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Abstract

This paper presents the development of a novel experimental device for measuring the thermal conductivities of both non-
conductive and conductive solids under transient conditions. The device comprises a sensor assembly coupled with an elec-
tronic bridge circuit and a direct current power source. The developed device was successfully used to measure the thermal
conductivity of non-conducting and conducting solids, specifically granite and stainless steel 304, at room temperature. The
device was also extended to two additional non-conducting solids, namely, limestone and basalt, to validate the testing. The
thermal conductivities of granite, stainless steel-304, limestone and basalt were 2.14 W/(m'K), 14.93 W/(m-K), 2.91 W/(m'K),
and 2.72 W/(m-K), respectively. These findings demonstrate excellent concordance with the existing literature for both non-
conducting and conducting solid materials. The standard uncertainty of the developed device was + 4.2%. The entire measure-

ment process takes less than 5 s.
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1. Introduction

The ability to measure thermal conductivity is critical in deter-
mining the transfer of heat in numerous fields, including auto-
motive, building insulation, mining, power generation, aero-
space and engineering. The measurement of thermal conductiv-
ity can be accomplished through many methods, and for the ma-
jority of the methods, each method will be limited to a specific
type of speed and solid and liquid materials. The thermal con-
ductivity can be measured using experimental methods; these
methods can be divided into two groups: steady-state methods
(also known as continuous methods) and transient methods [1].
The principle behind steady-state devices that measure thermal

conductivity is that one end of a sample is heated. At the same
time, the other is cooled until equilibrium is reached, and data
are collected to determine the sample's thermal conductivity (its
thermal properties). However, measuring thermal conductivity
with steady-state methods has drawbacks, as they require signif-
icant time for a sample to stabilise before it can be used for ther-
mal conductivity measurements. In most laboratories where tra-
ditional devices are used to measure the thermal conductivity of
solids, heat transfer must reach a steady state before experiment-
ing, typically requiring 60 minutes. Different measuring devices
are used to measure the thermal conductivities of different ma-
terials. Alterations in the sample's physical structure due to heat-
ing are an additional limitation of the steady-state approach for
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Nomenclature

k —thermal conductivity, W/(m-K)

P — power input per unit length of heating wire, W/m
T — temperature at time t, K

AT — temperature rise (Tc2) — Tew), K

t —time,s

uk — standard uncertainty of thermal conductivity

um — standard uncertainty of temperature vs. In time slope
Up - standard uncertainty of power input

Subscripts
t1  — initial time for measurement, s

determination of the thermal conductivity. This phenomenon
may influence or distort thermal conductivity measurements.
Ailawalia and Priyanka [2] examined the influence of variable
thermal conductivity within a semiconducting medium situated
beneath an infinite elastic half-space. Lesniewski et al. [3] pro-
posed a novel method for determining the thermal conductivity
of porous ceramic materials based on the Stefan Boltzmann law
of thermal radiation. Hemalatha et al. [4] used a two-slab
guarded hot-plate apparatus to measure the thermal conductivi-
ties of natural fibre reinforced composites. The results from this
study provided information for the future development of more
sustainable materials for electrical component applications, in-
cluding socket pins and switchboards. Using heat fluxes as the
basis for balancing, Pistun et al. [5] developed a measurement
apparatus to determine the thermal conductivity of solid materi-
als; this apparatus uses both the steady-state technique and the
bridge measurements method to determine thermal conductivity
of solids. Huang and Wang [6] characterised the thermal con-
ductance of their samples for the hotplate method by calculating
the total error associated with their measurements to be +£5.2%
due to uncertainty from standard techniques and also by using
standard error propagation. Each test required approximately
40 minutes to reach steady-state heat transfer conditions.

1.1. Transient technique

Transient heat transfer is a critical area for many industries, in-
cluding energy systems, electronics and material processing.
A proper understanding of the dynamic behaviour of tempera-
ture fields within these industries contributes directly to the
quality of many chemical products as well as to the reliability
and safety of final manufactured goods, thus enabling more re-
liable estimates of future product quality. Accurate prediction of
dynamic temperature processes within these types of industries
also enables users to optimise their operations; therefore, predic-
tion of temperature behaviour reduces costs associated with the
production of goods. At the heart of the transient heat-transfer
process is the unsteady heat conduction equation (this is a partial
differential equation) derived from Fourier's law, which relates
the rate of change in temperature over time (temporal) and the
thermal conductivity (conductive heat) of the material being
tested, as well as the temperature gradient within the material
(spatial) and the time at which the temperature is measured. In
contrast to steady-state collection methods, transient techniques
enable rapid economical evaluation of a sample's thermal con-

to - final time for measurement, s

Abbreviations and Acronyms

ADC — analogue-to-digital converter

ASTM - American Society for Testing and Materials

DC — direct current

GPIO  —general purpose input/output

HDMI - high-definition multimedia interface

1ISO — International Organization for Standardization
MOSFET- metal-oxide-semiconductor field-effect transistor
SBC —single-board computer

usB — universal serial bus

ductivity. Devices that use transient-state techniques produce
a response upon introducing heat into the material over a defined
time, allowing the time-dependent thermal response of the sam-
ple to be evaluated. When evaluating a sample using the transi-
ent technique, the sample does not have to reach equilibrium be-
fore a measurement can be taken. Another major reason why
transient techniques are commonly used is that they offer several
benefits over steady-state methods, including ease of setup,
short testing times and, most importantly, low measurement un-
certainty [7,8].

