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ABSTRACT

Thermal conductivity displays a key role in design of engineering structures where, thermal stresses

resulting from heat and temperatures are of concern. Significant efforts were made to measure the

thermal conductivity of different materials. For thermal conductivity characterization of soil samples it

is essential to have very flexible set-up. Hence, this paper provides details about indigenously developed

experimental setup for thermal conductivity measurement. The design of this newly developed setup is

based on the basic principle of steady state heat flow. This experimental setup is designed in order to

measure the thermal conductivity of various materials such as soils, rocks, concrete and any type of

unbonded and bonded materials. In this paper, initially the theoretical background of the measurement

techniques and the principle of heat flow are described, followed by design description and working

procedure. The design has been kept very simple, adjustable for varying type and size of specimens and

easy to operate with excellent level of accuracy as evident from system calibration. The accuracy and

precision of the newly developed setup was verified by testing reference materials of known thermal

conductivity and in the test results a high correlation coefficient (R?=0.999) between experimental data

and fitting curve was achieved.

Key Words: Experimental Setup, Thermal Conductivity, Guarded Heat Flow, Steady State Method, Wheat

Straw, Lime.

1. INTRODUCTION

he thermal properties of soil are helpful in
understanding the energy partitioning in the

soil profile. The thermal conductivity/resistivity

has significant applications in geotechnical engineering,
agricultural engineering and climatology. The geothermal
technology which is a major source of clean energy is
mainly based on the thermal properties of soil. The thermal
conductivity exhibits an important role in the design of

engineering structures where thermal stresses and

temperature are of concerns [1]. It is more accurately
related with the transmission of heat through the soil by

radiation, conduction and convection.

To date, a variety of measurement techniques have been
developed for the determination thermal characteristics
of soil. For thermal characterization of bulk material, steady
state and transient flow principals are generally applied

[2-3]. For instance, Guarded heat flow meter, works on the
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principle of steady-state method and hot-wire/line heat
source apparatus works on the principle of transient heat
flow [3]. Each of these methods has certain advantages

and limitations.

The thermal properties of soil and other composite
materials alters due to modifications of their properties
such as the emerging soil stabilization technology which
has a significant role in the ground improvement where
different soil stabilizing agents are used [4]. Therefore, it
is essential to have an experimental setup with the help of
that the thermal conductivity characteristics of
undisturbed, remolded and composite materials can be

determined.

The present experimental setup is based on the basic
principal of guarded heat flow meter as per ASTM
Standard (ASTM E1530-11) with the flexibility of using
indigenous development technique. The experimental set-
up designed is based on the locally available materials
and skills, low instrument cost and maintenance and is

easy to operate.

In addition, the current experimental setup can easily be
modified and optimized for testing samples of different
materials; such as, soil, concrete, ceramic, cemented
materials and un-cemented materials etc. Different shape
of samples can also be tested; such as, cylindrical and
cubical shapes. Various sizes of samples ranging from 10-
100 mm thickness and 36-140 mm diameter may be used

for testing.

1.1 Theoretical Background

The thermal conductivity of soil may be defined as the
quantity of heat transmitted through the unit length of
substance per unit cross-section, per unit time under a
unit temperature gradient. Thermal properties are of great
interest to designing of many of the problems associated
with geotechnical engineering. Several studies have been

conducted to study the impact of various parameters on

the thermal performance of the insulating materials [5-7].
The heat flow that occurs due to three processes i.e.
conduction, convection, and radiation; their rate of flow
through material could be delayed by applying insulating
materials [8]. Thermal insulation materials decrease the
flow of heat within the building due to their low thermal
conductivity [8]. The thermal conductivity in these
applications is the most challenging task faced by the
civil engineering professionals; whereas, temperature
changes across the material play a significant role to affect

the conductivity characteristics.

Factors that affect the rate of heat flow include the
conductivity, temperature difference, sample thickness
and the contact area of the sample. The thermal properties
of the soil are also affected by the density and water
content of the specimen [13]. From material to material,
the thermal conductivity or resistivity characteristics vary
to make these good conductors or an insulator [9].
Moreover, the factors responsible to affect the rate of
transfer of heat conduction from one medium to another
medium in any material consist of the material conductivity,
for instance, some materials are highly conductive and
some are less conductive. Moreover, the material size and
thickness also matters. The effect of the sizes was explored
by [10-12].

The heat flow mechanism mainly depends on the
temperature gradient and its transfer through a medium
either by conduction, convection or radiation. The heat
flow mechanism is shown in Fig. 1(a-b) where it is being
transferred from the heat source to the heat sink by the

conduction process [14].

