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Abstract

Dehydrating is one of the most common processes in industry. This process is imple-
mented by various techniques, such as freeze-drying. It is an energy-consuming process. 
Microwave sources are a good choice to supply the energy needed for this process. In 
reality, it is microwave-assisted freeze-drying. The microwave sources can be delivered 
�Š�›�˜�ž�—�•�1�Š�1�•�Ž� �1�”�’�•�˜� �Š�4�œ�ï�1���•�Ž�Œ�•�›�˜�–�Š�•�—�Ž�•�’�Œ�1�Ž�—�Ž�›�•�¢�1�’�œ�1�Œ�˜�—�Ÿ�Ž�›�•�Ž�•�1�’�—�•�˜�1�•�‘�Ž�›�–�Š�•�1�Ž�—�Ž�›�•�¢�1�•�ž�Ž�1�•�˜�1
�•�‘�Ž�1�’�—�•�Ž�›�Š�Œ�•�’�˜�—�1�˜�•�1�Ž�•�Ž�Œ�•�›�˜�–�Š�•�—�Ž�•�’�Œ�1���Ž�•�•�œ�1�Š�—�•�1�–�Š�•�Ž�›�’�Š�•�œ�ï�1���—�1�Š�•�•�’�•�’�˜�—�1�•�˜�1�™�›�˜�Ÿ�’�•�’�—�•�1�Ž�—�Ž�›�•�¢�ð�1
the microwave-assisted freeze-drying is time-saving. This method is fast due to penetrat-
�’�—�•�1�Ž�•�Ž�Œ�•�›�˜�–�Š�•�—�Ž�•�’�Œ�1���Ž�•�•�œ�1�’�—�1�•�‘�Ž�1�–�Š�•�Ž�›�’�Š�•�ï�1���•�1�›�Ž�œ�ž�•�•�œ�1�’�—�1�Ÿ�˜�•�ž�–�Ž�•�›�’�Œ�Š�•�•�¢�1�‘�Ž�Š�•�’�—�•�1�’�—�œ�•�Ž�Š�•�1�˜�•�1
heating from the surface of the material in conventional methods. Usually, the frequency 
�˜�•�1�Ž�•�Ž�Œ�•�›�˜�–�Š�•�—�Ž�•�’�Œ�1���Ž�•�•�œ�1�’�œ�1�X�Z�[�V�1���
�£�ð�1� �‘�’�Œ�‘�1�’�œ�1�Š�•�•�˜�Œ�Š�•�Ž�•�1�‹�¢�1�›�Ž�•�ž�•�Š�•�˜�›�¢�1�Œ�˜�–�–�’�œ�œ�’�˜�—�œ�1�’�—�1
dielectric heating methods. In the following, the mechanism of this method is described. 
���•�•�1�›�Ž�•�Š�•�’�˜�—�œ�1�•�˜�Ÿ�Ž�›�—�’�—�•�1�•�‘�Ž�1�•�›�Š�—�œ�•�Ž�›�1�˜�•�1�–�Š�œ�œ�1�Š�—�•�1�‘�Ž�Š�•�1�Š�›�Ž�1�–�Ž�—�•�’�˜�—�Ž�•�ï�1�
�˜� �1�•�˜�1�•�›�Š�—�œ�•�Ž�›�1�Š�—�•�1
�•�’�œ�œ�’�™�Š�•�Ž�1�Ž�—�Ž�›�•�¢�1�’�œ�1�•�Ž�œ�Œ�›�’�‹�Ž�•�ï�1���’�Ž�•�Ž�Œ�•�›�’�Œ�1�™�›�˜�™�Ž�›�•�’�Ž�œ�1�˜�•�1�•�’���Ž�›�Ž�—�•�1�–�Š�•�Ž�›�’�Š�•�œ�1�Š�›�Ž�1�•�’�œ�•�Ž�•�ï�1���‘�Ž�1
�Ž���Ž�Œ�•�’�Ÿ�Ž�1�™�Š�›�Š�–�Ž�•�Ž�›�œ�1�’�—�1�•�Ž�•�Ž�›�–�’�—�’�—�•�1�•�’�Ž�•�Ž�Œ�•�›�’�Œ�1�™�›�˜�™�Ž�›�•�’�Ž�œ�1�Š�›�Ž�1�•�’�œ�Œ�ž�œ�œ�Ž�•�ï
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1. Introduction

Population growth of human societies results in increasing the demand for requirements 
such as food, clothing, housing, etc. Meeting them requires new industrial methods instead 
�˜�•�1�•�›�Š�•�’�•�’�˜�—�Š�•�1�˜�—�Ž�œ�ï�1���‘�Ž�1�™�›�˜�•�ž�Œ�•�’�˜�—�1�˜�•�1�•�˜�˜�•�œ�•�ž���1�’�œ�1�’�—�Œ�•�ž�•�Ž�•�1�’�—�1�•�‘�’�œ�1�™�›�’�—�Œ�’�™�•�Ž�ï�1���˜�•�Š�¢�ð�1�•�’���Ž�›�Ž�—�•�1
processes are being done on the mineral, vegetable, and animal products. Some of them are 
�™�Š�œ�•�Ž�ž�›�’�£�Š�•�’�˜�—�ð�1 �œ�•�Ž�›�’�•�’�£�Š�•�’�˜�—�ð�1 �Œ�˜�—�œ�Ž�›�Ÿ�Š�•�’�˜�—�ð�1 �Ž�•�Œ�ï�1 ���Š�Œ�‘�1 �˜�•�1 �•�‘�Ž�–�1 �’�œ�1 �ž�œ�Ž�•�1 �•�˜�›�1 �Š�1 �œ�™�Ž�Œ�’���Œ�1 �™�ž�›�™�˜�œ�Ž�ï�1
���ž�›�’�—�•�1 �•�‘�Ž�œ�Ž�1 �™�›�˜�Œ�Ž�œ�œ�Ž�œ�ð�1 �™�‘�¢�œ�’�Œ�Š�•�ð�1 �Œ�‘�Ž�–�’�Œ�Š�•�ð�1 �Š�—�•�1 �‹�’�˜�•�˜�•�’�Œ�Š�•�1 �Œ�‘�Š�—�•�Ž�œ�1 �˜�Œ�Œ�ž�›�ï�1 ���‘�Ž�¢�1 �Š���Ž�Œ�•�1 �•�‘�Ž�1
�š�ž�Š�•�’�•�¢�1�˜�•�1�•�˜�˜�•�œ�•�ž���1�û�Œ�˜�•�˜�›�ð�1���Š�Ÿ�˜�›�ð�1�Ÿ�˜�•�ž�–�Ž�ü�1�ý1].

