbed by the pellet samples and test cell (by ohmic or wall losses) was 12.4 W and 15.3 W, and the

heating rates were 3.6°C/s and 7.1°C/s, respectively.

At the beginning of the process, microwave energy heated the matrix through vibration of water
molecules and the temperature of the sample increased progressively (Moraru and Kokini, 2003).
Depending on the amount of moisture in the product, as the temperature increased the water molecules
were transformed to vapor (superheated steam) and accumulated at nuclei in the glassy matrix, and the

matrix underwent a phase transition from a glassy to a rubbery state (Boischot et al., 2003).

When the surface temperature was ~115°C in both experiments, independently of the applied microwave
power the local water vapor pressure inside the nuclei exceeded the binding energy of the pellet matrix
and it was abruptly released from the matrix, causing expansion of the pellet. The expansion is clearly
appreciated in Figure 3 by an increase in the EI. At this point, the surface temperature of the pellet rapidly
increased to ~140°C due to the higher inner temperature of the released superheated steam, and
subsequently increased at a slower rate during the short expansion process. Once the moisture was lost,
the final volume (EI) of the pellet remained constant and the surface temperature continued to rise

(~170°C) until microwaves were ceased. At this stage, the matrix cooled and passed into the final
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structure of a glassy state. If microwave heating continues long after the expansion is complete, samples
begin to burn (Boischot et al., 2003). The temperatures measured during microwave expansion agree well
with the surface temperature observations of expanded starch-based pellets in Boischot et al. (2003),
Gimeno et al. (2004) and Peng et al. (2013). In these studies, expansion was reported to take place above
its glass transition temperature (Tg) when the water vapor pressure inside the bubble is sufficient to

overcome the resistance to its expansion (Boischot et al., 2003).

As shown in Figure 3, the time required for expansion, the duration of the expansion process and the
calculated EI of the expanded sample clearly depended on the microwave absorbed power provided to
generate the superheated steam necessary to overcome the constraining starch matrix. Whereas the
duration of the expansion process in the sample processed with 12.4 W absorbed power was ~9 s and the
final EI was around 6.2, the sample processed by 15.3 W required only 5 s to expand and the increase in
EI was around 7.1. Numerous experiments were performed to establish the relationship between applied
microwave power and expansion process kinetics. Figure 4 shows the EI and the time required to expand
(i.e., from when microwave energy initiates until the material begins to expand) as a function of the
average absorbed microwave power by the sample and test cell. When absorbed power levels around 10
W were supplied from the power source, pellet expansion began at around 60 s (energy E=600 J),
achieving an EI of four times the initial volume and a moisture content of around 5%. When the absorbed
power provided to the sample was increased to 20 W, the EI achieved was eight times the starting volume

in only 6 s, with a final moisture content around 1-2% (E=120 J).

These results indicate that rapid heating (high heating rate) is essential for the microwave expansion
process, which is consistent with the results reported in Camacho-Hernandez et al. (2014) but contrast
with the results of microwave foaming of extruded starch-based pellets reported in Boischot et al. (2003)

with more empbhasis in the energy threshold.

Figure 5 shows representative frames of the recorded expansion process and the profile of the pellet
recognized by the edge-detection software during volume calculations. Microwave energy was switched
on 10 s after the video started and the first frame (10 s) shows the pellet before processing. The pellet
shape remained constant over the next 17 s and then the pellet began to increase in size when expansion
commenced, as shown in the second frame (27 s). Depending on the experiment, expansion commenced

in the material from the bottom, from the top or from the entire volume. The size of the pellet illustrated
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in the last frame of Figure 5 (31 s) had increased from 10.7 mm in length and 2.95 mm in diameter to 17.6

mm in length and 6.26 mm in diameter, resulting in an EI greater than 7.

3. 2. DIELECTRIC PROPERTIES DURING MICROWAVE EXPANSION

Concurrent with the microwave heating, temperature and volume measurements, the evolution of the
resonant frequency and Quality factor of the cavity in the testing mode was measured and employed to
determine the dielectric properties of the pellet sample during expansion according to the CPM procedure

described in the previous section.

Preliminary measurements were performed, progressively applying microwaves for short periods of time
(of several seconds) to analyze in detail the evolution of the superheated steam necessary for expansion.
Measured dielectric constant and loss factor of pellets at room temperature gave values around ¢'=5.7 and

€’=0.9, which are sufficiently high for efficient coupling of microwave energy.

