Determination of Effective Thermal Conductivity
for Tripoli Sand as Influenced by Changing Water
Content and Density

Seraj Haraisha', Salah Hamuda® and Dr. Azeddien Kinsheel?
1 Dept. of Civil Engineering
2Dept. of Mechanical Engineering
Faculty of Engineering, University of Tripoli

Abstract:

The thermal properties of soils are of great impade in many
thermo-active ground structures such as energyspil@orehole heat
exchangers and underground power cables. The ststady apparatus
used in the determination of the thermal propert@s soils, were
designed to provide high performance in controlliagf boundary
conditions. In this study thermal cell apparatussweéhosen due to its
simplicity and because it is inexpensive and da@srequire a large
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quantity of sample. This study was conducted terdehe the effect of
moisture content and density of the soil on thescéffe thermal

conductivity of Tripoli sand, through a series abbratory experiments,
at different porosity and saturation values. Foresimens with low
moisture contents, the results showed a nonlinezrease in the effective
thermal conductivity, while for soils with high rawire contents, the
thermal conductivity was observed to have linearigreased. The
maximum value for the effective thermal condugtmias obtained at the
maximum dry density at the saturation state. Intiamt, the minimum

value was at the minimum dry density at the driesta

Keywords: Tripoli sand; Thermal conductivity; Steady state
apparatus; Borehole heat exchangers; Energy pil@Emperature
measurement.

1.Introduction.

Ground source heat pump (GSHP) systems provide ablevi
alternative to conventional heating and coolingeys in framework of
developing sustainable buildings solutions, this ikechnology that tap
into the thermal energy present in the ground thtéize it for heating or
cooling buildings, it is an effective method inrter of quality and cost
[3]. The ground provides a reliable heat store tdués high heat capacity
and fairly low thermal conductivity, with groundnt@eratures below a
few meters depth staying relatively constant thhmug the year, this
means that the ground iswarmer than the air dunimger, and cooler
than the air during summer. The required heataissierred between the
ground and the building by means of a fluid pumgedugh a series of
pipes buried in the ground, to minimize initial stmoiction costs the pipes
can be placed inside the building foundations lefa@asting it,
eliminating the need for further excavations, thase known as energy
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piles Figure 1, [3]. In the winter when indoor tesngtures are cold, heat
extracted from the ground is pumped to heat thédimgi through the
central heating system. In the summer, the fluldesathe excess heat
from the building through the central heating systand exchange the
heat with the soil.

Figure 1: Heat transfer pipes in energy piles [2].

The rate of heat transfer of a single energy papetmds primarily
on the temperature of the fluid carrying heat drethermal conductivity
of the soil surrounding the pile, so it is impottanrespect of designing
such a system, to model and analyze accuratelfi@¢betransfer process
between the foundations and the soil, where itresnfthe important
parameters for such analysis is the effective thewgunductivity of soil
[1].

The main objectives of this study are to find etfex thermal
conductivity coefficient of soil, study effect ofomsity and particle
arrangement (density) and the water content orthiemal conductivity
of Tripoli sand using one dimensional conductiost tésteady state
method).
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Background:

Soil thermal conductivity depends on many factarsich may be
primarily classified into three groups: the natoffesoils, including the
texture, mineral composition, shape and size of garticles; the
structural condition, including porosity and paddiarrangement; and the
physical condition, including water content, tengtaere, and pressure, all
these influences make the evaluation of thermabgctivity of soil a
complex process. There are several laboratory rdstlod measuring
thermal conductivity of soils. They fall into twategories: steady state
or transient state. Steady state methods are nmeecbnsuming as they
involve applying a constant heat flux to the sangole waiting until a
constant temperature distribution through the samslreached. The
steady state methods such as the guarded hotguidtéhe thermal cell
are simple and need relatively longer time to retuoh steady state
condition. With transient methods, thermal promsrtare determined by
heating or cooling the sample for a set periodroétand monitoring the
subsequent temperature variations. The transietitade are the needle
probe, dual-probe heat-pulse and the transieneganrce methods [6,8].

