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Abstract: An automated system for measuring the thermal conductivity of functional and structural
materials was developed. The main building blocks of the setup are the following: heating unit and
cooling unit creating a heat flux gradient in the test sample; thermal resistances for temperature
registration and control; and thermal pads for better contact between parts of the setup and the
sample. The effect of the thermal conductivity of thermal pads and thermal resistances on the
distribution of thermal fields in the developed setup was studied by computer modelling. A control
software for the measuring setup was developed based on the hardware implementation of the
steady-state Fourier’s law-based method for the determination of thermal conductivity. The stopping
criterion for the setup control software is the equality of heat fluxes in the heating and cooling units,
as well as the stability of the thermal conductivity coefficient readings. The testing and calibration
of the device were carried out using a sample of pure aluminum (99.999 wt.% Al). It was found
that the experimental value of the thermal conductivity coefficient of the aluminum sample at room
temperature (T =22 °C) is <A> =243 £ 3 W/m-K. This value of the thermal conductivity coefficient is
consistent with the literature data and experimental values obtained by the laser flash method, which
ranges within A = 210-260 W/m-K.

Keywords: thermal conductivity coefficient; temperature; heat flux; heating unit; cooling unit;
thermal resistances; thermal pads

1. Introduction

Knowledge of thermophysical properties is important in science, technology, industry
for creating and manufacturing new and improving existing materials [1]. One of the key
thermal properties is thermal conductivity, which can be used to characterize the efficiency
of thermal engineering systems or devices [2].

The many ways to measure the thermal conductivity coefficient can be divided into
two groups: steady-state and non-steady-state [3]. The methods vary in their range of
applicability and have both advantages and disadvantages.

Stationary methods of thermal conductivity measurements are based on the concept
of a steady-state heat flux, i.e., imply the independence of the temperature from time in
each point of the sample [4]. Based on this, the thermal conductivity coefficient can be
calculated.

At the moment, experiments in a steady-state regime are carried out using both self-
made experimental setups [5-7] and commercially available instruments. For example, the
Netzsch GHP 456 Titan instrument (Selb, Germany) [8,9] measures the thermal conductivity
of plates or bars with dimensions up to 300 mm x 300 mm and up to 100 mm thick in
the temperature range from —160 to 620 °C, and the HFM 446 Lambda instrument [10,11]
measures the thermal conductivity of plates or bars up to 203 mm x 203 mm in size and
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up to 51 mm thick in the temperature range from —20 to 90 °C. The FOX 314 Thermal
Conductivity Heat Flow Meter manufactured by TA Instruments Waters Corporation (New
Castle, DE, USA) [12-14] measures the thermal conductivity of plates or bars sized up to
250 mm x 250 mm and up to 50 mm thick in the temperature range from —20 to 75 °C. The
HFM 300 instrument by Linseis (Selb, Germany) [15,16] measures the thermal conductivity
of plates or bars up to 300 mm x 300 mm in size and up to 100 mm thick in the —35 to
90 °C temperature range.

Steady-state approaches are advantageous in terms of: simple design; direct relation
of measurement results to the physical law of thermal conductivity; high measurement
accuracy due to the minimization of the time factor contribution; a wide range of applica-
tions; stability of experimental conditions; and reliability and repeatability of results. The
disadvantages of steady-state methods are: time-consuming experiments; the necessity of
having large samples; high sensitivity to the sample geometry; and the need to account for
the thermal losses due to heat exchange with the environment.

One of the most common non-steady-state methods for measuring thermal conduc-
tivity are the laser flash [17] and the hot disk [18,19] methods. These thermal conductivity
measurement techniques are based on the analysis of the material temperature response
to temporary thermal disturbances. Unlike steady-state methods, where the temperature
gradient remains constant, non-steady-state methods consider how the sample tempera-
ture changes over time after a thermal pulse or periodic signal is applied. The thermal
conductivity coefficient can be derived from the analysis of the time dependence of the
temperature (thermal conductivity), as well as of the properties of the studied material
(density and heat capacity).

Among the devices for measuring thermal conductivity coefficient, instruments based
on laser flash method are common, such as those of the LFA-427 [20], LFA-447 [21], and LFA-
467 [22-24] series manufactured by Netzsch (Selb or Bremen, Germany; and Yokohama,
Japan). The test samples are usually cylinders of 6-25 mm in diameter, up to 6 mm high,
and the available temperature ranges from —125 to 2800 °C (depending on the study
purposes and instrument configuration). Instruments of the DXF-200 [25], DXF-500 [26],
and DXF-900 [27] series produced by TA-Instruments (New Castle, DE, USA) are also
widely used. Typically, the test samples are cylinders of 8-25 mm in diameter, up to
10 mm thick. Measurements are conducted in the temperature range from —175 to 900 °C
(depending on the study purposes and instrument configuration). Also widespread have
become the Linseis instruments (Selb, Germany) of the LFA-1000 [28] and LFA-1600 [29]
series. Here, the measured samples are cylinders of 3-25 mm in diameter and up to 6 mm
thick. Measurements are carried out at temperatures from —125 to 1600 °C (depending on
the study purposes and instrument configuration).