�i�������������7�K�H���$�X�W�K�R�U���V�������/�L�F�H�Q�V�H�H���,�Q�W�H�F�K�2�S�H�Q�����7�K�L�V���F�K�D�S�W�H�U���L�V���G�L�V�W�U�L�E�X�W�H�G���X�Q�G�H�U���W�K�H���W�H�U�P�V���R�I���W�K�H���&�U�H�D�W�L�Y�H

�&�R�P�P�R�Q�V���$�W�W�U�L�E�X�W�L�R�Q���/�L�F�H�Q�V�H�����K�W�W�S�������F�U�H�D�W�L�Y�H�F�R�P�P�R�Q�V���R�U�J���O�L�F�H�Q�V�H�V���E�\���������������Z�K�L�F�K���S�H�U�P�L�W�V���X�Q�U�H�V�W�U�L�F�W�H�G���X�V�H��

�G�L�V�W�U�L�E�X�W�L�R�Q�����D�Q�G���U�H�S�U�R�G�X�F�W�L�R�Q���L�Q���D�Q�\���P�H�G�L�X�P�����S�U�R�Y�L�G�H�G���W�K�H���R�U�L�J�L�Q�D�O���Z�R�U�N���L�V���S�U�R�S�H�U�O�\���F�L�W�H�G��



Drying is the most common way to increase the life of food products to make them easier to 
�–�Š�’�—�•�Š�’�—�1�ý�X�þ�ï�1���Ž�Š�—� �‘�’�•�Ž�ð�1�–�’�Œ�›�˜� �Š�Ÿ�Ž�1�•�Ž�Œ�‘�—�˜�•�˜�•�¢�1�‘�Š�œ�1�Š�Œ�‘�’�Ž�Ÿ�Ž�•�1�Š�1�œ�’�•�—�’���Œ�Š�—�•�1�™�˜�œ�’�•�’�˜�—�1�Š�–�˜�—�•�1
other methods in food industry. Not only is this method used in food industry but also in 
pharmaceutical industry and medical sciences, for removing water from aqueous solutions 
�Š�—�•�1�™�›�Ž�œ�Ž�›�Ÿ�’�—�•�1�•�‘�Ž�1�‹�•�˜�˜�•�ð�1�‹�˜�—�Ž�ð�1�Š�—�•�1�œ�”�’�—�1�ý3–�[].

���—�1�Œ�˜�—�Ÿ�Ž�—�•�’�˜�—�Š�•�1�–�Ž�•�‘�˜�•�1�•�˜�›�1�•�›�¢�’�—�•�1�•�˜�˜�•�œ�•�ž���ð�1�’�•�1�’�œ�1�‘�Ž�Š�•�Ž�•�ð�1�ž�œ�ž�Š�•�•�¢�1�‹�¢�1���˜� �’�—�•�1�‘�˜�•�1�Š�’�›�ð�1�•�˜�1�Ž�Ÿ�Š�™�˜-
rate its moisture. Also, the heating can be done by other methods from direct solar radiation to 
�ž�œ�’�—�•�1�–�’�Œ�›�˜� �Š�Ÿ�Ž�1�Ž�—�Ž�›�•�¢�1�ý1, 6]. In freeze-drying method, removing the moisture content of mate -
rial is done by sublimation of water molecules with internal heating after freezing the material 
�Š�—�•�1�Œ�›�Ž�Š�•�’�—�•�1�Š�1�Ÿ�Š�Œ�ž�ž�–�1�ý7]. Compared with conventional methods, it causes small irreversible 
�Œ�‘�Š�—�•�Ž�œ�1�’�—�1�•�˜�˜�•�1�Š�—�•�1�•�‘�ž�œ�1�”�Ž�Ž�™�œ�1�•�‘�Ž�1�š�ž�Š�•�’�•�¢�1�˜�•�1�™�›�˜�•�ž�Œ�•�1�Š�•�1�Š�—�1�Ž�¡�Œ�Ž�•�•�Ž�—�•�1�•�Ž�Ÿ�Ž�•�1�ý1, �X, 7]. Rehydration, 
�Œ�˜�•�˜�›�1�û�‹�›�˜� �—�’�—�•�ü�ð�1�Š�—�•�1�Ÿ�˜�•�ž�–�Ž�1�û�Ÿ�˜�•�ž�–�Ž�1�›�Ž�•�ž�Œ�•�’�˜�—�1�Š�—�•�1�Œ�˜�—�œ�Ž�š�ž�Ž�—�•�•�¢�1�œ�‘�›�’�—�”�Š�•�Ž�ü�1�Š�›�Ž�1�”�Ž�¢�1�™�Š�›�Š�–-
�Ž�•�Ž�›�œ�1�’�—�1�•�Ž�•�Ž�›�–�’�—�’�—�•�1�•�‘�Ž�1�š�ž�Š�•�’�•�¢�1�˜�•�1�•�˜�˜�•�œ�•�ž���1�Š�—�•�1�Š�›�Ž�1�Œ�˜�—�œ�’�•�Ž�›�Ž�•�1�’�—�1�ý1]. Low temperature in this 
method helps to stop most bivological reactions, and hence it is suitable for dehydrating heat-
�œ�Ž�—�œ�’�•�’�Ÿ�Ž�1�–�Š�•�Ž�›�’�Š�•�1�•�’�”�Ž�1�‹�’�˜�•�˜�•�’�Œ�Š�•�1�™�›�˜�•�ž�Œ�•�œ�1�ý1–3�þ�ï�1�
�˜� �Ž�Ÿ�Ž�›�ð�1�•�‘�’�œ�1�–�Ž�•�‘�˜�•�1�’�œ�1�Ž�¡�™�Ž�—�œ�’�Ÿ�Ž�1�ý1, 7]. It is 
�œ�ž�’�•�Š�‹�•�Ž�1�•�˜�›�1�Ÿ�Š�•�ž�Š�‹�•�Ž�1�•�˜�˜�•�œ�•�ž���œ�1�•�’�”�Ž�1�Œ�˜���Ž�Ž�1�ý1�þ�ï�1���Œ�Œ�˜�›�•�’�—�•�•�¢�ð�1�›�Ž�œ�Ž�Š�›�Œ�‘�Ž�›�œ�1�Š�›�Ž�1�•�›�¢�’�—�•�1�•�˜�1���—�•�1�•�‘�Ž�1
�˜�™�•�’�–�Š�•�1�–�Ž�•�‘�˜�•�1�‹�¢�1�Š�1�Œ�˜�–�‹�’�—�Š�•�’�˜�—�1�˜�•�1�•�’���Ž�›�Ž�—�•�1�–�Ž�•�‘�˜�•�œ�ï

���Ž�•�ï�1�ý1�þ�1�’�œ�1�Š�1�Ÿ�Š�•�ž�Š�‹�•�Ž�1�›�Ž�Ÿ�’�Ž� �1�˜�—�1�•�‘�Ž�1�œ�•�ž�•�’�Ž�œ�ð�1� �‘�’�Œ�‘�1�Š�›�Ž�1�•�˜�—�Ž�1�Š�‹�˜�ž�•�1�•�‘�Ž�1�š�ž�Š�•�’�•�¢�1�˜�•�1�•�˜�˜�•�œ�•�ž���1�•�›�˜�–�1
�•�’���Ž�›�Ž�—�•�1�•�›�¢�’�—�•�1�–�Ž�•�‘�˜�•�œ�ð�1�Š�—�•�1�Œ�˜�•�•�Ž�Œ�•�œ�1�Š�—�•�1�™�›�Ž�œ�Ž�—�•�œ�1�•�’���Ž�›�Ž�—�•�1�•�›�Š�™�‘�œ�1�Š�‹�˜�ž�•�1�•�‘�Ž�œ�Ž�1�™�Š�›�Š�–�Ž�•�Ž�›�œ�ï�1
���ž�•�‘�˜�›�1�’�—�1�ý1] presents a chart which determines the contribution of energy consumed in dif -
ferent operations of freeze-drying process. Also, the cost breakdown for drying two samples 
�û�‘�’�•�‘�,�1�Š�—�•�1�•�˜� �,�Ÿ�Š�•�ž�Ž�1�•�˜�˜�•�œ�ü�1�’�œ�1�•�Ž�•�Ž�›�–�’�—�Ž�•�1�’�—�1�ý1].