The transient measurement technique is ideal for measuring
materials that consist of several layers or are heterogeneous ma-
terials (having multiple types of material in a single object).
There are several different types of transient measurement tech-
niques based on the mode of heat generation, temporal-based
configurations of instruments and geometrical shapes (sources)
of the heat source that are used. Some transient measurement
techniques do not require any kind of physical interaction be-
tween the test specimen and the heating source, while other tech-
niques require physical contact between the two. Yoon et al. [9]
conducted research on the thermal conductivity of bentonite
buffer materials using the hot-wire technique, and Wu et al. [10]
studied the effect of natural convection on the thermal conduc-
tivity of liquids using the transitory plane source method, cou-
pled with computational simulations to reflect the transitory heat
transfer processes taking place in the liquid state.

Kosowska-Golachowska et al. [11] employed a laser flash
apparatus to quantify the thermal conductivity of an array of
solid fuels, i.e. brown coal, hard coal and anthracite. Mo and
Ban [12] studied the thermal conductivity of particulate beds at
varying levels of compressive pressure, both under air and vac-
uum, via a hot-disk TPS 500 instrument. Memon [13] examined
the thermal conductivity of cerasolzer CS186 and J-B epoxy-
steel welded resins that were used for hermetic edge sealing,
through the transient method. Zheng et al. [14] evaluated 17 mo-
dels used to determine the thermal conductivity of frozen soil,
focusing on silty clay, sand and sandy loam, via the transient
method. Asadi et al. [15] investigated the thermal conductivities
of cement mortars with a transient-plane-source (TPS) device.
AlQdah [16] analysed the thermal conductivities of building ma-
terials in Medina, Saudi Arabia, under natural and local environ-
mental conditions using a specialised equipment. Liu et al. [17]
developed novel instruments for pre-drilling thermal-probe test-
ing for evaluating thermo-physical properties of soil and rock.
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1.2. Transient hot-wire method

The transient hot-wire technique is among the most im-
portant techniques to measure thermal conductivity [18]. The
transient hot-wire method has become one of the most common,
extensively used methods to determine thermal conductivities of
liquids and solids, because of its superior accuracy (low level of
uncertainty), and because of its capability for absolute measure-
ment. Furthermore, there is an extensive body of literature that
documents the establishment and theoretical framework behind
the use of the transient hot-wire method [19,20]. The hot-wire
method consists of heating a thin metallic wire by providing an
electric current to it and inserting it in a sample. The wire tem-
perature was determined as the heat dissipated from it into the
sample. The sample material's ability to conduct heat can be de-
termined by utilising the wire temperature and the logarithm of
time. One variant of the hot-wire method is known as the
"probe" technique. This arrangement measures the response of
a"needle" that is inserted into the material to determine the sam-
ple's thermal conductivity [21]. The test methodology and data
evaluation approach of the needle probe technique were estab-
lished according to the American Society for Testing and Mate-
rials (ASTM) D5930 [22] and ASTM D5334 [23]. The probe
incorporated both a thermocouple and a hot-wire heater. Other
techniques include the dynamic hot-wire method, which em-
ploys an embedded wire in the sample to simultaneously func-
tion as a temperature sensor and heating element [24]. Constant
electric power was utilised to heat the wire during the measure-
ment. The wire's electrical resistance as a function of tempera-
ture was used to estimate the mean temperature of the heated
wire over time. The way in which a specimen responds to a tem-
perature change is primarily unaffected by its thermal conduc-
tivity, which is why so many researchers have turned to utilising
the transient hot-wire method, due to the relative simplicity of
its operation, for rapid determination of a material's thermal con-
ductivity [7,8].

Transient hot-wire techniques have also been extensively de-
veloped into a widely accepted standard for accurately determin-
ing the thermal conductivity of various types of materials: solids
[24], polymeric materials [25,26], liquids [25]. In addition, it has
been established that transient hot-wire measurement techniques
use a Fourier-type transient conduction method to transfer heat
by conduction. The first use of the transient hot-wire technique
for determining the thermal conductivity of rocks began in the
1960s [26]. Over the years, investigators have developed and re-
fined various types of instruments for the transient hot-wire
method to improve the precision of transient hot-wire measure-
ment techniques [27-33]. In the recent past, the transient hot-
wire technique has been used to determine the thermal conduc-
tivity of various kinds of materials that possess low thermal con-
ductivities [34], for example, soil [35], ice cores [36,37], biolog-
ical materials [38], ceramics, and refractory materials [39].
Transient hot-wire techniques, which have been utilised to char-
acterise other materials including glass, porous elements and
powdered chemicals, have also been applied within numerous
different scientific disciplines to investigate the thermal charac-
teristics of many different kinds of materials, including biologi-
cal tissues, nano-scale liquids, and composite materials com-

prised of both nanometre and micrometre sized features. Many
different research studies have focused on determining the ther-
mal properties of a variety of these different materials using the
transient hot-wire technique [40—44]. This is possible because
the transient hot-wire technique enables investigators to meas-
ure both thermal diffusivity and thermal conductivity simultane-
ously. Comprehensive guidelines on the hot-wire measurement
technique will be provided to those interested in performing
thermal conductivity determination tests on refractory materials
using the hot-wire technique in accordance with ASTM C1113
and ISO 8894 [39,45].