Another widely known technique for the determination of thermal conductivity coeffi-
cient is the hot disk method. Laboratory-made experimental setups and designs are mainly
used here, which are based on a disk sensor manufactured by TPS Kapton (Goteborg
or Uppsala, Sweden) [30,31], working in the temperature range from —253 to 1000 °C.
Sensors from C-Therm Technologies Ltd. (Fredericton, NB, Canada) are available on the
market [32,33], with their operating temperature range being similar to that of TPS Kap-
ton instruments. There are also full-fledged instruments commercially available from
the Hot Disk Instruments company, such as TPS 500S [34], TPS 1500 [35], TPS 2500/ TPS
25008 [36,37], and TPS 3500 [38,39]. Measurements can be conducted at temperatures from
—253 to 1000 °C (depending on the study purposes and instrument configuration). The
sample size is limited by the instrument dimensions. SKZ 1061C TPS instruments manufac-
tured by SKZ Industrial (Jinan, China) are also used [40,41]. However, they have a narrow
operating temperature range (from 18 to 130 °C), allow a maximum sample diameter of
15 mm, and thickness of about several millimeters.

Other generally accepted and effective non-stationary methods for measuring the ther-
mal conductivity of materials are also known: the temperature wave analysis (TWA) [42]
method and the laser spot thermography method (LST) [43,44].
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The advantages of non-steady-state approaches are: higher measurement through-
put as compared to steady-state methods; smaller geometric dimensions of samples as
compared to steady-state methods; the possibility of testing materials with a low thermal
conductivity; and the possibility of studying the temporal characteristics of thermal con-
ductivity. The drawbacks of non-steady-state methods are that the heat capacity needs
to be measured in advance; the mathematical models and computational methods for
interpreting the results are complex; the results are sensitive to experimental conditions;
contact resistance between sample and sensor, as well as sample inhomogeneities, cause
difficulties; and that the requirements for the accuracy of equipment calibration are high.

The analysis of the literature and the instrumentation market has shown that devices
(mainly commercial instruments) measure the thermal conductivity coefficient of the
material itself. However, specific products, due to their special form and design, may
have a different thermal conductivity coefficient than the material itself. Such products
are often used in aviation, oil and gas, chemical, energy (including nuclear), and other
industries. They are used, e.g., for abstracting and dissipating heat in the bulk of the
material. Therefore, an urgent task is to develop a device for measuring the thermal
conductivity coefficients of structural and functional extended products (made of steel,
aluminum, copper, titanium, graphite, silicon carbide, and tungsten carbide) based on a
simple and efficient steady-state Fourier method.

In this paper, we describe the automated system developed for measuring the thermal
conductivity of functional and structural products with the help of computer modelling
and discuss the obtained results in comparison with other studies.

2. Design Features of the Setup
2.1. Main Components of the Setup for Thermal Conductivity Measurements

The main components of the developed setup are the following (Figure 1):

(1) The heating unit (1) comprises a ceramic heating element (8), a thermally conductive
copper element (9) for balancing the heat flux, and thermal resistances (5) to control the
input thermal flux. The unit is thermally insulated in order to prevent heat exchange
with the environment.

(2) The cooling unit (2) comprises a Peltier element (10) with a water-cooling system,
a thermally conductive copper element (9) for balancing the heat flux, and thermal
resistance (5) to control the output heat flux. The unit is thermally insulated in order
to prevent heat exchange with the environment.

(3) The central unit (3) includes a compartment for an experimental sample (4), whose
thermal conductivity needs to be measured, and thermal resistances (5) with a special
mechanism for moving them (6). The compartment is thermally insulated in order to
prevent heat exchange with the environment. The experimental sample has precise
dimensions of 40 mm in width, 40 mm in height, and 300 mm in length.

The heating and the cooling unit are connected to the test sample by thermally con-

ductive pads (7) maximizing the unit-sample contact area (which depends on clamping
force) and thus ensuring that less heat is lost in the contact area.
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Figure 1. Schematic diagram of the setup: A-A, B-B, and C—C sectional drawings of the setup.