���›�¢�’�—�•�1�û�˜�›�1 �•�Ž�‘�¢�•�›�Š�•�’�—�•�ü�1�’�œ�1�›�Ž�–�˜�Ÿ�’�—�•�1�–�˜�’�œ�•�ž�›�Ž�1�Œ�˜�—�•�Ž�—�•�1�•�›�˜�–�1�Š�1�–�Š�•�Ž�›�’�Š�•�ï�1 ���‘�’�œ�1�™�‘�Ž�—�˜�–�Ž�—�˜�—�ð�1
� �‘�’�Œ�‘�1�›�Ž�š�ž�’�›�Ž�•�1�™�‘�Š�œ�Ž�1�Œ�‘�Š�—�•�Ž�1�’�—�1� �Š�•�Ž�›�1�Œ�˜�—�•�Ž�—�•�1�˜�•�1�–�Š�•�Ž�›�’�Š�•�ð�1�›�Ž�š�ž�’�›�Ž�œ�1�Š�1�•�˜�•�1�˜�•�1�Ž�—�Ž�›�•�¢�1�ý6].

���—�1�•�‘�Ž�1�•�›�Š�•�’�•�’�˜�—�Š�•�1�–�Ž�•�‘�˜�•�ð�1�•�‘�Ž�1�—�Ž�Ž�•�Ž�•�1�Ž�—�Ž�›�•�¢�1�–�ž�œ�•�1�‹�Ž�1�•�›�Š�—�œ�•�Ž�›�›�Ž�•�1�•�›�˜�–�1�•�›�’�Ž�•�1�•�Š�¢�Ž�›�1�û�’�—�•�˜�1�•�›�˜-
�£�Ž�—�1�‹�ž�•�”�ü�ð�1 � �‘�’�Œ�‘�1 �‘�Š�œ�1�•�‘�Ž�1 �•�˜� �1 �•�‘�Ž�›�–�Š�•�1 �Œ�˜�—�•�ž�Œ�•�’�Ÿ�’�•�¢�ï�1 ���‘�’�œ�1 �–�Ž�Š�—�œ�1�•�‘�Š�•�1 �’�•�1 �•�Š�”�Ž�œ�1�•�˜�—�•�1 �•�’�–�Ž�1 �ý6]. 
Microwave technology helps to transfer the needed energy in a form of electromagnetic wave 
into the frozen region, independent of thermal characteristics of dried layer. Then, the elec-
�•�›�˜�–�Š�•�—�Ž�•�’�Œ�1���Ž�•�•�1�’�œ�1�•�’�œ�œ�’�™�Š�•�Ž�•�1�’�—�1�•�›�˜�£�Ž�—�1�›�Ž�•�’�˜�—�1�Š�—�•�1�’�—�Œ�›�Ž�Š�œ�Ž�œ�1�’�•�œ�1�•�Ž�–�™�Ž�›�Š�•�ž�›�Ž�ï�1���’�—�Œ�Ž�1�•�‘�Ž�1���Ž�•�•�1
is distributed in the frozen region, the dissipation occurs throughout frozen bulk. In fact, it 
�Œ�›�Ž�Š�•�Ž�œ�1�’�—�•�Ž�›�—�Š�•�•�¢�1�Ÿ�˜�•�ž�–�Ž�•�›�’�Œ�Š�•�•�¢�1�‘�Ž�Š�•�’�—�•�1�ý�X, 6, 7].

���—�1�ý8�þ�ð�1�’�•�1�’�œ�1�–�Ž�—�•�’�˜�—�Ž�•�1�•�‘�Š�•�1�•�‘�Ž�1�Ÿ�˜�•�ž�–�Ž�1�›�Ž�•�ž�Œ�•�’�˜�—�œ�1�û�œ�‘�›�’�—�”�Š�•�Ž�ü�1�•�˜�›�1�œ�•�›�Š� �‹�Ž�›�›�¢�1�•�›�’�Ž�•�1�‹�¢�1�•�›�Ž�Ž�£�Ž�,
�•�›�¢�’�—�•�1�Š�—�•�1�Š�’�›�,�•�›�¢�’�—�•�1�–�Ž�•�‘�˜�•�œ�1�Š�›�Ž�1�Š�›�˜�ž�—�•�1�\�ï�\�1�Š�—�•�1�^�V�–�ð�1�›�Ž�œ�™�Ž�Œ�•�’�Ÿ�Ž�•�¢�1�ý1, 8].

���Ž�•�ï�1 �ý3] considered the conventional and microwave-assisted freeze-drying methods. It 
�œ�‘�˜� �Ž�•�1�•�‘�Š�•�1�•�‘�Ž�1�•�›�¢�’�—�•�1�•�’�–�Ž�1�’�œ�1�•�Ž�œ�œ�1�•�‘�Š�—�1�X�V�–�1�•�˜�›�1�–�’�Œ�›�˜� �Š�Ÿ�Ž�,�Š�œ�œ�’�œ�•�Ž�•�1�•�›�Ž�Ž�£�Ž�,�•�›�¢�’�—�•�1�–�Ž�•�‘�˜�•�1
because of volumetrically heating in this method.

2. The freeze-drying process

���—�1�•�›�Ž�Ž�£�Ž�,�•�›�¢�’�—�•�1�™�›�˜�Œ�Ž�œ�œ�ð�1�•�‘�Ž�1�–�Š�•�Ž�›�’�Š�•�1�–�ž�œ�•�1�‹�Ž�1�•�›�˜�£�Ž�—�1�’�—�1�•�‘�Ž�1���›�œ�•�1�œ�•�Ž�™�ï�1���‘�Ž�—�ð�1�’�•�1�’�œ�1�•�˜�•�•�˜� �Ž�•�1�ž�™�1
with creating vacuum and injecting energy by microwaves in the chamber or storage com -
�™�Š�›�•�–�Ž�—�•�1� �‘�’�Œ�‘�1�Œ�˜�—�•�Š�’�—�œ�1�•�‘�Ž�1�•�›�˜�£�Ž�—�1�•�˜�˜�•�1�–�Š�•�Ž�›�’�Š�•�1�ý�X�þ�1�ûFigure 1�ü�ï
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What happens during these stages? The heating of the frozen food by microwave energy 
causes the frozen bulk temperature to increase. With increasing bulk temperature, fro-
zen molecules of water receive enough energy and transit from solid phase to gas phase 
�û�œ�ž�‹�•�’�–�Š�•�’�˜�—�1 �˜�•�1 �•�›�˜�£�Ž�—�1 �–�˜�•�Ž�Œ�ž�•�Ž�1 �˜�•�1 � �Š�•�Ž�›�ü�ï�1 ���‘�Ž�œ�Ž�1 �–�˜�•�Ž�Œ�ž�•�Ž�œ�1 �–�’�•�›�Š�•�Ž�1 �û�•�›�˜�–�1 �•�›�˜�£�Ž�—�1 �‹�ž�•�”�ü�1
into vacuum region of chamber. In other words, the moisture is removed from frozen 
region, and food material is dried. This sublimation starts from the outer layer. Now, a 
new region forms in frozen bulk from interface of food material and vacuum and dried 
�›�Ž�•�’�˜�—�1�ûFigure 2�ü�ï�1���œ�1�•�‘�Ž�1 �•�’�–�Ž�1 �™�›�˜�Œ�Ž�Ž�•�œ�ð�1 �•�‘�Ž�1 �’�—�•�Ž�›�•�Š�Œ�Ž�1 �‹�Ž�•� �Ž�Ž�—�1�•�›�’�Ž�•�1 �Š�—�•�1 �•�›�˜�£�Ž�—�1�›�Ž�•�’�˜�—�œ�1
will retreat. Therefore, the frozen bulk of material is thinned, and the volume of dried sec -
�•�’�˜�—�1�’�—�Œ�›�Ž�Š�œ�Ž�œ�1�ý�X].