For this study thermal cell method was chosen dukéd simplicity
of the apparatusand because it is inexpensive a@sl bt require a large
amount of sample. Generally, the thermal condugtigof a cylinder of
soil is measured by generating one-directional fieat along the axis of
the specimen. The heat is generated by a cartheger embedded in the
aluminum platen. Provided the specimen is well let®d so that radial
heat losses can be neglected, the heat flow thrthaglspecimen during
steady state is governed by Fourier’'s Law of heatlaction [3] :
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Figure 2: Heat Transfer
Where: Q is the power input, A is the cross-secti@rea,AT is
the temperature difference across the length o§pleeimen, and L is the
length of the specimen.

Literature Review

Several soil thermal conductivity prediction methogkist in the
literature. These methods vary in applicabilitympbexity and may be
limited to only certain soil types under specifandition. A brief survey
of some of selected prediction methods is givenwel

To quantify the thermal properties of soil, numeraafluential
variables were identified including; mineralogy,ndity and moisture
content, Kersten [8,9] proposed an empirical refatibetween the
logarithm of the thermal conductivity and the drgndity at constant
water content, and can be expressed as a linedrorahip, as that the
slope of the linear relation is also approximatilg same at different
water contents.

In 1975, Johansen considered the relation betwieereffective
thermal conductivity and the water content as beifigear relationship.
Johansen further developed a method for predi¢chiagnal conductivity
of soils by combining the conductivity at the twaisture extremes (dry
and saturated) [10].

Later In 2000, Singh and Devid found that the rindr
conductivity at first increases rapidly as the o content increases,
but beyond a certain moisture content, the raiaaéase becomes much
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less.[11] Singh and Devid proposed several empiggaations for the
estimation of thermal resistivity of soils at drpmdamoist conditions,
where they observed that the absolute differendevdsm the thermal
conductivity values obtained from the proposed &goa and the
experimental results (using the transient needlod® was less than 15
to 20%. They also noticed that the predicted angeemental results
were very close when the test is conducted onaity.s

The thermal conductivity of soil has been foundbéoa function of
several parameters such as: dry density, waterengnmineralogy,
temperature, particle size, particle shape andmettc proportions of
the soil constituents [12]. They investigated thermal conductivity of
two soil samples as a function of the bulk densiging transient
methods. The soil samples chosen were sand andts@ly conclude that
the thermal conductivity increased with increasingk density for the
two samples, and they found that sandy soils hagheni thermal
conductivity values than silty soil at all bulk d#res.

In 2008, based on a laboratory investigation ofdgasoil, Chen
proposed an empirical equation of thermal condugtiexpressed as a
function of porosity and degree of saturation. €gaation is based on 80
needle-probe experimental test on four types oflaoil with different
degrees of saturation at different porosities [13].

The work presented in [5], showed that the theroalductivity of
soil increases significantly below a certain legEbkaturation and started
to decelerate above this level. The validationarhe selected prediction
models against the experimental results revealedl mone of these
models can be used to predict the thermal condtyctiv the tested soil
at all conditions, where some can provide good eagemt at dry or
nearly dry condition, while others perform well htgh saturation
degrees, and an empirical model based on the expetal results has
been obtained to obtain effective thermal conditgtivn terms of water
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content and porosity. The behaviour of energystallMalaysia, for soil
with low to medium moisture content is studied i), [these soils
exhibited a linear increase in the thermal conghtigtias the moisture
content gradually increased, for soils with highist@re content, an
opposite trend was observed, in which the thermahdactivity
decreased, as the moisture content increased f2aim 22 %.

Experimental Setup and Procedure

In order to achieve the objectives of this investiimn, several

tools, and laboratory instruments were used dutimg) study; Figure 3
shows the complete set-up of the apparatus ad lstiew.

1.

Personal computer (PC).

