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The results of the development of a bench for calibrating heat meters to determine the heat flux through
the generator thermoelectric module when measuring its parameters by the absolute method are
presented. The bench allows one to study the metrological characteristics of heat meters in the required
temperature range and transfer the measurement results to a personal computer in real time.
Bibl. 6, Fig. 6.
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Introduction

General characterization of the problem

Improving the quality and reducing the cost of thermoelectric generator modules requires their
use in the development and manufacture of advanced technologies and high-performance materials. At
the same time, increasing the accuracy in determining the thermal and electrical parameters of the
modules makes it possible to more predictably adjust the module production technology, as well as to
optimally approach the direct creation of final devices based on these generator modules. The accuracy
of determining the parameters of modules should be such as to reliably record the impact of new
technologies and designs on the quality of modules. No less important is the metrological support in the
creation of thermoelectric generators. The identity and reliability of measurements of module
parameters from suppliers and consumers of modules that use them in thermoelectric products,
eliminates the problems that arise.

The most reliable and accurate among the existing methods of determining the parameters of
thermoelectric generator modules is the absolute method [1 — 3], which allows measuring parameters of
modules in real conditions of their operation and allows instrumental minimization of major sources of
measurement errors [4]. In addition, the absolute method makes it possible to additionally obtain
information about the properties of the material in the composition of the module — thermoEMF,
electrical conductivity and thermal conductivity of a pair of thermoelectric legs [5, 6]. This information
is useful both for optimizing thermoelectric material for its specific applications and for improving the
design of modules. When using the absolute method, one of the main sources of errors is the inaccuracy
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in determining the heat flux passing through the module, associated with the presence of heat losses due
to convection and radiation from the surface of the reference heater and the module, as well as heat
losses through conductors and structural elements of the measuring equipment. An effective method of
reducing these errors is the use of heat meters to determine the heat flow from the cold side of the
module to the thermostat [3]. It is obvious that the accuracy of calibration of the heat meter will play a
crucial role.

The purpose of this work is to create a bench for calibrating heat meters for high-precision
determination of the heat flux through the investigated generator thermoelectric module when
measuring its parameters by the absolute method.

Description of the absolute method of measuring the parameters of thermoelectric
generator modules

To measure the parameters of the generator thermoelectric modules by the absolute method, a
measuring cell is used, which includes hot and cold heat exchangers, between which the investigated
module is placed. An electric heating resistive element is usually used as a hot heat exchanger. Cold
heat exchanger can be liquid or air cooled. Heat exchangers have built-in temperature sensors, which
are placed in heat-equalizing plates to reduce measurement errors. The heat exchangers and the
module are pressed together with a given force. The thermal model of such a measuring cell is shown
inFig. 1
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Fig. 1. The thermal model of a measuring cell to determine parameters of generator thermoelectric
modules by the absolute method: 1 — hot heat exchanger; 2 — reference heater; 3 — “hot”
heat-equalizing plate; 4 — generator thermoelectric module; 5 — “cold” heat-equalizing plate;

6 — cold liquid heat exchanger; 7 — clamping unit; 8 — electric wires of reference heater; 9 — thermocouple of
“hot” heat exchanger; 10 — thermocouple of “cold” heat exchanger; 11 — heat carrier (liquid)
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In Fig. 1, the arrows show the paths of heat generated in the reference heater. It passes through
the module and is dissipated by the heat carrier in the cold heat exchanger. Schematically, the size of
the arrows is proportional to the heat fluxes.

Under ideal conditions, all the heat output of the reference heater must pass through the module.
But in real conditions, part of the heat capacity is dissipated into the environment. Thus, in Fig. 1: Q is
heat released by the reference heater; Q: is heat losses on the structural elements of the hot heat
exchanger housing; Q2 is heat losses from the surface of module and heat-equalizing plates due to
convection and radiation; Q 3 is heat losses in the electrical wires of the heater; Qa is heat losses in the
electrical wires of the module and temperature sensors; Qm is useful thermal power that passed through
the module and created operating temperature difference thereupon.

Obviously,

Qm=Q - Q1—Q2—- Q3 - Qa.