The hot-wire technique is established under the theoretical
concept of "uniaxial radial heat flow," which occurs within
a uniform and consistent test material, as shown in Fig. 1.

Hot wire «__

Py

Test sample

~

“Heat flow
(a) The test sample is assumed to possess
a simple one-dimensional radial heat flow.

Constant temperature profile

Power supply]

>

Hot wire 4/ \uTest sample

(b) Electric current flows through the hot wire at a consistent intensity.

Fig. 1. The hot-wire method's basic measurement principle.

Variant (a) of Fig. 1 illustrates the test sample with an as-
sumed simple one-dimensional radial heat flow originating from
the centre of the hot-wire (sensor), creating a constant tempera-
ture profile that radiates outward radially. Variant (b) shows the
electric current flowing through the hot wire embedded in the
test sample at a consistent intensity (cross-sectional view).
These illustrations together represent the basic measurement
principle of the hot-wire method. These theoretical assumptions
rely on the notion that the linear heat source is infinitely long
and has a negligible diameter.

A variety of approaches to eliminating systematic errors in
measurements taken under non-ideal conditions for accurately
measuring the thermal conductivity of solid samples have been
proposed by many researchers. Some solutions require the
measurement of temperature at the end of the wire to be cor-
rected [46,47], but these corrections tend to be smaller than
those found under ideal conditions. The majority of corrections
used to correct for systematic errors in hot-wire measurements
relate to the effect of the heat lost from the wire due to convec-
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tion and radiation. Some corrections are able to estimate the
amount of heat lost through radiation by using mathematical
models to determine the radiative losses, which are then applied
as corrections to the temperature difference measured in the hot-
wire system [48].

The objectives of the present work are as follows:

e to develop a novel device capable of measuring the thermal
conductivity of both non-conductive and conductive solid
samples,

o to establish a method to determine the thermal conductivity
of both non-conductive and conductive solid test samples
using the aforementioned device,

e to present a novel device and technique that functions un-
der transient conditions and enables quicker measurements
of thermal conductivity,

e to present a novel device and method that is accurate, cost-
effective, straightforward and easily implementable.

The new thermal conductivity measurement device incorpo-
rates a uniqgue combination of features that enable thermal con-
ductivity measurements of both non-conductive and conductive
solids. A U-shaped hot-wire configuration was incorporated
into the design to increase sensitivity, flexibility and spatial res-
olution. To protect the hot-wire and minimise contact resistance
with the sample, polyimide films were used for lamination. Ad-
ditionally, a microprocessor-based electronic bridge circuit was
used for improved data acquisition and processing. One of the
most significant advantages of the new measurement device
compared to conventional methods is that it measures the ther-
mal conductivity of both non-conductive and conductive solids
in less than 5 seconds, representing a substantial savings in
measurement time. The proposed design is more efficient, more
cost-effective and simpler than current technologies. However,
the accuracy and precision of the new measurement device have
been maintained through the use of modern electronic instru-
mentation. Because the exposure time of each sample is mini-
mal, samples will not be altered due to changes in the physical
structure of the sample. The device's portable design enables
on-site measurement and makes it useful for a wide variety of
applications. To evaluate the functionality of the new measure-
ment device, a comparison of the thermal conductivity meas-
urements made with the new device to literature values was per-
formed. The results were found to be in good agreement and
will be discussed in subsequent sections.

2. Experimental section

2.1. Origin of the test samples

The granite samples used in the present study were obtained
from llakal, located in the Bagalkote district of Karnataka, India,
an area renowned for its high-quality granite quarries. Lime-
stone specimens were sourced from the Gulbarga district of Kar-
nataka, India, which is recognised for its extensive limestone de-
posits. Basalt samples were collected from the Deccan Plateau
region in Raichur (specifically from the Hutti gold mines area),
Karnataka, India, which is characterised by widespread basaltic

lava flows. Stainless steel — grade 304 (UNS S30400) was pro-
cured from AZO Materials.

2.2. Description of the experimental device

This investigation aims to use the transient dynamic hot-wire
method to determine the thermal conductivity of both non-con-
ductive and conductive solid materials. Figure 2 outlines the
overall experimental workflow adopted in the present study. The
procedure begins with the collection and preparation of refer-
ence samples, including non-conductive solids (granite, lime-
stone, basalt) and a conductive solid (stainless steel 304). Con-
currently, the design and development of the novel experimental
setup are carried out, which involves reviewing the theoretical
framework, designing the hot-wire sensor, developing the re-
sistance sensing and heating circuit, and setting up the data ac-
quisition system. The calibration procedure is then performed
by testing the reference samples with known thermal conductiv-
ity. During the experiment, temperature changes are recorded
over a defined time interval to determine thermal conductivity.
If errors occur, adjustments are made by revisiting the experi-
mental setup. Finally, the results are analysed, followed by in-
terpretation and conclusions. The apparatus and methodology
described herein adhered to the standards outlined in 1SO-8894
[45] and ASTM C1113M — 09 [39].

