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Prerequisite Knowledge: Definitions and elementary knowledge of dielectric properties.
Objective: To develop an understanding of dipolar relaxation in dielectric materials using the heating of food in a
kitchen microwave oven.
Equipment:
1. A kitchen microwave oven
2. A kitchen refrigerator
3. A microwave-safe ceramic mug
4. A thermocouple
5. A digital multimeter with a least count of 0.01 mV or better.
6. Food items having regions ofvariable water content e.g. Danish pastry with a cherry, jelly-filled donut etc.
7. Water and (optional) water-free ethanol.
8. A stop watch
Introduction:
Our common experience shows that the temperature of a material increases when it absorbs
electromagnetic radiation. The passive solar heating of water and brewing of tea in a glass jar by sunlight are just
two illustrations of this process. Is the food in a microwave oven heated by the same process? The answer is yes,
to the extent that the food is heated by the absorption of electromagnetic radiation of microwave frequencies. At
the same time we know that cold water kept in a thermally insulated opaque flask will not warm up by keeping it
in the sun but will readily heat up in a microwave oven. So the exact mechanism of absorption of sunlight and
microwaves by materials must be somewhat different. The present experiment is designed to demonstrate the
fundamental aspects of microwave heating and in turn, to elucidate the dipolar dielectric loss phenomenon at the
molecular level The emphasis is on the basic physics and the use of common inexpensive instrumentation and
materials, rather than the accuracy of results. The students are also exposed to some of the issues dealing with
the microwave processing of materials. Due to the familiarity with the experiment there is greater excitement for
learning and, the students appear to remember the underlying principles more than from sophisticated
experiments.
Background:
A very important feature of microwave cooking is that certain food items are more readily warmed up
than others. For example, in a Danish pastry the cherry in the middle gets much hotter than rest of the pastry. A
few deductive experiments show that the presence of water is the key for a food to be heated effectively. The

science behind these observations is that the frequency (fmw) of the microwave radiation (typically at 2.45 GHz)
allows for energy absorption by water molecules rather than by most other ingredients of the food. In a water
o
molecule the two hydrogen and one oxygen atoms are not arranged in a line i.e. the H-O-H angle is 104.5 rather
o
than 180 . This nonlinear configuration together with the different electronegativity of H and O atoms creates an
asymmetric charge distribution within the molecule, which can be described by a permanent electric dipole

Fig. 1. Schematic of water molecule
In the absence of any external field the dipoles in water are randomly oriented due to thermal agitation.
However, a dc electric field would attempt to align the dipoles along its direction as much as permitted by the
randomizing effect of temperature. At the beginning when the field (E) is turned on, the dipole assembly relaxes
to the new equilibrium configuration as determined by E and temperature T. For the simple case where the
dipoles do not interact with each other, the approach to equilibrium follows an exponential time dependence
viz. relaxing of the dipoles from partial alignment to random orientation after the dc field is turned off In this
case, the decay of polarization is given by:
(1)
where Po is the equilibrium value of polarization in the presence of dc field and P(t) is its value t sec after the field
is turned off. When the same assembly of dipoles is placed in an ac electric field, the dipoles tend to follow its
time dependent variation, but usually there is a time lag between the maximum of the field and the polarization
produced by the alignment of the dipoles. This “phase lag” between the cause (electric field) and its effect
(polarization) produces a loss of energy in the system which is proportional to the imaginary part of the dielectric
constant (also known as loss factor) [1],
(2)

heat and thus raises the sample temperature.

