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A B S T R A C T

In this study, microwave and radio frequency tempering of frozen shrimp were compared experimentally in
terms of tempering rate and uniformity. To do this, a block of frozen shrimp (1.75 kg) was tempered from an
initial temperature of −22 °C to between −5 and −3 °C both in a microwave system (915 MHz) and a radio
frequency oven (27.12 MHz). Temperatures at four different internal locations were recorded during tempering
experiments by using a signal conditioner and fiber optic probes. Surface temperature was also measured using
an infrared camera immediately after tempering. Time needed for temperature increase from the initial to
between −5 and −3 °C at all four locations where the fiber optics were inserted was about 10 and 4 min for
power settings of 500 W and 1 kW respectively when microwave tempering was performed. In case of radio
frequency tempering, it took 11 and 7 min to reach between −5 and −3 °C at all four locations for electrode
gaps of 160 and 150 mm, respectively. Among all treatments, microwave tempering at 500 W yielded the most
uniform internal temperature distribution. However, local surface overheating was observed during microwave
tempering at both power settings. Radio frequency tempering, in contrast, was found to result in a uniform
overall temperature distribution with no local overheating at the surface.

1. Introduction

Frozen foods are usually thawed or tempered before further
processing in food industry. In thawing, thermal center of the frozen
product reaches 0 °C. However, lower temperatures (usually −5 to
−2 °C) are targeted in tempering. At this temperature range the frozen
product is not completely thawed but softened, and hence can readily
be further processed (Yarmand and Homayouni, 2011).

Thawing of frozen blocks of meat and seafood by microwave and
radio frequency has been commercially applied due to several advan-
tages of electromagnetic thawing over conventional thawing methods.
These advantages include reduced thawing time and less damage to
product quality owing to the volumetric heating characteristic of
electromagnetic energy. In addition, drip loss is minimized and micro-
bial safety is not compromised when electromagnetic thawing methods
are used (Li and Sun, 2002).

Comparison of electromagnetic and conventional thawing in terms
of tempering rate and uniformity has been conducted in several studies
(Farag et al., 2008a and 2011; Zhao et al., 2000). Farag et al. (2008a
and 2011) showed that radio frequency application provides significant
reduction in tempering time (from hours and even days to minutes)
when compared to conventional air tempering. An 85-fold reduction in

tempering time along with a comparable uniformity of temperature
distribution was reported by Farag et al. (2011) when RF tempering was
employed. Farag et al. (2008a) compared the temperature distributions
in 4-kg beef blends tempered by radio frequency (27.12 MHz) and
conventional air tempering. In RF tempering experiments, they targeted
temperatures between −5 and −2 °C and reported that 11 min at
500 W was the optimum RF power-time combination yielding an
average temperature of −3.6 ± 1.1 °C. They found in another study
(Farag et al., 2011) however that when higher temperatures (−1 to
5 °C) were targeted (thawing), a considerably longer time (35 min) was
needed at 400 W as completion of the phase change zone required a
large amount of energy (Fu, 2004). Wang and Goldblith (1976) also
showed that twice as much energy was required to temper frozen beef
from −17.7 °C to −2.2 °C than to temper it to −4.4 °C. Furthermore,
the optimum treatment in terms of temperature distribution was
obtained by employing a power program (20 min on + 10 min off
+ 15 min on). Again, Zhao et al. (2000) reported 12.5 min for RF
thawing, 3 h for water and 16 h for air thawing for 3.18 kg block of
kippers (38.1 × 25.4 × 3.8 cm).

Comparative study of radio frequency and microwave heating was
performed only by a limited number of researchers (Dubey et al., 2016;
Choi et al., 2017). Dubey et al. (2016) used a 19 MHz RF system and a
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2.45 GHz microwave oven with an equivalent heating power (3.4 kW)
and measured temperature at different depths of wood. While similar
heating rates were observed for RF and microwave treating of wood
with cross-sectional dimensions of 10 × 10 to 15 × 15 cm,> 40%
faster and more uniform heating was achieved with the RF system when
the dimension was above 15 × 15 cm. Choi et al. (2017) investigated
the effect of various tempering methods (forced air, water immersion,
radio frequency, and microwave) on tempering rate of frozen pork loin
(100 × 100 × 70 mm). A 19-fold reduction in tempering time (time to
bring pork loin from −20 to −2 °C) was observed with the radio
frequency system when compared to forced air treatment. Microwave
tempering was, however, found to be the fastest method of all. It should
be noted here that a domestic microwave oven operating at 2.45 GHz
was used in their study.