The magnitude of heat loss depends on many factors and is usually difficult to take into account,
S0 it is necessary to use special methods to accurately determine heat fluxes.
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Fig. 2. Schematic of the measuring cell with a heat meter:
1 — heat meter; 2 — potential heat meter wires

The use of heat meters greatly simplifies the measurement process and increases the accuracy of
determining the parameters of generator modules. The real thermal model of the measuring cell with a
heat meter is shown in Fig. 2. Since the heat meter is sequentially added to the thermal circuit of the
measuring cell, a temperature difference is also created on it, and heat (Qs and Qs) will also be lost
from the side surface of the heat meter and through the electrical wires, however, these heat losses will
not be large, since the temperature the heat meter is close to the ambient temperature.
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Description of the bench for calibrating heat meters

When used in equipment for determining the parameters of generator modules, a separate heat
meter is produced for each of the standard sizes of modules that can be measured on this equipment.
The appearance of heat meters of different sizes is shown in Fig. 3.

Fig. 3. Heat meters of different sizes for equipment for determining the parameters
of thermoelectric generator modules by the absolute method

The heat meter consists of a monolithic body made of a material with high thermal conductivity,
in which a thermopile is placed on the side surface (Fig. 4). The end surfaces of the body of the heat
meter are its working surfaces, parallel to each other and made with high surface finish for high-
quality thermal contact with the module and the cold heat exchanger. Junctions of thermopile
thermocouples are placed on the side surface in two rows in height, each row being on its common
plane, parallel to the base. The junctions are located on special pins that have good thermal contact
with the body of the heat meter, but are electrically isolated from it.

Fig. 4. Heat meter design:
1 — heat meter work area; 2 — heat meter body; 3 — heat meter electrical wires;

4 — opening for measuring thermocouple; 5 — junctions of differential thermocouples;
6 — n-legs of thermocouples; 7 — p-legs of thermocouples

General requirements for heat meters: the dimensions of the working area of the heat meter
should be close to the dimensions of the working surfaces of the generator module; the height of the
heat meter should be optimal to create a minimum temperature difference in the heat meter, but
sufficient to ensure its high sensitivity. The conversion factor of the heat meter, its volt-watt
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sensitivity, must be stable over the operating temperature range.

To optimize the heat meter along the passage of the heat flux in the body, technological
selections can be made (for example, in Fig. 4 it can be seen that holes are made in the body of the
heat meter).

Differential thermocouples are combined into a thermopile to increase the sensitivity of the heat
meter, which depends on the material of the thermocouples, the thermal conductivity of the heat meter
body material and its design, the distance between the junctions, as well as the accuracy in
determining the distance and quality of thermal contact between the thermocouple junction and the
body. Obviously, such errors are difficult to take into account, so heat meters need to be calibrated.

The heat meter is calibrated by direct measurement of the thermopile signal from the action of
the temperature difference caused by the heat flux created by the electric heater. At the same time, the
electric power of this heater is determined. The voltage-watt sensitivity of the heat meter will be
determined by the ratio:

sz as Q=W =1Ih-Uh, then k=L
Q Ih-Uh
where k is heat meter volt-watt sensitivity, £ is heat meter signal; Q is heat flux that passed through
the heat meter, W is electrical power of the main heater; lh is current of the main heater, Uh is voltage
on the main heater.
The heat flux is directed only through the heat meter, and heat loss from the heater to the
environment is eliminated with the help of protective and radiation shields.

The appearance of the developed bench is given in Fig. 5.
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Fig. 5. Appearance of a bench for calibrating heat meters:
1 —measuring unit; 2 — control unit; 3 — high-precision digital multimeter

The bench consists of a measuring unit, a control unit and a measuring device (high-precision
digital multimeter). In turn, the measuring block contains an aluminum platform on which liquid heat
exchangers, a clamping device and a switching block are placed. The heat meter under study is placed
between the hot and cold heat exchangers. The layout of the bench is shown in Fig. 6.
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Fig. 6 — Heat meter calibration layout:
1 — protective heater; 2 — thermal insulation; 3 — main heater;
4 — heat meter; 5 — thermal locks; 6 — protective shield;
7 — heat removal unit