2.2. Conceptual Scheme of the Thermal Conductivity Measurement Process

The device developed for measuring the thermal conductivity coefficient is built
according to the principles of Fourier’s law-based steady-state-mode thermal conductivity
measurement (Equation (1)) [45]. The proportionality coefficient, A, is termed the thermal
conductivity coefficient and characterizes the ability of a body to conduct heat. The “~”
sign means that the heat flux is directed towards the lower temperature region.

q=-AVT 1)

where q is the heat flux vector and VT temperature gradient.

The test sample is placed between the heating unit (Figure 1, red zone) and the cooling
unit (heat sink, Figure 1, blue zone) having different temperatures, which are kept constant
during the measurement. The contact area is maximized by thermal pads. The ceramic
heater creates a heat flux flowing from the heating unit to the cooling unit through the
experimental sample. The measurement of temperatures of the heating unit, the sample,
and the cooling unit is controlled by thermal resistances. Within one hour, the steady-state
mode is reached, i.e., a uniform temperature establishes across the sample, at which the
thermal conductivity coefficient is to be measured.

According to Equation (1) and the design of the developed automated system (Figure 1),
the thermal conductivity coefficient can be calculated using Equation (2):

Q-Al

A=
S-(T; — Ty)

@)
where Q is the steady-state heat flux going through the sample; Al is the distance between
the opposite thermal resistances in the sample; S is the sample cross-sectional area; T is
the sample temperature on the side of the heater unit; and T, is the sample temperature on
the side of the cooling unit.

In order to obtain accurate measurement results, as well as to reduce the errors, the
following changes are necessary in the setup design and the experimental procedures:

(1) The use of high-precision thermal resistances;

(2) Thermal insulation of the heating unit, the sample, and the cooling unit of the experi-
mental setup for minimizing heat losses;

(3) Hardware calibration;

(4) Testing reference samples, as well as conducting replicate measurements.
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2.3. Specifications of Structural Materials and the Setup Components

The principal structural elements and materials of the developed automated system

are shown in Figure 2.

(@)

(b)

(©

(d)

(e)

(f)

The heating system supplies a certain amount of heat to create a stable heat flux from
the heater unit to the cooling unit through the experimental sample. It is a cylindrical
ceramic element with a power of Py, = 60 W, capable of heating to a maximum
temperature of Ty, = 400 °C.

Thermal resistance is a device for measuring temperature. It has a pin-shaped form
and contains a platinum thermosensitive element in a housing made of corrosion-
resistant AISI 321 steel. The operating temperature range is Ty, = —50. . .+250 °C.
Thermal pad is a material ensuring the maximum area of contact and efficient heat
transfer between the units and the sample. Itis a 40 x 40 x 1 mm plate with a thermal
conductivity coefficient A = 20 W/m-K. The thermal pad’s operating temperature
range is Ty, = —40...4200 °C.

The cooling system removes a certain amount of heat to create a stable heat flux from
the heater unit to the cooling unit through the experimental sample. It is a Peltier
element in a ceramic case with a maximum power of Py = 236 W. The operating
temperature range is Ty, = —50...+100 °C.

Thermal insulation provides a significant reduction in heat loss to the environ-
ment. It is an extruded polystyrene foam with a thermal conductivity coefficient
A =0.030 W/m-K. The operating temperature range is Ty, = —50. . .+80 °C.

The heat removal system comprises a copper plate mounted on the “hot” surface of
the Peltier element, and an aluminum radiator cooled by two (or three) fans of the
120 x 120 x 25 mm size.

Heating system Thermal resistance Thermal pad

(a)

&

(©)

Cooling system Thermal insulation  Heat dissipation system

(d)

(e)

Figure 2. Main structural elements and materials.

3. Modelling of the Distribution of Thermal Fields of and Fluctuations in Heat Fluxes
Depending on the Design Features of the Setup

3.1. Formulation of the Problem for the Modelling of Thermal Processes

In order to measure the thermal conductivity coefficient as accurately as possible, it is

important to find the optimal operating mode of the thermal conductivity measurement
setup and estimate the instrumental error. These tasks can be solved with the help of
mathematical modelling, which makes it possible to study the distribution of heat fluxes in
the experimental sample and thermal fields in the working area of the setup as a function
of various parameters in the developed model [46-48].
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The heat transfer process consists of a set of phenomena influenced by various fac-
tors [49-51]. This makes the calculations quite complicated. To reduce the complexity
of the problem and increase the efficiency of calculations, it is necessary to simplify the
mathematical model, eliminating the least important factors. Seeking the reliability and
realism of the calculation results, the following assumptions were made.

(1) The setup components are in complete contact, with no accounting for the roughness
of the surfaces.