Figure 6 shows the time evolution of the dielectric properties of a pellet when a microwave absorbed
power of 13.5 W was applied for periods of 2, 6, 11, 19 and 24 s. The heating rate in all cases was

approximately 5.5°C/s.

When the microwave heating was applied for short periods (i.e., 2—-19 s), the dielectric properties
(dielectric constant and loss factor) of the pellet increased mainly as a consequence of the increase in the
temperature of the water content in the matrix (Gimeno et al., 2004), as illustrated in Figure 6. If the
duration of the heating period was sufficiently short, the dielectric properties reverted to their initial value
when microwave heating ceased and the pellet cooled to room temperature. Thus, during these periods,
for pellet samples that were heated only with no expansion, the dielectric properties showed a direct
dependence on the temperature. The stabilization of the loss factor to the same value after each heating

period indicated that no water was released from the material therefore drying was negligible.

When the duration of the heating period was longer (i.e., >19 s), the dielectric properties increased with
the temperature of the pellet as before; however, if the temperature reached was higher than the threshold
temperature (~115°C), glass-to-rubber transition occurred and the superheated steam had sufficient energy
to overcome the cell resistance, causing expansion of the pellet (Moraru and Kokini, 2003) accompanied

by a sudden decrease of the dielectric properties. When microwaves were ceased, the dielectric properties
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were stabilized at very different values to those detected when microwave power was applied for short
intervals since the final material had lost most of its moisture after expansion and its size was
considerably greater (Sjoqvist and Gatenholm, 2007). For example, the loss factor was reduced to

€’=0.015.

Figures 7 and 8 show the diclectric constant and loss factor of the pellet samples for different microwave
power heating continuous cycles. The expansion index of the trial corresponding to 9.8 W is also shown

in Figure 7.

As shown in Figures 7 and 8, when the applied microwave power was low (i.e., power absorbed =8 W),
the absorbed thermal energy was not sufficient for pellet expansion and the pellets were only heated. In
this case, both dielectric constant and loss factor increased in value with the processing time and

temperature, reaching saturation around ¢’=10 and &’’=3.

When the applied microwave power was sufficiently high (power absorbed >9.5 W) the thermal energy
increased the molecular friction of water dipoles such that the threshold temperature was reached
(~115°C, as shown in Figures 3 and 6), the vapor pressure overcame the matrix constraint and the pellet
expanded (Moraru and Kokini, 2003). This is shown in Figures 7 and 8 as a progressive increase of both
the dielectric constant and the loss factor with the processing time, and a fast decrease in both values
during foaming.

Figure 7 also shows the EI of the trial corresponding to an absorbed power of 9.8 W, where it is possible

to associate the duration of the expansion time represented by the period when EI changes (17.3 s) with

the duration of the fast decrease of dielectric properties.

It can also be appreciated in Figure 7 and 8 that the application of higher microwave power levels led to a
higher heating rate (Kraus et al., 2014), and the increase of dielectric constant and loss factor prior to
expansion occurred more rapidly. Nevertheless, the dielectric properties of the pellets before expansion
were very similar in most of the experiments, indicating also a threshold in these values (¢’=12.5 and

€’’=5.2) below which expansion did not occur.

Especially relevant are the changes to the loss factor observed in Figure 8, lowering the value of €”’=5.2
to around €’’=0.02 after expansion. Because the loss factor of a food substance is closely related to its

moisture content (Meda et al., 2005), the differences in the loss factor after expansion suggests that in
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pellets expanded with lower absorbed microwave power more water molecules might have remained in

the matrix during the expansion phase.

Figure 9 shows the final EI obtained in several trials at different power levels as a function of the
measured loss factor just after expansion (around 160°C) and cooled to room temperature. A clear
relationship can be seen between these two parameters, with pellets with lower loss factor after expansion
achieving higher EI, indicating that more moisture was expelled from the pellets in the expansion process
and that the volumes are larger (moisture content from around 5% to 1-2%). If both curves are extended,

there appears to be an EI trend to around 9 and 10 for this type of pellet.

The present study shows that the in situ measured dielectric properties of pellets and their relationship
with microwave absorbed power, temperature, processing time, volume and moisture content are

critically important to understand the microwave expansion of the starch-based food pellet.

