Accepted Manuscript

APPLIED
THERMAL
ENGINEERING

Effect of temperature and sonication time on nanofluid thermal conductivity
measurements by nano-flash method

Bernardo Buonomo, Oronzio Manca, Lorenzo Marinelli, Sergio Nardini

PII: S1359-4311(15)00775-9
DOI: 10.1016/j.applthermaleng.2015.07.077
Reference: ATE 6877

To appearin:  Applied Thermal Engineering

Received Date: 5 May 2015

Accepted Date: 29 July 2015

Please cite this article as: B. Buonomo, O. Manca, L. Marinelli, S. Nardini, Effect of temperature and
sonication time on nanofluid thermal conductivity measurements by nano-flash method, Applied Thermal
Engineering (2015), doi: 10.1016/j.applthermaleng.2015.07.077.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.applthermaleng.2015.07.077

Effect of temperature and sonication time on nanofluid thermal conductivity measurements

by nano-flash method

Bernardo Buonomo, Oronzio Manca, Lorenzo Marin&lérgio Nardini*
Dipartimento di Ingegneria Industriale e dell'Infieazione — Seconda Universita degli Studi di
Napoli, Via Roma 29, 81031 Aversa (CE), Italy

*Corresponding author — email: sergio.nardini@uBiiga

telephone: +390815010347; fax: +390815010204

Abstract

A detailed procedure is presented for the impleatent and evaluatigrby Nano-Flash Methqaf
thermal conductivity of nanofluids with water assedluid and at different volume concentrations
of Al,O3. The main advantages of this measurement tech@pishort measurement times, easy
sample preparation and high accuracy. The ultrécaban technique was employed for preparing
the mixture and results showed that the stability #hermal conductivity enhancements of@y-
H,0O nanofluids are highly dependent on sonicatioretand the energy supplied to the fluid for its
preparation. An estimation of the optimal suppleagergy and time for sonication was suggested
while temperature and volumetric concentration effectdhmmmal conductivity are evaluated by
measurements. An enhancement of thermal condyctiwibh respect to temperature and volumetric
concentration is found, as expected. Comparisotis edta from literature confirmed the validity

and the suitability of the nanoflash technique ggpto thermal conductivity evaluation.

Keywords. Nanofluids Properties, Thermal Conductivity Me@snents, Temperature and

Sonication Time dependence, Two-Steps Nanofluidpdtation



I ntroduction

Applications in engineering of nano-technologiemyédnallowed the production of a new class of
fluids for the heat transfer, called nanofluids. [The two-phase mixture nanofluids are obtained
through the dispersion of solid particles in a b#sel in the liquid phase. The average size of
nanoparticles ranges from 5 nm to 100 nm and thst mommonly used fluids base are water,
mineral oils and ethylene glycol. The nanofluidsvéhaheat transfer properties greater than
conventional heat transfer fluids, making them ipalarly suitable for electronic applications,
automotive, solar energy conversion systems artthénnuclear field, as reported in [2-10]. The
concept of nanofluid was introduced by Choi in 1995], who first investigated the effects of the
dispersion of nanoparticles in a fluid, showingithegnificant thermal capacity. Later, several
investigations [12—14] evaluated the thermal proggrof nanofluids at low concentration. Choi et
al. [15] experimentally showed an increase in tierrhal conductivity between 8% and 20% per
volume concentrations of AD; included between 0.5% and 6%. The numerical aperaxental
data have shown that TiQparticles dispersed in water results in an in@eak heat transfer
between 3% and 7% for volume concentrations fra2foto 2% [12,16].