In the present study, tempering performances of a microwave and a
radio frequency system operating at frequencies commonly used in
industrial scale thawing equipment were experimentally compared in
terms of tempering rate and uniformity. Tempering at two different
power settings in both methods were studied by using a frozen block of
shrimp as the model.

2. Materials and methods

Tiger shrimps (75–80 count per kg, moisture content 81% by
weight), peeled/beheaded and weighing 1.75 kg, were frozen as a
block (23.0 × 16.8 × 5.0 cm) in a cardboard box using a top-loading
freezer (Arçelik, Model 2536 A++D, Turkey) with a capacity of 232 L.

2.1. Microwave tempering

Microwave tempering system (Sonar, Izmir, Turkiye) specially
designed in our laboratory consisted of a 5 kW magnetron operating
at 915 MHz, a rectangular waveguide and a cylindrical cavity (Fig. 1).
System power was adjustable in 500 W intervals. The cavity (25.4 cm
height and 54.0 cm diameter) had a removable top cover with a 25-mm
hole in the center. This hole was used to run the fiber optic temperature
probes into the cavity. The system was equipped with a turntable to
improve heating uniformity. In fact, rotation was required during
microwave treatment in order to avoid runaway heating. The turntable
completed one revolution in 88 s. The frozen block in cardboard box
with its top open was placed on the turntable in the center of the cavity.
The orientation of the block with respect to the waveguide was the
same in all experiments when the system was turned on. Microwave
tempering experiments at two different power settings (500 W and
1 kW) were conducted in duplicate.

2.2. Radio frequency tempering

Radio frequency tempering was conducted by using a laboratory
scale free-running oscillator radio frequency (RF) system with a parallel
plate electrode design operating at a frequency of 27.12 MHz and a

maximum power of 2 kW (Sonar, Izmir, Turkiye) (Fig. 2). Electrode
width and length were 43 cm and 100 cm, respectively. The top
electrode was movable so that the gap between the electrodes could
be adjusted. The largest gap setting that can be adjusted in the RF
system was 160 mm, while 150 mm was the lowest gap setting that can
be used in order to avoid bending of the fiber optic probes. Radio
frequency tempering experiments were conducted in duplicate at
electrode gap settings of 150 and 160 mm. The frozen block of shrimp
in cardboard box was placed on a turntable between and in the
horizontal center of the electrodes. Radio frequency tempering was
employed with and without rotation (horizontal) to see the possible
effect of moving the sample on heating uniformity. The distance
between the upper surface of the block and the top electrode was 46
and 56 mm for the gap settings of 150 and 160 mm, respectively.

2.3. Temperature measurement

Temperatures at four different internal locations were recorded with
1 sec interval by using a 4-channel signal conditioner and fiber optic
probes (UMI-4, FISO, Canada). To do this, four holes with a depth of
25 mm were drilled at pre-defined positions as depicted in Fig. 3. In
order to get a good representation of the temperature distribution
within the block, probes were inserted into the block to measure
temperature at the geometrical center (center), midway between the
geometrical center and the edge (mid), close to the edge (edge) and
close to the corner (corner). Tempering was terminated when at least
−5 °C was attained at all probe locations.

Surface temperature was measured immediately after tempering
using a thermal camera (Model PI200, Optris, Germany). The frozen
block was positioned so that the camera was able to see the whole
upper surface. The emissivity setting was adjusted to be 0.95, since
water and most organic materials such as foods have an emissivity close
to 0.95 (Powitz, 2006). A rectangular area that included only the
shrimp block was defined on the acquired thermograms. Then; mini-
mum, maximum, and average temperatures within this area were
obtained. Standard deviation of the temperatures observed at the upper
surface was also calculated to provide a measure of surface temperature
distribution.

2.4. Power measurement

During RF tempering, power absorbed by the frozen block of shrimp
was estimated using the electrical current (I) values displayed on the
PLC screen of the radio frequency oven from the relationship of P = VI.
To do this, the current readout during system running without load at
the adjusted electrode gap was subtracted from the current value
displayed during tempering (with load), and the result was multiplied
by 3000 V (voltage applied to top electrode as provided by the
manufacturer).

