2  Heating unevenness — dependence
on oven properties, food dielectric
properties and geometries

2.1 Introduction

Dielectric properties have already been defined and
dealt with in Chapter X. Briefly, they are expressed by
two quantities, the real (relative) permittivity &’
(sometimes called “dielectric constant” even if it var-
ies) , and the loss factor &” (Risman, 1991). It is very
convenient for many computations to bring these to-
gether to the complex permittivity & = ¢~je", where j is
the complex unit /-1 . &¢” may include a contribution
by conductivity; see chapter 1, section 1.4.

Detailed studies of the dielectric properties of foods
began in the 1960’s, when industrial microwave
heating and microwave ovens became increasingly
common. It was generally thought that improved
knowledge about these properties would quite imme-
diately assist in improving the engineering designs of
microwave ovens, as well as development of micro-
wave snacks and meals in the food industry. But this
did not happen. The main reason was a poor under-
standing in the food industry of the many kinds of in-
teractions between microwave fields and dielectric
bodies — the food loads. There was also a rather weak
development of microwave oven characteristics — the
so-called multimode concept dominated, particularly
in the US.

To-day, most of the microwave-food interactions are
understood, but literature descriptions are scarce and
scattered. The separation into distinguishable phenom-
ena which are discussed here has turned out to be very
fruitful in the research and development in some in-
dustries. Several of the phenomena have been qualita-
tively and quantitatively dealt with before at only
microwave conferences and symposia. A knowledge
about them assists in development of ready meals and
in the understanding of causes of problems that may
then occur. With numerical modelling being increas-
ingly used in industry, knowledge about the individual
phenomena will also assist in developing improved
goal functions for microwave food heating and proc-
essing. Those described in the literature are still, with
only very few exceptions, for example by Sundberg
(1998), based on approaches of overall heating even-
ness, without particular considerations of food item
tolerances and microwave oven property variables.

Characterisation of microwave ovens is basically out-
side the scope of this chapter, but a knowledge of
some properties is necessary in order to understand
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how the dielectric properties influence the heating re-
sults. Cavity volume mode basics is addressed in
sections 2.3 and 2.4, and their influence on horizontal
heating patterns in section 2.11.2. A more comprehen-
sive treatment is given by Risman (2003), including a
measurement method for determination of cavity vol-
ume mode characteristics. The strength of under-
heating trapped modes can be measured by heating
experiments described in section 2.5. Only these two
kinds of modes are geometrically bound by the cavity,
making it possible to even out patchy heating patterns
by load movement such as rotation.

Twelve load-dependent phenomena are also dealt
with, some of which are partially interrelated. They
are:
» The penetration depth (section 2.2)
+ Internal vertical standing waves in large loads
(section 2.6)
» Simultaneous heating of loads with different per-
mittivities (section 2.7)
+ Influences by different &”, with the same &' — and
the &" increase runaway effect (section 2.8)
* The edge overheating effect (section 2.9)
* Heating of small isolated round objects (section
2.10.2)
» The exploding egg effect (section 2.10.3)
* The cold rim effect (section 2.10.4)
+ Particular heating effects in uneven top surfaces
(section 2.11.4)
* The hot corner effect (section 2.11.6)
* The burnt stripe runaway effect (section 2.11.7)
* The multiple load item proximity effect (section
2.11.8)
All these phenomena are bound to the load itself and
are therefore not evened-out much by load movement.
However, the strength of some of them also depends
on the cavity mode characteristics. The very sig-

nificant variability between microwave ovens thus
remains a problem for the food industry.

2,2
Actually, the only important microwave interaction
property directly related to the dielectric properties
that began to play an early role in industry was the
penetration depth (depth of power penetration), usu-
ally labelled dp.

dp is defined as the depth below the surface of a

1. large,

The mecrowave penetration depth
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flat and

infinitely thick load item
irradiated from straight above by
a plane microwave,

at which ¢ (about 37 %) of the power density at the
surface remains. Due to the exponential decay of
the power density, this depth is also that below
which 1 of the total power is deposited.

o B R b

There is a quite complicated formula given in most
textbooks, but a much simpler and still exact expres-
sion for dp is

dp = —A/(4n-Imvfe) [2.1]
where A, is the free space wavelength of the micro-
waves and ¢ is the complex ¢je". The expression can

easily be evaluated with a calculator accepting com-
plex numbers.

