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Abstract

The article presents the designs of a number of devices for measuring the thermal conductivity of solids
developed using the new methodological approaches proposed by the authors, which enable measurements in a wide
range of thermal conductivity values with better accuracy. The proposed approaches rely on the principle of
invariance, which consists in ensuring the compensation of the effect of various non-informative parameters on the
measurement result. For calculating the developed thermometric bridge circuits (balanced, unbalanced and partially
balanced), there was applied the theory of thermal circuits based on the similarity between heat transfer and electricity
transfer. The design of thermometric devices based on thermometric bridge circuits makes it possible to raise
significantly the accuracy of measuring thermophysical properties of materials due to the reduced errors stemming
from the effect of non-informative parameters on the measurement result. This, in turn, allowed the extended
measurement range for the thermal conductivity, increased reliability and reduced cost of the devices owing to the
simplified measuring circuit.

Keywords: thermal conductivity coefficient; thermometric bridge circuit; test specimen; reference specimen;
thermal resistance; thermal conductivity circuit.

1. Statement of the research problem

Many research and technology areas now need thermophysical measurements. Reliable data on thermophysical
properties of materials are essential for a number of priority areas. These are associated with energy saving in
constructing various-use objects, energy consumption cutting in heat generation, transfer and saving, and reducing
environmental pollution caused by generation of heat for domestic and industrial purposes, space industry
development, designing radio-electronic devices (rejection of heat from powerful radiating and radio elements),
development of new modern materials, etc.

Thermal modes of various devices used in the above-listed areas of research and technology are strictly
regulated and calculated based on the experimental data on thermophysical properties both for construction materials
and for working substances. Regretfully, the low effectiveness and considerable complexity of the methods and tools
used nowadays significantly complicate such studies.

Full-scale production of thermal conductivity devices has not been launched in Ukraine, although the solutions
have been developed by the Department of Thermal Measurements of the Institute of Engineering Thermophysics
(NAS of Ukraine) and other research institutions [1], [2]. However, the proposed devices have some drawbacks. They
are geared to study thermophysical properties of specifically sized specimen, are mostly used for measurements
within a narrow range of thermal conductivity values, etc. Therefore, the array of topical research problems to be
solved in the area of thermophysical measurements includes the development of new methodological approaches that
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will make it possible to make high-accuracy measurements across a wide range of thermal conductivity values, and,
as a result, of new thermophysical devices, more advanced as compared to the existing ones.

2. Analysis of the recent publications and studies

In the known solutions for thermophysical devices, the measurement accuracy was enhanced by improving the
measurement techniques, manufacturing technologies and design of the existing devices [2], [3]. Thereat, their
insensitivity to non-informative parameters was achieved by the design and engineering methods of parametric
stabilization that are implementable using assemblies and higher quality elements with better stability (guarding
heaters, an intricate system of heat shields, top-accuracy thermal couple with reduced-diameter electrodes, etc.).
However, these solutions result in far more expensive and more complicated devices without a significant
improvement of the accuracy of thermophysical measurements.

3. Aim of the research
The research aims to review the thermometric bridge circuits created using the methodological approached that
we proposed and thermophysical devices developed on their basis.

4. Results and their discussion

Over decades, the Department of Automation and Computer-Integrated Technologies (Lviv Polytechnic National
University) has come up with new methodological approaches to the development of thermophysical devices
allowing high-accuracy measurements across a wide range of thermal conductivity values. The proposed approaches
rely on the principle of invariance, which ensures the compensation of the effect of various non-informative
parameters on the measurement result [4]. The idea is that in a measuring device, in addition to the measuring circuit
(channel), a comparative circuit (channel) is created that is not fed with an input signal, but which, similarly to the
measuring channel, is under the effect of some external factors — perturbations, i.e. non-informative parameters. The
parameters of the comparative channel are to be selected in such a way so that a change of its signal effected by
perturbations is identical to the change of measuring channel signal under the effect of these same perturbations, i.e.
perturbations enter the measuring device through both channels simultaneously. Using the difference in signals
between the measuring channel and comparative channel provides for the independence (invariance) of the resulting
signal from the perturbations, meaning that the method ensures the elimination of additional errors caused by the
effect of these perturbations (non-informative parameters) on the measurement result.

