VARIABLE FREQUENCY MICROWAVE HEATING OF FooOD

J. R. Bows

Industrial microwave food processing is universally based on
single frequency microwave sources. With the emergence of
variable frequency microwave ovens, it is possible to exploit
the frequency dependence of a food’s permittivity and/or
choice of heating frequency, for example as a new route to
achieving targeted heating. Variable frequency heating pro-
cedures are developed to overcome the geometry of a roughly
spherical foodstuff dominating the heating pattern when
heated in fi xed frequency applicators. Target mean tempera-
tures of 55, 75 and 90°C within 2 minutes and without
physical damage were set; means of 54.5 +4.1, 75.1 £4. 7
and 87.6 1 3.5°C respectively were achieved within the time
constraint and with no major physical damage, based on
combining 8 discrete frequencies between 2.4 and 6.2 GHz.
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adio frequencies that may be used for heating
R are those allocated by the Federal Communica-

tions Commission and are referred to as ISM
(industrial, scientific and medical) frequencies. Almost
all industrial microwave heating uses 896/915 + 10/13
MHz, depending on the country, and 2450 + 50 MHz.
Other available bands (in MHz), depending of the coun-
try, include 433.92 + 0.2%, 3390 £ 0.6%, 5800 * 75,
6780 % 0.6% and 24150 £ 125 [Metaxas & Meredith,
1983].

Several workers have demonstrated the dependence
of the heating uniformity on small changes in frequency
in multimode cavities. Mackay et al. [1979] discussed
exploiting the dynamic and sequential selection of dis-
crete frequencies within the available ISM bandwidth
for more uniform and efficient heating. Kashyap &
Wyslouzil [1977] showed that sweeping the frequency
of a voltage tunable magnetron over 2450+ 25 MHz (i.e.
within the ISM bandwidth) produced better or compa-
rable heating uniformity to that obtained by using the
oven’s field stirrer. Dibben & Metaxas [1994] showed
that a simulation of microwave heating of a low loss
planar material in a domestic microwave oven (nomi-
nally 2.45 GHz) matched the experimental heating pat-
tern when simulated at 2.46 GHz, which was the mea-
sured operating frequency of the oven. However, when
the frequency dependence of the dielectric permittivity
of typical foods is considered, it becomes apparent that
being able to select heating frequencies over a GHz
range rather than over the ISM bandwidth may offer
even greater advantages for higher loss materials.

It has been proposed by Bows & Mullin [1994] that
batter used to coat frozen substrates such as fish could be
set by the use of high frequency microwave heating
above 3 GHz. Figure 1 shows the permittivity and
penetration depth versus frequency for a common for-
mulation of batter used to coat frozen a food substrate in
the manufacture of various foodstuffs (batter composi-
tion 58% water, 20% wheat flour, 20% starch, 2% salt).
Two temperatures are shown, 10°C and 70°C, which are
the enrobing temperature and the minimum temperature
required to set the batter respectively, over 1 to 7 GHz.
Assuming an enrobing thickness of 2 mm, at the enrobing
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FIGURE 1: Permittivity of batter at 10°C (A) and 70°C
(B).

temperature a microwave signal at 7 GHz would be
concentrated largely in the coating, compared with heat-
ing at 2.45 GHz, as the penetration depths (at 10°C) are
1.5 and 3.5 mm respectively.

The optimum choice of frequency may involve es-
tablishing a resonant condition by setting up amaximum
reflection at the batter/frozen food substrate interface. In
the past, establishing a resonant heating condition re-
quired careful control of formulation and dimensions as
the heating frequency was fixed. Clark & Holt [1989]
describe how to heat the interior of an ice cream dessert,
melting a chocolate core whilst the outer ice cream
remains frozen. To achieve this within a domestic oven,
with fixed operating frequency, would require manufac-
ture of the product to within millimeter precision, which
is not realistic with commercial manufacturing prac-
tices.
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With the recent commercial availability of variable
frequency heating ovens, it is now possible to experi-
mentally investigate control of microwave heating di-
rectly by choice of frequency(s). To date, only fixed
frequency sources have been used commercially be-
cause of the limitations of both the microwave tubes
being used and the associated microwave components
required. The conventionally used microwave tubes
employ resonant structures (e.g. magnetrons and
klystrons) which inherently limit them to narrow opera-
tional bandwidths.

