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Abstract: Spherical heat source probes, which generatdifferences between the methods are the accuragytten

heat and monitor the temperature response with, tiraee
been studied to measure thermal conductivity ofeciht
materials. However, for gases and liquids, the mneasent
of the thermal conductivity has to consider specifi
parameters. The aim of this paper is to model thgsipal

time required for the measurement. Steady-statbodstare
generally more accurate, but normally require agltme.
Transient methods require experimental apparatss le
sophisticated and the measurements are faster,veowe
results are not so reliable. Transient methods ataa be

phenomenon of a spherical device used to measwe thsed to obtain specific heat, thermal diffusivapd thermal

thermal conductivity of liquids by means of the itén
difference method, using commercial software, ahent
compare it to analytical equations. The influendetlee
thermal contact resistance in the process wasaalstyzed.
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1. INTRODUCTION

Each day, the rational use and saving of thermaiggn
become more and more relevant, especially at indust
sectors. Thus, the transfer of heat with the bifisiency is
as important as minimizing the heat loss throughube of
geometries and appropriate materials. Therefoeethtrmal
conductivity of materials is essential in many ewegiring
applications where heat transfer plays a fundarhente.
The knowledge of the thermal conductivity of thetenizls
involved in a certain process enables to estinteeatnount
of energy, and consequently the selection and preigang
of the equipments.

The thermal conductivity is a transport propertatth
furnishes an indication of the rate at which eneigy
transferred by the conduction process (net trardfenergy

conductivity within a single measurement.

Concerning the thermal conductivity of liquids, far
long while researchers have been working on itergtecal
estimation, by linking it to other physical propgrusually
using temperature as a variable, or by derivingpdehfrom
the existing ones. Also, several experiments hagenb
developed, using different techniques based ordgtstate
and transient methods, in order to measure it phppe

The line heat source probe (hot wire method) isalixgu
recognized as the most accurate technique for magsu
thermal conductivity of liquids. The concept ané fthitial
experiments with heated wires started about 1784, the
first transient hot wire instrument was proposedSt§lhane
and Pyk in 1931 to measure the thermal conductigity
solids, powders and some liquids. Since 1780, tkéhou
has been studied by several researchers [1]. Tdrelatd
test method for the determination of thermal cotigiitg of
nonmetallic liquids of the American Society for Tieg and
Materials (ASTM) is based on this method [2]. Atemsive
uncertainty assessment elaborated for the hot mthod
obtained the value of 5.8% for the thermal condhitgti[3],
although others literatures claim for uncertaintglues
better than 5%.

Spherical heat source probes have also been sttalied

by random molecular motion). The measurements ristho measure thermal conductivity of different materigdslid,

of thermal conductivity are usually classified aating to
two categories: steady-state (the material proggrat each
point of the medium, do not vary with time) andnsint
(the properties vary with time). The steady-statethnd
uses the Fourier law, based on the measurememtabffliux
and a temperature difference between the oppasifaces
of a sample. The transient method replaces thedmhpe
difference between the surfaces of the sample by
temperature measurement as a function of time gt amre
position. The guarded hot plate, the concentrimdgrs and
the parallel plates techniques are examples ofigtstate
methods; while the hot wire, the hot strip and ltser flash
techniques are examples of transient methods. Tam m

powder, paste etc.). In this technique, the spakdevice
simultaneously generates heat and monitors theemhpe
response with time. Heat sources of spherical symynage
free of lateral thermal effects and they yield he steady-
state regime at long times, which is used to mease
thermal conductivity. The method was developed bgatG

in 1968 for measuring thermal conductivity and thar
@iffusivity of biological materials [4]. Balasubramiam [5],
Valvano [6] and Zhangt al [7] also used the method for
measuring thermal properties of biomaterials. Wawgb
used the method to measure thermal conductivity of
building insulation with varying degree of wetn¢8k Fujii

et al employed the technique to measure thermal



conductivities of liquid mixtures of water-ethanalater- applied and simulation was performed for a periatetof
methanol and R113-oil [9]. Dougherty used the méttm 600 s, with an interval of 1 s.

perform thermal conductivity measurements in materi The mesh consisted of 24171 tetrahedral elemerttgein
ranging from low viscosity fluids to insulation a¢10]. medium, 2086 triangular elements in the boundaryhef
Kravets used the technique to measure thermal ctrdy  medium, 80 tetrahedral elements in the sphere ahd 8
of milk and cream over the range of 25 to 125°C [11].  triangular elements in the boundary of the sphere.

