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The problem of non-uniform temperature distribution in
microwave heated foods is known from practical use of
microwave ovens and microwave technology applications
and from the development of microwaveable food prod-
ucts. The heating uniformity is important for reaching the
desired quality of the food and also for controlling the
safety of the heated product.

Many interacting factors influence the temperature dis-
tribution in heated foods during microwave heating in-
cluding the microwave heating mechanisms, the patterns
of the microwave field created in the oven and the phys-
ical parameters of heated food such as its thermo-physical
and dielectric properties, its shape, volume, dimensions and
its temperature. Because of complexity of their influence on
the course of heating, the design of optimal process and

food parameters for microwave heating application presents
a serious problem.

To understand the influence of each of the process or
the product parameters on heating history and result of
heating, many experiments and theoretical studies have
been carried out until now and the related results can be
found in many research reports, journals, conference pro-
ceedings, etc.

In the experiments both the heating of different model
foods or food analogues of certain chemical composition
and the heating of multicomponent chilled or frozen food
products were carried out at different specific process,
product and equipment parameters (OHLSSON & BENGT-
SEN 1971; NYKVIST & DECAREAN 1976; TANG & LUNG

1989; BOWS & RICHARDSON 1990; BURFOOT et al. 1991;

��������	��
��������
������
���������
���������
�������������
�������
����������������������� �!!"#�
�������� �!"!$�

��������	��
���
����
 ��
���������
������
�����
�����
�

����

���������
 ��
�	����
 �

 �������
 ����������

���������	
����
�������������

����� ����
���� ���������� ��
��� � ��
��� � !"���� ��#�$%��

��������

%&'(&)*� +�,�%&-��-�� ."$$/01���������	��
 ���
����
 ��
���������
  �����
 �����
 
����
 �

 ����
 !��������
 ��
�	����
 �


�������
����������"�������+��2����3���,��#1�///4/"$�

A simple 1-D mathematical model for prediction of local temperatures in a layer of solid material during microwave heating
(HOUŠOVÁ et al. 1998) and a sensitivity analysis were used to evaluate the influence of process and material parameters on vertical
temperature profiles in a layer of material during heating. The results of calculations are presented in graphs and discussed. The
incident microwave power and heat capacity and density of heated material are parameters with great effect on all local and average
temperatures and local and average heating rates. The shape of temperature profile is influenced only to a small extent by a change
in the value of applied microwave power and also in the value of heat capacity or density of heated material. The whole profiles
shift to higher or lower temperature values when the incident microwave power is changing. The distribution of applied micro-
wave power between the upper and bottom layer surface very much influences the shape of the profile and the values and position
of the highest and the lowest temperature in the layer. Depth of penetration and thermal conductivity of heated material influence
on the shape of temperature profiles and the temperature spread in the layer (evenness of temperature distribution). Effect of
penetration depth also depends on the relation to the layer thickness – its effect increases with the increasing layer thickness. At
the low values of penetration depth relative to the layer thickness, an uneven temperature profile is to be expected. Effect of
thermal conductivity value on temperature profile depends on the time of heating. Because of a short time of microwave heating,
the effect of this parameter on temperature distribution is smaller compared to the conventional heating methods. At the beginning
of heating its influence is quite negligible. Temperature of the air surrounding the layer and intensity of heat exchange between the
air and layer surface are parameters with only small local effect on temperature distribution.

Keywords: microwave heating; temperature distribution; temperature profile
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PROSETYA & DATTA 1991; RAMASWAMY & PILLET 1992,
ANANTHESWARAN & LIN 1994; HOUŠOVÁ et al. 1994;
HOUŠOVÁ & HOKE 1995; PONNE 1998). The local temper-
atures in heated material or product were monitored in
these studies to evaluate the influence of temperature dis-
tribution and local heating rates on the final quality of
heated food.

The mathematical simulation of a microwave heating
process – as another way how to understand the interac-
tion of microwave energy with the food – has been per-
formed to predict the temperature distribution in a heated
body of simple geometry (cylinder, sphere, slab) during
heating. Different simple or more complex mathematical mod-
els of microwave heating have been published until now. In
each of these models different assumptions and simplifica-
tions have been made for the process description and for
solution of related energy equations. In the relatively sim-
ple models, Lambert’s Law is used for description of micro-
wave power attenuation in heated material. The more
complex models are based on Maxwell’s wave equations
and their numerical solution. The finite differences or the
finite elements methods are used for numerical calculation
of differential energy equations in the models. More de-
tails see e.g. the review of AYAPP (1991).