According to the above discussion, we are faced with three physical phenomena: producing 
�•�‘�Ž�›�–�Š�•�1�Ž�—�Ž�›�•�¢�1�‹�¢�1�•�’�œ�œ�’�™�Š�•�’�˜�—�1�˜�•�1�–�’�Œ�›�˜� �Š�Ÿ�Ž�1�Ž�—�Ž�›�•�¢�1�û�’�—�1�•�›�˜�£�Ž�—�1�‹�ž�•�”�ü�ð�1�‘�Ž�Š�•�1�•�›�Š�—�œ�•�Ž�›�1�û�’�—�1�•�›�˜�£�Ž�—�1
�Š�—�•�1 �•�›�’�Ž�•�1 �›�Ž�•�’�˜�—�œ�1 �˜�•�1 �•�˜�˜�•�1 �–�Š�•�Ž�›�’�Š�•�ü�ð�1 �Š�—�•�1 �–�Š�œ�œ�1 �•�›�Š�—�œ�•�Ž�›�1 � �‘�’�Œ�‘�1 �’�œ�1 �›�Ž�•�Š�•�Ž�•�1 �•�˜�1 �•�‘�Ž�1 �–�˜�Ÿ�Ž�–�Ž�—�•�1
�û���˜� �ü�1�˜�•�1� �Š�•�Ž�›�1�Ÿ�Š�™�˜�›�1�’�—�1�•�‘�Ž�1�œ�¢�œ�•�Ž�–�1�û�’�—�1�•�‘�Ž�1�•�›�’�Ž�•�1�›�Ž�•�’�˜�—�ü�ï The heat transfer in the freeze zone 
is done by conduction, while the heat is transferred in the dried region in conduction and 
convention.

3. Heat and mass transfer equations

As mentioned previously, with increasing the temperature of bulk, two heat transfers are 
carried out in the bulk. The heat transfer in the frozen region is conductive, while the heat 
transfer in dried region is a combination of conductive and convective. The heat transfer in 
frozen region obeys the following relation:

Figure 1. Steps must be passed in microwave-assisted freeze-drying process.

Figure 2.�1���›�˜���•�Ž�1�˜�•�1�•�’���Ž�›�Ž�—�•�1�•�Š�¢�Ž�›�œ�1� �’�•�‘�1�•�¢�™�’�Œ�Š�•�1�Ÿ�Š�›�’�Š�•�’�˜�—�œ�1�˜�•�1�•�Ž�–�™�Ž�›�Š�•�ž�›�Ž�1�’�—�1�•�‘�Ž�–�1�•�˜�›�1�Š�—�1�’�—���—�’�•�Ž�•�¢�1�•�˜�—�•�1�œ�•�Š�‹�1�˜�•�1�–�Š�•�Ž�›�’�Š�•�1
� �’�•�‘�1�•�‘�’�Œ�”�—�Ž�œ�œ�1���1�û�›�Ž�™�›�˜�•�ž�Œ�Ž�•�1�•�›�˜�–�1�ý�X�þ�ü�ï
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where TF, �•F, CPF,    k 
�
    
F
   , and pd are temperatures of frozen region, density of frozen material, heat 

capacity of the frozen material, the vector of thermal conductivity of frozen material, and den -
sity of dissipated microwave power, respectively. All of them are for frozen zone. The convec -
�•�’�Ÿ�Ž�1�•�›�Š�—�œ�•�Ž�›�1�’�—�1�•�›�’�Ž�•�1�›�Ž�•�’�˜�—�1�’�œ�1�•�ž�Ž�1�•�˜�1�•�‘�Ž�1���˜� �1�˜�•�1� �Š�•�Ž�›�1�Ÿ�Š�™�˜�›�1�•�‘�›�˜�ž�•�‘�1�•�‘�’�œ�1�›�Ž�•�’�˜�—�ï�1�
�Ž�—�Œ�Ž�ð�1�’�—�1
dried region, the heat transfer obeys the following relation:

   �•  D  �9 C  PD  �9  
�É�: T  D  

 ____ �É�:t   +   �    
�

 �9.�9  �   �º�:   
�

 k   D  �9.�9 �9  �    
�

 �9 T  D   �    �7=�7 p  d   �º C W 
�
  �9.�9  �    

�
 �9 T  D  �1�1 �û�X�ü

where C and   W 
�
   �1�Š�›�Ž�1�Œ�˜�—�Œ�Ž�—�•�›�Š�•�’�˜�—�1�Š�—�•�1�•�‘�Ž�1�Ÿ�Ž�Œ�•�˜�›�1�˜�•�1�–�Š�œ�œ�1���ž�¡�ð�1�›�Ž�œ�™�Ž�Œ�•�’�Ÿ�Ž�•�¢�ï�1���‘�Ž�œ�Ž�1�•� �˜�1�™�Š�›�Š�–-

eters are related to water vapor. All other parameters are the same ones in the previous for-
mula but for dried zone. This relation shows our need to know the concentration of water 
�Ÿ�Š�™�˜�›�ï�1���‘�Ž�1� �Š�•�Ž�›�1�Ÿ�Š�™�˜�›�1�Œ�˜�—�Œ�Ž�—�•�›�Š�•�’�˜�—�1�˜�‹�Ž�¢�œ�1�•�‘�Ž�1�–�Š�œ�œ�1�•�›�Š�—�œ�•�Ž�›�1�›�Ž�•�Š�•�’�˜�—�ï�1���Ž�•�Š�•�’�˜�—�1�û�Y�ü�1�œ�™�Ž�Œ�’���Ž�œ�1
�•�‘�Ž�1�Ÿ�Š�›�’�Š�•�’�˜�—�1�˜�•�1�Œ�˜�—�Œ�Ž�—�•�›�Š�•�’�˜�—�1�ûC�ü�1�˜�•�1� �Š�•�Ž�›�1�Ÿ�Š�™�˜�›�1�’�—�1�•�›�’�Ž�•�1�•�Š�¢�Ž�›�ñ
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where   D 
�
    and �—�1�Š�›�Ž�1�•�‘�Ž�1�Ÿ�Ž�Œ�•�˜�›�1�˜�•�1�Ž���Ž�Œ�•�’�Ÿ�Ž�1�•�’���ž�œ�’�Ÿ�’�•�¢�1�Š�—�•�1�™�˜�›�˜�œ�’�•�¢�1�˜�•�1�•�‘�Ž�1�•�›�’�Ž�•�1�–�Š�•�Ž�›�’�Š�•�ð�1�›�Ž�œ�™�Ž�Œ-