If ¢"/¢' is less than about 1, an approximate formula
dp = AyE'/(2T-€") [2.2]
can be used. This indicates that dp is less sensitive to

deviations 1n &’ than to deviations in &”.

Actually, the complete definition of dp above indicates
what may vary in real practical situations. When items
1 to 3 above are not fulfilled:

+ additional phenomena may occur near the edges of
a flat food surface (see section 2.9);

+ additional phenomena may occur in thin loads (see
section 2.6);

* it is unclear what happens inside rounded food
items (see section 2.10).

All conditions 1 to 4 above may change the power
deposition pattern, making the “dp concept” less useful
in many practical situations.

2.3
2.3.1

Some volume mode concepts must now be intro-
duced. A starting point is then the angle of incidence
in geometric optics; see figure 2.1.

Cavity modes

Geometric optics conditions

The relationship between the incident and transmitting
angles is the well-known Snell’s law (law of
refraction):

sind'= /e|-sin6" [2.3]

The fact that the wave is no longer transmitted perpen-
dicularly into the dielectric results in a shorter pene-
tration depth as calculated straight inwards from the
surface. One can show that v’ in equation 2.2 is re-
placed by (|e—sin’0’))”. The difference will become
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Figure 2.1. Incident (&) and transmitting (¢)angles
of a plane wave incient on a large dielectric. The
electric (E) field is drawn for TM polarisation.

significant only with low &’ values. As an example for
a typical compact frozen food item, e=4—j1 gives dp =
39,2 mm, which is reduced to 34,2 mm for striking
incidence (6' = 90°).

Another characteristic is the wave polarisation. A TE-
polarised incident wave has its electric (£) field paral-
lel to the surface (and thus its magnetic (//) field at an
angle to the surface). The opposite applies to TM-
polarised waves.

2.3.2

It is found that microwave fields in closed metal tubes
or cavities assume characteristic and discrete single or
multiple (added) patterns. These can be of many
kinds, examples being the single pattern in a coaxial
line and the multiple interference pattern in large
metal cavities. Theoretically, there is only one
solution to the wave equation in each such case, but
this solution can almost always be separated into de-
pendent, partially dependent or independent simpler
modes, which are each of the possible configurations
of the fields in a given domain in space.

Waveguide and cavity modes

In microwave heating applications, separation of the
overall field pattern into modes is a very important
tool for both understanding of mechanisms and for
system synthesis. The understanding of volume mode
interaction with large loads is greatly simplified by a
partial analogy to plane wave (geometric optics) ra-
diation. The use of image sets of plane waves to repre-
sent waveguide modes is generally called the
electromagnetic ray concept.

Figure 2.2 shows two TM-polarised waves with the
same (+0") incidence angles towards a dielectric at the
bottom of a two-dimensional waveguide. The vertical
(z-directed) wavelength A is an important parameter
and the figure can be used to deduce the following
important relationship:

A, =A,fcos 0’ [2.4]
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The simultaneous plane waves combine into a vector
field, shown in figure 2.3. If there is a reflection at the
dielectric boundary, there will be both a downwards
and upwards propagating wave, creating a standing
wave. The wave positions in figure 2.3 correspond to
the standing wave pattern. The heating pattern of a
single mode will be patchy, with heating minima
where the vertical electric field dominates. This is dis-
cussed further in section 2.11.2.