Everleigh, et. al. [1994] discussed the use of variable
frequency heating using high-power traveling wave
tubes (TWTs). TWTs work in the following way [Lauf,
et al., 1993]: Microwave signals are generated by a
voltage controlled oscillator at a power level around +15
to 20dBm (30 to 100mW). Control voltages are used to
vary the oscillator frequency. The microwave signal is
then passed through a pre-amplifier (to equalize power
vs. frequency), and then through a high power TWT
amplifier to generate powers up to a few kW. The signal
is finally launched into a cavity.

Johnson, et al. [1994] have demonstrated the use of
variable frequency microwave heating. The heating
uniformity at different planes within a cavity was deter-
mined using thermally sensitive paper. Swept frequency
heating was performed over bandwidths of 5 to 40% for
center frequencies of 5 and 15 GHz. The results showed
that less bandwidth was required to achieve the same
level of heating uniformity as the center frequency
increased, due to excitation of a larger number of higher
order modes at the higher frequency.

Variable frequency has been investigated for a num-
ber of processing applications. Fathi, et al. [1995] inves-
tigated heating thermoset polymer matrix composite
materials and showed that thermal runaway and hot spot
problems associated with fixed frequency heating were
overcome. Qiu, et al. [1995] showed how frequency
switching enabled modes with high heating rates and
desirable heating patterns to be selected to allow uni-
form heating of a graphite/epoxy load. Surrett, et al.
[1994] showed that swept frequency heating produced
more uniform curing in thermosetting composite sys-
tems (carbon fiber/epoxy resin laminates). Wei, et al.
[1998] have looked at variable frequency heating for
bonding applications in polymer composites and elec-

Vol. 34 No. 4, 1999



tronic packaging applications.

Metaxas [1996] discussed the use of swept fre-
quency applicators, such as tuneable magnetrons and
traveling wave tubes, for obtaining good uniformity of
heating, for example through time-average heating at
different frequencies.

This paper presents work on the use of frequencies
between 2.4 and 7.0 GHz to achieve controlled heating
in a foodstuff whose geometry dominates the heating
pattern when heated in fixed frequency applicators.

Basic Equations of Microwave Heating
The equation governing microwave power absorption is
given by:

F, = 277»‘1‘808”E121’MS (1

Where P, is power absorbed per unit volume (W/m’), f
is frequency (Hz), €" is the dielectric loss factor, € is
8.854 x 102 F/m, and E is the electric field strength
within the material (V/m).

The measure of how opaque a material is to a
microwave field is given by the penetration depth, that
is the depth at which the microwave power has fallen to
I/e of its initial value, and is approximately given by:

Dp=(4.8/fWe'1e” @)

where Dp is in cm when f'is in GHz, €' is the dielectric
constant.

Note that €' and €" can be dependent on both fre-
quency (f) and temperature, the extent of which depends
on the foodstuff.

Thus in a simple analysis of variable frequency
heating of foodstuffs in a resonant cavity, it is difficult
to isolate the effect on changing the frequency term fin
equation 1 because €" usually changes, too. Addition-
ally, E will change in practice because changing fresults
in different field patterns being excited in a resonant
cavity. There may be other applicator-specific effects of
changing frequency, such as changing the impedance
matching to the cavity (i.e. how much microwave en-
ergy gets into the cavity).

Inaddition, the penetration depth Dp may also change
in a complex manner with fdue to the frequency depen-
denceof€'and¢". Penetration depth not only governs the
depth of effective heating, but the relation of Dp to the
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physical dimensions and geometry of the foodstuff can
give rise to well known effects such as resonant heating
conditions which are responsible for strong center heat-
ing or localized heating in some spherical and cylindri-
cal materials.