Present Work

Y v

Design and Development
of the Novel Experimental

Collection of reference samples
for non-conductive solids: Granite,

Limestone and Basalt Setup
for conductive solid: Stainless steel 304 ‘
| Review theoretical » Design the hot
l Framework wire sensor
Sample Set up data Develop resistance

preparation [ acquisition system sensing & heating circuit

l

Calibration Procedure
Testing of Reference samples
(known thermal conductivity)

A

Temperature change during a
defined time interval

Analysis of results

!

Interpretation
and Conclusions

Fig. 2. Flow chart of the experimental procedure.
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2.2.1. Sensor assembly

A newly developed device for measuring thermal conductivity
consists of a sensor assembly, an electronic bridge circuit in
electrical communication with the sensor assembly, and a direct
current (DC) power source in electrical communication with the
electronic bridge circuit. As shown in Fig. 3, the sensor assem-
bly consists of a U-shaped hot-wire, a leading wire with one end
spot-welded to the end of the U-shaped hot-wire, a barrel jack
connection plug connected to the other end of the leading wire,
and two polyimide films (Kapton) laminating the U-shaped hot-
wire.

Fig. 3. Sensor assembly: 1. a U-shaped hot-wire, 2. a leading wire,
3. a barrel jack connection plug, 4. a polyimide film (Kapton),
5. an end of the U-shaped hot-wire (1), 6. an end of a leading wire
connected to U-shaped hot-wire, 7. an end of a leading wire
connected to barrel jack connection plug.

Figure 4 shows the geometry of the U-shaped hot-wire lam-
inated using two polyimide films (Kapton). The U-shaped hot-
wire is made up of an electrically resistive material wire of
150 pm diameter and 100 mm length. The electrically resistive
material wire is platinum-rhodium wire with 90% platinum and
10% rhodium.

100

_—»50-pm- Kapton
film

_______________

10
50

R e

"~ 150-pm - platinum-
50 rhodium (90/10) wire

All dimensions in mm

Fig. 4. Geometry of a U-shaped hot-wire
laminated using two polyimide films.

The U-shaped configuration of a hot-wire must have its par-
allel legs separated by enough distance to decrease the heat
transfer, which will increase the transfer capacity of the device
while maintaining the uniformity of the radial heat flow between
its legs. According to Lyu et al. [49], the spacing should be at

least 6.8 times greater than the diameter of the pile, thereby en-
suring that the pile-to-pile thermal interactions do not affect the
radial heat flow patterns between piles. We therefore designed
our U-shaped sensors with a spacing of approximately 10 mm
between the parallel legs of the sensor, which is greater than the
minimum needed to maintain isolated radial heat flow. In addi-
tion, Zhang and Fujii [50] found that by using insulating mate-
rials or coatings that are matched to or insulated from the heat
properties of the materials they support, the radial distributions
of heat flow from hot-wires can be improved. U-shaped hot-wire
configurations can be effectively applied to a wide range of in-
dustrial, scientific and monitoring applications. U-shaped con-
figurations of hot-wire sensors increase the sensors' sensitivity,
flexibility and spatial resolution. Along with serving as a tem-
perature sensor to record the increased temperature due to fluc-
tuations in resistance, the U-shaped hot-wire also functions as
a heating element when in contact with the solid test samples,
establishing a temperature field that changes with time inside the
solid test samples. The leading wire is a double-core and low-
noise-shielded wire of 0.5 mm diameter. The leading wire serves
as a support to the U-shaped hot-wire that is used as a sensor.
With this arrangement, the U-shaped hot-wire that is used as
a sensor is free from any kind of stress, when it is plugged or
unplugged from the electrical connection. Further, laminating
the U-shaped hot-wire by utilising two 25 pm thick heat-resis-
tant sheets to protect the U-shaped hot-wire and minimise the
contact resistance between the U-shaped hot-wire and the solid
test sample.

2.2.2. Electronic bridge circuit

The electronic bridge circuit shown in Fig. 5 of this present work
has consisted of a resistor divider circuit powered by a DC
source, an analogue-to-digital converter (ADC) circuit con-
nected to the resistor divider circuit, a metal-oxide-semiconduc-
tor field-effect transistor (MOSFET) used as a switch to control
the voltage measurements across the resistor divider circuit,
a transistor used to control the MOSFET switch, and a micro-
processor connected to the ADC and transistor.

The resistor divider circuit, also known as a voltage divider
circuit, is created by connecting the sensor assembly in series
with a 0.5-ohm fixed resistor. This resistor divider circuit di-
vides the input voltage from a continuous direct current (DC)
power source into smaller voltages. The power source of direct
current is used to supply power to the sensor assembly by main-
taining a constant electrical current in the resistor divider circuit
throughout the measurement procedure. The direct current is
a regulated power source with the highest voltage and current
setting a value of 30V and 2A, respectively. On drawing of cur-
rent greater than the predetermined set limit by the electronic
bridge circuit, the power supply of direct-current instantly tran-
sitions to the mode of constant current by lowering the voltage
in a time period of the order of milliseconds after starting the
process, as the load is minimal, considering 0.5-ohm resistances
of the fixed resistor and resistance of the U-shaped hot-wire.
Voltage data corresponding to different times at the junction
point between the sensor assembly and the 0.5-ohm fixed resis-
tor is measured using the ADC module and converted from an-
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alogue to digital form. The MOSFET switch works with 5V
logic, and the Raspberry Pi's general-purpose input/output
(GPIO) pins can only provide 3.3V. A transistor is used to drive
the MOSFET switch. The microprocessor (Raspberry Pi) via
GPIO 4 drives the transistor. To turn on the transistor, a small
current from the base to the emitter of the transistor is required.
To limit this current, a 1-kiloohm resistor is used. The MOSFET
switch is active low, which means that the MOSFET switch
turns ON when the GP10O 4 is made low and turns OFF when the