(2) Since the setup operates under moderate temperatures (below 100 °C), radiative heat
transfer was not taken into account.

(3) The model supposes the heating element to be a cylinder, and heat is released in the
bulk of it.

(4) The model supposes the Peltier element to be a surface with a heat flux power equal
in absolute value to the power of the heating element, but with the opposite sign.

The mathematical treatment is based on the heat transfer Equation (3):

aT .
pep 5 + VA = Q ®)

where p is the material density; c;, is the specific heat capacity of the material; Q* is the
quantity of heat from additional sources; and A is the thermal conductivity coefficient.

To solve this partial differential equation, the finite element method (FEM) was used,
which implies dividing the computational domain into separate parts, in which the sought
values of functions are determined by approximation [52,53]. Note that the contact between
the materials is considered complete, so that the jumps of functions at the interface were
assumed to be zero.

Equations (4)-(8) determined the boundary and initial conditions.

Boundary conditions:

(1)  On the outer surface of heat insulation:

—n-q=(q 4
{qo =h(Text = T)” @
where h is the heat transfer coefficient; Text is the ambient temperature; T is the
temperature on the sample; and n is the normal vector to the boundary.
(2)  On the surface of the Peltier element:

—n-q=(q 5
{ o, ®)
where Py is the Peltier element power; and A is the cooling unit surface area.
(3) In the bulk of the heating element:
Q" =Q
/ 6
{Qo =Py/V (6)
where Q is the volumetric heat release (W/m?); Py is the heating element power; and
V is the heating element volume.
(4) At the interface of two different materials in the setup:

T %
JT JoT_ \ s
(%) =2 (%)
where T, and T_ are local temperatures from the side of the first and the second

materials, respectively; and A, and A_ are the local thermal conductivity coefficients
from the side of the first and the second materials, respectively.

Initial conditions:
TO = Tamb (8)
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where T, is the room temperature.

3.2. Simplified 3D Model for the Calculation of Thermal Fields

The working area of the setup was modelled to calculate the thermal fields of the
sample. The first model was divided into five zones: heating zone, sample area, cooling
zone, and two thermal pad areas. In the heating zone, there is a heating element, a cylinder
for which the condition of volumetric thermal radiation with a certain power was set
(Equation (6)). At the boundary of the cooling zone, there is a Peltier element, for which
the heat flux removal condition was set; the flux should be equal in absolute value to
the heating flux (Equation (5)). The working area of the setup is thermally insulated. A
condition to account for heat transfer to the environment was set for the outer surfaces of
thermal insulation (Equation (4)). Calculations at the interface of two different materials
implied the continuity of temperature and heat flux (Equation (7)). The initial conditions
corresponded to heating the sample to room temperature (Equation (8)).

The original model was complicated by the introduction of thermal resistances to the
setup in order to assess heat flux changes (the second model, Figure 3). To compare the
simulation results with the experimental data, the temperature differences between points
No. 1 and No. 5 were calculated.

300 mm

[ = A \ ”
g ol B No2 T 600
.%:) 4 AN /4 ‘Ngl_ ; Cooling block
33 ' N\ = 400 M
- % /“/ <3 “ Thermal pad
E = Heating block
S A-A
mm ) -
17
[/ 5 mm Insulation
| ‘\
- 30
Dy

e /053 mm \\AZ%g_mm
7 7”2 73 74

13.5

Figure 3. Geometry of the model setup.

3.3. Temperature Distribution According to the Change in Heat Fluxes

Calculations using the first model were conducted for different heat fluxes, i.e., various
temperature differences ATj_5 between points No. 1 and No. 5 on the sample (Figure 4a).
The estimation of the ATj.5 parameter is necessary to determine the optimal operating
mode of the setup. We varied the temperature difference by changing the power of the
heating and the cooling units. The setup was considered to work in a steady-state mode
when the temperature fluctuations were lower than 0.1 °C, because this large difference
was the measurement error of our temperature-recording devices.
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Figure 4. Simulation results obtained by varying the temperature difference between the first and
the fifth thermal resistance on the sample surface: the curves of temperature distribution along the
length of the working area (a) and stabilization time of the setup (b).

The curves of the temperature distribution along the length of the working area
(Figure 4a) are linear in general, with non-linear regions reflecting the effect of the heating
unit and the thermal pads on the distribution. The sample middle point temperature, T,y
(the temperature in the middle of the sample in the presence of heat flux), decreased from
23.1 to 22.6 °C with an increase in ATq_5 from 4 to 10 °C.