The analytical solutions of equations, leading to de-
scription of transient or spatial temperature profiles in the
microwave heated bodies of simple geometry were also
published (DOLANDE & DATTA l993; CHEN 1998). In these
studies some assumptions and simplifications were made
for the heating process description.

A relatively simple model for prediction of local temper-
atures in the slab-shaped solids (layer of solid foods)
during microwave heating has been developed in this in-
stitute, too. At the heating of the layer of solid material,
the knowledge of vertical temperature distribution – across

the layer – is important. The model based on Lambert’s
Law was developed with the aim to better understand the
influence of particular microwave heating parameters on
the course and results of heating and to facilitate the mi-
crowaveable food product design. Most food products
for microwave heating (namely ready meals) are packed
and reheated in flat trays. More detailed information on
the model and related computer programme SLAB see
HOUŠOVÁ et al. (1998).

A sensitivity analysis was used to evaluate the sensi-
tivity of the model to a change in various input parame-
ters and to estimate the level of care necessary for use of
different input parameter values at model calculations. Sen-
sitivity of the model was evaluated for the points of the
layer that are important in view of quality or safety of heat-
ed foods (centre of the layer and upper or bottom surfaces
of the layer). Certain combinations of process and product
parameters were supposed at these calculations. Results
for the centre of the layer of two thicknesses are shown in
Figs. 1 and 2. Both figures show how the percent change in
the values of all main process and product parameters in-
fluences the change in the centre temperature.

The microwave power (the value of power flux is used
in the computer programme) as the main process parame-
ter and heat capacity and density of heated material are
the parameters of large influence on the value of both the
centre and surface temperatures. The air temperature near
the surface of the layer and the value of heat transfer
coefficient between air and layer’s surface are the pro-
cess parameters with minor influence on temperature in
the centre of the layer. The influence of others physical
parameters of heated material – thermal conductivity and
depth of microwave penetration – on changes in centre
and surface temperatures depends on the layer thickness
and it changes with the place (centre, surface).
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In this study, sensitivity analysis and computer pro-
gramme SLAB have been used to estimate the influence
of individual process and product parameters on the whole
temperature profiles in the heated layer of solids. Results
of these calculations are given in this paper.

�%��&'&(&�)

In the sensitivity analysis, the response of the change
in one of the input parameters on the change in calculated
values is estimated.

The set-up of all input parameters for a microwave heat-
ing model using computer programme SLAB is given in
Table 1 together with their nominal values. Using this pro-

gramme, the values of local temperatures across the layer
of heated material at different time of heating are calculat-
ed. The calculations were made for 20 or more points in
the layer. At the calculations, the values of individual
parameters were varied at steps by 10% over the range of
–50 to +50% of their nominal values. During variations of
one parameter, the others were kept constant. The calcu-
lations were provided for different combinations of pro-
cess/product parameters.

The heating of the layer from both sides with the same
or different surface power flux (W/m2) and the layer thick-
ness of 10, 20, 30, or 40 mm were supposed along with the
depth of penetration of the heated layer 12 or 6 mm. A
change in the temperature profile at heating of the layer

�
����/�3�
=����������
��
�
6�
��������6�����
5��6������
����

�������������6��
��������
66��3;�?����6��
��5
�������
�
�
6�
�������������
�5�
��
�
�������
����

���

 
�
6�
�� 3�6��� >�6������ ����6��
��5
����������

��
����

���

�@����������A ��� @�64" /B�$$$ /B�$$$

��4�����������
�� ��� � @�64" $,�B�"C$,�!�C$$,�#�DC$,�/B�$$$ !�C$$

��4���

�6�����
�� ��� � @�64" /B�$$$,�#�DC$,�!C�$$,�B�"C$,�$ !�C$$

����	���������
��� ���% 66 /$,�"$,�B$,�E$ "$

>��
�� ��� ����
�

��� ���>� 66 /" C

>����
� ����� 	��64B /$BC /�$"$

%�

��
�
��
� ����� +�	�4/�:�4/ BF$$ B�FF$

����6
��������
�5�
� ���	 @�64/�:�4/ $�! $�!"