The link between the horizontal indices (the number
of standing halfwave variations) m and n of a cavity
or waveguide having the corresponding dimensions a
and b in the other directions z and y — and sin¢’ is

sin’0’ = (34,)*[(m/a)* +(n/b)’] [2.5]

This equation has a limited number of integer solution
pairs (m; n) in each given interval of sind’, as deter-
mined by the dimensions a, b, and the operating fre-
quency interval. As a consequence, all possible
combinations of (m; n) for given values of a and b are
represented by a finite set of sinf’ values.

o+ The distance between the cold spots will theoretically
a be half a horizontal cavity mode pattern wavelength;
this equals a/m or b/n and is thus always somewhat
larger than the half wavelength in free space A,. How-
ever, the heating evenness can be improved either by
the presence of several cavity modes, and/or rotation
z of the food load.

2.4  Plane wave reflections at a flat surface

}< } When the direction of ¢ is at an angle, phenomena in
accordance with Fresnel’s laws in optics occur also
Relative transmitted power
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Figure 2.2. A metal trough with two TM-polarised
Tays.
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Figure 2.4. Power transmission into an infinitely
thick dielectric with the incidence angle and polari-
sation as parameters.

Figure 2.3. Vector E fields.
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with microwaves. With a dielectric load, TM-
polarised incidence (TM modes) is of particular inter-
est, since there is a condition of minimal reflection at
the Brewster angle ¢',. It can be shown that

; le]
0, ~ arctan+/|e
B el le+1]

where index B is for this pseudo-Brewster condition
for lossy dielectrics. It is of importance in microwave
cavity studies and design that the mode wavelength A,
in the z direction of Brewster modes can become much
larger than the free space wavelength A,. The follow-
ing applies:

A Ay = legl+1 [2.7]
The quotient A, /A, becomes quite high for & values
typical of many load substances with a high water
content, an example being A, /A, =6 for |e;|=35. The
sind" interval of interest is thus rather narrow and close
to the “cut-off” limit sinf’=1 which corresponds to
striking incidence angle 6 =90° and A —>co.

sin’6’ ~

[2.6]

It can be shown that the pseudo-Brewster mode
reflection at the surface remains almost insignificant
also for quite large &"/¢’ values.

Fresnel’s laws can be used to obtain the results shown
in Figure 2.4:

» The reflected power remains low for all ¢’ values
for foods if 6" is 70° or more, with TM-polarised
incidence.

* Perpendicular (¢'=0; TEM) irradiation gives a high
reflection for high &' values.

* TE-polarised irradiation is still worse than TEM
incidence

Microwave oven cavity modes corresponding to TM-
polarised incidence are thus more favourable. Micro-
waves are then absorbed with fewer reflections, which
results in the performance becoming less sensitive to
load item geometry and location variations. There are
other advantages as well, which are discussed in the
next section.

2.5 Internal vertical standing waves in
large flat loads
It is often stated in the microwave oven literature that
an important reason for uneven heating of food items
is “internal total reflection”. But Brewster-type modes
are not reflected much at all at flat horizontal inter-
faces, neither when entering the top surface nor when
leaving the bottom surface of the load item. Neither
are any waves totally internally reflected. The waves
leaving the bottom surface do not disappear but are
instead reflected by the cavity bottom. When they
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Relative power density

£=52-j20

T Irradiation from the left (=above).

87 d: distances to a contacting
metal surface behind, in mm

Figure 2.5. Theoretical power density pattern

in a 20 mm thick slab under perpendicular
plane wave incidence

return back through the load, a simple standing wave
pattern is created. A second basic influence by &' is
then manifested: the waves inside the dielectric are
slowed down by a factor V&', resulting in the wave-
length in the direction of propagation being reduced
by the same factor.

Figure 2.5 shows the solution obtained by calculations
using the standard analytical so-called transverse reso-
nance matrix method, for a 20 mm thick unidirection-
ally irradiated slab above a metal plane. The dp of the
material is 7,1 mm for all 6. — Two items are seen:
there is a tendency for a maximum of the standing
wave at the surface facing the incoming irradiation,
and the location of the heating minima depend on the
distance to the cavity metal bottom. The first item is
due to the so-called magnetic wall effect, but occurs
only if the retro-reflected wave escapes into free
space. However, efficient microwave heating requires
also the cavity ceiling to reflect microwaves back
downwards, creating vertical standing waves. This
also applies for Brewster modes, since the load does
not cover the whole cavity bottom area. — The second
item is that the escaping energy from the slab has to
return, according to the energy principle.

