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THERMOPHYSICAL MEASUREMENTS
APPLICATION OF BELOW-CUTOFF WAVEGUIDES FOR
PYROMETRIC MEASUREMENTS
А. V. Mamontov,1 V. N. Nefedov,2 and S. A. Khritkin2

UDC 621.385.6.6

We consider the problems of measuring the temperature of objects heated in high-power microwave installations and show the advantages of using pyrometers for these purposes as compared with thermocouple
temperature meters. The procedure of finding the characteristics of below-cutoff waveguides with circular cross sections intended for application in combination with pyrometric sensors is described. We also
present the plots for the rapid evaluation of the geometric parameters of circular below-cutoff waveguides
depending on the required inserted attenuation. An example of application of a circular below-cutoff waveguide in combination with a KM-1 pyrometer is presented.
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The contemporary development of technological microwave equipment and its extensive application in various production processes is connected with the improvement of auxiliary equipment guaranteeing the required level of automation,
monitoring, and safety of operation of microwave installations [1–4]. The application of the auxiliary equipment helps to
check various parameters, such as mass, humidity, and temperature of the treated object [5–8]. The obtained information is
used for the feedback in the process of control over the technological installation, e.g., to change the power of sources of the
microwave energy and (or) the speed of motion of the conveyer belt with a treated material, which is necessary to obtain
products of proper quality.
The temperature of the heated object is one of the most important technological parameters subjected to continuous
monitoring in the course of heat treatment because it directly affects the quality of the obtained product. This parameter can
be measured in microwave heating installations by two methods: by the contact method (with the help of thermocouple meters) and by the contactless method (by using pyrometers).
The thermocouple temperature meters are relatively inexpensive, reliable, and guarantee the required accuracy of
measurements in a broad temperature range. They can be used to measure not only the surface temperature of the heated object but also the temperature at any point of its volume [9–11]. However, the use of thermocouple temperature meters in microwave heating installations has certain limitations, which substantially decrease the field of applicability of these meters.
First of all, it is necessary to switch off all sources of microwave radiation, i.e., to interrupt the technological process for the
period of measurements because it is necessary to exclude the presence of sensors in the electromagnetic field in view of
possible manifestation of the antenna effect. This effect can de described as the formation of a parasitic electromotive force
induced by the electromagnetic field at the ends of conductors of the thermocouple. This factor inevitably leads not only to
substantial distortions of the indications of recording instruments but also to the formation of sparking between the conductors
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Fig. 1. Schematic diagram of connection of a pyrometer to the microwave heating chamber:
1) heated object; 2) microwave heating chamber; 3) microwave energy sources; 4) controller;
5) pyrometric sensor; 6) below-cutoff waveguide; 7) flange; 8) sealing gasket.