����
�6���

���4�

�����������
�� ����� :� B$ B$

4�

���

�6�����
�� ����� :� B$ B$

3���
�����

�
�
����������������
 4� ����� ����� @�64"�:�4/ "$ "$

4���

�6 ����� @�64"�:�4/ "$ "$

2����"�������
������
������

���5
������������
��
�
6=
�
���� 789� ����6�����
5�
��

����6������
����

���
�����
��������
������
�����
�
���� 
�6���

���� 7:�9�
;
�������B$�66,���
�=����
��

���,�>�����/"�66,�"��

6��������

���

-6

-4

-2

0

2

4

6

[%]

[°C]

P Dp k ro,cp Tu Tb hu hb

Tnom 16.0°C

C$ !$ D$ F$ #$ /$$ //$ /"$ /B$ /E$ ���/C$

���������

���������

���������

6500 W/m2

point 2

6500 W/m2

30



114

Vol. 19, No. 3: 111–120 Czech J. Food Sci.

only from its upper surface was also calculated. Most
calculations were provided for the second minute of heat-
ing, but the change in the temperature profiles with time
of heating was followed, too.
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The influence of change in the value of individual pro-
cess and product parameters on changes in the vertical
temperature profile in the layer is shown in Figs. 3–13.
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Fig. 3 shows the change of temperature profile in the
layer of material of 30 mm thickness with the time of heat-
ing. The both-side heating of the layer, the same values of
power flux on both surfaces and material of 12 mm Dp are
supposed. The graph illustratues, that not only the aver-

age temperature of the layer but also the unevenness of
the temperature profile increases with the time of heating.
As a result of heating conditions, the temperature pro-
files are symmetrical with the lowest temperature (T

min
) at

the centre of the slab and the highest temperature (T
max

)
on the surfaces (at the beginning of heating) or at the
same distance under the surface. As a result of surface
cooling (convective heat exchange between the air and
the surfaces of the layer or evaporative cooling) the tem-
perature peak occurs near the surface and migrates in-
ward as the heating continues.

Similar changes in the type of temperature profile in a
layer of solid during microwave heating were identified
using an analytical solution to the energy equation (DO-
LANDE & DATTA 1993). Three distinct types of profiles
for different heating periods were described in this paper:
initially – the concave up profile without visible peak, for
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the intermediate heating period – the profile with internal-
ly developed temperature peak, and for a very long time
of heating – the concave down profile. The influence of
the penetration depth relative to the dimension of the lay-
er on the type of profile is discussed, too.
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The influence of layer thickness on vertical tempera-
ture distribution is shown in Fig. 4. The temperature pro-
file was calculated for material with depth of penetration
12 mm and the second minute of both-side heating with
the same surface power flux 6500 W/m2. It is evident from
this figure that the shape of the profiles and local values
of temperatures in the layer are very much influenced by

the thickness of the layer compared to the value of pene-
tration depth.

For the small layer thickness or similar values of thick-
ness and penetration depth, the temperature profile is flat
or nearly flat (without temperature peak) and the rate of
heating is high. As the thickness of the layer is increas-
ing, the local rates of heating, and the maximal, minimal
and average temperatures of the layer are decreasing, but
the spread of local temperature values increases.
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The influence of microwave power on the temperature
profile in the layer of different depths of penetration is
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shown in Fig. 5 (penetration depth of 12 mm) and Fig. 6
(penetration depth of 6 mm).

It is obvious from these graphs that an increase and/or
a decrease in the microwave power value shifts the whole
profile to higher and/or lower temperature values, but it
has only a small influence on the shape of the profile. As
the microwave power increases, the local temperatures
and the average temperature in the layer also increase
and the layer reaches the higher average temperature in a
shorter time period. The increase in the rate of heating in
all spatial locations of the layer was evaluated from the
analytical solution by DOLANDE and DATTA (1993).

A minor deformation of temperature profile with change
in the microwave power value is seen in Fig. 6. At the

heating of the material with low value of the depth of
penetration relative to the thickness of layer, the surface
overheating of the layer (at the depth of penetration) oc-
curs. With increase in the microwave power, this over-
heating on the layer surface is more intensive.
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The large effect on temperature distribution in the layer
is also exerted by a change in material density and heat
capacity values (Fig. 7) (layer of 30 mm and depth of pen-
etration 12 mm).

The change in both material properties shifts the whole
temperature profile to higher (decrease in density and heat
capacity) or to lower values (increase in density and heat
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capacity) and influences the average temperature of the
layer. The shape of the profiles is deformed only to a small
extent by the change in values of these parameters of
heated material.