2. Thermal cell to place the soil samples for testing.
3. Thermal interface unit board.

4. Board of temperature control and transducers.

5.
6
7
8
9

Digital Voltmeter and Ammeter.

. Temperature sensor.
. Temperature sensor
. Temperature sensor.

Heating Element.

10.DC Power supply resource.
11 Wire fastener.

12 Sensitive balance.

13 Electric Oven.

14 Set of standard sieves.

15 Water vial and mixing tray.
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Figure 3: Complete set-up of the apparatus

The cell body consists of three main parts: twallgtng cylinders
made from PVC tube, heater disc and two aluminiurk discs. Figure
(4) shows a thermal cell apparatus in which a medigc is placed
between the two specimens and a thermal gradieatiglao the axis of
the specimen is generated by a cartridge rod hélastrcan be easily
inserted into the heater disc through a drilleceholthe aluminium disc.
Two aluminium sink discs, at the unheated endshefdpecimen, were
used to dissipate the heat from the outer endhefspecimens. The
heater disc, sink discs and specimens have the diameter (84 mm).
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Figure 4: The Thermal Cell

Soil Samples (Tripoli sand)

Tripoli sand is widely available and typical of mdsipoli area. It
was obtained from one location in order to elimenaariations in its
engineering properties. The samples tested weraatatl from a depth of
one meter from Tripoli University. Sieve analysd@ldwing BS 1377,
indicates that this soil can be classified as a fiand with coefficients of
uniformity and curvature of 1.52 and 0.893, respebt , This sandy soll
Is classified as (SP) according to the unified sifetion system , and
average specific gravity is equal to (2.658). Fegb displays the wet
sieve analysis results.
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Figure 5 : Grain Size Distribution of Tripoli Sand Sample

Sample preparation:

The study focused on the effects of degree of aatur and
porosity on the thermal conductivity of Tripoli €hn For the
interpretation of the test data, both porosity dadree of saturation were
controlled. To study the effect of changing densgi different dry
densities were selected. Furthermore, ten valuesabér contents were
used to study the effect of changing water contéstiould be noted that
it was difficult to prepare samples with higher deg of saturations,
especially at low soil densities, as disaggregatacurs due to the
elimination of the friction force between sand gscaused by the high
water contents.

The soil was first oven dried for 24 hrs and alldwe cool in a dry
place before being used. For each particular camdithe water content,
dry density, and bulk density were calculated usimgss-volume
relations. According to the desired moisture contardry soil mass was
mixed with the appropriate amount of water. By kimayvthe volume of
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the specimen the required wet mass to obtain thdefined dry density
can be calculated. The positions of the sink discthe two specimen
cylinders were adjusted to maintain the desiredme!.

Steady state thermal conductivity measurement

The thermal conductivity of the soil was measurédifferent
degrees of saturation using a thermal cell thdises the steady-state
method. The design of the apparatus is based orapipécation of
Fourier's law, where a one-directional uniform héaix is generated
through two identical specimens. The main bodyhef ¢ell is made of
PVC, whose low thermal conductivity helps in mirsmg the radial heat
loss and whose stiffness allows specimens to bepaoted during
preparation if required. In steady state conditidhe temperature of at
least three points for each specimen can be plogesilis time.

Test procedure:

After preparation of the specimens was completéad two
cylinders containing the soil samples were theneriiesl into the
insulating cylinder. The length of the specimenirgérs is designed to
ensure complete contact between the heater dis¢hantivo specimens
when they reach their final position inside theulaing cylinder.