Another important parameter characterizing the efficiency of the setup is the stabi-
lization time. As ATj.5 increased (Figure 4b), an increase in heat flux was observed, which
led to an increase in the time required for the setup to reach its operating conditions. This
behavior is explained by the fact that more time is necessary to create a larger temperature
gradient. The inset in Figure 4b shows an example of a stabilization process curve for the
temperature difference ATy.5 = 8 °C. The operating regime is driven by the stabilization
of heat flows, both in the heating unit (red line) and in the cooling unit (blue line), which
are described by linear functions (with temperature fluctuations are lower than 0.1 °C). An
additional condition for a steady state was the parallelism of these dependences during
heating and cooling. The slight drop of fluxes after reaching the steady-state mode is due
to losses of heat to the environment.

3.4. Effect of Thermal Conductivity of Thermal Pads on Temperature Distribution

The use of thermal pads is necessary to create a tighter contact and ensure efficient
heat transfer between the sample and the heating or cooling unit. When choosing thermal
pad material, it is important to understand its effect on the change in the temperature field
and, consequently, on the setup operation (Figure 5). Therefore, the thermal conductivity
coefficient of the thermal pad (Ayp) is one of the important characteristics. Calculations
using the first model were carried out to study thermal characteristics for various Ay,
values.

The thermal conductivity coefficient of thermal pads does not affect the form of
the temperature distribution and the resulting thermal conductivity coefficient of the
sample (Figure 5a), but has a significant effect on the temperature jump at the interfaces
of the heating and cooling units with the sample (Figure 5a). As the thermal conductivity
coefficient increases from 5 W/m-K to 50 W/m-K, the temperature difference at the heating
unit/sample interface (ATtp) decreases from 2.3 °C to 0.2 °C (Figure 5b). It follows that, at
higher values of Ay, the heat loss will be lower, and the middle point temperature Tay will
be higher.
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Figure 5. Results of modelling with variable thermal conductivity coefficient of thermal pads: change
in the temperature in the setup with different thermal conductivity values of the thermal pads (a) and
temperature difference at the interface heating unit/sample (b), and the setup stabilization time (c).

Numerical modelling has shown that the thermal conductivity coefficient of the
thermal pad influenced the setup stabilization time (Figure 5c). For different heat fluxes in
the sample, the time required for the setup to reach its operating conditions decreases with
an increase in Ap.

3.5. Distribution of Thermal Fields in the Presence of Thermal Resistances

One of the primary tasks of instrumentation engineering is to ensure the accuracy of the
obtained experimental data, as well as to assess the contribution of the setup instrumental
error to measured values. To this end, the temperature distribution in the working area
of the setup was compared in two models—with thermal resistances (the second model)
and without them (the first model) (Figure 6a,b). Thermal resistances and their internal
components are connected to the surrounding environment and thus can additionally
remove heat from the experimental sample during the setup operation. To illustrate the
effect of thermal resistances on thermal fields in the sample, temperature profiles are
presented along the sections of the setup working area (Figure 6a,b), going through the
middle of the setup working area at z = 20 mm (1), tangentially to the thermal resistances
at z = 25 mm (2), and along the sample side wall at z = 40 mm (3).

The analysis of the modelling results revealed minor disturbances in the temperature
field in the area near thermal resistances (Figure 6¢). This is due to heat transfer into the
air from the outer part of a thermal resistance. The change in the temperature distribution
can be detailed using the sample cross-sections at the locations of thermal resistances. In
the presence of thermal resistances, one can clearly see the distortion of temperature fields
in sections going through the heating and the cooling units at points No. 1 and No. 5,
respectively.

The temperature inside the thermal resistance differs by 2 °C from the sample temper-
ature. This difference is due to a change in the temperature gradient in passage through
materials with differing thermal conductivity coefficients (Az; >> A4ir), since the heat flux
moves across air regions (gaps in the sample and in the inner part of the thermal resistance
housing) several times in passing along the sample. The results of the numerical simulation
of the effect of thermal resistances on the temperature in the sample at variable powers of
the heating and cooling units are shown in Table 1.
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Figure 6. Comparison of the temperature distribution over the working area of the setup without (a)
and with thermal resistances in sample (b), and cross-sections of the distribution of thermal fields (c).

Table 1. Comparison of the sample temperature differences in the models with and without thermal

resistance (at different powers).

ATq_5 (with

» LW ATys, °C Thermoresistance), °C A,°C
1 18.7 10 9.8 0.2
2 14.9 8 7.9 0.1
3 11.2 6 5.9 0.1
4 7.5 4 39 0.1

The main heat flux qgeneral flows through the sample from the heating unit to the cool-
ing unit. The temperature decrease caused by thermal resistances originates in them
having a direct outlet into the surrounding air; therefore, the measured heat flux is:
total = qgeneral — qext, Which leads to a temperature gradient (Figure 7a). These considera-
tions were used to assess the setup instrumental error, which can later be used to measure
the thermal conductivity coefficient of structural and functional materials (Table 1).