An approach similar to the IMPI 2-liter test as detailed by Buffler
(1993) was also used to determine the power converted to heat (heat

Cylindrical cavity

Waveguide

Block of  frozen shrimp

Fig. 1. Schematic of the microwave tempering experimental setup.
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generation rate) during microwave and RF tempering. It was possible to
calculate heat generation rate using this procedure for the beginning of
the experiment where no phase change took place. Within this region it
is reasonable to assume that heat converted from the absorbed power
was only used to raise the temperature of the block and not as latent
heat. To use this procedure, an average temperature for the whole block
was approximated by averaging the temperature readings taken at four
different locations using the fiber optic probes. By doing this, it was
assumed that the four probes (center, mid, edge, and corner) were
distributed within the block in a way that their average could reason-
ably represent the volume-average temperature. Heat generation rate
for the whole block was calculated in Watts by using Eq. (1).

Q mc dT
dt

= p (1)

where m is the mass of the frozen block (1.75 kg), cp is the average of
the cp values at the initial temperature and the temperature at the end
of the linear region (usually the first 2 min) of time-average tempera-
ture curve, and dT/dt is the heating rate (slope of the linear region).
The same procedure was used by Farag et al. (2010) to calculate heat
generation rate (power absorption as they defined it) during tempering
of beef blends in a 50 Ω RF unit where they assumed no phase change
and ignored conductive heat transfer contribution.

2.5. Tempering uniformity

Temperature uniformity index (λ) value, which is simply the ratio
of the rise in standard deviation (σ) to the rise in average temperature

(μ) over treatment time (Δσ
Δμ
), was defined by Wang et al. (2005) and

employed by several researchers (Zhou et al., 2015; Zhang et al., 2015;
Chen et al., 2015) in order to assess the uniformity of electromagnetic
heating. Smaller index values indicate better heating uniformity. This
value, however, lacks in providing information on how heating
progresses during treatments since it uses only the initial and final
values. To better understand the effect of process parameters (micro-
wave power and electrode gap) on heating behavior, heating uniformity
index (λN) value that takes into account not only the initial and final
values of the temperatures, but also all the other values in between was
alternatively defined (Eq. (2)). Eq. (2) yields a value similar to relative
mean square error (RMSE) which represents a cumulative variation of
the observations and is thought to better reflect the uniformity of the
tempering treatments. This value was calculated using the internal
temperature readings since only the internal temperatures were con-
tinuously measured during the experiments.

⎛
⎝
⎜⎜

⎞
⎠
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N
σ
μN
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N
i
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2
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2.6. Statistical analysis

Uniformity index values reported are the means of two replicates.
Statistical analysis was performed using one-way ANOVA and Tukey's
HSD post-hoc test where p < 0.05 was considered statistically sig-
nificant.

Fig. 2. Schematic of the radio frequency tempering experimental setup.

Fig. 3. Locations of fiber optic temperature probes (1: center, 2: mid, 3: edge, 4: corner; all probes were placed 25 mm deep from the top surface; dimensions are in mm).
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3. Results and discussion

3.1. Microwave tempering

Time needed for temperature increase from the initial (~–22 °C) to
between−5 and−3 °C at all four locations where the fiber optics were
inserted was about 10 and 4 min at power settings of 500 W and 1 kW,
respectively (Fig. 4a and b). Temperature increase at the center was
found to be the fastest, since the center of the block was directly facing
the waveguide throughout the experiment. Temperature increase at the
corner and the edge was the slowest, since these parts of the block were
moving in and out of the path of the waveguide. Temperature at the
locations also fluctuated more for the same reason. No overheating was
observed at any of the four internal probe locations for either power
setting.

Thermal images of the upper surface of the block after microwave
tempering were presented in Fig. 5 for both power settings (two
repetitions were shown for each power setting). Minimum, maximum

and average temperatures were also depicted on the images. Although
the surface temperature distributions appeared to be similar, local
overheating was more pronounced in case of the higher power setting
(1 kW). It can be clearly seen from these images that there were
completely thawed-out spots on the upper surface where temperatures
were as high as 7.3 °C (for 500 W) and 18.6 °C (for 1 kW). Majority of
the surface, however, was below freezing.

Although rotating the frozen food helps minimize temperature
differences during microwave tempering, surface overheating still
remains a problem. Surface layer, when there is free water, absorbs
much more energy than do still-frozen inner layers which consequently
leads to a decrease in penetration depth and accelerated heating at the
surface. Rosenberg and Bögl (1987) reported that the three orders of
magnitude difference between the dielectric loss factors of frozen and
liquid water can easily cause runaway heating as soon as a part of the
product is completely thawed. Brewer (2005) also reported that at
temperatures near 0 °C, the outer layer of meat can absorb significant
amounts of energy, resulting in overheating near the surface.