The double-channel principle is especially efficiently implemented in bridge measuring circuits, based on which
thermal conductivity measuring devices will be designed. This said, we can formulate the underlying principles of the
design of thermometric bridge circuits (TBC):

- the measuring circuit comprises two parallel thermal circuits;

- identical temperature differentials are created at their ends;

- each thermal circuit includes thermal resistances with known values, and at least one of them comprises the
thermal resistance the value of which is to be determined.

For calculating the developed TBC (balanced, unbalanced and partially balanced), the theory of thermal circuits
was applied. Heat exchange problems in a system of objects are solved assuming that this system is a thermal circuit.
Using the analogy between electricity transfer and heat transfer, the theory of electrical circuits is applied [5].

Each measuring device has a certain specific task and is designed in accordance with the specific measuring
circuitry. Selection of a measuring device design relies on a number of factors, including the measurement range,
required accuracy and maximum possible design simplicity.

The methods that we proposed spare the need to measure absolute values of heat fluxes. The sought-for value is
evaluated based on the temperature differentials in different sections of the thermal circuit, which is why they were
termed thermometric.

For determining the thermal conductivity coefficient for gas or liquid layers, the unbalanced bridge method
was used [6]. In this method, two thermal circuits are created between the heat source and heat sink; one is made of
the test specimen and reference specimen, the other of the reference specimen and test specimen. The temperature
differential between the contact areas of the specimen is measured, and the thermal conductivity coefficient of the test
specimen is calculated. The schematic diagram of the device implementing the unbalanced TBC is presented in Fig.1.
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Fig.1. The schematic diagram of the device for measuring the thermal conductivity of materials based on the unbalanced
thermometric bridge circuit: 1, 2- test medium; 3- heater; 4- cooler; 5- heat-insulating layer; 6, 7- reference specimen; 8- partition;
9- temperature sensors; 10- secondary device.

As a basis for developing the device for measuring the thermal conductivity of construction and heat-
insulating materials, a partially balanced TBC with in-series connection of the test and reference specimen was used
[7]. The diagram of thermal resistances connection in such a design is presented in Fig.2.

It is proposed that the thermally conductive element should be implemented in the form of N parallel thermally
conductive elements, each of them having one junction of a differential thermal couple mounted into it, which by
turns switch to this thermal couple junction located between the test and reference specimen.

Each thermally conductive element provides a certain point of balance:
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where N is the number of thermally conductive elements.
Therefrom, the required number of thermally conductive elements can be found:

N=IgD/lgd. (3)
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Fig.2. The diagram of thermal resistances connection and distribution of heat fluxes and temperatures in the developed TBC,
where AT;,=T;-T, is the temperature differential between the heat source and heat sink; AT,, =T,-Ty is the temperature differential
in the measuring diagonal; R,, R., are thermal resistances of the test and reference specimen, respectively; Ry, Rk, are contact
thermal resistances at the ends of the thermally conductive elements and at the point of the temperature sensors mounting,
respectively; Ry1, Ry,..., Ryy are thermal resistances of the parts of the thermally conductive materials adjacent to the heat source;
R,1, Ry, ..., Ryy are thermal resistances of the parts of the thermally conductive materials adjacent to the heat sink,

Wy, Wy, W,, ..., Wy are heat fluxes in different branches of the bridge circuit.

Based on this TBC, the device for measuring the thermal conductivity of construction and heat-insulating
materials across the range 0.03 - 1W/ (m-K) was developed.

The schematic diagram of the developed device is shown in Fig.3.

The heat fluxes in the thermal circuits are defined by the heat source 1. Between the heat source 1 and heat sink
2 there are the test specimen 3 and reference specimen 4 divided by a temperature-equalizing plate 5, with a junction
of the differential thermal couple 6 mounted into it. The lateral surfaces of the specimen are protected from heat
exchange with the environment by protective plates 7. Between the heat source 12 and heat sink 11, there are
thermally conductive elements. The lateral surface of the thermally conductive elements is protected from heat
exchange with the environment by the heat-insulating casing 13. Into the thermally conductive elements, the second
junction of the differential thermal couple 9 is mounted. The parts of the thermally conductive cell are fixed by the
cabinet 14. The temperatures of the heat source 1 and 12, and heat sinks 2 and 11 are set and maintained using the
liquid thermostats 15 and 16, respectively. Equality to zero of the signal of the differential thermal couple 6 is
controlled using the null indicator 17.