A comparison of computer-modelled and experimental temperature data regarding the
setup working area (at a fixed temperature difference of AT = 10 °C) is shown in Figure 7b.
The error of the modelling results was lower than 5%, which shows the accuracy of our
mathematical model of physical processes and the reliability of the obtained experimental
results.
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Figure 7. Changing the heat flux by introducing a thermal resistance into the sample (a); and
comparison of computer simulation data with experimental data (b).

4. Setup Control System
4.1. Block Diagram

The electronic control unit of the automated system for the measurement of ther-
mal conductivity of functional and structural products consists of a processor, auxiliary
microcontrollers, high-precision analog-to-digital converters (ADCs), thermal resistances
(thermoresistive temperature sensors), stepper motor drivers, and inductive end sensors
(Figure 8).

Central
processor
LI
TTL RS485
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Step motor Driver convlell'tor con'v?rtor ccquvertor

induct J—‘Controller1 Controller 2 Controller 3
HALELL inductive |

szﬂgor I I end
N1 : MOSFET| MosFeT|] (€201
SPI Line
P module module Load Cell
ADS1220 I 1 ADS NX711
inductive) N11 LC Filter LC Filter
end ——— eoe [l [l Load Cell
sensor : ‘ : ‘
NG ) TLLE t;armo PRI ttermo Resistive Peltier
resistor | resistor e A
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Figure 8. Block diagram of the software part of the setup.

All controllers and the processor are connected by a common data exchange bus. The
central processor sequentially interrogates the auxiliary controllers, each of which sends
back its data and executes the received commands. The auxiliary controllers perform
different functional tasks.

Auxiliary controller 1 sequentially polls eleven ADCs and receives temperature data
from thermal resistances. The data are then filtered and sent to the central processor.
Additionally, the controller operates a stepper motor for clamping thermal resistances
and monitors the readings of six inductive end sensors to monitor the position of thermal
resistances.

Auxiliary controller 2 controls the power of heating and cooling units. Upon receiving
a command from the central processor, it sets the required duty ratio of pulse width
modulation (PWM) for signals received by transistor modules. The voltage from the
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transistor modules is smoothed out by LC filters. The smoothed voltage is applied to the
resistive heater and the Peltier module, thus controlling heating and cooling, respectively.

Auxiliary controller 3 is required to control the stepper motor of the heater clamp. On
a constant basis, the ADC of the clamp load cell is polled and, on receiving a command
from the central processor to perform clamping and information about the required force,
the controller sends signals to the stepper motor driver of the heater clamp. Upon receiving
a command to remove the heater back, the controller rotates the motor until the inductive
end sensor is triggered.

In order to run the setup, we developed algorithms (Figure 9) for the operation of the
central (main) program and three auxiliary controllers.

(a)

Periodic
survey

Controller 1

Controller 2

Flask
interface

Controller 3

Result

Data Context

Data processing

Controller 1
@ Controller 2 Controller 3
programme programme
Initialization Initialization NX711
Digital interface
Filters
ADS1220 ] Modbus
library
Load cell data

interface
Periodic survey
Mad bus set
pressure

ADS1220 RN ADS1220
Step Driver
interface

Figure 9. The program algorithm for the central (main) program (a), for the auxiliary controller 1 (b),

Modbus
interface

I

|nterface ]

inductive
sensors data input1 input 11 PWM Output 1

Heater

Digital filtering PWM Output 2

Peltier Module

Step Driver
interface

Raw
‘—— temperature
data

for the auxiliary controller 2 (c), and for the auxiliary controller 3 (d).

Program for the central processor (Figure 9a). After the program starts, variables
and libraries responsible for communication protocols and exchange with database are
initialized. The settings of the electronic components of the system are loaded from the
database. Then, the interface handler program is launched. A web interface page with
controls and indicators is launched in a browser. An asynchronous processor flow performs
sequential data exchange with auxiliary controllers responsible for their tasks. Data received
from the web interface are stored in the general data context, which also includes data from
auxiliary controllers. Then, complex data processing is performed.

The program maintains a preset heat flux in the heating and cooling units using
proportional-integral-derivative (PID) controllers. After stabilization, the program plots
a graph of the temperature distribution in the sample, heating unit, and cooling unit; the
thermal conductivity coefficient is calculated and output.