Gelder employed the method to measure thermal piepe

of moist food materials at high temperatures [12]. 3.MATHEMATICAL MODEL
Holeschovskyet al modified the technique to measure the
thermal conductivity of liquids and silica gel [13{ubicar The governing heat conduction equations for theesph

et al dealt with the theory and performance of the mgtho with internal heat generation and the surroundiregiom
and used it to measure thermal conductivity of somare respectively:
materials [14].

The objective of this paper is to model the physica 1 5 aT 9 1 9T
phenomenon of a spherical device used to measarenéh r—zg( za—rsj‘*k& :a__ts Osrsry  t>0 1)
conductivity of liquids by means of the finite difence s 7S
method, using commercial software, and then comjpace
analytical equations. The influence of the thermahtact ij(rzﬂ] _ 1oty rsr t>0 2)
resistance in the process was also analyzed. r2or or a, ot -0
2. MODELING ASPECTS Where the subscripts andm represent the sphere and the

. . medium, respectivelys is the radius of the sphenejs the
For the modelling, a perfect sphere made of epoily W radial distancek is the thermal conductivitye is the

radius of 1 mm was selected. The selected liquidimme  thermal diffusivity andq is the heating power per unit
was water at 20C. Epoxy resin was chosen because it calsume.

be used either for thermistor coating as for eldméring
(heater and temperature sensor, for instance)oidh, its
thermophysical properties range from a minimum edia
maximum one, an average value was used for eageyo
The sphere may be internally heated by a thermisto
which can be used as a temperature sensor andtiaghea
source, or by a heating device, which can be fioegtther o
with a thermometer using epoxy resin. Neverthel#ssas Tmls finite ésr - t>0 (5)
assumed in this work that no heat loss through tth'Tm atr =rs t>0 (6)
connecting wires exists. Sﬂ = m% atr =rq t>0 (7)
The heated sphere may induce density gradients in a or
fluid. The buoyancy force originated from these sign
gradients will be opposed by a combination of iiaeend According to the solution of the heat integratiameg
viscous forces from the liquid; depending on theriaction by Carslaw and Jaeger [15], the temperature digtob of a
of these forces, natural convection may occur. fiiigs ~ region bounded internally by a sphere, if the afiti
with low viscosity are more prone to natural corii@cthen  temperature is zero and there is constant heatifiuthe
those with high viscosity. However, it was assurirethis  interface, is characterized by the equation:
work that the heat transfer is pure conduction.

When two materials are in physical contact, the fSZQ"{ [r_rSJ {r—rs amtJ
= exp + X
t

The governing differential equations are subjecth®
following initial and boundary conditions:

T.=Tn=20°C t=0 3)
Tsisfiniteasr — 0 t>0 4)

temperature drop across their interface is due hatws T, = T
known as “thermal contact resistance”. Its existeiscdue m
principally to surface roughness effects and itgeise is

X erfc[

2Jan,

called “thermal contact conductance”. The thermaitact r-rs , At (8)
resistance between a solid material and a liquidinme is 2Jant s
usually much smaller than that between two solitens.

aS'-I;EZ ?Oﬁfrlewﬁjsbssegrfggt Ssmhgrﬁgeghassg_mﬁ%giss’ Sl\ﬁhere g" is the heat transfer per unit area (heat flux) and
) pr i P P Pep ) erfc(x) is the complementary error function.
made of isotropic and homogenous material; heat is

uniformly generated within the sphere; and the mnedis
isotropic, homogeneous and infinite in extent.

The numerical simulation was realized to the tramisi
and steady-state regimes in three-dimensional thaeasfer . .
by conduction, using commercial software. For iptdation, T I _ Q 9)
Lagrange polynomial of quadratic form was used.tHa ™k, 4k,
transient regime, the implicit finite difference thed was

For a temperature measured at the surface of theresp
(r =rg) and for long timest (- ), Eq. (8) gives:



Where Q is the heating power ark, is the stabilized value

of the temperature response.

Carslaw and Jaeger [15] also presented an equiation

the temperature distribution within the spherethi initial
temperature is zero, considering its heat capaaity the
thermal contact resistance between the heatedesphdrthe
surrounding medium:

__Q |l#rh_2r2f%n®

S 47k, rs| rh Vi
T —a Pt/ )

xj —du (10)
0 [u2 (1+rh)- fr h] (u - frshu)

Where f :4n§pm(cm/mscs), p is the density,c is the

specific heatm is the mass and = H/k,, H is the thermal
contact conductance, which is the inverse of therntial
contact resistanceé].