On the lower base of the aluminum platform and on the suspension of the upper base of the
measuring unit, two identical heat exchange units are fixed, which are designed to remove heat,
namely cold heat exchangers. These heat exchangers are reversible, since they are based on
thermoelectric coolers (TEC) with liquid waste heat removal and can operate both in cooling and
heating modes, depending on the direction of electric current flux. On the working side of the TEC,
copper heat-equalizing plates with built-in temperature sensors — platinum resistance thermometers —
are fixed. These plates in the central part have a flat surface polished with a high class of cleanliness —
a working platform. The heat meter under study is placed on this area. The other side of the heat meter
is in contact with a hot heat exchanger — a flat heater with two (upper and lower) polished working
surfaces. The flat heater is made thin enough so that its side surface is as small as possible and it
warms up well throughout its entire volume. A temperature sensor is also mounted in the body of this
heater — a platinum resistance thermometer. The use of platinum temperature sensors makes it possible
to measure and maintain the temperatures of the working areas of heat exchangers using thermostats
with an accuracy of at least 0.1 ° C. During calibration, the heater is powered by a separate stabilized
DC source. Measurement of the voltage on the heater is carried out by precision voltmeters with an
error of 0.05 %. The current through the heater is also determined by the voltage drop across the
reference resistance in the heater power circuit. The error in determining the current is about 0.1 %. In
addition, there will be heat loss to the environment through electrical conductors. Therefore, measures
should be taken to minimize these losses, in particular, the use of thermal locks. Thermal locks are
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insulators made of beryllium ceramics with high thermal conductivity, which provide local heating of
the conductor section at the exit point from the heater's protective housing to the heater temperature.
Thus, heat losses through underwater conductors are eliminated as much as possible. The measuring
thermocouples are mounted in the same way.

Since a temperature difference is created on the heat meter along its height, the heat meter body
material (usually metal — copper, aluminum, brass, etc.) has a temperature dependence of the thermal
conductivity coefficient, and the thermocouple material has a temperature dependence of the Seebeck
coefficient, then the heat meter must be calibrated over the entire range of operating cold temperatures
of the investigated thermoelectric module.

In the developed bench, the process of thermostating all heat exchangers is controlled by a
specially designed electronic unit containing adjustable power supplies for the TEC and heaters, two
two-channel microprocessor-based temperature controllers RE-202, interconnect elements and
measurement control terminals. All terminals of electrical components from the measuring unit
converge on the terminal block and are connected to the control unit by means of a cable. A measuring
device is also connected to the control unit - a high-precision digital multimeter M3500 with the
ability to transfer measurement results to a personal computer in real time. Thus, the developed bench
makes it possible to calibrate heat meters and study their metrological characteristics in dynamics.

An example of the temperature dependence of the volt-voltage sensitivity of a heat meter with
dimensions of 40x40 mm is shown in Fig. 6.
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Fig. 6. The temperature dependence of the volt-watt sensitivity of
heat meter with dimensions of 40x40

Conclusions

1. A bench for calibrating heat meters for determining heat flux through generator thermoelectric
module when measuring its parameters by the absolute method has been developed and
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manufactured. The bench allows one to study the metrological characteristics of heat meters and
transfer the measurement results to a personal computer in real time.

An improved method for calibrating heat meters with the use of auxiliary highly sensitive heat
flux converter has been implemented, which makes it possible to improve the accuracy of
experimental determination of the volt-watt sensitivity of heat meters.
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Ilpeocmasneno pesyivmamu po3pooKu cmeHoy Ol EpaoyiO8aHHs MENIOMIpi6 0Nl BUSHAYEHHS
Menogo20 NOMOKY Hepe3 2eHePAMOPHULL MEPMOENEKMPUYHULL MOOYIb NpU  GUMIDIOBAHHAX U020
napamempie abcomomuum memooom. CmeHO 0a€ MOMCIUBICMb  OOCTIOHNCYBAMU  MEeMPONOSIUHI
XApaKmepucmuky meniomipie 'y HeOOXIOHOMY [HMepeani memnepamyp ma )y peaibHOMY HAaci
nepeoasamu pe3yibmamu UMIpIO6aHb Ha nepCcoHanvbrull komn romep. bion. 6, puc. 6.

Ki1ro4oBi ciioBa: TepMOETIEKTPHYHAN MOJTYJIb, TEIUIOMID, TPaIyFOBaHHS, TOUHICTb.
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CTEH/ 1J151 TPAIYUPOBKH TEIIJIOMEPOB J1JI51
OINPEJEJIEHUS TAPAMETPOB 'EHEPATOPHBIX
TEPMODJEKTPUHUECKUX MOIYJIEHR

Ilpeocmasnenvl pesymvmamul paspabomku cmeHoa O1si SpadyuposKu. Meniomepos Osi ONpedeneHus
MENIoB020 NOMOKA Hepe3 2eHePamOpHbIil TEPMOINEKMPULECKUll MOOYIb NpU UBMEPEHUX e20
napamempog — aocomomuvim - memooom. CmeHO No360iaem  UCCIe008amb  MempososUiecKue
XApaKmepucmuKy meniomepos 6 HeobXOOUMOM UHMEPBane MeMnepamyp u 6 peanbHOM 6peMeHU
nepeoasams pe3yibmamvl UIMEPEHULL Ha NePCOHATbHLLI Komnbiomep. bubn. 6, puc. 6.
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