Variable Frequency Microwave Oven

The variable frequency microwave oven (VFMO) used
in the study was a Vari-Wave LT502A (Lambda Tech-
nologies Inc., Morrisville, US), specified with a power
output of 500W at any frequency between 2.5 and 7.0
GHz. The cavity dimensions are 381 mm wide, 305 mm
high and 300 mm deep. A TWT launches a microwave
signal from acoaxial cable to adouble ridged waveguide
(WRD 250D30) and a tapered double ridged launcher
(WRD 250) into the cavity (located on an upper corner
of the back wall). The double ridge waveguide ensures
the fundamental TE  mode is propagated over the
operating frequency of the TWT into the cavity.

The heating chamber is based on a resonant cavity
similar in principle to a domestic microwave oven.
However, in the case of domestic ovens, which operate
at 2.45 GHz, the cavity dimensions are selected to both
support a large number of microwave field patterns (to
maximize heating uniformity), and provide a good im-
pedance match (to maximize power delivery) over a
large range of (food) load types (frozen, thawed, large,
small, etc.). Additionally, turntables and/or mode stir-
rers are always provided in domestic oven designs (and
industrial systems) to further encourage uniform heat-
ing.

With the VFMO used here, the technical conse-
quences of delivering variable frequency heating capa-
bility have raised several hurdles for targeted heating of
foodstuffs. Heating takes place in a fixed wall cavity,
which by definition, means that below a certain fre-
quency, not all microwave frequencies can be physically
supported as some will have such poor impedance
matching that virtually no microwave energy enters the
cavity. This is made worse at food-like permittivities. A
further consequence is that mode stirrers and turntables
cannot be included, as they would constantly change the
impedance matching of a particular frequency, unfavor-
ably at certain frequencies. This VFMO reacts to a large
impedance mismatch (when the reflected microwave
power exceeds around SOW) by shutting down to protect
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FIGURE 2: Center plane thermal images of a roughly
sperical foodstuff after heating in two different domestic
microwave ovens showing center heating tends to domi-

nate the heating patterns. Left image shows one half of

the foodstuff. right image both halves.

the microwave source (a design limitation of the oven
that could be overcome through the use ot a wide band
circulator for example).

The complications of using the VEMO in the study
here were due to the oven design and not the physics of
variable frequency microwave heating. A turther limita-
tion of the VFMO was that. at any given frequency,
non-symmetric heating is likely because the field pattern
is fixed. Thus variable frequency heating may have to be
used toachieve symmetric heating. especially for gener-
ating heating uniformity in the outer region of a food-
stuff. The advantage of variable frequency heating. even
with the oven used here. is that more controlled or
targeted heating should be possible in certain categories
of foodstufts. These include foodstutts whose geom-
etries impose adominant heating pattern, such as spheres
and cylinders.

Thus the experimental approach adopted in the study
was as follows:

I. Characterization of the VFMO to find “processing
windows™, that is, frequencies and powers at which the
foodstuff could be heated at high powers

2. Determination of the heating pattern produced by
these frequencies

3. Construction of heating procedures that will achieve
targeted heating (e.g. even heating)

A solid PTFE cylinder (50 mm thick. 130 mm diameter)
was supplied by Lambda Technologies which they use
as a base for a standard load for diagnostic testing
purposes. This cylinder was used for all experiments to
avoid consequences of heating a product directly in
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contact with a metal surface. such as a minimum electric
tield condition at the contact of the toodstutt with the
metal base of the cavity.

Experimental and Results
Material Characterization

A roughly spherical natural foodstutf was used through-
out the study. The foodstutt is composed of around 90%
water and has some internal cellular structure. The
diameter was between 5 and 7em. The geometry and
material properties of this foodstuft tend to dominate the
heating pattern. For example, in domestic microwave
ovens, center heating occurs irrespective of the model of
oven used (Figure 2).