The thermal contact resistance between a solidriahte | 223

and a liquid medium is smalR(- 0). Thus, applying the
limit, Eq. 10 gives:

[

J- exp\— aut/r)
? + (frgu)?

_2f?
T

du] (11)

Our—fr)

For the steady-state regime, Carslaw and Jaegédr [1

presented equations, if the initial temperaturzei®, for the
temperature distributions within the sphere anchiwithe
surrounding medium:

“4 r2 —r? + 2Rrk + 2r32(ks/km)]

T, Oosr<r 12
: oy . 12
ars
T =—"Ts_ r>r 13
"3 s (13)
Applying the limit again foR - 0, Eqg. 12 gives:
2_.2 2
T. =g e —r°+2rg (ks/km)] (14)

6k,

4. RESULTS

The transient temperature distribution of the medaan
be evaluated by means of Eq. 8. However, this énuat
only valid if the heat flux in the interface is @tant. This
condition was checked by means of the softwaretlier
upper pole of the sphere immersed in water, atinthil

temperature of 20C, and with heating powers of 5, 10, 15

and 20 mW.
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Figure 1 — Heat Flux in the Interface
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The transient temperature at the upper pole o$tinface
of the sphere was analysed for water at the initial
temperature of 20C, using the software (dashed line) and
Eq. 11 (solid line), for four values of heating powThe
highest differences between the software and Eqwérk
very small (less than 0.1C), which occurred at the very
beginning of the transient regime (at tH& sicond). After
approximately two minutes, the differences were lEna
than 0.007C for 5 mW and 0.03C for 20 mW.
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Figure 2 — Transient Temperature at the SurfatkeoSphere

The steady-state temperature distribution withire th
sphere and the medium was analysed for water ahitlied
temperature of 20 °C, using the software (dashes) knd
Eq. 12 and Eq. 13 (solid line). The highest diffexes
between the software and Eq. 12 were 0.0d4or 5 mW
and 0.058 for 20 mW, which occurred approximatelyhe
middle of the radius of the sphere.
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Figure 3 — Steady-state Temperature (Sphere anéiuimgd

The steady-state temperature distribution withire th
sphere was also analysed, at the initial tempe¥aifi20 °C,



for different values of thermal conductivity (0Z.2 and 1.7

It was shown that the use of Eq. 8 for this kind of

W/m?K), using the software (dashed line) and Eq. 13%dso application is valid, once the heat flux is constamthe
line), for the heating power of 5 mW. The highestinterface of the bodies.

differences between the software and Eq. 12 web&8).

0.015 and 0.013C for k = 0.7, 1.2 and 1.7 WAIK,
respectively, which occurred approximately in thieldie of
the radius of the sphere.
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Figure 4 — Steady-state Temperature within the &phe

The influence oR was analysed for the transient regime

at the interface between the sphere and the meditithe
initial temperature of 20C, for the values of 1%) 0.18<10°

and 0.1610° mPK/W, using Eq. 10, for 5 mW. The

temperature at the interface is shifted upwardigisen asR,
which reduces the estimated value of thermal caindtyc
of the medium. Using the interface temperature Roe
0.0001 MK/W and Eq. 9 to determine the apparénta
reduction of approximately 6% of the real valuekofvas
found.
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Figure 5 — Influence dR in the Transient Regime

4. CONCLUSIONS

The comparison of the results showed that the Baluélz]

obtained with the analytical equations and the vsmi¢
(using the selected configurations) agrees weleeially
for the lower values of heating power.

It can be observed by the modelling that the teatpee
at the surface of the sphere is always increasingeans
that the steady-state regime is never reached.efdrer a
guasi-steady-state regime is in fact used to cafeuthe
thermal conductivity of the material. It has totighlighted
that, as time passes, this temperature increasécgnhes
smaller and smaller. So, depending on the requinésnef
the user, this increasing can be considered nbtgigiom a
certain point.

The influence of the thermal contact resistancehm
process is significant, which means that it is int@at to
know this value so that the temperature at theasarbf the
sphere can be corrected. Applying this correctitine
thermal conductivity of the medium can be estimatéti a
good accuracy.

The experimental measurements are in progress dind w
be published in the next future.
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