To monitor the temperature gradient along eachispaclength,
temperature sensor was pushed longitudinally thHraing holes in the
centre of the specimens in the two cell cylindersetach depths of 0, 35,
65, and 100 mm from the heater. Another temperatemnsor was used to
control and monitor the temperature of the heatar. d

Once thermal equilibrium was achieved, the DC posugaply was
switched on and the test run until steady stataliion was achieved.
The power selection depends on the required teryergradient. For
unsaturated conditions, the temperature gradierd kept as low as
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possible near the room temperature to avoid mastaigration. The
power Q =V * |) supplied to the heater is controlled by changimg
voltage V and current | supplied by the DC poweppy. Using
Equation 1, the effective thermal conductiviky can be determined.
Three thermal conductivity values were calculatesingl different
specimen lengths. The thermal conductivity resulese then plotted
against the corresponding specimen lengths. Thalraéat losses along
the specimen length can be identified by the shfpie line connecting
these thermal conductivity values. If the line && horizontal, radial heat
losses took place during the test period. A coiwacitep can be applied
by extrapolating the thermal conductivities to @@men length of zero

[4].

Results and Discussion:

In this experiment, the focus was on the influen€echanging
water content and sand density on the thermal adivity of Tripoli soil.
The effect of each of these factors is studiedrsgéplg and the results are
discussed below.

The influence of Changing Water Content :

From the experimental results of specimens havifigrdnt water
contents, the relations between the physical pt@seof Tripoli sand and
thermal conductivity can be assessed. Figure (@&wsha typical
temperature versus time curve.The steady statbeatearly recognized
after 4 hours from the start of the experiment.
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Figure (6): Temperature of the heat cylinder and sibsample
Figure (7) shows relationship between T and L, F&g@8), shows
example of the thermal conductivity correction noeth
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Figure (7) : Temperature gradient (Relationship betveen T and L) of soil sample
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Figure (8): Relationship betweerk. and L of a soil sample
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Figure (9) : Effective thermal conductivity (ke) Versus moisture content\{v %)
The evaluation of the experimental results obtaifnedh the tests
shows that in figure (9) for specimens with low store content (<5%), a
nonlinear increase in the effective thermal condigi while for soils
with high moisture content, the thermal conducgfiwtas observed to
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have linearly increased , this is due to the disoapof the thermal flow
continuity in the soil matrix which effected by thagration of moisture
in the porous. The values of the effective theroaalductivity obtained in
this study are in the normal range for soils betw@d5 to 4.0 W/RC.

Effect of Changing Density:

From Figure (10), the thermal conductivity increhs®nlinearly
with increasing the density, this can be explaibgdhe replacement of
the air voids in the dry state or the water inghturation state by the soil
grains which has high thermal conductivity comparethe air or water.

4.5

4

3.5 s .

/ —&—Saturation

—_ Stat
E' 25 —f-Dry Stat
~
S 2
g ' e —

l T T T 1

1500.00 1550.00 1600.00 1650.00 1700.00

pd ( Kg/m3)

Figure (10) : Relationship betweenke) Versus @q) for dry and saturated states

For unsaturated conditions, the temperature gradias kept as
low as possible near the room temperature to anmsture migration.
The effect of other properties such as mineraldgooenposition and
grain size cannot be evaluated as they were idgémtiall tests.
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Conclusions:

Based on the experimental work conducted in thiestigation
and the analysis of results, the following condusi could be drawn:
Thermal cell method is one of the best practicahogs for determining
the effective thermal conductivity of soils becao$¢he simplicity of the
apparatus, inexpensive and does not require a &gngeint of sample and
can be accommodated with soil samples retrieved froutine soil
investigations. The radial heat losses along tlezisgen length can be
identified by the slope of the line connecting thermal conductivity
values. If the line is not horizontal, radial héadses took place during
the test period. The results have shown that fits soth low to medium
moisture content, a nonlinear increase in the theoonductivity, while
for soils with high moisture content, the thermainductivity was
observed to have gradually linearly increased. thkemal conductivity is
increased nonlinearly with increasing the densityces the void air
between particles of soil is decreased which hash&rmal conductivity
compared to the soil grains. This means increaiagolid material per
unit volume increases the effective thermal condiigt The results
obtained in this research lie well within the nolmange of soils (0.15 to
4.0 W/nfc)
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