The permittivity of the foodstutt was measured us-
ing a Hewlett Packard HP85070B open ended coaxial
probe from 2 to 7 GHz. and the dielectric constant, loss
factor and penetration depth as tunctions of temperature
were obtained. The accuracy of this probe is quoted by
the manutacturer to be 10% . The three distinct anatomi-
cal regions of the foodstuft were measured (a 10 mm
diameter core. an outer 5 mm layer and the annular
region). Samples were cut from the foodstuft and mea-
sured directly or after pulping with a hand-held blender.
Permittivity measurements were carried outoverarange
of temperatures. from 5°C to 85°C. every 5°C. taking
care to minimize moisture loss. ensure an intimate
probe/material contact without applying excessive pres-
sure or trapping air bubbles.

Figure 3 shows the dielectric constant and loss tactor
for the unpulped annular region, between 2.0 and 6.8
GHz. to demonstrate temperature and frequency depen-
dency. It was found that the permittivity of the other
regions of the foodstutt were not significantly different.
The effect of water loss due to evaporation or the effect
of comminution were estimated from the difference
between measurements carried-out on pulped and
unpulped foodstuft. The effect was small. up to 10% in
a few cases. in both the diclectric constant and loss.

The foodstuft is seasonal and a further study was
conducted to determine if the maturity of the foodstutt
affected permittivity. Additionally. three varieties of the
foodstuft were available. Measurements were made
directly on cut surfaces of the foodstutt at a depth of 3
mm or at the mid-radius depth in the annular region. The
trial was conducted over a period of eight weeks. Figure
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FIGURE 3: Diclectric loss fuctor (upper) and loss
Suctor (lower) of umpulped annular region of foodstuff.

4 shows the dielectric constant and loss factorat 5.8 GHz
(variety 3 matured over a narrower period), showing no
significant differences with maturity or variety within
the accuracy of the probe. This finding was also shown
at other frequencies between 2 and 7 GHz.

Characterization of the Cavity

Cavity characterization, with a representative product
within the cavity. was required to determine which
frequencies could and could not be used for tull power
heating.

Automatic Characterization

Automatic cavity characterization software was pro-
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vided by Lambda Technologies. The microwave source
was automatically operated across a quartile of its tre-
quency range, and forward and reflected power were
measured. with a representative load in place. Reflec-
tance was caleulated as:

Reflectance=100%x( Reflected Power/Forward Power)
3

A point of minimum reflectance indicated that the dis-
crete trequency could be used to heat the representative
load. Similarly. an arca of minimum reflectance indi-
cated that a frequency band could be used to heat the
load. The next stage would then be to examine the
heating pattern and its robustness at that frequency or
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across the frequency range, which is discussed later.

The automatic software characterization was re-
peated six times for each quartile with a fresh portion of
foodstuft in place each time. The PTFE block was
always present, located centrally, and the foodstuff was
placed centrally on top. One purpose of this character-
ization was toexamine if the foodstuf!"s inherent bioma-
terial variability (c.g. shape, weight, moisture content)
had an ettect on the impedance characteristics of the
oven and therefore suitable heating frequencies. For-
ward power, reflected power and calculated reflectance
for a given quartile were plotted on the same axes for 6
different experiments. The fourth quartile (upper fre-
quency range) showed no retlected power at all.

Figure 5 shows a setof 6 retlected power data for the
second frequency quartile (3.55 t0 4.70 GHz), illustrat-
ing several important features also found for the firstand
third quartiles:

*The reflected data for the 6 data sets overlaps showing
that the small, inevitable biomaterial variations between
the 6 portions of toodstuft had no significant impact on
the profile of the reflected data with trequency

* Small frequency spans of the order of 10 MHz exist
where there appears to be no reflected power

*There are several narrow-frequency ranges (several
MHz) or frequency points of very large reflected power

[t should be noted that a reflected power reading was not
triggered until a value of above 10W was measured (the
torward power meter displays a similar triggering cftect,
occurring at 2W),

Automatic characterization was also performed with
67ml (mean weight of a representative batch of the
foodstuft was 67g) of deionized water in a 100ml Pyrex
beaker for comparison with the foodstuft reflectance
data, to turther test impedance matching stability (the
permittivity of water changes tar more with temperature
compared with the foodstutt). One water sample was run
foreach quartile. replacing the water for ecach successive
quartile. This data was compared against the averaged
foodstuft data for that quartile.