The heat sources and heat sinks are made as flow chambers with the circulating heat carriers at the temperatures
set by the corresponding thermostats.
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Fig.3. The schematic diagram of the device for measuring the thermal conductivity of construction and heat-insulating materials
across the range 0.03 - 1 W/(m-K): 1 — heat source; 2 — heat sink; 3 — test specimen; 4 — reference specimen; 5 — temperature-
equalizing plate; 6 — differential thermal couple; 7 — protective plates; 8 — switch of the differential thermal couple junctions;
9 — differential thermal couple junctions; 10 — thermal resistances of the thermally conductive element; 11 — heat sink; 12 — heat
source; 13 — heat-insulating casing; 14 — cabinet; 15, 16 — thermostats; 17 — null indicator.

The measurements are made according to the following procedure. The thermostats 15 and 16 are switched on to
ensure the heat carriers circulation in the respective chambers. The test specimen 3 is mounted on the temperature-
equalizing plate 5 and pressed down by the heat source 1.

Using the switch of the differential thermal couple junctions 8 and switches of the thermal couples of the
thermally conductive elements 9, the junctions of the differential thermal couple 6 are by turns switched to the null
indicator 17. This is done until the minimum temperature differential between the test specimen 3/reference
specimen 4 contact area and the point at the axis of a thermally conductive element is determined. Thereat, using the
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measured temperature differential and thermally conductive element number, and calibration characteristics, the
thermal conductivity coefficient is calculated.

Besides, we also developed a number of balanced TBC and devices on their basis, correspondingly.

For measuring the thermal conductivity of high thermal conductive plates and sheet materials in the range up to
400 W(/m-K) and higher, the balanced thermometric bridge circuit was proposed and based on it, the device was
constructed [8] with balanced heat fluxes flowing through the reference specimen.

The thermometric bridge circuit based on which such a device is built is shown in Fig.4.
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Fig.4. The diagram of thermal resistances connection and distribution of heat fluxes and temperatures in the balanced thermometric
bridge circuit with balanced heat fluxes flowing through the reference specimen.

For this circuit, the following system of equations can be written:

_ Tl_Ta _ Ta _Tz .
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_ Tl_Tb _ Tb _Tz .
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where T is the temperature of the heat source; T, is the temperature of the heat sink; T, T, are the temperatures in the
measuring diagonal; R,;, Ry, are thermal resistances of the test specimen parts; Re1, Re, are thermal resistances of the
first and second reference specimen, respectively; R is the thermal resistance of the thermometric elements.

’
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The condition of the equality of the heat fluxes (F;=F,) flowing through the reference specimen is achieved by
the influence of the heat flux on the limited zone of the test specimen and transfer of the location (delivery) of this
flux influence onto the test specimen. Taking into consideration that the thermometric elements are identical and
satisfying the condition of the equality of the heat fluxes flowing through the different thermally conductive circuits,
we obtain AT,,=T,-Tp= 0. From the system of equations (4), considering the above conditions F;=F, andAT,,=0, the
equation of balance is written as:

Rxl + Rel = RxZ + ReZ ' (5)

Therefrom, by expressing the values of the thermal resistances of the thermometric circuit elements through their
geometric dimensions and thermal conductivity, we obtain the formula for calculating the thermal conductivity
coefficient for the test specimen:
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where A, Ae1, Aep are the thermal conductivity coefficients of the test specimen and the first and second reference
specimen, respectively; L is the distance between the reference specimen; Iy is the distance from the middle of the
location of the heat influence to one of the reference specimen; I, I, are the thicknesses of the first and second
reference specimen, respectively; S,, Se1, Se, are the cross sectional areas of the test specimen and the first and second
reference specimen, respectively.

(6)

As a result of the simple transformations, we obtain
A, =A-B-l, )
where 4 and B are the constants of the device, which are determined by calibration, and
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The schematic diagram of the device for measuring the thermal conductivity of high thermal conductive sheet
materials is shown in Fig.5.

The heat source 1 forms a narrow stream of infrared rays targeting the surface of the test plate 3, which contacts
the surfaces of the two specimen packages. The specimen packages are fixed on the surface of the heat sink 2. They
consist of the thermometric elements 4, temperature-equalizing plates 5, reference specimen 6 and 7 with different
thermal resistances and contact elements 8 made of high thermal conductive rubber. The test plate 3 is pressed against
the packages by spring fixture 9 fixed on the cabinet 10 by moving the heat sink 2 along the guides 11 with the nut 12
and screw 13, which is rotated by the handle 14.