In the first stage, superheated water was indicated by an increase of both dielectric constant and loss
factor, reaching a threshold value of approximately £’=12.5 and &’’=5.2. Below this value, the energy
provided by the microwave system was not sufficient to overcome the energy required to generate steam,

break the molecular bonding of water to the substrate and expand (Boischot et al., 2003)

The expansion process was observed as a fast decrease of dielectric properties, particularly the loss factor,
indicating the release of water from the matrix and a change in size (Sjoqvist and Gatenholm, 2007). The
expansion time, calculated from the duration of the decrease in dielectric properties, directly correlated

with the duration of EI changes.

The achieved EI was found to be directly dependent on the loss factor after expansion, which appeared to
indicate the amount of moisture released during the process (Kraus et al., 2013). With this relationship, it

is possible to estimate the maximum EI that can be reached in the pellet.

4. CONCLUSIONS

The in situ and real time observation of dielectric properties of a potato-based snack food pellet during
microwave expansion together with the simultaneous measurement of other parameters such as
temperature and volume, have provided for the first time a solid experimental platform for investigation

of the interaction of these materials with microwaves and the resulting expansion kinetics.
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Dielectric measurements have been carried out in a dual-mode cylindrical microwave cavity with
simultaneous heating and testing modes. The cylindrical shape factor of the pellet and finished product
enabled relatively straightforward generation of calibration factors required for accurate dielectric

measurements by the cavity perturbation technique.

The main process-related parameters are the minimum absorbed microwave power required to expand the
pellet and the pellet expansion time. The expansion index has been correlated with dielectric

measurements of the finished product.

The insights developed for microwave-based finish drying of the snack pellet can be used to refine the
pellet expansion performance (e.g., to reduce the amount of under-expanded or over-expanded product),

as well as to investigate how the pellet formulation itself is linked to microwave expansion performance.

5. ACKNOWLEDGEMENTS

The work presented in this paper was funded by PepsiCo R&D.

6. REFERENCES

Altschuler, H.M. (1963). Dielectric Constant, ch. 9. In M. Sucher and J. Fox (Eds.), Handbook of

Microwave Measurements, vol. 2, Polytech. Inst. Brooklyn Press, New York, NY, USA.

Boischot, C., Moraru, C.I. & Kokini, J.L. (2003). Factors That Influence the Microwave Expansion of
Glassy Amylopectin Extrudates. Cereal Chemistry, 80(1), 56—61.

http://dx.doi.org/10.1094/CCHEM.2003.80.1.56

Camacho-Hernandez, 1.L., Zazueta-Morales, J.J., Gallegos-Infante, J.A., Aguilar-Palazuelos, E., Rocha-
Guzman, N.E., Navarro-Cortez, R.O., Jacobo-Valenzuela, N. & Gomez-Aldapa, C.A. (2014). Effect of
extrusion conditions on physicochemical characteristics and anthocyanin content of blue corn third-
generation snacks. CyTA4 - Journal of Food, 12(4), 320-330.

http://dx.doi.org/10.1080/19476337.2013.861517

Canés, A.J., Catala-Civera, J.M., Pefiaranda-Foix, F.L. & de los Reyes-Davo, E. (2006). A Novel

Technique for Deembedding the Unloaded Resonance Frequency From Measurements of Microwave



414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

Cavities. [EEE Transactions on Microwave Theory and Techniques, 54(8), 3407-3416.

http://dx.doi.org/10.1109/TMTT.2006.877833

Catala-Civera, J.M., Cands, A.J., Plaza-Gonzalez, P., Gutiérrez, J.D., Garcia-Bafios, B. & Pefiaranda-
Foix, F.L. (2015). Dynamic Measurement of Dielectric Properties of Materials at High Temperature
During Microwave Heating in a Dual Mode Cylindrical Cavity. IEEE Transactions on Microwave Theory

and Techniques, 63(9), 2905-2914. http://dx.doi.org/10.1109/TMTT.2015.2453263

Chen, C.-M. & Yeh, A.-I. (2000). Expansion of Rice Pellets: Examination of Glass Transition and
Expansion Temperature. Journal of Cereal Science, 32, 137-145.

http://dx.doi.org/10.1006/jcrs.2000.0332

Gimeno, E., Moraru, C. 1. & Kokini, J. L. (2004). Effect of Xanthan Gum and CMC on the Structure and
Texture of Corn Flour Pellets Expanded by Microwave Heating. Cereal Chemistry, 81(1), 100-107.

http://dx.doi.org/10.1094/CCHEM.2004.81.1.100

Khanna, S. K., Ehrenfreund, E., Garito, A. F. & Heeger, A. J. (1974). Microwave properties of high-
purity tetrathiofulvalene-tetracyanoquinodimethan (TTF-TCNQ). Physical Review B, 10(6), 2205-2220.