Figure 6 shows the absolute difference between the
reflected data for the water load and averaged foodstuff
data for the second quartile (from Figure 5): 67ml water
in a Pyrex beaker has similar impedance matching
characteristics to the foodstutt, From Figure 6. the
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difterence in retlected power for 64% of the frequency
points (1024) in the second quartile was less than 10W,
and 85% were less than 20W. This suggests that inherent
variations in the foodstuft shape. weight, moisture con-
tent, etc. should not adversely eftect the optimum choice
of frequencies. and that some degree of
temperature-dependent permittivity can be tolerated.
Manual Characterization

The automatic characterization procedure had one ma-
jor limitation. Forward power is controlled manually by
an analog power knob. Additionally., an operating char-
acteristic of the microwave source in this oven was that
forward power decreased with increasing frequency.
Theretore, it was very difficult to set the power level
which satistied these criteria:

* Sufficiently high forward power at the upper fre-
quencies ol aquartile o effectively pinpointhigh reflec-
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FIGURE 7: Net power absorbed for foodstuff portions
Jfrom manual cavity characterization.

tance areas, because the reflected power levels below 10
W do not trigger a value

» Sufficiently low forward power at the lower frequen-
cies of a quartile to prevent high reflected power areas
shutting down the oven when reflected power exceed
50W, even though the reflectance may be low

The forward power setting had to be set to some interme-
diate value (e.g. 100W) for automatic characterization
trials to meet these criteria, so it was not possible to
simultaneously test those frequencies where full power
(500W) could be applied with minimum reflectance.
This was tested manually.

The manual characterization consisted of experi-
ments investigating all possible processing windows.
The oven was operated at each individual frequency
within the processing windows highlighted by success-
ful automatic characterizations. Where the windows
were a number of MHz wide, frequencies were taken at
intervals of about 3 MHz to keep the number of experi-
ments reasonable. The experimental procedure was as
follows:

1. Place a fresh portion of the foodstuff within the
microwave cavity, insert four Luxtron 790 fiber optic
thermometer probes (Luxtron, Santa Clara, US) to mea-
sure temperatures at near-surface, half-radius distance
and center positions.

2. Set forward power to zero, set the single frequency
for that run and turn the RF power on.
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3. Increase power steadily until either 500W forward
power is reached or the oven fails safe due to excess
reflected power.

4. Note the forward and reflected powers at SOOW or
faulting value.

5. Start the oven at the highest power possible with a
fresh portion of the foodstuff and heat until 50°C is
reached, and monitor the net power flow (a check on
repeatability).

Manual characterization trials isolated those fre-
quencies at which 500W forward power could be achieved
with minimum reflectance, so that the maximum net
power is delivered to the foodstuff. Additionally, the
trials allowed an assessment of any undesirable heating
effects such as:

 splitting the foodstuff from internal localized heat-
ing as a result of a strongly resonant heating condition

» non-linear correspondence in how forward and re-
flected power changed with time due to temperature
dependent permittivity, resulting in much less net power
absorption than anticipated over the whole heating time

Frequencies were characterized up to 4.5 GHz, be-
yond which reflectance was a minimum for all frequen-
cies (due to the decreasing wavelength resulting in no
frequencies where microwave energy could not be de-
livered into some well coupled electric field pattern).

The results from the manual characterization are
shown in Figure 7. Each point represents one manual
characterization. It can be seen that there are many
discrete frequencies where 90% or more of the forward
power is absorbed, which represent possible starting
frequencies for heating pattern analyses.

Determination of Heating Patterns

An evaluation of heating under different frequency
conditions (sweeps and discrete points) allowed an
evaluation of the best approach to uniformly heating of
the foodstuff, as measured from fiber optic measure-
ments and thermal imaging of the center plane of the
foodstuff. Combinations of single sweeps or discrete
frequencies were also evaluated. Heating strategies were
optimized on the basis of mean and standard deviation
measurements across center plane slices. All heating
was done with a forward power of 500W to produce the
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TABLE 1: Frequencies (GHz) selected for heating
pattern analyses.