�•�’�Ÿ�Ž�•�¢�ï�1���•�1�’�œ�1�™�˜�œ�œ�’�‹�•�Ž�1�•�˜�1���—�•�1�•�‘�Ž�1�•�’�œ�•�›�’�‹�ž�•�’�˜�—�1�˜�•�1�•�Ž�–�™�Ž�›�Š�•�ž�›�Ž�1�‹�¢�1�œ�’�–�ž�•�•�Š�—�Ž�˜�ž�œ�•�¢�1�œ�˜�•�Ÿ�’�—�•�1�•�‘�Ž�œ�Ž�1�Ž�š�ž�Š-
tions. Initial and boundary conditions must be considered to solve these equations. Also, the 
thermodynamic equilibrium, governed at the interface of frozen and dried region, determines the 
�›�Ž�•�Š�•�’�˜�—�œ�‘�’�™�1�‹�Ž�•� �Ž�Ž�—�1�•�‘�Ž�1�Œ�˜�—�Œ�Ž�—�•�›�Š�•�’�˜�—�1�˜�•�1� �Š�•�Ž�›�1�Ÿ�Š�™�˜�›�1�Š�—�•�1�•�‘�Ž�1�•�Ž�–�™�Ž�›�Š�•�ž�›�Ž�1�˜�•�1�•�›�˜�£�Ž�—�1�›�Ž�•�’�˜�—�1�ý�X, 3].

It is evident that density and porosity of food material, along with moisture and fat content, 
are the key factors in the determining the process.

4. The transient variation of temperature during freeze-drying

���‘�Ž�—�1�Š�—�1�’�—���—�’�•�Ž�•�¢�1�•�˜�—�•�1�œ�•�Š�‹�1�˜�•�1�•�‘�Ž�1�™�›�˜�™�˜�œ�Ž�•�1�–�Š�•�Ž�›�’�Š�•�1�’�œ�1�Š�Ÿ�Š�’�•�Š�‹�•�Ž�ð�1�’�•�1�Œ�Š�—�1�‹�Ž�1�Š�œ�œ�ž�–�Ž�•�1�•�‘�Š�•�1�Š�•�•�1
�Ÿ�Š�›�’�Š�•�’�˜�—�œ�1�‘�Š�™�™�Ž�—�1�’�—�1�•�’�›�Ž�Œ�•�’�˜�—�1�˜�›�•�‘�˜�•�˜�—�Š�•�1�•�˜�1�•�‘�Ž�1�œ�ž�›�•�Š�Œ�Ž�1�˜�•�1�œ�•�Š�‹�1�û�˜�—�Ž�,�•�’�–�Ž�—�œ�’�˜�—�Š�•�1�Ÿ�Š�›�’�Š�•�’�˜�—�ü�ï�1
���‘�Ž�1�•�¢�™�’�Œ�Š�•�1�•�’�œ�•�›�’�‹�ž�•�’�˜�—�1�˜�•�1�•�Ž�–�™�Ž�›�Š�•�ž�›�Ž�1�’�—�1�•�’���Ž�›�Ž�—�•�1�•�Š�¢�Ž�›�œ�1�û�•�›�˜�£�Ž�—�ð�1�•�›�’�Ž�•�ð�1�Š�—�•�1�Ÿ�Š�Œ�ž�ž�–�ü�1�Š�—�•�1�•�‘�Ž�1
concentration of water vapor in dried layer are shown in Figure 2�ï�1���•�1�’�œ�1�œ�ž���Œ�’�Ž�—�•�1�•�˜�1�œ�‘�˜� �1�•�‘�Ž�1
variation only in just half of the structure because of symmetry.

where Tc, Ti, TS, Ci, and CR are the temperatures in the middle of frozen bulk, the temperature 
�˜�•�1�’�—�•�Ž�›�•�Š�Œ�Ž�1�û�‹�Ž�•� �Ž�Ž�—�1�•�›�˜�£�Ž�—�1�Š�—�•�1�•�›�’�Ž�•�1�›�Ž�•�’�˜�—�œ�ü�ð�1�•�‘�Ž�1�•�Ž�–�™�Ž�›�Š�•�ž�›�Ž�1�˜�•�1�Ÿ�Š�Œ�ž�ž�–�ð�1�•�‘�Ž�1�Œ�˜�—�Œ�Ž�—�•�›�Š�•�’�˜�—�1
�˜�•�1� �Š�•�Ž�›�1�Ÿ�Š�™�˜�›�1�’�—�1�’�—�•�Ž�›�•�Š�Œ�Ž�1�û�‹�Ž�•� �Ž�Ž�—�1�•�›�˜�£�Ž�—�1�Š�—�•�1�•�›�’�Ž�•�1�›�Ž�•�’�˜�—�œ�ü�ð�1�Š�—�•�1�•�‘�Ž�1�Œ�˜�—�Œ�Ž�—�•�›�Š�•�’�˜�—�1�˜�•�1� �Š�•�Ž�›�1
�Ÿ�Š�™�˜�›�1�’�—�1�’�—�•�Ž�›�•�Š�Œ�Ž�1�˜�•�1�Ÿ�Š�Œ�ž�ž�–�1�Š�—�•�1�•�›�’�Ž�•�1�›�Ž�•�’�˜�—�œ�1�ý�X]. The sublimation will continue until the tem -
�™�Ž�›�Š�•�ž�›�Ž�1�˜�•�1�•�›�’�Ž�•�1�£�˜�—�Ž�1�û�’�—�1�•�‘�Ž�1�’�—�•�Ž�›�•�Š�Œ�Ž�ü�1�’�œ�1�”�Ž�™�•�1�ž�—�•�Ž�›�1�•�‘�Ž�1�–�Ž�•�•�’�—�•�1�™�˜�’�—�•�1�˜�•�1�•�›�˜�£�Ž�—�1�›�Ž�•�’�˜�—�1�ý�X]. The 
variation of temperature in dried region is a part of the parabolic. It is valid for frozen region, too.
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���˜�›�1�‹�Ž�Ž�•�1�–�Ž�Š�•�ð�1�Œ�ž�•�1�’�—�•�˜�1�Š�1�œ�•�Š�‹�ð�1�•�‘�Ž�1�•�Ž�–�™�Ž�›�Š�•�ž�›�Ž�1�•�’�œ�•�›�’�‹�ž�•�’�˜�—�1�’�œ�1�•�Ž�–�˜�—�œ�•�›�Š�•�Ž�•�1�•�˜�›�1�•�’���Ž�›�Ž�—�•�1�•�’�–�Ž�œ�1
�‹�¢�1�ý�X�þ�1�ûFigure 3�ü�ï�1���•�œ�1�•�‘�’�Œ�”�—�Ž�œ�œ�1�’�œ�1�W�1�’�—�Œ�‘�1�Š�—�•�1�’�œ�1�’�—�1�•�‘�Ž�1�–�’�•�•�•�Ž�1�˜�•�1�Œ�‘�Š�–�‹�Ž�›�ï