http://dx.doi.org/10.1103/PhysRevB.10.2205

Kraus, S., Schuchmann, H.P. & Gaukel, V. (2014). Factors Influencing The Microwave-Induced
Expansion Of Starch-Based Extruded Pellets Under Vacuum. Journal of Food Process Engineering, 37,

264-272. http://dx.doi.org/10.1111/jfpe.12082

Kraus, S., Sélyom, K., Schuchmann, H.P. & Gaukel, V. (2013). Drying kinetics and expansion of non-
predried extruded starch-based pellets during microwave vacuum processing. Journal of Food Process

Engineering, 36, 763~773. http://dx.doi.org/10.1111/jfpe.12045

Lee, E.Y., Lim, K.I., Lim, J.-K. & Lim, S.-T. (2000). Effects of Gelatinization and Moisture Content of
Extruded Starch Pellets on Morphology and Physical Properties of Microwave-Expanded Products.

Cereal Chemistry, 77(6), 769—773. http://dx.doi.org/10.1094/CCHEM.2000.77.6.769

Lyng, J.G., Arimi, J.M., Scully, M. & Marra, F. (2014). The influence of compositional changes in
reconstituted potato flakes on thermal and dielectric properties and temperatures following microwave

heating. Journal of Food Engineering, 124, 133—142. http://dx.doi.org/10.1016/j.jfoodeng.2013.09.032



441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

Meda, V., Orsat, V. & Raghavan, V. (2005). Microwave heating and the dielectric properties of foods. In
H. Schubert and M. Regier (Eds.), The Microwave Processing of Foods (pp.61-75). University of

Saskatchewan, Canada. http://dx.doi.org/10.1533/9781845690212.1.61

Moraru, C.I. & Kokini, J.L. (2003). Nucleation and Expansion During Extrusion and Microwave Heating
of Cereal Foods. Comprehensive Reviews in Food Science and Food Safety, 2, 147-165.

http://dx.doi.org/10.1111/j.1541-4337.2003.tb00020.x

Nath, A., Chattopadhyay, P.K. & Majumdar, G.C. (2007). High temperature short time air puffed ready-
to-eat (RTE) potato snacks: Process parameter optimization. Journal of Food Engineering, 80, 770-780.

http://dx.doi.org/10.1016/j.jfoodeng.2006.07.006

Nelson, S.0. & Datta, A.K. (2001). Dielectric Properties of Food Materials and Electric Field
Interactions. In Ashim K Datta, Ramaswamy C. Anantheswaran (Eds.), Handbook of Microwave

Technology for food applications (pp. 69-114).

Nesbitt, A., Navabpour, P., Degamber, B., Nightingale, C., Mann, T., Fernando, G. & Day, R.J. (2004).
Development of a microwave calorimeter for simultaneous thermal analysis, infrared spectroscopy and
dielectric measurements. Measurement Science and Technology, 15,2313-2324.

http://dx.doi.org/10.1088/0957-0233/15/11/018

Osman, M.G., Sahai, D.& Jackson, D.S. (2000). Oil absorption characteristics of a multigrain extrudate
during frying: effect of extrusion temperature and screw speed. Cereal Chemistry, 77, 101-104.

http://dx.doi.org/ 10.1094/CCHEM.2000.77.2.101

Peng, X., Song, J., Nesbitt, A. & Day, R. (2013). Microwave foaming of starch based materials -(I)
dielectric performance. Journal of Cellular Plastics, 49 (3), 245-258.

http://dx.doi.org/10.1177/0021955X13477438

Riaz, M.N. (2006). New technological solutions — Extrusion process. In International Palm Oil Trade
Fair and Seminar (POTS) Snack Foods and Palm Oil — Trends and Opportunities, session 2, paper 6.

Kuala Lumpur, Malaysia.



466

467

468

469

470

471

472

473

474

475

476

477

478

Risman, P.O. & Bengtsson, N.E. (1971). Dielectric Properties of Food at 3 GHz as Determined by a
Cavity Perturbation Technique - I Measuring Technique. Journal of Microwave Power and

Electromagnetic Energy, 6 (2), 107-124.

Roussy, G., Thiebaut, J.M., Ename-Obiang, F. & Marchal, E. (2001). Microwave broadband permittivity
measurement with a multimodal helical resonator for studying catalysts. Measurement Science and

Technology, 12(4), 542—-547.