Frequencies Frequencies
Characterised above 4.5 GHz
2.599 4.700
3.568 4.950
3.956 5.800
4.001 6.200

4222

most rapid heating possible.
The following targets were set:

* Achieve a mean temperature of 55, 75 or 90°C
throughout the foodstuff from a 20°C starting tempera-
ture. The temperature dependence of the permittivity
may affect the selection of frequencies required to
achieve each target.

* Reach target mean temperature within 2 minutes, to
minimize the effects of heat conduction on the measured
temperature distributions.

* Without significant physical damage (e.g. major
cellular disruption, splitting of the skin). Heating on
each frequency used must not cause excessively local-
ized heating.

Heating Pattern Analysis

Several frequencies were highlighted from the previous
section as particularly stable regions where slight devia-
tions in the positioning of the foodstuff on the PTFE
support or size/shape of the foodstuff had no significant
effect on the reflectance data shown in Figure 7. Table
1 shows the frequencies selected for the heating pattern
analysis.

It was decided not to include frequency spans at this
point to simplify the heating procedure, as it was diffi-
cult to ensure that the VFMO did not occasionally shut
down due to a badly coupled discrete frequency point
within a span. The frequencies in the right hand column
of Table 1 were arbitrarily chosen (5.8 GHz was in-
cluded as this is areserved industrial heating frequency).
Nine frequencies were chosen as a reasonable working
balance to maximize the number of heating patterns for
uniformity and keep the total heating time within 2
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minutes (500W at each frequency is achieved through
time consuming turning of the power setting knob - ithas
not been automated in the VFMO model used). These
frequencies also did not appear to cause unwanted
heating effects such as setting up strongly resonant
heating conditions.

Figure 8 shows thermal images of the halves of the
foodstuff after slicing, for each heating frequency in
Table 1. A comparative image from heating in a domes-
tic microwave oven is also shown. It can be seen that
there is an increasing tendency for periphery heating
with increasing frequency, which is expected from equa-
tion 2, as the penetration depth diminishes with fre-
quency. It can also be seen that there is no one frequency
where anything approaching uniform heating is achieved.

Heating Procedures For Uniform Heating

After numerous experiments minimizing the number of
heating frequencies necessary toachieve the target means,
those in Table 2 were selected, with 2.599 GHz being
replaced with 2.450 GHz in adomestic microwave oven.
A domestic oven provided more power thus reducing the
heating time on this frequency, as well as reducing the
amount of manual knob turning to set up each frequency
for 500W power (both helped to achieve the 2 min
heating goal).

These frequencies were combined in different orders
and durations, to test whether the impedance matching
changed with frequency due to the temperature depen-
dence of the dielectric permittivity. Incident power was
set to 500W, varying exposure time at a particular
frequency (the same energy input P,, may require differ-
ent exposure times at different frequencies, as seen from
equation 1).

No significant dependence on the frequency order
was observed, so heating was performed in ascending
frequency (to minimize heat losses at periphery re-
gions).

Table 2 lists the actual heating procedures required
to achieve a mean center plane temperature of 55, 75 or
90°C, as measured by the temperature data from the 4
fiber optic probes and thermal image analysis. A domes-
tic microwave oven (Sanyo EM-2614, with turntable,
rated power output 650W) was used at full power for the
2.450 GHz condition, and the VFMO was manually set
to S00W forward power at the other frequencies.
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FIGURE 8: Horizontal center plane thermal images
of foodstuff after heating at indicated frequencies.
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TABLE 2: Heating procedures to reach target temperatures from a 20°C starting temperature.

Frequency /GHz Time/secs to 55°C

Time/secs to 75°C Time /secs to 90°C

2.45 7
(domestic oven)
3.568
3.956
4.001
4222
4.950
5.800
6.200

~N NN NN

10 13
10 14
10 14
8 11
12 17
12 17
12 17
12 17

Figure 9 shows the resultant heating patterns after
following cach procedure in Table 2. The mean % stan-
dard deviation values were 545 +4.1.75.1 £ 4.7 and
87.6 £ 3.5°C for the 55. 75 and 90°C target procedures
respectively. The temperature distributions for the three
procedures produced more uniform heating than heating
at any single frequencey.