Fig. 4. Internal temperature profiles during microwave tempering at a) 500 W and b) 1 kW.
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3.2. Radio frequency tempering

Time needed for temperature increase from the initial to between
−5 and −3 °C at all internal locations were about 11 and 7 min at
electrode gap settings of 160 and 150 mm, respectively for both without
rotation (Fig. 6a and b) and with rotation (Fig. 7a and b). While similar
heating rates were observed for the center and mid locations, the corner
and edge of the block heated faster than did the center and mid
locations for both electrode gap settings and moving conditions. Alfaifi
et al. (2016) also observed higher temperatures near the edges and
corners when compared to the center during RF heating of raisins
packed in a rectangular shape. Overheating of corners and sharp edges
during RF heating appears to be a common problem and has been
reported also by other researchers (Ikediala et al., 2002; Alfaifi et al.,
2014; Zhang et al., 2015; Huang et al., 2015). It has been reported that
current density concentrates along the edges of the electrode causing
non-uniform thermal effects (Schomaker and Rosenberg, 2016). Alfaifi
et al. (2016) reported that this problem can be partially overcome and
heating uniformity can be improved by rounding the corners and
reducing sharp edges. Bending the electrodes was also studied by Alfaifi
et al. (2016) as a potential strategy to improve heating uniformity by
altering the electric field inside an RF system.

Uniform distribution of temperatures throughout the upper surface
of the RF-tempered block can be clearly seen from the thermal images
presented in Fig. 8 (without rotation) and Fig. 9 (with rotation). In
contrast to microwave tempering, no overheating was observed on the
upper surface upon RF tempering with all the temperatures throughout
the surface being< 0 °C (Figs. 8 and 9). The highest temperature at the
upper surface resided near the corner of the block as expected.

3.3. Power absorption

Change of absorbed power (calculated from the electrical current
readouts during RF tempering) with time of RF tempering without
rotation was presented in Fig. 10 for both electrode gap settings. The
absorbed power profile during RF tempering with rotation (data not
presented) was almost identical. According to Fig. 10, power absorption
was found to linearly increase from an initial value of 428 ± 6 W to a
peak value of 612 ± 0 W for the gap setting of 150 mm within the first
2 min of tempering, and from an initial value of 258 ± 17 W to a peak
value of 381 ± 4 W for the gap setting of 160 mm within the first
3 min of tempering. Then, both absorbed power values continuously
decreased until the end of the treatment. This behavior of power
absorption may be attributed to the variation in electrical conductivity
during phase transition from ice to water, and can be explained by the
effect on electrical conductivity of the concentration and mobility of
ions which carry charges along the electric field (Zhang, 2009). During

freezing, ions are excluded from the ice leading to increased ion
concentration in the remaining solution (Pham, 2008). It is known that
even at −25 °C, there is still about 5% water in unfrozen state (Hall,
1997). Although greater concentration of ions favors ionic conduction,
electrical conductivity drops since ion mobility is hindered by the high
viscosity of the liquid phase at low temperatures (Buera et al., 2011). In
addition, too high an ionic concentration has been reported to possibly
decrease electrical conductivity due to increased ionic interaction
(Reddy et al., 2002). As ice turns into liquid water during tempering,
electrical conductivity increases due to increased mobility of the
dissolved ions. This in turn leads to an increase in current. However,
as more water turns into unfrozen state, the solution becomes less
concentrated with ions which leads to a drop in electrical conductivity.
These phenomena are thought to be responsible for the variation in
current during the phase change process and characteristic to radio
frequency tempering.

The values of heat generation rate (calculated from the heating
rates) were found to be 355 ± 28 W for 150 mm gap setting and
240 ± 7 W for 160 mm gap setting. These values were constant for the
first 2 min of tempering where a linear increase in temperature, hence a
constant rate of heating was observed. Although the power absorption
and the heat generation rate were comparable initially, they differed
markedly as tempering progressed. The power absorption kept increas-
ing, whereas the heat generation rate remained constant during the first
2 min. This suggested that parts of the block may have experienced a
larger temperature rise resulting in an increase in the dielectric constant
(responsible for absorbed power) which apparently was not reflected in
the measured temperatures that were used for calculating the heat
generation rate. The increase in specific heat within the temperature
range studied may also have caused this observation by offsetting the
effect of increasing dielectric constant. Farag et al. (2010) reported
increasing heat generation rate with tempering time for RF tempering
of 50:50 blend of lean beef and fat, although the rate of heating linearly
decreased throughout their experiment. They attributed this observa-
tion to the increase in specific heat as the temperature rose from −18
to −5 °C.