In the temperature-equalizing plates 5 there are junctions of the differential thermal couple 15 connected to the
amplifier 16, the signal AT,, from which is fed onto the control unit 17, which regulated the operation of the motor M.
The motor drives the screw 18, which changes the position of the nut 19 along the guide 20 and thereby the position
of the heat source 1 I, until the signal of the differential thermal couple AT,, reaches zero. Then the measurement
result is displayed on the indicator 21. The temperature of the heat sink 2 is set using the thermostat 22.

The method was proposed and on its basis, the device was built for measuring the thermal conductivity of high
thermal conductive materials for cylinder-shaped test specimen in the range up to 400 W/m-K and higher [9].

The thermometric bridge circuit that is the basis for the design of this device is shown in Fig.6.

For the balance of the thermometric circuit (AT,,=0):
R, + Ry =R, +R,. ®)
Therefrom, we obtain the formula for calculating the thermal conductivity coefficient of the test specimen:
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where A, Ao, A7 are the thermal conductivity coefficients of the test specimen, reference specimen and thermally
conductive element, respectively; |, |, are the thicknesses of the test and reference specimen, respectively; I, is the
distance from the location of the heat flux influence to the test specimen; I, is the distance from the location of the
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heat flux influence to the reference specimen; S,, S, St are the cross-sectional areas of the test specimen, reference
specimen and thermally conductive element, respectively.
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Fig.5. The schematic diagram for measuring the thermal conductivity of sheet materials: 1 — heat source; 2 — heat sink; 3 — test
plate; 4 — thermometric elements; 5 — temperature-equalizing plates; 6, 7 — reference specimen; 8 — contact elements; 9 — fixtures;
10 — cabinet; 11 — guides; 12 — nut; 13 — screw; 14 — handle; 15 — differential thermal couple; 16 — amplifier; 17 — control unit;
18 — screw; 19 — nut; 20 — guide; 21 — indicator; 22 — thermostat.

The schematic diagram of this device is presented in Fig.7.

The heat fluxes in the thermally conductive circuits of the device are set by the electric heater 1 located on the
thermally conductive element 3 with an option of its moving along its axis. The faces of the thermally conductive
element 3 adjoin the test specimen 7 and reference specimen 8, which are pressed against them by the heat sinks, rods
19, springs 20 and plates 21. The heat sinks are made as copper units 9, which are flown over by the liquid from the
thermostat 12 circulating in the chambers 10. On top of the copper units there are glued the thermometric elements 26
with identical thermal resistances and copper temperature-equalizing plates 4 with the junctions of the differential
thermal couple 5 connected to the null indicator 6.

The electric heater 1 on the thermally conductive element 3 is covered by the cabinet 13. It is moved by the
handle 17, which drives the slide 14 with the help of the stoppers 15.



Thermometric Bridge Circuits for Measuring Thermophysical Properties 135

A
A 4
A
A4

Tn

Fig.6. The diagram of thermal resistances connection and distribution of heat fluxes and temperatures in the balanced
thermometric bridge circuit with balanced heat fluxes flowing through the test and reference specimen.
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Fig.7. The schematic diagram for measuring the thermal conductivity of high thermal conductive materials for prism-shaped
test specimen: 1 — electric heater; 2 — power supply; 3 — thermally conductive element; 4 — temperature-equalizing plates;

5 — differential thermal couple; 6 — null indicator; 7 — test specimen; 8 — reference specimen; 9 — copper units; 10 — chambers;
11 — joining pipes; 12 — liquid thermostat; 13 — heater cabinet; 14 — slide; 15 — stoppers; 16 — screw; 17 — handle; 18 — indicator;
19 — rods; 20 — springs; 21 — plates; 22 — casing; 23 — heat-insulating inserts; 24 — bearing supports; 25 — heat-insulating shields;

26 — thermometric elements.