A kitchen microwave oven is designed to produce electromagnetic radiation at a fixed frequency of fmw =
2.45 GHZ which is close to fmax for water molecules. According to Fig. 3 (b) the dielectric loss factor at this
frequency decreases with temperature. Therefore, ifheating of food in a kitchen microwave oven is indeed by the
dipolar heating of water, one would predict a gradually less efficient heating with increasing temperature.
Obviously the heating characteristics of a food depend on its constituents and their dielectric loss factor at the
the microwave frequency (2.45 GHz), the heating will not occur. The following experiments demonstrate these
predictions and thus elucidate the mechanism of food warming by a microwave kitchen oven and, in general, the
dipolar dielectric loss.
Procedure:

Experiment A. First convince yourselfthat indeed water is responsible for most of the heating of food in a
kitchen microwave oven. Take the jelly filled donut and warm it in the oven. Observe the variation of
temperature within the donut. Repeat the experiment with other food items of your choice.
Experiment B. The specific objective of experiment B is to establish whether or not the heating of, water by a
kitchen microwave oven is a function of water temperature itself Does the heating decrease with a rise in
temperature as suggested by the theory above?
The experiment consists of monitoring the heating of about 200 ml of water in a microwave-safe mug
using a kitchen microwave oven. To extend the span of available temperature range, cool the water in a
refrigerator before starting the experiment. Ideally one would like to conduct an in situ measurement of
temperature of the liquid, but this can not be done easily as a common temperature probe itself is heated by the
microwave radiation. Therefore, the following sequence of measurements is suggested: (at time t=0 sec) start to
heat the liquid for 15 sec in the microwave oven, take it out and stir for 15 to 20 sec with a thermocouple whose
output is continuously monitored with a multimeter. Next, leave the thermocouple in the center of the cup for 10
seconds. Record the output of the thermocouple at t=45 sec. Place the cup back in the oven and start heating
again at t=60 sec. Repeat the one minute cycle of heating and measurement until the liquid starts boiling. Record
the data in the first three columns of the following table. Convert the thermocouple output into temperature
using appropriate conversion tables.

A correction to T is needed because the temperature of water decreases during the 45 sec period after
stopping the microwave oven. The cooling of the liquid during measurements depends on the temperature itself
according to Newton’s law of cooling. The water near the boiling temperature will cool much more rapidly than,
for example, water close to the room temperature. To get an estimate of the correction to T allow the heated
water to cool down on its own and continue to record the multimeter output every 30 sec until the water
temperature reaches the room temperature within a few degree Celsius. (Note: If the starting water is below the
room temperature, a correction may be needed for its normal warming by the environment.) Use this information
to correct the temperature recorded during the cycles of microwave heating. Enter the corrected temperature T’
in the table and obtain AT. Next, plot the variation of temperature increase (AT) in each heating cycle as a
function of sample temperature. From the plot determine whether the microwave heating of water becomes more
efficient, less efficient or is unaffected by the sample temperature. Compare your findings with the theoretical
predictions. Comment on any discrepancies.
Experiment C. To increase the usefulness of the results of Experiment B for real kitchen applications, consider
the microwave heating of alcohol. Using the following data from Böttcher [4], predict the differences between
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o

=13x10 sec at 20 C. Repeat experiment B with water-free
alcohol. Compare the results of the two experiments, test your predictions and explain the differences.
Experiment D. Having understood the origin of microwave heating of water, what would you predict for the
heating of ice? Take a piece of ice from the freezer, wrap it in a paper towel to keep it dry. Note that any water

even on the surface w-ill foil the experiment. Heat the ice in the microwave oven for a minute. Has the ice melted?
If not, why not? What do the results tell about dipole relaxation in the solid state vis-a-vis in the liquid state.

Note to the Instructor
1. To ensure that a ceramic mug is microwave safe, heat it dry in the oven for l-2 minutes. If it is not
heated or remains lukewarm to touch it may be acceptable for the experiment. Avoid using a ceramic mug which
is excessively heated because of the water trapped in the ceramic itself
2. Try covering the mug with an insulating plastic lid to minimize heat loss. However, if the cover
complicates the temperature measurement, do not use it. In any case, it is important that the conditions for water
cooling for temperature correction are the same as during the heating cycles.
3. Making the measurement in milivolts is important, as it emphasizes that the thermoelectric effect is
responsible for causing the observed signal. This could lead into a classroom discussion of the thermoelectric
effect or could be the basis for an expanded lab report.
4. The instructor may wish to make reference to industrial applications of microwave heating e.g. in the
curing of thermosetting coatings and adhesives, microwave processing and remediation of hazardous waste, high
temperature processing of ceramic materials etc.
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