and, in the case of highly intense superhigh-frequency (SHF) electromagnetic fields, to the melting of the conductors caused
by the Ohmic losses in them.
Pyrometric temperature meters are free of disadvantages typical of the thermocouples. This is why meters of this
kind can be used to check the temperature of the heated object in the continuous mode without forced shutdowns of the sources of microwave energy. This enables the operator to control the process of heating with required accuracy: regulate the
heating rate of the object and its thermostatting and change the speed of the transporter belt in the conveyor installation within
the required limits. Nevertheless, pyrometers also have certain disadvantages. As the most important of these disadvantages,
we can mention the dependence of the reliability of their indications on the emissivity of the heated object and the impossibility of measuring temperature inside the object.
The first disadvantage can be overcome by reprogramming the pyrometer according to the emissivity of the surface
of heated object. Almost all contemporary devices (and even low-cost models) are equipped with this function. The influence
of the second disadvantage is minimized by performing simple preliminary experiments with an aim to establish the dependence between the temperatures inside the object and on its surface. In most practical cases, the indicated dependence, as a
rule, guarantees a sufficiently high accuracy satisfying the requirements of the technological process.
To measure the temperature of a heated object (e.g., in a beam SHF device) with the help of pyrometric sensors, it is
customary to use below-cutoff waveguides of rectangular or circular cross sections. Circular waveguides are now especially
widespread because they are less laborious in production. The below-cutoff waveguides realize the following two functions:
1) attenuate electromagnetic wave down to levels specified by the legislative regulations, thus providing the required
level of safety of operation of the microwave installation [12, 13];
2) create the required field of vision for the pyrometer.
In Fig. 1, we present a schematic diagram of typical connection of the pyrometer in the control circuit of the microwave beam heating installation. The below-cutoff waveguide 6 with pyrometric sensor 5 is mounted on the wall of the microwave heating chamber 2 with the help of flange 7 equipped with sealing gasket 8. The data from the sensor arrive at control
unit 4 regulating the time of operation of the microwave energy sources 3.
To compute the geometric parameters of a circular below-cutoff waveguide, it is necessary to find its length and inner
diameter d depending on the required attenuation and the aperture of the pyrometric sensor. Moreover, in these calculations, it is
necessary to take into account the length of the working wave λ and the possibility of propagation of Е01- and Н11-type waves
in circular waveguides. The attenuation L introduced by a segment of the below-cutoff waveguide of length l is determined by
the ratio of the amplitude of electric-field strength at the inlet of the waveguide Ein to its amplitude at the outlet Eout [14, 15]:
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Fig. 2. Dependence of the length of a circular below-cutoff waveguide on the inserted attenuation
for Н11-type (a) and Е01-type (b) waves and different diameters of the waveguide d.

where α is the attenuation coefficient, and λcr is the critical wave length; for the wave E01, we have λcr ≅ 2.62R, whereas for
the wave H11, we get λcr ≅ 3.41R; R is the radius of the below-cutoff waveguide.
The presented calculations are typical of Н11- and Е01-type waves with a frequency of electromagnetic oscillations
of the microwave energy generators ƒ = 2450 MHz and a wave length λ = 12.25 cm. The accumulated numerical data are
presented in the form of plots, which enable us to determine the required parameters of the below-cutoff waveguide according
to the given values of attenuation and the aperture of the pyrometer. In this case, the aperture of the pyrometer must be equal
or smaller than the diameter of the waveguide.
In Figs. 2а and b, we present the dependences of the length of a circular below-cutoff waveguide on the inserted
attenuation for Н11- and Е01-type waves and different diameters d of the waveguide. For practical applications, it is necessary
to use the lengths of waveguides providing the required attenuation for both Н11 and Е01 waves.
To confirm these observations, we performed an experiment. For this purpose, we used a KМ-1 pyrometer (Russia)
with the following characteristics: the working temperature range –20–50°C, a temperature resolution of 1°C, the error of
temperature measurement equal to ±(1.00 + 0.01%)ºC, a sighting index of 100:1, a setting time of 1 sec, the emissivity setting
range 0.01–1.00, and an aperture of 32 mm. For this pyrometer, we produced a circular below-cutoff waveguide with a length
of 130 mm and an inner diameter d = 35 mm. This waveguide guaranteed the attenuation of waves to a level of 100 dB. The
tests performed in the beam chamber with a total power input of the microwave energy sources equal to 4.8 kW at a frequency
of 2450 MHz confirmed the absence of any radiation different from the background radiation near the waveguide. The measurements were carried out with the help of a P3-33М analyzer (Russia) of the energy flow density of the electromagnetic fields.
The performed investigations enabled us to conclude that below-cutoff waveguides can be used in the technological
microwave installations not only for measuring the temperature of heated objects but also for the organization of loading and
unloading of heated materials (loose, liquid, and rod-shaped), ventilation holes, observation windows, lightening windows, etc.
The present work was supported by the Ministry of Education and Science of Russian Federation within the framework of State Assignment No. 11.12227.2017/8.9.
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