From Figure 3�ð�1�•�‘�Ž�1�Œ�˜�—�Œ�Ž�—�•�›�Š�•�’�˜�—�1�˜�•�1� �Š�•�Ž�›�1�Ÿ�Š�™�˜�›�1�’�—�1�•�›�’�Ž�•�1�›�Ž�•�’�˜�—�1�’�œ�1�•�Ž�Œ�›�Ž�Š�œ�Ž�•�1�‹�¢�1�•�Ž�4�’�—�•�1�Š� �Š�¢�1
�•�›�˜�–�1�•�‘�Ž�1�’�—�•�Ž�›�•�Š�Œ�Ž�1�û�‹�Ž�•� �Ž�Ž�—�1�•�›�˜�£�Ž�—�1�Š�—�•�1�•�›�’�Ž�•�1�•�Š�¢�Ž�›�œ�ü�ï�1���‘�Ž�1�—�Ž�Œ�Ž�œ�œ�Š�›�¢�1�Ž�—�Ž�›�•�¢�1�•�˜�›�1�•�‘�’�œ�1�œ�¢�œ�•�Ž�–�1�’�œ�1
�™�›�˜�Ÿ�’�•�Ž�•�1�‹�¢�1�Ž�•�Ž�Œ�•�›�˜�–�Š�•�—�Ž�•�’�Œ�1� �Š�Ÿ�Ž�œ�1�Š�•�1�X�Z�[�V�1���
�£�ï�1���—�1�ý�X�þ�ð�1�’�•�1�’�œ�1�Š�œ�œ�ž�–�Ž�•�1�•�‘�Š�•�1�•�‘�Ž�1�Ž�•�Ž�Œ�•�›�’�Œ�1���Ž�•�•�1
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���—�1�ý�X], it has been shown that the optimum operation of freeze-drying process is obtained near 
the corona and melting point. For a slice of meat in a rectangular cross section, the variation 
of temperature and concentration happened in two dimensions. Figures 5 and 6 are shown in 
�œ�’�–�ž�•�Š�•�’�˜�—�1�Š�—�•�1�Ž�¡�™�Ž�›�’�–�Ž�—�•�Š�•�1�›�Ž�œ�ž�•�•�œ�1�ý7].
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Figure 7�1�œ�‘�˜� �œ�1�Š�1�œ�Ž�•�ž�™�1�ž�œ�Ž�•�1�’�—�1�ý�_] for freeze-drying process by injecting microwave power. 
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aluminum sheets to supply the needed electromagnetic boundary conditions and provide a 
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���•�œ�˜�ð�1�ý3] presents a microwave freeze-drying setup in a laboratory scale.
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According to what had been mentioned previously, the needed enthalpy for sublimation is 
provided by electromagnetic radiation at microwave frequency. Microwave heating is the 
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frozen region, independent of thermal characteristic of dried region, and then it is dissipated 
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transferring the needed energy, independent of thermal characteristics of dried region, are 
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Microwave radiation has unique advantages that make it suitable for food industry. The fol -
lowing are two of them:
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does not contaminate and deteriorate the material.
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method to transfer energy inside the dielectric.

Also, microwave radiation is widely used in agriculture: remote sensing, short-range radars, 
and Doppler radar. Short-range radars are helpful for recognizing and tracking the seasonal 
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of crop �ý�W�X], detecting and controlling the insects in stored grains and heating seeds with 
impermeable coat by microwave radiation to improve their germination and determination 
of moisture content of agricultural products �ý�W�X].

Microwave energy is used to defrosting meat. It reduces the required time from hours to a 
few minutes. Also, it is used in sterilizing some heat-sensitive foods and cacao bean roast-
�’�—�•�1�ý�W�X].

���—�1�–�’�Œ�›�˜�œ�Œ�˜�™�’�Œ�1�œ�Œ�Š�•�Ž�ð�1� �‘�Ž�—�1�Š�1�•�’�Ž�•�Ž�Œ�•�›�’�Œ�1�’�œ�1�œ�ž�‹�“�Ž�Œ�•�Ž�•�1�•�˜�1�•�‘�Ž�1�Ž�•�Ž�Œ�•�›�’�Œ�1���Ž�•�•�ð�1�•�‘�Ž�’�›�1 �–�˜�•�Ž�Œ�ž�•�Ž�œ�1�Š�›�Ž�1
�Š�›�›�Š�—�•�Ž�•�1�•�˜�1�›�Ž�•�ž�Œ�Ž�1�•�‘�Ž�1�˜�Ÿ�Ž�›�Š�•�•�1�Ž�•�Ž�Œ�•�›�’�Œ�1���Ž�•�•�1�’�—�1�•�‘�Ž�1�‹�ž�•�”�1�˜�•�1�•�’�Ž�•�Ž�Œ�•�›�’�Œ�1�ûFigure 8�ü�ï�1���‘�’�œ�1�Š�›�›�Š�—�•�Ž-
ment depends on constitutive molecules and their polarizations. In other words, the mol -
�Ž�Œ�ž�•�Ž�œ�1�›�Ž�Š�Œ�•�Ž�•�1�•�˜�1�•�‘�Ž�1�Š�™�™�•�’�Ž�•�1���Ž�•�•�ï