The program of the auxiliary controller 1 (Figure 9b) works according to the following
algorithm. After the program is launched and the interface and libraries are initialized, the
program starts a cyclic polling of the ADCs. Their data are processed by digital filters and
sent to the central processor. On command of the central processor, the controller sends
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control signals to the stepper motor driver to introduce thermal resistances into the sample
or to remove them. Upon introducing thermal resistances, magnetic end sensors located
on the thermal resistance mounts are triggered. When all five sensors are triggered, the
stepper motor stops. The controller monitors errors of receiving data from the ADCs and
thermal resistances and transmits the data to the central processor.

The program of the auxiliary controller 2 (Figure 9¢c) works according to the following
algorithm. After the program is launched and the libraries are initialized, the central
processor sets the level of the specified PWM output. Two PWM outputs are enabled on
the controller. By varying the duty ratio of these outputs, the power of the heating and
cooling units is adjusted. The PWM outputs are connected to LC filters, after which the
signals are smoothed and fed to the resistive heater and the Peltier module.

The program of the auxiliary controller 3 (Figure 9d) works according to the following
algorithm. After the start of the program and the initialization of the libraries, the system
performs a continuous polling of the chip responsible for the digitization and transmission
of data from the clamp load cell. Information on the force currently applied on the load cell
is sent to the central processor and to the controller pressure unit for output. The program
is responsible for receiving the command to turn on the clamp and maintains the specified
clamping force. If the current force is lower than the preset one, then, the stepper motor
is turned on in the forward direction to increase the clamping force. If the force is greater
than the preset one, then, the motor is rotated in the opposite direction. When a command
is received to turn off clamping, the controller turns on the motor in the backward direction
until the magnetic end sensor is triggered.

4.2. Software Interface

After launching the software of the automated system for measuring the thermal
conductivity of functional and structural products and loading the operating system, a
browser opens and the main software window loads (Figure 10).

Thermal Conductivity Meter
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305
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. n
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)
)
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)
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[[ Measurement on/off ]} {[ Setof themal resistances ]] [- {_}

Figure 10. The software interface.

1 P0000®

In order to measure the thermal conductivity coefficient, the user places the sample
into the measurement compartment and closes it with a lid. Then, a clamping force for the
heating unit and thermal resistances (to be automatically introduced into the sample) is set.
Next, the required heat flux is set in the range of 7-25 W, and measurements are carried out.
The obtained results are displayed in a dialog box on the screen in the form of graphs of
temperature distribution in the heating block, the sample, and the cooling unit. Numerical
values of the heat flux in the heating and cooling units along with the thermal conductivity
coefficient are also displayed (Figure 11). The software outputs can be saved to a file. To
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minimize the statistical measurement uncertainty, it is recommended to conduct a series of
10 parallel experiments.

Thermal Conductivity Meter

36.89

d 2 3 4 5 6 7 8 9 10 1"
= Temperature

@e@0®®

Heating heat flow W ‘ Thermal conductivity coefficient W/(m*K) cooling heat flow W
[ 14.42 ] )[ 2437 | I 14.42 ]

Figure 11. The software outputs.

Heat fluxes are controlled through the main program by using configured PID con-
trollers. The related calculations are based on the difference between the readings of thermal
resistances 1-3 in the heating unit and analogous thermal resistances 9-11 in the cooling
unit.

The criterion for stopping the measurement is the attainment of a steady state, i.e., the
equality of heat fluxes in the heating unit and the cooling unit (this takes about one hour)
and the stability of the thermal conductivity coefficient readings (changes of less than 0.1%
within a minute).

5. Results and Discussion
5.1. Sample Description and the Results of Its Examination

The automated system for the measurement of the thermal conductivity of func-
tional and structural products was tested and calibrated using a reference sample of
pure aluminum (99.999 wt.% Al) with a density of p = 2698.9 kg/m? at room temperature
Troom =22 £+ 1 °C. The geometric dimensions of the aluminum bar were 40 x 40 x 300 mm.
The experimental setup attained the steady state within At = 1 h after the heat fluxes on the
heating and cooling unit were balanced.

The thermal conductivity coefficient was measured for four temperature differences
ATj.5 at sample spots No. 1 and No. 5 with varying heat flux from the heating unit (Q;)
and the cooling unit (Q;) (Table 2).

Table 2. Measurement parameters.