The identification of nanofluids properties hascsirbeen under investigation. Research works
have proposed several relations which allow us dtctutate the properties such as thermal
conductivity, density, viscosity, heat capacity ath@rmal expansion coefficient. Experimental
investigations have shown that thermal conductidiégpends on thermal conductivity of both base
fluid and nanoparticles, temperature, nanopartiime fraction, shape and surface area of
nanoparticles. Dependence of temperature on thengtheeonductivity of CuO, A3, TiO,, ZnO
dispersed nanofluids have been studied by [15-P®§. temperature raise increases the thermal
conductivity of the nanofluids. Currently a modehich estimates the thermal conductivity to one

that is generally accepted, does not exist [21-2Uhough there are no theoretical results avadabl



in the literature that predict accurately the th@roonductivity of nanofluidshere are a number of
semi-empirical relations that take into accountrtigest significant parameters.

There are several experimental methods for theuatiah of the thermal properties of nanofluids
[21,22]. Optical non-intrusive measures have be@pgsed [25,26], measures with transient hot
wire (THW) [27-29], and temperature oscillation med [30], 3eo method [31]. The transient hot-
wire method, is suitable for electrically condugtifiuids, however, possible concentration of ions
of conducting fluids around the hot wire due to déectrical field may give errors [21]. A problem
in the THW method is the impact of natural convation the measurements, as recently underlined
in [32]. A steady state method was employed in.[33]

At the same time, in order to improve the stabitityhanofluids, the use of surfactant additives
and also methods based on the PH control, [34,88 vested. Systems to obtain a uniform
dispersion of the nanoparticles within the basklflwere analyzed by Lee et al. [36], specializing
the investigation of low concentrations ob®@g, by sonication and by also Yang et al. [37] using
the same technique. The same technique has beglasdor other kinds of nanoparticles, Tajiks
et al. [38]. Further analysis allowed evaluationief stability of properties such as the viscoaity
the thermal conductivity over time, in the preseat®w concentrations of nanoparticles [27].
Dispersion behaviors and thermal conductivity ofG&-H,O nanofluids were experimentally
studied under different pH and sodium dodecylbeegelfionate (SDBS) concentration values in
[39]. The results showed that the stability andra conductivity enhancements of nanofluid
mixtures are strongly dependent on pH values aspkedsant concentration. Ismay et al. [40]
studied the thermal conductivity of water-based Zi@nofluid over a range of volume fractions,
temperatures, pH levels, particle sizes and saonitéimes. Recently, an experimental investigation
was performed on two nanofluid mixtures withoutfaatant by circulating them in a circuit in [41].
The study was accomplished in order to evaluatartbehysical properties after a long-term

exposure to heat. The degradation of the nanofmsispensions was also confirmed with a



dynamic light scattering (DLS) measurements ampdavided an increase of the particle-size
distribution of the spent experimental fluid samples.

From the numerical point of view there are variousdels for the estimation of the conductivity
of a mixture which is stabilized in the assumptiafsuniform dispersion of the particles, as the
Maxwell model [22,40,41]. In some cases, the expental data are in agreement with such a
model, and in some other cases they disagree,r eerestimating or underestimating when
compared to the Maxwell model [42-46]. In fact, thenofluids are not mixtures ready for use,
which can lead to some variability in thermal- dhald- dynamic characteristics depending on the
particular preparation process, especially thecstioin process, in terms also of its charactesstic
such as energy and sonication time [34,40,47]. Meeently, a comparison between thermal
conductivity measurements of nanofluids by nanbflasd hot disk techniques was accomplished in
[48] and the agreement was satisfying. The flasthatewas for the first time employed in the
nanofluid thermal conductivity measurements.

The present paper proposes a procedure for themgpitation and evaluation of the properties of
nanofluids at different volume concentrations efmaina (ALOs) which is valid also for fluids with
different particle materials. Specifically for tpeeparation of the mixture, the sonication techaiqu
was employed, whereas for the measurement of diffysnd thermal conductivity the nano-flash
method was employed [48,49]. The present investigagxtends and improves significantly the
nano-flash method application in the estimatiothefmal conductivity of nanofluids mixture.
Furthermore, the evaluation of nanofluids thernwadductivity dependence on sonication by means

of nano-flash method is being presented in thegapeer for the first time.