The casing 22 ensures maintaining the temperature of the medium surrounding the thermally conductive element
3 at the level of the temperature of the heat sinks. It is made as a chamber of copper in which the heat carrier from the
thermostat circulates. The thermally conductive element 3 is aligned with respect to the casing 22 by the heat-
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insulating inserts 23. In its turn, the casing 22 is fixed in the bearing supports 24. While making measurements, in
order to reduce heat loss through the lateral surfaces of the test specimen 7 and reference specimen 8, they are
covered by the heat-insulating shields 25, mobile with respect to the chambers 10. A deviation Al of the heat source
with respect to the middle of the thermally conductive element is displayed on the indicator 18.

5. Conclusion

Designing the devices based on thermometric bridge circuits makes it possible to improve significantly the accuracy of
measuring thermophysical characteristics of materials by reducing the errors of measuring the absolute values of the
temperature and their differentials, heat fluxes flowing through the specimen, influence of the heat source and heat
sink temperatures and other non-informative parameters on the measurement result. This in turn enables
measurements across a wide range of thermal conductivity values, and, due to the simplified measurement circuitry,
ensures a significantly better reliability and lower cost of the devices in which these circuits are implemented.
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TeMnepaTypoMeTpu4Hi MOCTOBI CXeMH /IJI1 BUMipIOBAaHHS
TEIVI0(I3HYHUX XaAPAKTEPUCTUK

Irop BacunbkiBebkuii, Bacuns ®eaunens, SApocnas FOcuk

Hayionanvuuii ynieepcumem «JIvgiecoka nonimexuixay, 8yn. Cmenana Banoepu, 12, Jlveis, 79013, Vrpaina

AnoTanis

B nmaHiff craTTi mpUBEmNEeHO KOHCTPYKINI psXy NpWIANiB JUIA BHMIPIOBAHHS TEIUIONMPOBIAHOCTI TBEPAUX
MaTepialliB po3poOJieHi Ha OCHOBI HOBHX METOMOJIOTIYHHX IIIXOMIB, 3aIpOITOHOBAHHX AaBTOPAMHU CTAaTTi, IIO
JIO3BOJISIFOTH MPOBOJIMTH BUMIPIOBaHHS B HMIMPOKOMY Jlialia3oHi 3Ha4eHb TEIIONPOBIAHOCTI 3 BHUILOK TOYHICTIO. B
OCHOBI 3aIIPOIIOHOBAHMX MiIXO/IB OYJI0 BUKOPUCTAHO MPHUHITUIT iHBAPIaHTHOCTI - 3a0e3MeUeHHsT KOMIICHCAIII1 BILTUBY
pi3HMX HeiHOPMaTHBHUX IapaMeTpiB Ha pe3yibTaT BUMIproBaHHsS. [l po3paxyHKy pO3pOOJIEHMX MOCTOBHX
TEIUIOBUX BUMIPIOBATBHUX CXEeM (3piBHOBa)XCHHX, HE3PIBHOBOXEHHX Ta HEMOBHOTO 3PIBHOBAKEHHS) 3aCTOCOBAHO
TEOpil0 TEIJIOBUX KiJl, SIKa IPYHTYETHCS HAa aHAJIOTIi MPOIECiB MepeHocy Teria i enektpuku. I[loGynosa mpuianis
JUIS. BUMIPIOBaHHS TEIUIONPOBIHOCTI Ha OCHOBI MOCTOBHX TEIUIOBUX BHMIPIOBAIBHMX CXEM JIa€ 3MOTY 3HayHO
MiBUIIUTH TOYHICTh BUMIPIOBaHHS TEIUIOQI3NUHIX XapaKTEPUCTHK MaTepialiB 3a paxXyHOK 3MEHIIEHHs TOXUOOK Bij
BIUINBY HEIH(OPMATHBHUX IapaMeTpiB Ha pe3yiabTaT BUMIipioBaHb. lle B CBOIO 4epry Hajo 3MOTY PO3IIUPUTH
Jliarma3oH BHMIPIOBaHHSA 3HAYEHb TEIUIONPOBITHOCTI, MiJABHIIUTH HAIIHHICTH 1 3MEHIIUTH COOIBapTICTH MPHIIAIIB
BHACJIIJIOK CIPOIIEHHS BUMIPIOBAJIBHOI CXEMH.

KirouoBi cnoBa: koedimieHT TEIUTONPOBITHOCTI; MOCTOBA TEIJIOBA BUMIpPIOBATbHA CXEMa; JOCIiIKyBaHUH
3pa3oK; eTAJTOHHUH 3pa30K; TEIUIOBHH OTIip; TEIUIONPOBITHE KOJIO.