The amount of heat energy (Q) transferred across a
material is directly proportional to the area of cross section
(A) and the temperature gradient AT and inversely
proportional to the sample thickness (L) and can be
expressed as given in Equation (1), and therefore, the
coefficient of thermal conductivity (K) can be expressed

as shown in Equation (2).
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Where in Equations (1-2) Q is heat energy, L is sample
thickness, AT is the temperature gradient, K is the
coefficient of thermal conductivity and A is the area of

cross section.

Guarded heat flow is the most effective method which is
usually used for the determination of thermal conductivity
of materials [3]. Guarded heat flow technique is more
appropriate to characterize low thermal conductivity
materials for building insulation materials. It works on the
principle of steady-state transfer of heat through the
known thickness of the test specimen between a hot plate
and a cold plate. However, there are certain limitations to
the equipment that is the longer measurement time is
needed to perform the experiment; hence it takes a longer
time to achieve a steady-state temperature gradient [15].
Other potential error in measurements might cause due to
the improper contact between the surfaces of the test

specimen.
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FIG. 1(a). ILLUSTRATION IS THE SAMPLE PLACEMENT
BETWEEN TWO HEAT SOURCES ILE. SOURCES AND SINKS

The list of the most commonly used thermal conductivity
measurement methods is provided in Table | that can be
divided into steady-state or transient methods. All thermal
conductivity measurement methods with the advantages
and limitations are also provided in the Table, which
includes the equipment operating temperature ranges and
the associated uncertainties. Some of these methods are
suitable for measurement for particular materials especially
for materials which include either ceramics, polymers,
metals, alloys, refractories, carbons and it is very
expensive to design and manufacture the experimental

setup [16].
2. EXPERIMENTALSETUP

2.1 Experimental Apparatus

A schematic diagram of the experimental setup is shown
in Fig. 2 and the photographs of the various components
are shown in Fig. 3. The schematic diagram and
photographs are labelled appropriately and listed in Table
2. The internal diameter of the sample casing is 76.2 mm
and the specimen casing internal height is about 63.5 mm.
the samples of any size within 70 mm diameter and within
60 mm length can easily be accommodated for testing.
The system heat source can operate at a maximum

T; Heat flow (Q)

___ o ~
n| amem | F

L(m)

FIG. 1(b). ILLUSTRATION IS THE HEAT TRANSFER
MECHANISM
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temperature of 200°C. The heat sink temperature is
maintained through water circulation in the heat sink
chamber using a motor as shown in Fig. 2. The system
operates at 110 volts AC power supply. The system is
provided with the provision of surcharge weight for an
appropriate docking. In order to avoid the heat transfer
from the sides of the specimen, a vacuum is created inside
the chamber through the suction pump. The heat source
temperature and heat sink temperature is shown on LCD
display. A Complete setup of the experiment in operation
mode is shown in Fig. 4.

2.1.1 Sample Assembling

The sample of the required size and well-polished (for
appropriate docking) is placed on the heat sink plate as
shown in Fig. 2. The heat source along with casing is
placed on the heat sink chamber with adequate
adjustment and clamped using the top platen. The
surcharge load is transferred through loading rod and
top platen and the system is assembled with clamping

SCrews.

TABLE 1. COMPARISON OF ALL THERMAL CONDUCTIVITY MEASUREMENTS METHODS AND THEIR LIMITATIONS [17]

No. Method Terrl;;;i?eture Uncz;/t:;lnty Mat‘;felzi;() be Advantages Disadvantages
Insulating materials, High Accuracy, Longer measurement
L. Guarded Hot Plate 80-80°K 2 plastic and glass, simple construction .
. . times are needed
concrete and soil and operation
Simultaneous
measurement of Sufficient time is
2. Guard Cylinder 4-100°K 2 Metals electrical conductivity required for
of sample and measurements
coeflicient
Insulating materials, Simple Measurement
3. Heat Flow Meter 100-200°C 3-10 plastic and glass and construction, uncertainty
ceramics operation exists
Metals, plastic Simultaneous
4. Comparative Method |~ 20-1300°C 10-20 and measurement of [ Measurement
. sample and reference| uncertainty is high
ceramics material conductivity
Simple and fast,
simultaneous Works for only
5. Direct Heating 400-300°K 2-10 Metals measurement of | electrical conducting
electrical materials
conductivity
. Has a good Lopger measurement
6. Pipe Method 20-2500°C 3-20 Solid specimen time and sample
temperature range .
preparations
Liquid gases Fast and has good | This is inappropriate
. . and accuracy and works to determine the
7. Hot Wire, Hot Strip 20-2000°C 1-10 low conductivity at erge of conductivity of
solids temperature anisotropic materials
Fast, good accuracy
at higher
. temperatures, Very Expensive,
Solids .
8. Laser Flash Method [ 100-3000°C 3-5 and works good for |+ not sutable for
Liquids most. ot.‘ the solids, msulat.lon
liquids and materials
powdered
form samples

Mehran University Research Journal of Engineering & Technology, Volume 37, No. 4, October, 2018 [p-ISSN: 0254-7821, e-ISSN: 2413-7219]

562



http://www.foxitsoftware.com/shopping

Development of Experimental Setup for Measuring Thermal Conductivity Characteristics of Soil

— 86.88

ad D 88,68

A

]
1l

|
!