For the 90°C procedure. rapid cooling was observed
during capture of the thermal image. so itis likely some
cooling will have occurred during and after slicing the
foodstuft open before the image could be captured.
Additionally. on slicing the foodstuft open for the 90°C
procedure. and to alesserextent for the 757C procedure.
there was liquid escape as the internal tissue had been

35°C target

75°C

slightly disrupted. From Figure 9. the boundaries of the
individual foodswutt halves are less clear by comparison
with the 557C images where there was almost no liquid
loss. This liquid loss may have also contributed to the
lower apparent mean temperature measured for the
907C procedure. Heating for longer periods (around
10% ) than those listed in Table 2 for the 90°C procedure
caused major structural disruption (splitting of the sKin),
probably as aresultofexcess vapor pressure as temperi-
tures approached 1007C.

Discussion

From inspection of the heating procedures in Table 2. it

can be seen that cach procedure applied the same fre-

target 90°C target

Mean: 54.5°C
SD: 4.1 °C

40 45 a0 55 kil

Mean: 75.1 °C
SD: 4.7°C

Mean: 87.6 °C
SD: 3.5°C

i Fils) L Bt A0

FIGURE 9: Horizontal center plane thermal images of foodstuff (hoth halves) after following heating procedures

in Table 2.
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quencies in the same order, following the same trend in
duration. The main objective of this study, to achieve a
target mean temperature within 2 minutes, was met but
further work is required to reduce the temperature distri-
bution. Computer simulations of variable frequency
heating are recommended to reduce the time consuming
experimental empiricism that was required to develop
relatively simple heating procedures. Additionally, fre-
quency spans were not fully investigated, which may be
a route to increase the heating uniformity.

The VFMO used here is aresearch tool whichreadily
allows many approaches to combining frequencies to be
evaluated for a given product format. Certain design
modifications are recommended to allow a more thor-
ough analysis of variable frequency heating, such as the
addition of a broad band circulator, automatic stabiliza-
tion of power output with frequency and a mode stirring
feature. For an industrial scale application, it is likely
that multiple single-frequency sources (e.g. magne-
trons) or narrow-band sources (tens of MHz) would be
preferred as they are currently far cheaper and more
powerful than amplified TWT devices.

Operating any microwave source outside the ISM
bands for continuous processing would require careful
choking and shielding to comply with strict telecommu-
nications interference regulations for “out-of-ISM-band”
limits on microwave leakage [LaGasse, 1998; Risman,
1998].

Conclusions

It has been shown how variable microwave frequency
heating procedures can be used to control the heating
pattern in a natural roughly spherical food product
whose geometry dominates the heating pattern in fixed
frequency applicators. A heating procedure was devel-
oped, based on combining 8 discrete frequencies be-
tween 2.4 and 6.2 GHz for different durations, to achieve
more uniform heating than was possible at any single
frequency. The objective of heating the foodstuff to
target means of 55, 75 or 90°C within 2 minutes and
without major physical damage (such as splitting) was
largely achieved: mean temperatures of 54.5, 75.1 and
87.6°C (standard deviations 4.1 to 4.7°C) were mea-
sured from center plane thermal images after following
the 55, 75 and 90°C procedures respectively. A combi-
nation of rapid cooling and liquid loss during prepara-

International Microwave Power Institute

tion for the temperature measurement was thought to be
have been responsible for the difference in the 90°C
procedure target mean and measured mean. The tem-
perature dependence of the foodstuff’s permittivity did
not appear to have a major influence in achieving each
target mean, as the heating procedure used the same
frequencies in the same order, following the same trend
induration. In order to reduce the spread of temperatures
about each mean, optimization of each heating proce-
dure to fully account for the temperature and frequency
dependence of the foodstuff’s permittivity is required.
This would include investigation of the number, order
and values of the frequencies used, consider discrete vs.
spanned frequencies, and heating duration on each fre-
quency.
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