Experimental Procedure
Preparation
A prerequisite to obtain thermal properties improeat is to provide a stable and durable

nanofluid. Several materials might be used to zeatianopatrticles for particular applications which
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can be dispersed into fluids. Nanofluids are addeas a mixture of nanoparticles of metals,

oxides, nitrides, metal carbides, and other nonisiatath or without surfactant molecules, and
water, ethylene glycol or oils [35]. Two technique used to produce nanofluids. First is the
single-step direct evaporation method, which siamdbusly makes and disperses the nanopatrticles
directly into the base fluids, and the other istthe-step method, which first makes nanoparticles
and then disperses them into the base fluids [B&ither case, a well-mixed and uniformly
dispersed nanofluid is needed for successful remtozh of properties and interpretation of
experimental data. Nanofluids can lose their padétd transfer heat because they are prone to
aggregation.

In the present investigations ultrasonic vibratioya sonicator, was used for dispersing and
disaggregating the particles. Experiments weraehout starting from a mixture of 50% in mass,
i.e. 20% in volume, of alumina (4Ds) dispersed in water which was acquired from Alfssar. A
surfactant was present at a concentration lessii#arThe nanofluid was diluted using bi-distilled
water, in order to obtain the other volume fracsig¢d.1%, 0.5%, 2.0%, 3.0% and 4.0%) by means
of a precision balance KERN 440-45 N. The mediuze sif particles was spherical with a diameter
around 40 nm as certificated by the producer. Tiggedsion of the particles was obtained by first
mixing the required volume of mixture in a calilmatflask with distilled water for obtaining the
desiderated concentration and then using ultrasabiation, by a sonicator, in order to disperse it
Particle aggregate dimensions after mixture prejgarand sonication were about 120 nm for all
concentrations as reported in [48]. The sonicaseduwvas the "Hielscher UP 400S"
(frequence=24kHz).

The standard density of alumina is equal to 394fkgnd that of water is equal to 998.2 kg/m

Effective density and specific heat of nanofluids evaluated by using the following equations:
or :(1_40)1()0[ +Wp 1)

(cop0)  =-0)(c,p) . +o(c,p) 2
nf bf p



wheregy, or andg, are the density of nanofluid, base fluid and namtgles, respectivelypis
the volumetric concentration aghs, Cobr andcy, are the specific heat of nanofluid, base fluid and
nanoparticles, respectively. Eq.(1) is valid fonixture and it is usable also for nanofluids [50,51
Eq. (2) is derived by assuming thermal equilibrinetween the nanoparticles and the base fluid
phase, as shown by Khanafer and Vafai [52]. In &@4dbdlensity and specific heat are reported for
different concentrations of alumina in the nanaffuiThe properties of alumina are assumed
constant in the temperature range considered f@AC2o 65 °C and the values are as follows.
Density is equal to 3940 kghrspecific heat is equal to 880 J/kg K and therpoalductivity equal

to 35.0 W/m K.

Table 1. Density and Specific heat of nanofluids for diffiet concentration of AD3 in the mixture.

6 plkg/m’]  cpldkgK]
0% 998 4182
0.1% 1003 4176
0.5% 1006 4163
1% 1028 4146
2% 1057 4112
3% 1086 4077.8
4% 1116 4043.7
5% 1145 4009.6
20% 1586 3498.6

Nanoparticles rapidly tend to aggregate with timd the agglomeration can give the decreasing
of thermal conductivity of nanofluids. In orderdwaluate the stability of nanofluids, the method of
sedimentation was used. In Fig.1 photographs bvhiader are reported for different concentrations
and period of observation. After thirty days thdiseentation is observed to be already clear,
especially for low volume concentrations. It isréfere essential to make the measurements in the

hours immediately after nanofluid preparation atidsonication.



(a) (b)

Figure 1. Sedimentation test: a) observation period of 3Gdh) observation period of 300 days.

Ambient and nanofluid temperatures were measureddsns of two 0.50 mm OD iron-
constantan (type J) thermocouples which had arracgwf +0.1°C.