Sjoqvist M. & Gatenholm P. (2007). Effect of Water Content in Potato Amylopectin Starch on
Microwave Foaming Process. Journal of Polymers and the Environment, 15(1), 43-50.

http://dx.doi.org/10.1007/s10924-006-0039-y

Zhou, J., Song, J. & Parker, R. (2006). Structure and properties of starch-based foams prepared by
microwave heating from extruded pellets. Carbohydrate Polymers, 63, 466—475.

http://dx.doi.org/10.1016/j.carbpol.2005.09.019



“AjtaEd a1pp Jo mata dog (q)
“AJABD 21} JO a3l 101 (B) “AMAED JABMOISINT [ESLIPUIAS SPO-[ENP 31} JO M3la JNEWDS | 514

:.:]-.ﬁﬂ:::

-
<
i

abBew| uonnjosal ybiy peojumop o3 aiay Y9119
ainbi4



Ananjiusiad wmortny pue awmjoA JUJIp jo

sajdures 20UIJI A PIUIULIP © A7 pue [ “sisppwered uoneiqipes poylow uoneqmuad Ajae) 7 "51

(N) 103084 UopeZIIEjOdRQ

00L

(gluw)awnjopn

0000
5200 |
0500
5.0°0
0oL0
STARY
0510 |

GLL'O 1

009 005 00 0og 00g 0oL

el () Joj0e4 uonezuejodal] o

o (U) Jojoe4 Bulji4m

Q000 O
 zooo'0
 voooo
90000
{ 20000

QLOo'0

(L) 1010B4 Bulj|i4

+ zLoo0

} riLooo

aL000

0d¢ 0

abBew| uonnjosal ybiy peojumop o3 aiay Y9119
ainbi4



(8/D1°L PUB $/0,9°€ Sa1el SUNEY PUe A\ €T PUB A\ H'T1 PGIosqe 1amod MIN) suonipuod noisuedxa
JABMOIDN THaI2]]Ip oml Fupmp sajdures 1a7j2d jo (19) xapuy norsuedxq pue amperadma] "¢ 31

E

000

00'¢ -

00'F

00's

oo's

0001

00°CL

001

0081

0081

00 0F

t 0009

T 0008

00°001

- 00°0L1

g
2

(s)ouuny
09 0c ot oe 0g oL 0
.- o Ww..
% ! ) !
. 4 1
1121212152080 1 8008 :
i ...“ (Me'sL)g -#-- ]
| f (M#ZL)I3 --e--
(MESLIL—»— |
] B (MpZLL—e— T 0008L
T , --- - - - -
e e e R e e S R SRR ME'ZL

(06) @anjesedwe) aoeunsg

abew; uonnjosai ybiy peojumop o} aiay Y2119

ainbi4



(s) puedxa o} aw|

0L 1

0z -

0E -

or

0§ -

09

T[22 1821 pue 2fdwres ja1jad 2 01 parjdde 1amod pagiosqe
JABMOIONI IFRIAAR 20} JO uoljouny e se puedxa o] awn paxmbar pue ([3) xapuf uosuedx g ¢ J1g

(M)Baed
it 02 gl ai L gl 0L g8
. - - . - " - . " — . 00t
O .
—— [0 £260=24
S i 5. ook
—.0 ‘e
: t oo'g
puedxs o] awll | O ;@l
Ige K 009 m
a I
- . H_D, .
- ......... .
o 002
* _— e ﬂ_
e — ,,.., oog
E680=:4
I
006

abBew| uonnjosal ybiy peojumop o3 aiay Y9119
ainbi4



(M T#T 12mod
pagiosqe pN) uoisuedya aaemorotin sutmp jafjad a1 jo sumjoa pue ajyoad 2y} jo wonnoay "¢ 81

SLE tawi) Y sgz ewn)

S/7 auwi] sQ) sawn]

abBew| uonnjosal ybiy peojumop o3 aiay Y9119
ainbi4



(spuodas T pue 61 11 °9 )
spouad Funeay aaemodonu Aq passasold ajdures ja12d € Jo sanuadoad oujaspaip Jjo nonnjoaa auny ‘g “§ig