Power
supply
220V

|~
Y

J

FIG. 3. COMPONENTS OF THE GUARDED HEAT FLOW THERMAL CONDUCTIVITY EXPERIMENTAL SETUP
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2.1.2 Testing procedure

After completing the system assembly the heat sink water
circulation motor is started to keep the heat sink
temperature controlled followed by switching on the heat
source power supply. The temperatures are displayed on
the LCD as shown in Fig. 2. The system is kept running
until both heat source and hint sink temperatures are
becomes stable. The readings are taken once the

temperatures become stable.

Data Collection and Calculations: The following readings
are taken for the determination of thermal conductivity of

the material:

Q = The amount of heat energy (Watts)

T1 = Heat source temperature (°C or K)

T2 = Heat sink temperature (°C or K)

A = Area cross-section of the specimen (m?)

L =Sample thickness (m)

The coefficient of thermal conductivity (K) can be

determined by applying Equation (3).

3. CALIBRATION OF THE SETUP

The calibration and accuracy of the conductivity
measuring device are done by performing the tests on
standard samples of known conductivity. The calibration
setup is shown in Fig. 5 and the calibration chart developed

is shown in Fig. 6.

4. TYPICAL TRIAL TESTS

4.1 Sample Preparation

In the present study clayey soil was used as a base

material; while lime and wheat straw were used as soil

K= 2L ©) FIG. 4. SCHEMATIC REPRESENTATION OF THE THERMAL
AAT CONDUCTIVITY DEVICE IN OPERATION
TABLE 2. COMPONENTS OF THERMAL CONDUCTIVITY SETUP
Components
1. Top plate 10. Pump to discharge fluid for circulation
2. Upper Thermocouple heating coils 11. Upper-temperature sensor
3. Soil sample 12. Lower temperature sensor
4. Lower Thermocouple heating coils 13. Fluid Inlet pipe
5. Surcharge weight 14. Fluid outlet pipe
6. Power 110 Voltage 15. LCD display (heat flux transducer)
7. Upper-temperature sensor wire 16. Control switch
8. Lower temperature sensor wire 17. Lower plate
9. Cooling bath 18. Power supply [220 Voltage]
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modifying/stabilizing agents. The required amount of
clayey soil was collected by breaking the lumps and
passing it through No. 40 sieve. Remoulded samples were
prepared by adding the requiredquantity of lime and wheat
straw. For thermal and electrical conductivity testing;
samples of size, 50 mm diameter and 20 mm thickness

were prepared by adding varying percentages of lime and

FIG. 5. CALIBRATION REFERENCE MATERIAL
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FIG. 6. PLOT IS THE MEASURED AND REFERENCED
THERMAL CONDUCTIVITY VALUES

wheat straw. Samples were dry-mixed prior to the addition
of water. The samples were then soaked and
subsequently, oven dried at 105+ 5°C for 24 hours prior to

the thermal and electrical conductivity experiments.
5. RESULTS AND DISCUSSION

A variety of tests were conducted on different materials.
Typical results of some of the tests conducted on clayey

samples are presented below:

Clayey samples added with the various percent of wheat
straw are shown in Fig. 7. All samples were prepared by
dry mixing the soil with the requiredpercent of wheat straw
and thereafter added with water to prepare a workable
paste. The samples were sun dried for a week. The sun-
dried samples were oven dried before thermal
conductivity tests. The tests results are given in Table

3.The effect of wheat straw on the thermal conductivity

FIG. 7. CLAYEY SAMPLE MIXED WITH WHEAT STRAW

TABLE 3. EFFECT OF WHEAT STRAW CONTENT ON THERMAL CONDUCTIVITY/ RESISTIVITY

Heat Flow . Change in
Wheat Q Thickness Diameter Area Heat source Heat Sink Temperature Therm?l. H§@l
Straw Watt Ax (mm) (mm) (mm) Temperature | Temperature AT (K) or Conductivity | Resistivity
(%) Th (°C) Ts (°C) N AMW/mK) (m.K/W)
(W) C)
0 17 14.15 47.64 1782.75 136 44 92 1.466 0.682
2 17 15.22 48.08 1816.06 150 43 107 1.332 0.751
4 17 15.5 48.67 1860.67 155 42 113 1.253 0.798
6 17 14.73 49.14 1896.55 157 45 112 1.179 0.848
8 17 15.75 49.37 1914.34 173 46 127 1.102 0.908
10 17 15.27 49.56 1929.57 166 44 122 1.103 0.907
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and thermal resistivity are shown in Figs. 8-9 respectively.
From the experimental results, it may be seen that there is
a gradual decrease in the thermal conductivity and
increase in the thermal resistivity due to the increase in

the wheat straw content.