Heat generation rates during MW tempering at 500 W and 1 kW
were found to be 340 ± 26 W and 809 ± 36 W, respectively.
Although the heat generation rates during MW tempering at 500 W
and RF tempering at a gap setting of 150 mm were similar, RF
tempering was completed in a shorter period of time presumably due
to the greater increase in dielectric loss factor with temperature at
lower frequencies within the temperature range studied. Basaran-Akgul
et al. (2008) reported that at −5 °C, dielectric loss factor of frozen beef
at 27 MHz was about 10 times greater than that at 915 MHz. Farag et al.
(2008b) also reported that dielectric properties (particularly dielectric
loss factor) of lean beef-fat blends at 27.12 MHz were significantly

Fig. 5. Thermal images (surface temperature distribution) of shrimp block tempered by microwave.
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higher than those at 896 MHz at most temperatures.

3.4. Tempering uniformity

Temperature uniformity index (λ) values calculated from internal
and surface temperature measurements were presented in Table 1.
From the table, microwave thawing at 500 W was the most uniform
treatment in terms of internal temperature distribution while all other
treatments were comparable. No significant difference was found
between the surface temperature uniformity index values, although
local surface overheating appeared to be a problem of microwave
tempering. Electrode gap setting in the studied range did not influence
heating uniformity. Li et al. (2016) also observed no significant effect
on heating uniformity during RF heating of chili powder within an
electrode gap range of 95–135 mm.

From the heating uniformity index (λN) values presented in Table 2,
it can be seen that tempering was the least uniform for microwave
treatment at 1 kW. According to Table 2, RF heating was more uniform
at 160 mm in comparison to 150 mm when no rotation was employed.

Rotating the block during RF tempering appeared to improve heating
uniformity when the electrode gap setting was 150 mm. This observa-
tion may be attributed to the variation of voltage over the surface of the
top electrode which was reported to increase from its minimum value at
the feed point to a maximum value at the electrode edge (Wang et al.,
2010). Wang et al. (2015) reported a maximum of 7% (with load) and
12% (without load) variation in voltage for a 400 × 830 mm electrode.
A better uniformity of heating was also achieved by Wang et al. (2010)
by moving the sample back-and-forth along the length of the electrode.
Wang et al. (2014), however, reported no noticeable improvement in
heating uniformity due to movement of the conveyor during hot air
assisted RF drying of macadamia nuts.

In the present study, rotation had no effect on heating uniformity
when the gap setting was 160 mm. It is thought that RF power within
the block was already uniform at this gap setting, hence no further
improvement in heating uniformity was observed. Earlier research
(Huang et al., 2015; Tiwari et al., 2011; Birla et al., 2008) have shown
that RF heating uniformity increases when the product is vertically
moved toward the center of the electrodes (which was the case for

Fig. 6. Internal temperature profiles during radio frequency tempering without rotation a) gap setting 160 mm b) gap setting 150 mm.
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Fig. 7. Internal temperature profiles during radio frequency tempering with rotation a) gap setting 160 mm b) gap setting 150 mm.

Fig. 8. Thermal images (surface temperature distribution) of shrimp block tempered by radio frequency without rotation.

T. Koray Palazoğlu, W. Miran Innovative Food Science and Emerging Technologies 41 (2017) 292–300

298



160 mm gap setting). This way the problem of electrical field concen-
tration at the surfaces resulting from the product being closer to one of
the electrodes is minimized.

4. Conclusion

Microwave and radio frequency tempering were compared experi-
mentally in this study. For the comparison to be meaningful, microwave
tempering was conducted at 915 MHz, the frequency which most
industrial scale microwave equipment operate at due to the ability of
microwaves at this frequency to penetrate large samples (Decareau and
Peterson, 1986; Hassan et al., 2015). Radio frequency used in the study
(27.12 MHz) is even more suitable for treating large samples due to its
much larger penetration depth.

Tempering of the shrimp block by both methods was achieved
within comparable periods of time. Central parts of the frozen block
heated more rapidly during microwave tempering, whereas the corners
and edges heated more rapidly during RF tempering. Internal tempera-
ture distribution upon tempering treatments was found to be quite
uniform, whereas local surface overheating appeared to be a problem of
microwave treatment as revealed by the thermograms acquired by
infrared imaging. Although tempering rather than full thawing can be
an effective strategy to avoid the problem of runaway heating
associated with microwave application, it was shown in this study that
microwave tempering can easily lead to runaway heating if not care-
fully controlled. Radio frequency, however, allows to achieve tempera-
tures close to 0 °C without jeopardizing the product's quality.

Practical application

Project findings will be helpful for processors who consider rapid
heating technologies for tempering purposes.
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