���‘�Ž�1�–�˜�•�Ž�Œ�ž�•�Ž�œ�1�œ�•�Š�›�•�1�•�˜�1�˜�œ�Œ�’�•�•�Š�•�Ž�1�‹�¢�1�Š�™�™�•�¢�’�—�•�1�•�‘�Ž�1�Ž�•�Ž�Œ�•�›�’�Œ�1���Ž�•�•�1� �’�•�‘�1�œ�’�—�ž�œ�˜�’�•�Š�•�1�Ÿ�Š�›�’�Š�•�’�˜�—�ï�1���›�’�Œ�•�’�˜�—�1
�‹�Ž�•� �Ž�Ž�—�1�–�˜�•�Ž�Œ�ž�•�Ž�œ�1�’�—�1�•�‘�Ž�1�˜�œ�Œ�’�•�•�Š�•�’�˜�—�1�™�›�˜�•�ž�Œ�Ž�œ�1�‘�Ž�Š�•�1�û�Š�œ�1�Š�1�•�‘�Ž�›�–�Š�•�1�œ�˜�ž�›�Œ�Ž�ü�1�Š�—�•�1�’�—�Œ�›�Ž�Š�œ�Ž�œ�1�•�‘�Ž�1
�•�Ž�–�™�Ž�›�Š�•�ž�›�Ž�1�˜�•�1�•�’�Ž�•�Ž�Œ�•�›�’�Œ�1�ý7, �W�V]. Since the needed energy for oscillating molecules is provided 
�‹�¢�1�•�‘�Ž�1�Ž�•�Ž�Œ�•�›�’�Œ�1���Ž�•�•�ð�1�•�‘�Ž�1�•�Ž�—�Ž�›�Š�•�Ž�•�1�‘�Ž�Š�•�1�’�œ�1�Š�œ�1�Š�1�›�Ž�œ�ž�•�•�1�˜�•�1�Ž�—�Ž�›�•�¢�1�Œ�˜�—�Ÿ�Ž�›�œ�’�˜�—�1�û�•�›�˜�–�1�Ž�•�Ž�Œ�•�›�˜�–�Š�•-
�—�Ž�•�’�Œ�1�•�˜�1�•�‘�Ž�›�–�Š�•�ü�ï�1���—�˜�•�‘�Ž�›�1�™�‘�Ž�—�˜�–�Ž�—�˜�—�ð�1� �‘�’�Œ�‘�1�’�œ�1�Ž���Ž�Œ�•�’�Ÿ�Ž�1�’�—�1�•�‘�Ž�1�•�˜�œ�œ�1�•�Š�Œ�•�˜�›�1�˜�•�1�Š�1�•�’�Ž�•�Ž�Œ�•�›�’�Œ�ð�1�’�œ�1
ionic conduction. It relates to movement of dissolved ions, and the generation of heat when 
�•�‘�Ž�œ�Ž�1�’�˜�—�œ�1�Œ�˜�•�•�’�•�Ž�1� �’�•�‘�1�˜�•�‘�Ž�›�1�–�˜�•�Ž�Œ�ž�•�Ž�œ�1�Š�—�•�1�Š�•�˜�–�œ�1�ý�W�V]. In a macroscopic view, this phenome-
�—�˜�—�1�’�œ�1�Œ�‘�Š�›�Š�Œ�•�Ž�›�’�£�Ž�•�1�‹�¢�1�’�–�Š�•�’�—�Š�›�¢�1�™�Š�›�•�1�˜�•�1�™�Ž�›�–�’�4�’�Ÿ�’�•�¢�ï�1���•�œ�˜�ð�1�›�Ž�Š�•�1�™�Š�›�•�1�˜�•�1�™�Ž�›�–�’�4�’�Ÿ�’�•�¢�1�’�œ�1�”�—�˜� �—�1
as an ability of structure to be polarized.
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�™�Ž�›�–�’�4�’�Ÿ�’�•�¢�1�û�‰r�ü�1�Š�—�•�1�–�Š�•�—�Ž�•�’�Œ�1�™�Ž�›�–�Ž�Š�‹�’�•�’�•�¢�1�ûµr�ü�ð�1�‹�˜�•�‘�1�˜�•�1�•�‘�Ž�–�1�Š�›�Ž�1�Œ�˜�–�™�•�Ž�¡�1�š�ž�Š�—�•�’�•�’�Ž�œ�ï�1���‘�Ž�1�›�Ž�Š�•�1
and imaginary parts of �‰r, which are known as dielectric constant and loss factor, are related 
�•�˜�1�œ�•�˜�›�Ž�•�1�Š�—�•�1�•�’�œ�œ�’�™�Š�•�Ž�•�1�Ž�•�Ž�Œ�•�›�’�Œ�Š�•�1�Ž�—�Ž�›�•�¢�1�’�—�1�•�‘�Ž�1�–�Š�•�Ž�›�’�Š�•�ð�1�›�Ž�œ�™�Ž�Œ�•�’�Ÿ�Ž�•�¢�1�ý�W�X]:
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where pd�1�’�œ�1�•�‘�Ž�1�Ÿ�˜�•�ž�–�Ž�1�•�Ž�—�œ�’�•�¢�1�˜�•�1�•�’�œ�œ�’�™�Š�•�Ž�•�1�™�˜� �Ž�›�1�û���&�–3�ü�1�Š�—�•�1E is root-mean-square value 
�˜�•�1�Ž�•�Ž�Œ�•�›�’�Œ�1���Ž�•�•�ï�1���‘�’�œ�1�’�œ�1�•�‘�Ž�1�›�Š�•�Ž�1�˜�•�1�Š�‹�œ�˜�›�‹�Ž�•�1�–�’�Œ�›�˜� �Š�Ÿ�Ž�1�Ž�—�Ž�›�•�¢�1� �‘�’�Œ�‘�1�’�œ�1�Œ�˜�—�Ÿ�Ž�›�•�Ž�•�1�•�˜�1�‘�Ž�Š�•�ï�1���—�1
�›�Ž�Š�•�’�•�¢�ð�1�•�‘�Ž�œ�Ž�1�™�Š�›�Š�–�Ž�•�Ž�›�œ�1�–�ž�œ�•�1�‹�Ž�1�›�Ž�™�•�Š�Œ�Ž�•�1�’�—�1�•�‘�Ž�1�›�’�•�‘�•�,�‘�Š�—�•�1�œ�’�•�Ž�1�˜�•�1���š�œ�ï�1�û�W�ü�1�Š�—�•�1�û�X�ü�1�ý�W�V].

The dissipated power is proportional to �‰���1�Š�—�•�1�œ�š�ž�Š�›�Ž�1�˜�•�1�Š�™�™�•�’�Ž�•�1�Ž�•�Ž�Œ�•�›�’�Œ�1���Ž�•�•�ï�1���‘�Ž�1�–�˜�›�Ž�1�‰��, 
the more the dissipated power. In freeze-drying process, the dissipation factor of frozen meat 
is much more than a dried meat, so the dissipated power in the frozen region is much more 
than a dried region. The dissipated power can be maximized if the material is located in where 
�•�‘�Ž�1�Ž�•�Ž�Œ�•�›�’�Œ�1���Ž�•�•�1�’�œ�1�–�Š�¡�’�–�ž�–�ï�1���‘�Ž�1�–�˜�›�Ž�1�‰��, the more the ability in polarization for a dielectric.
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As mentioned previously, microwave energy is needed to heat the frozen material in 
microwave freeze-drying method. Accordingly, a microwave system must be designed to 
generate and deliver microwave energy to an applicator in the chamber. Therefore, each 
microwave system consists of three parts, source, applicator, and transmission media, for 
�•�›�Š�—�œ�•�Ž�›�›�’�—�•�1 �™�˜� �Ž�›�1 �•�›�˜�–�1 �•�‘�Ž�1 �œ�˜�ž�›�Œ�Ž�1 �•�˜�1 �•�‘�Ž�1 �Š�™�™�•�’�Œ�Š�•�˜�›�1 �ý13]. The applicator plays the role 
of a load in this system. Usually, waveguides and their components are used to provide 
transmission media.

Typically, vacuum tubes are used for generating high power at microwave frequencies. They 
�’�—�Œ�•�ž�•�Ž�1�”�•�¢�œ�•�›�˜�—�ð�1�–�Š�•�—�Ž�•�›�˜�—�ð�1�•�›�Š�Ÿ�Ž�•�’�—�•�,� �Š�Ÿ�Ž�1�•�ž�‹�Ž�1�û�������ü�ð�1�Š�—�•�1�œ�˜�1�˜�—�ï�1���‘�Ž�1�–�Š�•�—�Ž�•�›�˜�—�1�’�œ�1�Š�1�–�˜�›�Ž�1
�Œ�˜�–�–�˜�—�1�•�ž�‹�Ž�1� �‘�’�Œ�‘�1�’�œ�1�ž�œ�Ž�•�1�’�—�1�•�‘�Ž�1�’�—�•�ž�œ�•�›�¢�1�Š�—�•�1�‘�˜�–�Ž�1�Š�™�™�•�’�Œ�Š�•�’�˜�—�œ�1�ý13�þ�ï�1���‘�Ž�1�•�˜�•�•�˜� �’�—�•�1���•�ž�›�Ž�1
shows the position of magnetron among other microwave sources.