(s)owny

r 000

- 002

2
- 1
o0 " 9
m 9 008 5
w 0
3
000k 1 - 000l
0021 1 Jope4 ss0-5-- + 00TL
2.80k=1 IUEISUDD JUDB|@I] ~
00 ri 00vi
LJ L 3
spouad buneay

abBew| uonnjosal ybiy peojumop o3 aiay Y9119
ainbi4



"(do1) 10 S2ARMOIINUT LM UL JO POLIaJ (SINE JBL) M2 6 (Bl JO [ "(SIxe [Ja]) s[aAa]
Jamod paqiosqe Jua1agip 18 uotsuedxa saemorotur uump sapdures 1aq]ad Jo ueIsuos 911103121(] L Big

(s)ouu)
ovl 0zL 0oL 08 0o oF 0z 0
000 +— —————— e G0
iy s R, Huae_wmma .. 00Z
- (meel1I3—e— o
gog {- e ﬁ 00'%
L MESE 0= =]
[ MPTL—— : T
0ET  mgs-e- “ 09 £
m ME—— & @
. ” B p 0
ﬂ._u..ﬂ T ..1.._.“.........|_.._..|..._ O G o o _..._.. Dﬂ.ﬂ m.
; Siiitas 2
! = = T w
- B . -
00 { . 0001
009 | 00zt
0oL 007l
.......................................... ' NMO'R
T e ———————— | ME'6
N s e | MPZL
.................................... Vowmewd MEGH
....................................... Y Y ¥4

abBew| uonnjosal ybiy peojumop o3 aiay Y9119
ainbi4



“(doy) UD SIABMOIDTUL I JTUL) JO POLID “2N[BA JOJOB] SSO] [BULJ U1 Ul S[IB]AP 210Ul SMOUS
128Ut 2 I 's[aad] Iamod 1uazagyip e uotsuedya saemoronu suumnp sajdues 1a1[ad jo 10108] 507 ‘g "B

(s)awy
-..r-Lrish.lﬁ_t._ll...Hlll_llr.hII gy ot ie.y & Ao lﬂﬂrﬂ
MZ 0z —8—
ME'GL -0~ | = 00°L
MPZL—¥— ﬁ_
ME'6 -3-- m . 002
ME—e— m =
=
17 T g mﬂ
| - 00E =
jut}
3]
LT m.
Okl OZ1 OOV O 09 OF OZ =5
- 00'P
- 00°G
009
.......................................... I MO8
................... e S e e e S e Y WA
.............................. e e ccemcemaaat MPEL
.................................... e e N NETSE
....................................... 'Y NToZ

abew; uonnjosai ybiy peojumop o} aiay Y2119

ainbi4



sarmjeraduma) JUa1a3Jip e Jojou]

§S0[ 21]) Jo monouny e se uorsuedxa saemoranu 1ayye sajdmes jaj[ad [e1aa2s Jo xapuy nosuedxg "¢ "31

lo1oe4 ss07
050 0¥ 0 0£0 020 0L'0 000
: : 00°¢
9, = * L 00'F
o ¢
E06 0= |
o \® 1 o0
PYE0 = o b
-, ﬂ .._ .
| oo9
TR %
Ga ® .
o o [00L m
°© o .|
3 o | 008
- 00’6
2:00k=10
D.£2=1e L 00°0L
00'LL

abew; uonnjosai ybiy peojumop o} aiay Y2119

ainbi4



Figure Captions

Fig. 1. Schematic view of the dual-mode cylindrical microwave cavity. (a) Front view of the cavity. (b)
Top view of the cavity.

Fig. 2. Cavity perturbation method calibration parameters, 77 and N , determined with reference samples
of different volume and known permittivity

Fig. 3. Temperature and Expansion Index (EI) of pellet samples during two different microwave
expansion conditions (MW power absorbed 12.4 W and 15.3 W and heating rates 3.6°C/s and 7.1°C/s).

Fig. 4. Expansion Index (EI) and required time to expand as a function of the average microwave
absorbed power applied to the pellet sample and test cell.

Fig. 5. Evolution of the profile and volume of the pellet during microwave expansion (MW absorbed
power 14.1W)

Fig. 6. Time evolution of dielectric properties of a pellet sample processed by microwave heating periods
(2,6, 11, 19 and 24 seconds)

Fig. 7. Dielectric constant of pellet samples during microwave expansion at different absorbed power
levels (left axis). EI of trial 9.8W (right axis). Period of time with microwaves on (top).

Fig. 8. Loss factor of pellet samples during microwave expansion at different power levels. The inset
shows more details in the final loss factor value. Period of time with microwaves on (top).

Fig. 9. Expansion Index of several pellet samples after microwave expansion as a function of the loss
factor at different temperatures