2.0

Thermal Conductivity (W/m.K)

‘Wheat Straw (%)

FIG. 8. EFFECT OF WHEAT STRAW ON THE THERMAL
CONDUCTIVITY
2.04
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£ 4 0.908 K
g Ho 5 0.751 0.798 0.848 0.907
% 0.682
g 0.5
=
=
0.0
! ? 4 6 8 10

‘Wheat Straw (%)

FIG. 9. EFFECT OF WHEAT STRAW ON THE THERMAL
RESISTIVITY

Similarly, the effect of lime on the thermal conductivity/
resistivity of clayey soil was also examined. The samples
were prepared by dry mixing the lime with clayey soil and
thereafter added with water to prepare workable pastes.
The samples were then sun-dried for a week and oven
dried before testing. The samples prepared with the
various percent of lime added in the clayey soil are shown
in Fig. 10. The results are given in Table 4.The effect of
lime on the thermal conductivity and thermal resistivity
are shown in Figs. 11-12 respectively. From Figs. 11-12 it
can be seen that there is a decrease in the thermal
conductivity and increase in the thermal resistivity of
clayey soils due to the increase in the lime content. The
comparison of the effect of lime and wheat straw on the
thermal conductivity of clayey soils is shown in Fig. 13.
From Fig. 13 it can be seen that both lime and wheat straw
resulted to decrease in the thermal conductivity; however,
the effect of wheat straw is dominant as compared to the
effect of lime on the thermal conductivity characteristics,
which could be because of the low specific density of
wheat straw as compared to the lime. It is also reported in
[18-19] that the thermal conductivity is decreasing as the
density is decreasing [19] performed thermal conductivity
experiments on Hemp shiv mixed with clay and found
that the addition of Hemp shiv resulted to the lowest

thermal conductivity due to the low-density samples.

TABLE 4. EFFECT OF LIME CONTENT ON THERMAL CONDUCTIVITY/ RESISTIVITY

. Heat Flow . . Heat source Heat Sink Change in Thermal Thermal
Lime Q Thickness Diameter Area Temperature | Temperature Temperature Conductivity | Resistivity
0, (4
(%) Watt Ax (mm) (mm) (mm) Th (C ) Ts (°C) AT (0 K) or MW/mK) (mK/W)
W) C)
0 17 14.15 47.64 1782.75 136 44 92 1.466 0.682
2 17 15.48 48.44 1843.35 149 44 105 1.360 0.735
4 17 16.04 49.08 1892.15 151 46 105 1.373 0.728
6 17 16.25 48.77 1868.55 161 46 115 1.286 0.778
8 17 15.67 48.88 1876.99 155 46 109 1.302 0.768
10 17 16.39 49.19 1901.10 155 42 113 1.297 0.771
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FIG.10. CLAYEY SAMPLE MIXED WITH LIME
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FIG 11. EFFECT OF LIME ON THE THERMAL CONDUCTIVITY
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FIG. 12. EFFECT OF LIME ON THE THERMAL RESISTIVITY
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FIG. 13. EFFECT OF LIME AND WHEAT STRAW CONTENT
ON THE THERMAL CONDUCTIVITY OF SOIL

6. CONCLUSION

"The present TCM (Thermal Conductivity Meter) is an
indigenously developed experimental setup; its results
have been validated and calibrated with reference
materials of known conductivity. The setup is capable of
testing a wide range of materials; such as soil, rock,
cemented materials, un-cemented materials, undisturbed
samples and remoulded samples. Varying size of the
samples ranging from 10-100 mm thickness and 36-140
mm diameter can be tested. The setup can easily be
operated and optimized with relatively low operating and

maintenance cost.

From the results of the trial tests conducted through
present experimental setup, it can be concluded that there
is a decrease in the thermal conductivity of clayey soils
added with lime or wheat straw. i.e. 10% addition of lime
and wheat straw resulted to decrease in the thermal
conductivity of clayey soils by 12.7 and 25.8%
respectively.
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