Figure 2.6 shows what happens under realistic micro-
wave oven conditions: the standing waves become
much stronger, with almost no heating at all in the
lowest minimum. The load is the same, and with hori-
zontal dimensions 140 x 140 mm but now in the small
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Figure 2.6. The numerically modelled vertical
heating pattern in the centre of a 140x140 x 20
mm load with ¢ =52—520, in the microwave oven in
figure 2.9.

microwave oven of figure 2.9. The Quickwave™
software (QWED, 1997-) was used, with a resolution
(cell height) of 0,5 mm. The power density in the
vertical direction at the load centre is shown. The
differences to the simpler analytical scenario result are
mainly due to a realistic cavity mode pattern with ret-
roreflected waves back down to the top of the load.

Actually, patterns like that in Figure 2.6 occur in most
well-performing microwave ovens. The distance be-
tween maxima in the figure is about 8 mm, which cor-
responds well to 34,/|\/E| ~ 8,2 mm.

The standing wave has stronger maxima and
practically zero power density in the lowest minimum.
This may result in unfavourable phenomena, such as
power loss by stronger and earlier evaporation from
the top surface, and a need for overall power reduction
for allowing sufficient temperature evening-out by
heat conduction. It is recommended to always assume
a very uneven microwave heating pattern in the
vertical direction in slab-shaped loads, with half an
internal wavelength between the maxima.

One might think that internal total reflection would be
significant if the food slab does not have parallel sur-
faces. This is not correct in practise, for two reasons:
the cavity modes in “good” microwave ovens are typi-
cally TM-polarised, which reduces food surface
reflections in general, and coupling phenomena of the
trapped surface wave type at/under the load are differ-
ent from those in geometric optics.

2.6 Under-heating modes

There is a shelf in all microwave ovens. Apart from
the practical need for a flat surface to support the load,
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and the cleaning aspects, there is also a need to pro-
vide possibilities for the microwaves to reach the
whole bottom surface of the load and thus also give
heating from below — under-heating. The shelf is
commonly of a microwave-transparent material such
as borosilicate glass. Creation of sufficient under-
heating is one of the essential targets in microwave
oven development and does by no means occur by
itself. Strong under-heating can actually be obtained
in the bottom centre of slab-shaped loads having a
diameter in excess of 20 ¢m, and there are actually
some microwave oven models which typically provide
about half the heating power from below for such
loads on a recessed shelf. However, microwave oven
performance test reports in consumer magazines also
indirectly indicate that the under-heating is insufficient
for such and similar loads in many other models. The
performance of seemingly similar microwave ovens
may thus vary considerably.

The geometry of the space below the load does not
allow normal cavity volume modes, since the vertical
height of the region below the food is less than half
the free space wavelength. The particular trapped
mode between the underside of the load and the cavity
bottom is typically stabilised by the thick glass shelf
and is characterised by having no vertical magnetic
field. It is called a longitudinal section magnetic
(LSM) mode. Such modes were first investigated and
reported by Pincherle (1944). Their fields have pattern
similarities to Brewster and other TM-type cavity
modes with very long vertical wavelength, and can
therefore be excited by such modes. Additionally, the
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Figure 2.7. Trapped surface wave properties, 2450
MHz (from Risman, 1994)
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favourable Brewster modes are typically of the so-
called hybrid type, lacking the horizontal electric field
in one direction, which is then the cavity depth (y)
dimension (see figure 2.9).