GPIO 4 is high. Low and high indicate the digital signals (0 and
1 in binary) whose voltage levels depend on the board used. On
the Raspberry Pi microprocessor, low is 0V and high is 3.3V.
The MOSFET switch requires 5V at the gate to turn it ON and
0V at the gate to turn it OFF. When GPI10O 4 is high, the transistor
is ON and pulls the MOSFET switch's gate terminal to 0V, turn-
ing it OFF. When GPIO 4 is low, the transistor is in OFF state,
and the voltage at the gate becomes 5V because of the 10-kilo-
ohm pull-up resistor, thus turning ON the MOSFET switch.

10

Fig. 5. Electronic bridge circuit: 1. a direct current (DC) power source, 2. a sensor assembly, 3. an analogue-to-digital converter (ADC) module,
4. a microprocessor, 5. a metal-oxide-semiconductor field-effect transistor (MOSFET) switch, 6. a transistor, 7. a 0.5-ohm fixed resistor,
8. a resistor divider circuit, 9. a 1 kiloohm resistor, 10. a pull-up resistor of 10 kiloohms, 11. a junction point of the sensor assembly (2)
and the 0.5-ohm fixed resistor (7).

To keep the MOSFET switch OFF by default, a high signal
is sent from GPIO 4. GPIO 4 is set to low only when the meas-
urement is started. The microprocessor is used to convert the
voltage measured with respect to time by the analogue-to-digital
converter module to resistance and temperature for the calcula-
tion of thermal conductivity of solid test samples. The device
operates in a transient condition, resulting in thermal conductiv-
ity measurement in a time period in a range of 1-5 seconds.

The Raspberry Pi functions as a single-board computer
(SBC) equipped with a 64-bit Broadcom BCM2837 CPU fea-
turing four cores operating at 1.2GHz and 1GB of RAM. This
microprocessor utilises the Raspbian Operating System, which
is stored on a 16GB SD card. The device is equipped with Uni-
versal Serial Bus (USB) and High-Definition Multimedia Inter-
face (HDMI) ports, as well as 40 general-purpose input/output
(GPIO) pins that facilitate connectivity with various hardware
components. It is powered using a 5.1V 3A power adaptor. By
connecting a mouse, a keyboard to the USB ports, and a monitor
to the HDMI port, it can work as a small personal computer.
A Python program is written on the Raspberry Pi. Figure 6
shows the flowchart for a Python program used to measure the
thermal conductivity of a solid sample using an instrument as
per the present work. When this program is executed, it turns on

the resistor divider circuit by driving the MOSFET switch and
collects the analogue data through an analogue-to-digital con-
verter module. The final output of the code is a CSV file con-
taining temperature-versus-time data.

By plotting temperature versus time and measuring the slope
of the linear portion of the curve, the thermal conductivity of the
test sample is calculated.

The thermal conductivity of the material under investigation
was calculated by determining the slope of the line relating the
temperature difference (AT) to the natural logarithm of time (In
t). The temperature (T) of the U-shaped hot-wire was measured
as a function of time (t), which was subsequently used to calcu-
late the sample's thermal conductivity (k) using Eq. (1):

k= ————n(2), (1)

47 (T(e2)=T(¢1)) t1

where k — thermal conductivity in W/(m-K), P — power input
per unit distance along the linear heating source in W/m,
AT = (T) — Taw)) — temperature rise in K, and In(t./t;) — loga-
rithm of time in seconds.

Table 1 provides a detailed description of the various com-
ponents and specifications of the newly developed device for
measuring the thermal conductivity of solids.
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Start
4
Read user input:
Applied current (A), sampling duration, wire
length, temperature coefficient of the wire, ADC
sampling rate.

1
Turn on power to the wire through
MOSFET and start a timer

v
» Read ADC channel

Convert ADC value into resistance
value using given inputs

B
Storage resistance value in a
temporary file

No Timer
e overflow?

Yes

Turn off power

Convert the resistance values
into temperature values

L 4 -
Store the temperature values with
corresponding time in a CSV file

End

Fig. 6. Flow chart for a Python program.

3. Results and method for measuring thermal
conductivity of solid samples

The device and method described in the present study are used
to measure the thermal conductivity of solid test samples, in-
cluding granite, stainless steel-304, limestone and basalt. The
hot-wire sensor size cannot exceed the accessible sample size,
as required by transient methods. Notably, each solid test sample
should have a minimum thickness of 5 mm, a length of 200 mm,
and a breadth of 50 mm, according to the U-shaped sensor's de-
sign requirements.