Ne AT, °C <Qi>, W <Qy>, W <A>, Wm-K  <A>, Wm-K
1 39+0.1 73+0.1 734+0.1 246 + 3

2 6.0+ 0.1 10.9 £ 0.1 10.8 £ 0.1 240 + 2 243 4 3

3 7.7 +0.1 144 +0.1 144 £+ 0.1 244 + 3

4 9.8 +0.1 18.1 £0.1 18.1 £0.1 242 + 2

Figure 12, a shows the curves of temperature distribution in the sample, the heating
and the cooling units, as averaged over 10 experiments. The curves have the same shape,
which is in accordance with the literature data and the modelling results; the greater the
slope angle of a curve, the greater the heat flux in the sample.
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Figure 12. Temperature distribution in the setup (a) and repeatability of the thermal conductivity
coefficient measurement results (b).

The experimental value of the thermal conductivity coefficient, as averaged for var-
ious temperature differences at the extremities of the sample, is <A> =243 £ 3 W/m-K
(Figure 12b). A series of 10 tests ensures the repeatability of the results and minimizes
the random measurement error. The random error of the determination of the thermal
conductivity coefficient is about 1%, which demonstrates the high measurement accuracy
of the developed automated system for measuring the thermal conductivity of functional
and structural products.

5.2. Comparison of the Values of Thermal Conductivity of Pure Aluminum as Measured in Our
Setup and by Other Methods

We compared the experimental value of the thermal conductivity coefficient of a pure
aluminum sample, as measured on the above-described setup, with the results of the laser
flash method as implemented in the NETZSCH LFA-467 instrument (Equation (9)) [17].

A= OCPCP, (9)

where « is the temperature conductivity, p is density, and Cy, is the heat capacity of the
sample.

The ambiguity of thermal conductivity coefficient values is related to the determination
of the material heat capacity. The heat capacity was studied using a NETZSCH DSC-404 C
calorimeter in an inert argon medium. The experimental curve of the sample heat capacity
values is shown in Figure 13b. Based on its shape and without detailing the processes
occurring in the material, two values of the heat capacity can be obtained: Cp1 =949 ]/kg-K
(determined at the minimum of the functional curve, at a temperature of about 70 °C) and
Cp2 =911 ]/kg K, obtained by an approximation of the linear, higher-temperature section
of the curve down to Troom = 22 £ 1 °C (Figure 13a). From the two different values of the
sample heat capacity, the thermal conductivity coefficients <A;> =257 £ 2 W/m-K and
<Ap> =247 £ 2 W/m-K can be derived (Figure 13b).

The values of the thermal conductivity coefficient, obtained in this work, were com-
pared with known values from the literature data (Figure 14) [54].

In this work, using the newly developed automated system for measuring the thermal
conductivity of functional and structural products, we measured (Figure 14) the thermal
conductivity coefficient of pure aluminum (<A> = 243+3 W/m-K at Typom =22 £ 1 °C).
The obtained values are consistent with the literature data [54] (falling within the range
of A =210 + 260 W/m-K) and experimental results obtained by the laser flash method
(<Ap> =247 £ 2 W/m-K).
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Figure 13. Heat capacity (a) and thermal conductivity of the sample as obtained by laser flash
method (b).
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Figure 14. Comparison of thermal conductivity coefficients from this paper - developed device (1);
LFA; (2); LFA; (3); and from the literature data—Mannchen W. (4); Powell RW., Tye R.P., Woodman

M.J. (5); Hogan C.L. (6); Flynn D.R. (7); Bidwell C.C., Hogan C.L. (8) [54].

6. Conclusions

The paper analyses existing steady-state and non-steady-state techniques for studying
the thermal conductivity coefficients of materials.

We developed, designed, built, tested, and calibrated an automated system for mea-
suring the thermal conductivity of functional and structural products. The system is based
on a steady-state Fourier’s law-based method for measuring the thermal conductivity
coefficient. We described the structural elements and materials of the setup and presented
its drawings.

We demonstrated the results of computer modelling of heat transfer processes involved
in measuring the thermal conductivity coefficient of an aluminum sample, viz, shown
the distribution of thermal fields in connection with changes in temperature differences
at the extremities of the samples (AT); estimated the effect of the thermal conductivity
coefficient of thermal pads; and detailed the change in thermal fields in the presence of
thermal resistances in the sample.

The obtained experimental value of the thermal conductivity coefficient
<A> =243 £ 3 W/m-K with a measurement error of about 1% is fairly consistent with
the literature data (A = 210 <+ 260 W/m-K) and experimental values obtained by the laser
flash method (<A;> =247 + 2 W/m-K).

Further studies will focus on expanding the number of measured materials: metals,
such as steel, copper, and titanium; carbon materials, such as graphite and graphite foils;
and silicon carbides, tungsten, and boron. We plan to improve the design of the setup in



Processes 2024, 12, 2219 17 of 19

order to be able to measure thermal conductivity coefficients in the temperature range of
—50...250 °C.
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