���‘�Ž�1�˜�ž�•�™�ž�•�1�™�˜� �Ž�›�1�˜�•�1�–�Š�•�—�Ž�•�›�˜�—�1�’�œ�1�ž�œ�ž�Š�•�•�¢�1�›�Š�—�•�Ž�•�1�‹�Ž�•� �Ž�Ž�—�1�[�V�V�1�Š�—�•�1�W�[�V�V�1���1�•�˜�›�1�‘�˜�–�Ž�1�–�’�Œ�›�˜� �Š�Ÿ�Ž�1
�˜�Ÿ�Ž�—�1�ý�W�Z�þ�ï�1���˜�›�1�’�—�•�ž�œ�•�›�¢�1�Š�™�™�•�’�Œ�Š�•�’�˜�—�ð�1�•�‘�’�œ�1�™�˜� �Ž�›�1�’�œ�1�ž�™�1�•�˜�1�W�V�1����1�Š�—�•�1�–�˜�›�Ž�1�ý7, 13, �W�[�þ�1�ûFigure 9�ü�ï

Generally, the mechanism of a vacuum tube is due to the interaction between electromagnetic 
���Ž�•�•�1�Š�—�•�1�Ž�•�Ž�Œ�•�›�˜�—�1�‹�Ž�Š�–�1�’�—�œ�’�•�Ž�1�Š�1�Ÿ�Š�Œ�ž�ž�–�1�Ž�—�Ÿ�Ž�•�˜�™�Ž�1�ûFigure 10�ü�1�ý�W�Z]. For magnetron, the envelope 
consists of multi-cavity resonators along the peripheral of a cylinder. An electron gun, coincided 
with the cylindrical axis of the tube, produces an electron beam in the magnetron. In practice, 
�Ž�—�Ž�›�•�¢�1�’�œ�1�•�›�Š�—�œ�•�Ž�›�›�Ž�•�1�•�˜�1�•�‘�Ž�1�Ž�•�Ž�Œ�•�›�˜�–�Š�•�—�Ž�•�’�Œ�1���Ž�•�•�1�•�‘�›�˜�ž�•�‘�1�Ž�•�Ž�Œ�•�›�˜�—�1�‹�Ž�Š�–�ð�1�Š�•�•�Ž�›�1�Ž�•�Ž�Œ�•�›�˜�—�1�‹�ž�—�Œ�‘-
�’�—�•�1�˜�Œ�Œ�ž�›�œ�ï�1���‘�Ž�1� �Š�¢�1�•�˜�›�1�˜�ž�•�™�ž�•�1�™�˜� �Ž�›�1�Œ�Š�—�1�‹�Ž�1�™�›�˜�Ÿ�’�•�Ž�•�1�•�‘�›�˜�ž�•�‘�1�Š�1�™�›�˜�‹�Ž�ð�1�•�˜�˜�™�ð�1�˜�›�1� �’�—�•�˜� �1�ý�W�Z].

���‘�Ž�1�Ž���Œ�’�Ž�—�Œ�¢�1�˜�•�1�–�’�Œ�›�˜� �Š�Ÿ�Ž�1�˜�Ÿ�Ž�—�1�’�œ�1�•�Ž�œ�œ�1�•�‘�Š�—�1�[�V�–�ð�1� �‘�’�Œ�‘�1�’�œ�1�–�˜�›�Ž�1�•�‘�Š�—�1�Œ�˜�—�Ÿ�Ž�—�•�’�˜�—�Š�•�1�‘�Ž�Š�•�’�—�•�1
�ý�W�Z�þ�ï�1���˜�›�1�–�˜�•�Ž�›�—�1�–�Š�•�—�Ž�•�›�˜�—�œ�ð�1�•�‘�’�œ�1�™�Š�›�Š�–�Ž�•�Ž�›�1�’�œ�1�]�V�–�1�ý13, 16�þ�1�ûFigure 11�ü�ï
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Figure 10. Top view of a magnetron �û�›�Ž�™�›�˜�•�ž�Œ�Ž�•�1�•�›�˜�–�1�ý13]�ü�ï
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The waveguide is a hollow conductor with uniform cross section, usually rectangular and 
circular, that is a mediator between source and load for transferring energy. Figure 12 shows 
the rectangular and circular waveguides.

The energy transfer in waveguides is carried out in a form of propagating modes. To determine 
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propagates inside the waveguide, and the mode is evanescent for frequencies lower than fc 
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that is propagated in the waveguide. With increasing frequency, other modes are excited in the 
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Among other guiding-wave structures, waveguide has low loss property in high frequency, 
which enables it to carry very high power.

According to the above discussions, a wave can be propagated along the waveguide. When the 
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wave is formed in the waveguide. A cavity can be made by blocking both ends of a section of 
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Figure 12. Rectangular and circular waveguides.
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cavity with lossy material. The cavity is excited by a probe, a loop, or an aperture in its sidewall. 
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divided into two categories: mono-mode and multimode cavities. The mono-mode cavity 
has small dimensions, in the range of wavelength, so that the single mode is excited inside it 
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on cavity dimensions, the location of material and its electrical characterizations, and so on. 
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In freeze-drying method, frozen material is placed inside a cavity. The cavity is excited, and 
microwave energy is dissipated by material to provide needed energy for sublimation. In 
�˜�•�‘�Ž�›�1� �˜�›�•�œ�ð�1�•�‘�Ž�1�–�Š�•�Ž�›�’�Š�•�1�Š�‹�œ�˜�›�‹�œ�1�–�’�Œ�›�˜� �Š�Ÿ�Ž�1�Ž�—�Ž�›�•�¢�1�û�Š�1�œ�’�—�”�1�•�˜�›�1�–�’�Œ�›�˜� �Š�Ÿ�Ž�1�Ž�—�Ž�›�•�¢�ü�ð�1�Š�—�•�1�’�•�1�’�œ�1
similar to a load for microwave system. Some stubs are used to match the load and prevent 
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uses open-ended transmission line. This structure behaves as a resonator at microwave fre-
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of material. In this method, the proposed material is used as a dielectric for the capacitor. It 
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a series of combination. Now, the voltage dropped through the capacitor is measured in two 
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cases: a capacitor with and without the proposed material as the insulator of capacitor. The 
change in dropped voltage depends on the change in capacitance. Accordingly, the change in 
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While for most of agricultural products, µr is assumed to be the unity, since most of the 
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For food products, the chemical compositions such as salt play a decisive role in dielectric 
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The dielectric constant for water is 78 at room temperature. For the moist food, this parameter 
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Researches and studies have shown that water is the most important part which absorbs 
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Table 2 lists the dielectric properties of some fruit and vegetable in two frequencies.

Frequency (MHz) 0.6 1.7 3 4.6 7.7 9.1 12.5 17.4 26.8 36.4
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���Ž�•�ï�1�ý�W�V] is a valuable and comprehensive paper that reviews many references and collects 
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6. Conclusion
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