Several strategies can be employed to minimise the thermal
contact resistance at the U-shaped sensor-solid sample interface.
Optimising surface preparation is essential to ensure that sample
surfaces are smooth, flat and thoroughly cleaned, thereby elimi-
nating contaminants. Furthermore, in applications requiring
a reduction in the contact resistance of electronic devices, the
structural integrity and thermal stability of Kapton render it
a preferred choice [51]. For instance, Romero et al. [52] focused
on the laser ablation of Kapton polyimide, which demonstrated
promising electrical and thermal characteristics, indicating its
potential as a flexible, conductive substrate. The use of poly-
imide films (Kapton) is based on creating a uniform and confor-
mal interface between the sensor and sample, which reduces the

Table 1. Components and specifications of the instrument as per the present work.

No. Components
U-shaped hot-wire
Leading wire
Connection plug
Polyimide film

U A W N =

Power source
analogue-to-digital converter

Specifications

Platinum-rhodium with 90% platinum and 10% rhodium, diameter =150 um , length = 100 mm
Double-core, low-noise-shielded wire, diameter = 0.5 mm

DC barrel jack plug

Kapton, thickness = 25 um + 25 pm = 50 um
Maximum —30V and 2 A, DC power supply

ADC - ADS1115, 16-bit conversion, maximum data rate of 860 samples per second

The Raspberry Pi incorporates a 64-bit CPU, specifically, a Broadcom BCM2837 Quad Core processor operating
at 1.2GHz. It is equipped with 1GB of RAM and includes a 16GB SD card for data storage purposes.
IRFZ44N — drain current DC = 49 A (maximum), drain source voltage = 55 V (maximum),

drain-source on-resistance = 22 mQ (maximum), fast switching

6 (ADC) module
7 Microprocessor
8 MOSFET switch
9 Transistor
10 Fixed resistor
11 Resistor

12 Pull-up resistor

gaps and imperfections that typically contribute to increased
contact resistance. In the present work, the U-shaped hot-wire
laminated with two polyimide films (Kapton) is squeezed be-
tween two solid test samples to measure its material's thermal
conductivity.

Empirical models and experimental observations indicate
that the contact resistance decreases nonlinearly with increasing
compression pressure. When pressure is applied, it deforms the
asperities at the contacting interface, effectively increasing the
real contact area, which in turn reduces the resistance to heat
flow [53,54]. This effect is crucial in applications where mini-
mising the thermal contact resistance is necessary for efficient
thermal management [55]. In our studies, to apply a minimal
force on the surfaces, a metallic mass of 2 kg was mounted on
top of the sample. As a result, heat is transferred to the solid test

2N3904, emitter - 40V(maximum), base — 60 V (maximum), collector current - 200 mA

050Q,3W
1kQ
10 kQ

samples from the U-shaped hot-wire via the polyimide films.
This methodology effectively mitigated the thermal contact re-
sistance, enabling the apparatus to function with minimal uncer-
tainty. This technique has proven successful in reducing contact
resistance in studies involving materials such as granite, stain-
less steel-304, limestone, and basalt.

An arrangement of the device, as per the present work for
measuring the thermal conductivity of a solid test sample, in-
cluding a U-shaped hot-wire, two polyimide films, two solid test
samples, and a metallic weight used to test the thermal conduc-
tivity at the surrounding temperature, is illustrated in Fig. 7.

Figure 8 is a photograph showing the arrangement of a de-
vice as used in the present work, positioned between solid test
samples, with a weight applied for the measurement of thermal
conductivity.
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a) Exploded view

b) Isometric view

Fig. 7. Arrangement of a device for measuring thermal conductivity of a solid test sample: 1. a U-shaped hot-wire, 2. a leading wire, 3. a barrel jack connec-
tion plug, 4. a heat-resistant Kapton sheet, 5. an electronic bridge circuit, 6. a direct current (DC) power source, 7. a solid test sample, 8. a metallic weight.

Metallic weight

(2kg)

Samples of
solids (granite)

a) Granite

Metallic weight

Samples of solids
(stainless steel-304)

b) Stainless steel-304

Fig. 8. Photograph showing an arrangement of the instrument with application of weight for measurement of thermal conductivity.

According to experimental findings by the instrument as per
present work, a heat pulse of about 5 seconds that the U-shaped
hot-wire transfers through the polyimide film (Kapton) to the
solid test samples appears to be adequate to produce a tempera-
ture increase between the time t; and t at a power (P) input of
about 3 W. Total 1500 measurements are used for this run, rang-
ing from O to 5 seconds.

The transient hot-wire measurement method comprises three
steps. Initially, experimental resistance measurements are ob-
tained from a U-shaped hot-wire over a specified time period.
Subsequently, the temperature was derived from these data.
Over time, the temperature of the U-shaped hot-wire exhibited
a logarithmic pattern. Therefore, when plotting the temperature
against time on a semi-logarithmic graph to measure the thermal
conductivity via the transient hot-wire method, it is standard
practice to exclude the initial segment of the temperature versus
time data points [44]. Hence, we focus our analysis on the upper
linear portion of the plot. This methodology is essential for
achieving precise thermal conductivity measurements and in-
volves several critical factors. The initial segment of the temper-
ature-time plot frequently exhibits transient effects that are in-
consistent with the steady-state heat conduction model. During