The influence of the value of penetration depth on tem-
perature profiles in the layer depends on layer thickness
(Figs. 8 and 9). If the layer thickness is high relative to the
depth of penetration, a very uneven profile is developing
with the highest temperature at or near the surface. The
effect of the depth of penetration change on the tempera-
ture distribution is large. The change in the depth of pen-
etration value (decrease or increase) influences in these
cases the shape of the profile and the values of the high-
est and lowest temperatures and their difference. The av-
erage temperature of the layer is influenced by the change

in the depth of penetration only a little. When the depth
of penetration is decreasing, the highest local tempera-
ture (at or near the surface layer) is increasing but the
lowest temperature (at the centre of the layer) decreases
and vice versa. A decrease in the depth of penetration
value has a larger effect on the change in temperature
profiles than an increase in this value.

The proper balance of the material layer thickness com-
pared to its dielectric properties is of large importance to
avoid uneven heating of the layer.

The same influence of the penetration depth values on
the type of profiles is reported by DOLANDE and DATTA

(1993).
The influence of a change in material thermal conduc-

tivity on the temperature profile in the layer is shown in
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Fig. 10. The effect of this parameter is relatively small
because of a short time of heating. By any change in the
value of thermal conductivity, the shape of the whole pro-
file and the temperature distribution in the layer are al-
tered only a little. When thermal conductivity is increasing,
the temperature profiles are a little flatter, and the differ-
ence between the highest and the lowest temperatures in
the layer is becoming lower. For a long time of heating the
influence of the thermal conductivity value on tempera-
ture distribution in the layer is a little more pronounced.
At the beginning of heating, the influence of this material
property on temperature distribution is negligible.
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In Fig. 11, the influence of the temperature of the air
surrounding the heated layer on the temperature profile is
shown. It is evident from the graph that a change in the air
temperature influences only local temperatures near the
related surface of layer. At the beginning of heating, the
air temperature is a little higher compared to the tempera-
ture of heated material and surface heating occurs. As the
heating continues, the air temperature is lower relative to
the temperature of the surface layer. The surface cooling
occurs and the temperature peak in the profile (several
mm under surface layer) is visible.
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The change in air temperature in the oven has a very
small influence on the centre and average layer tempera-
ture.

The value of surface heat transfer coefficient (SHTC)
influences slightly only local temperatures near the layer
surface (Fig. 12.) but this effect also depends on the air
temperature (on the period of heating). If the air tempera-
ture in the oven is higher than the temperature of heated
material (initial period of heating), the temperature of the
layer surface increases with the increasing of SHTC value.
As the heating continues, the effect of the change in SHTC
value is reverse, but the influence of SHTC value on the
centre and on the average temperatures is negligible.

-&,-(+��&,

1. Temperature distribution in a layer of microwave heat-
ed material (temperature profile) is influenced by a num-
ber of interacting process and materials parameters. The
temperature profile is changing also with the time of heat-
ing.

2. Applied microwave power and density and heat ca-
pacity of heated material are parameters with the greatest
influence on the average rate of heating and average tem-
perature of layers. The change in values of these parame-
ters affects the values of all local temperatures and shifts
the whole profiles to higher or lower temperature values.
Influence of these parameters on a change in the shape of
profiles is relative small.

3. The temperature profile in the layer is influenced to a
great extent by the distribution of incident microwave
power between a upper and bottom surfaces of the layer.
At uneven distribution of microwave power, the symme-
try of the temperature profile is missing (Fig. 13). The
position of the lowest local temperature in the layer (im-
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portant for food safety controlling) is moving in the direc-
tion of the surface with lower power flux value.

4. Depth of penetration into the material has the influ-
ence on the shape of the temperature profile but the ex-
tent of this influence depends on its relation to the layer
thickness. The change in Dp value influences the temper-
ature spread and difference in the layer and therefore the
evenness of the profile (evenness of heating).

5. In microwave heating, the influence of thermal con-
ductivity of heated material is smaller in comparison to
the conventional heating methods because of a short time
of heating. Positive influence on the flattening of the tem-
perature profile in the layer can be supposed only at a
long time of heating. At the beginning of heating, the
influence of this parameter on heating mechanisms is in-
significant.

6. Parameters influencing the heat exchange between
the surrounding air and the layer surface (air temperature,
coefficient of convection heat transfer) have only a small
local effect on the profile. Their influence on average tem-
perature of the layer and heating rate is quite insignifi-
cant.

7. For evenness of heating of slab-shaped solid foods,
a proper balance between the values of applied micro-
wave power, material properties and the layer thickness is
of great importance.
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