A description of these LSM modes and their prop-
erties is given by Risman (1994). Figure 2-7 is from
that work, and shows the horizontal absorption dis-
tance (that over which £ of the energy density at the
load periphery of a thick load has been absorbed by
the load) as function of the distance between its under-
side and the cavity bottom (without a shelf), with the
load permittivity and a characteristic length b as pa-
rameters, at 2450 MHz. The parameter b is half the
horizontal standing wavelength in the y direction (see
figure 2.9), and the LSM mode propagation is in the
*z directions. The coupling of the cavity volume
mode to the LSM mode is favourable when b equals
the whole cavity depth dimension, which requires the
mode index n of also the cavity volume mode in that
direction to be 1.

It is commonly stated in the microwave literature that
defrosting is problematic because an already thawed
part absorbs more microwaves than a still frozen part.
This phenomenon is sometimes called a runaway eft-
ect, but it can actually be overcome with LSM modes.
The two crosses in figure 2.7 are for 20 mm airspace
between the load underside and the cavity bottom, and
for b (the cavity depth; y direction) about 300 mm. It
is seen that the absorption distance is three times
longer (120 mm) for the defrosted load (¢ = 52—j20) as
for the same load but now frozen (40 mm, for ¢ =
4—j2). This can be used to accomplish stronger power
absorption of the LSM mode in the frozen food item.
Actually, full power defrosting is now recommended
in the user manuals for some household microwave
oven models in the market. The LSM mode properties
are then employed. Packaged food items defrosted at
full power may allow the self-regulating effect to work
better than if evening-out by heat conduction is pro-
moted, as is the case with slow defrosting.

It may sometimes be difficult to separate the actions of
cavity volume modes and under-heating modes in
heating experiments with typical food loads. There are
two common methods for experimental investigations.
The first is useful with geometries similar to ready
meals, and employs the heating pattern in the “IEC
batter load” (IEC, 2006), as evidenced by partial so-
lidification by microwave heating and subsequent
pouring-off of the remaining unsolidified batter. A
typical action of underheating modes is then the oc-
curence of solidified regions in central areas of the
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Figure 2.8. The under-heating power deposition pat-
tern in the central long side vertical cross section of
160x110%20 mm loads with a horizontal thin metal
sheet at half the height. Top image: € =4—j1; bottom
image. ¢ =52—520.

See figure 2.23 for the colour scaling.

container bottom, with no corresponding solidified
regions straight above. In contrast to this, cavity vol-
ume modes heating a raised batter load will give “hot
spots” in the same inner horizontal positions in the top
and bottom of the load, since the same modes are
acting from both sides. — The second method employs
a thin metal sheet at half the height of a load of for
example mashed potatoes. A significant temperature
rise in the lower part indicates the presence of under-
heating modes. This is shown in the numerical model-
ling using the Quickwave™ software (QWED, 1997-)
images in figure 2.8, with a scenario of a special mi-
crowave vending machine with microwave feed from
above (Schonning and Risman, 2007) having a 20 mm
high load separated into two by a thin horizontal metal
plane at half height. The shorter horizontal absorption
distance in the low-¢ load is seen, and also that there
is an LSM mode resonance with the high-¢ load. It is
also to be noted that volume mode heating of 10 mm
high loads directly on a metal plane has a low
efficiency (see chapter 18, section 18.3.1); this will
increase when the metal sheet is removed.

Actually, the phenomenon just described is used with
so-called crisp plates in some microwave oven mod-
els, for example by Whirlpool. Crisp plates are thin-
wall aluminium frying pans with a thin ferrite rubber
coating on the underside. This absorbs the magnetic
fields of the LSM wave, so a combined frying (by the
hot metal) and microwave cooking (by the volume
modes from above) is obtained.

There has been, and still are, recommendations by
some food manufacturers on raising food items to be
defrosted in household microwave ovens. Either the
outer packaging, or special so-called defrost racks, are
then to be used as support. — As seen in Figure 2.7,
any LSM mode action will now essentially vanish due
to the too great absorption distance. But if there is no
LSM wave excitation in the first place, cavity volume
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