this phase, the temperature increase may be influenced by ther-
mal inertia and other transient phenomena, potentially distorting
the measurements [44]. The upper linear portion of the plot in-
dicates the establishment of a quasi-steady state condition or
thermal equilibrium, where the temperature increase follows
a predictable and consistent pattern. This linear behaviour signi-
fies that the system has reached a state in which the assumptions
of the transient hot-wire model are applicable. At this point, the
thermal conductivity can be accurately determined from the
slope of the line [44]. By concentrating on the linear portion, the
effects of noise and irregularities present in the initial transient
phase can be avoided, thereby enhancing the precision of the
measurement, as data points from the steady linear portion are
less susceptible to such disturbances. The semi-logarithmic
scale facilitates the clear identification of the linear region, sim-
plifying the extraction of thermal properties by converting the
exponential temperature increase into a linear relationship. This
transformation is crucial for correlating the measured tempera-
ture increase with the theoretical model, enabling the calculation
of the thermal conductivity and diffusivity [44]. These practices
collectively ensure that the data used for calculating the thermal
conductivity are derived from a range in which the heat transfer
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mechanisms are well understood and accurately represented by
the theoretical models employed in the analysis. Discarding the
initial portion and focusing on the linear part mitigated errors
and enhanced the reliability of the thermal conductivity meas-
urements.

The upper linear segment is selected based on the premise
that, during this phase, the temperature increase of the wire
demonstrates a direct linear correlation with the natural loga-
rithm of the time. This correlation is attributed to the predomi-
nance of heat conduction during this phase, with negligible in-
fluence from other effects, such as natural convection. The lin-
ear region was identified by ensuring that the plotted points
formed a straight line with minimal deviation, thereby confirm-
ing that the conditions were primarily due to pure conduction
[56]. It is advantageous if the R-squared value of the linear fit
approaches 1, indicating a robust linear relationship, and if the
selected region produces consistent results across multiple mea-

surements of the same sample.

A typical experimental semi-logarithmic temperature vs.
time response and its logarithmic fit for the linear portion of the
experimental data for the solid test samples of granite and stain-
less steel 304 at the surrounding temperature are illustrated in
Figs. 9 and 10, respectively. The thermal conductivity of granite
and stainless steel 304 is near the upper end of the linear curve.
For granite and stainless steel-304, the thermal conductivity val-
ues computed from the temperature against the time curve in
a semi-logarithmic plot are 2.14 W/(m-K) and 14.93 W/(m'K),
respectively. These values differ by —0.04 for granite and +0.01
to +0.59 for stainless steel 304 from the values suggested by the
literature [57-60].

Tables 2 and 3 present an assessment of the measured ther-
mal conductivity values for the granite and stainless steel-304
test samples, including their deviations, relative to the values
recommended in the existing literature [57-60].
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Fig. 9. (a) Experimental temperature variation of granite with time, and (b) its logarithmic fit for the linear portion of the experimental data.

-4
=

w
=]
t |
\

Temperature , K
EEEEEE8EE

.01 0.1 1
Time , 8

a)

3102
y=0.1700 In(x) + 309.69
R*=08016
310.1
M 30 .t
WS| iy mispes et
ws| 0 aes
& | e
Exp. (Stainless Steel - 304)
wr1 o EemtE o Log. (Stainless Steel - 304)
10 309.6 r T
1 2 Time, § 4 8
b)

Fig. 10. (a) Experimental temperature variation of stainless steel-304 with time, and (b) its logarithmic fit for the linear portion of the experimental data.

Table 2. Assessment of the granite samples measured thermal conductivity values, including their deviations, in relation to the value proposed in [57].

Non-conductive solid sample — granite

Measured thermal conductivity

Thermal conductivity

Lie; at 300 K (W/(m-K)) at 300 K (W/(m-K)) [57] Deviation
1 2.14
2 2.16
2.1 —0.
3 2.13 8 0.04
Mean 2.14
Standard deviation 0.016
Random error in measurements 0.75% -

(from repeated measurements) (%)

221



Karthik M.S., Aruna M., Reddy P.S.K.

Table 3. Assessment of the stainless steel-304 samples measured thermal conductivity values, including their deviations,

in relation to the values proposed in the literature ([58—60]).

Conductive solid sample — stainless steel-304

Measured thermal

Thermal conductivity = Thermal conductivity = Thermal conductivity

Trial no. conductivity Deviations
at 300 K (W/(m-K)) at 300 K (W/(m-K)) [58] at 300 K (W/(m-K)) [59] at 300 K (W/(m-K)) [60]

! 14.54 +0.01 [58]

: 122? 14.92 14.84 14.34 +0.09 [59]
: +0.59 [60]

Mean 14.93

Standard deviation 0.016

Random error in measurements 0.11% -

(from repeated measurements) (%)

To assess the broad applicability of the developed device, it
is essential to incorporate various solid samples. By evaluating
the device across different solid samples, we can determine its
performance in various contexts and identify any limitations or
areas for enhancement. The thermal conductivities of solid sam-
ples, such as limestone and basalt, were examined in this study.
Figures 11 and 12 present semi-logarithmic graphs illustrating
the correlations between the temperature and time for limestone

and basalt. These findings were obtained at ambient temperature
using the apparatus developed in this study. The thermal con-
ductivities of limestone and basalt, as determined from the semi-
logarithmic temperature-time graphs, were 2.91 W/(m-K) and
2.72 W/(m-K), respectively. These results showed deviations
from the literature values, with —0.06 for limestone and +0.04
for basalt, respectively [61,62].
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Fig. 11(a) Experimental temperature variation of limestone with time, and (b) its logarithmic fit for the linear portion of the experimental data.
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Fig. 12. (a) Experimental temperature variation of basalt with time, and (b) its logarithmic fit for the linear portion of the experimental data.

Tables 4 and 5 provide an evaluation of the measured ther-
mal conductivities and their deviations for the test samples using
the developed apparatus, in comparison with the literature val-
ues [61,62].

This novel apparatus and methodology are appropriate for
determining the thermal conductivities of both non-conductive

and conductive solid materials under transient conditions. The
measurement process required only 5s, facilitating a more rapid
assessment than existing technologies. Moreover, this innova-
tive approach provides a straightforward, efficient and cost-ef-
fective alternative to current methods.
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Table 4. Assessment of the limestone samples measured thermal conductivity values, including their deviations, in relation to the value proposed in [61].

Trial no.

Non-conductive solid sample — limestone

Measured thermal conductivity at Thermal conductivity

Deviations

300 K (W/(m-K)) at 300 K (W/(m-K)) [61]
1 2.89
2 2.92
3 593 2.97 —-0.06
Mean 291
Standard deviation 0.021
Random error in measurements f= _

(from repeated measurements) (%)

Table 5. Assessment of the basalt samples measured thermal conductivity values, including their deviations, in relation to the value proposed in [62].

Non-conductive solid sample — basalt

Measured thermal conductivity at

Thermal conductivity

Trial no. 300 K (W/(m-K)) at 300 K (W/(m-K)) [62] Deviations
1 2.69

2 2.73

3 274 2.68 +0.04
Mean 2.72

Standard deviation 0.03

Random error in measurements 1.10% -

(from repeated measurements) (%)

3.1. Uncertainty analysis

The guide to the expression of uncertainty in measurement,
a standard for estimating uncertainty published by the Interna-
tional Organisation for Standardisation (ISO) was used [63].
The contributions of the components to the standard uncertainty
can be represented by the following Eqg. (2):

2 2
we Gw) (@)@

The standard uncertainty of the thermal conductivity is rep-
resented by ux, where u, and un, denote the standard uncertainties
of the power input per unit distance along the linear heating
source and the slope of temperature rise versus logarithmic time,
respectively.

In the present work, the uncertainty associated with the
measurement of the thermal conductivity was evaluated as fol-
lows: the voltage applied to the voltage divider circuit, along
with its variation during a transient experimental run, was mon-
itored using a digital high-resolution multimeter with an uncer-
tainty of =1 puV. The uncertainty related to the power input per
unit length of the platinum-rhodium wire (composed of 90%
platinum and 10% rhodium) was assessed as +0.2%. The tem-
perature coefficient of the thin platinum-rhodium wire re-
sistance was determined through calibration conducted during
the measurement process, with an estimated uncertainty of
+0.2%. The experimental time was measured and recorded using
an ADC (ADS1115) with a 16-bit conversion, a maximum data
rate of 860 samples per second, and an uncertainty of £1 ps. The
slope of the temperature increase to the natural logarithmic time
ratio was measured with an uncertainty of +3.8%, as estimated
by deviations from linearity. The experimental sensor was de-
signed such that the thickness of the Kapton heat-resistant sheets

was precisely defined and equal to S0um, ensuring that it did not
affect the uncertainty of the technique. The standard uncertainty
of the developed device was assessed at =4.2% for the measure-
ment of the thermal conductivity of solids.

4. Conclusions

The development of novel devices based on the transient tech-
nique has been necessitated by the demand for information re-
garding the ability to conduct heat in both non-conductive and
conductive solid test samples, and to analyse heat transfer in en-
gineering applications without resorting to time-consuming la-
boratory tests. The developed apparatus exhibits multiple ad-
vantages over existing instruments, including operational sim-
plicity and cost effectiveness alternative to current methods. The
capability to evaluate thermal conductivity in both non-conduc-
tive and conductive solid specimens, with exceptional precision
and accuracy facilitated by contemporary electronic instrumen-
tation, and minimal sample exposure time is demonstrated.

The present study uses a newly developed portable instru-
ment to analyse the thermal conductivity of both non-conductive
and conductive solid test samples, such as granite, stainless
steel-304, limestone and basalt, at room temperature. The tran-
sient technique applied to solid test samples yielded results that
closely matched previously published data. The measured
thermal conductivities were 2.14 W/(m'K), 14.93 W/(m-K),
2.91 W/(m-K) and 2.72 W/(m-K) for granite, stainless steel 304,
limestone and basalt, respectively. The standard uncertainty of
the developed instrument was +4.2%. The results strongly align
with existing literature. Notably, the measurement process takes
around 5 seconds for solid test samples. It is realisable to employ
the developed device to determine the thermal conductivity of
non-conductive and conductive solid test samples, as evidenced
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by the excellent agreement between experimental results and
suggested data.

The future scope of this study includes several potential re-
search directions. These studies involve exploring various wire
materials and geometries to optimise the sensor performance
and expand the range of measurable solids. Extending the meas-
urement capabilities to encompass a broader range of tempera-
tures and pressures could enhance the applicability of the device
across diverse industrial settings.
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