Several samples were taken at regular intervalasbgrtaining the variation of thermal
conductivity as a function of the time of sonicati®amples were taken at different locations of the
sonicated bath. It was found that during the sdi@inathermal conductivity values are initially
highly variable, while measured conductivity temols constant value. When that happens, further
steps of sonication do not lead to significant ¢jeanin the conductivity of the nanofluid, making it
possible to suspend the process considering unifpohthe property. The process depends on the
particular nanofluid. In fact, the type of nanopae, the concentration, the nature of the basd,flu
the temperature of the mixture and the environraswell as the amount of material to sonicate
can condition the measurement. The first criticahpin the sonication process involves the
transformation of mechanical energy into thermal.drhe immediate consequence of this
phenomenon is the heat generation which, in theityoof the vibrating element, causes a rapid
temperature increase. Water evaporation givegaisariations in the concentrations which could

invalidate the measurement. This gives accumulatodralumina which, due to its higher



temperature than the rest of the mixture, can eenenghe surface. To avoid this risk, a 0.50 mm
OD iron-constantan (type J) thermocouple was |latekese to the vibrating element, which is the
hottest zone, and another thermocouple exterrthetbath, in order to control the ambient
temperature. The supplied power at the sonicatsrasaigned in order to ensure a temperature
increase of nanofluid in the bath lower than 4.5 K.

Furthermore, in order to ensure an effective dsiparof the nanoparticles inside the mixture, it
is required that the right amount of energy is $siego the mixture by extending the sonication
until the mixture properties do not become constéinérefore, the sonication time should be
established as a function of the particular mixtimehe present work, this procedure was first
employed for the nanofluid with 20% of nanopartscl®lume concentration. The sonication time is
the highest for the highest particles concentratecause this mixture has the highest mass of solid
particles and the highest aggregated mass. Theredpecific mechanical energy for the sonication
of 20% volume concentration is assumed as parantegstimate the time at different
concentrations. This energy was obtained by myltglthe mechanical power delivered by the
sonicator with time sonication for the mixture 882 volumetric concentration. The procedure was
stopped when the difference between two successdasurement of the considered properties, in

this case the thermal diffusivity, was lower th&a.3

%1 (e
Em, = T = Pt (3)
> Moy Moy .21: v

whereEqs is the supplied mechanical energy to the sonigaounit of mixture mas Z%‘{ is the

supplied mechanical energy to the sonicator inth Wéth a nanofluid mixture at 20% volumetric
concentrationimog, is the mass of the mixture at 20% volumetric cotr@ion,P; is thei-th

supplied mechanical power to the sonicator forreet.



By assuming that the supplied mechanical energyntss unit equal to 1.0 kg, at the highest
considered volume concentration (20%), is at Isaficient to uniformly disperse the nanopatrticles

even at lower concentrations, the sonication tiona@ifferent concentrations was estimated as:

Emn.sOnf oV, Em.sMy
tS% — m,S. Pn 0"S - ms () (4)
w w

wheretg, is the sonication time at assigned mixture volurmebncentrationys is the volume of
the mixture,ay is the density of the mixtur®,, is the supplied power amd% is the mass of the

assigned mixture.

Thermal Diffusivity Measurement

The thermal diffusivity measurements were carriedby means of the "NanoFlash NETZSCH
LFA 447" device. The "Nano-flash" technique [49]sngsed in the experimental tests. In this
method the front side of a plane-parallel sampleeeted by a short light pulse as shown in Fig.2.
In Fig. 3 drawing and sizes of the sample holdemraported. The resulting temperature rise on the
rear surface is measured using an infrared detdgyoanalysis of the resulting temperature-versus-

time curve, the thermal diffusivity can be deteredn

Temperature variation

—

v o il

Electromagnetic pulse

pEIpyy

Figure 2. Sketch of the working principle of nanoflash syste

The nano-flash method is based on the evaluatidmeninal diffusivity by means of the

following equation:
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Figure 3. Sample drawing and sizes (in mm).

wherel is the thickness of the sample apglis the time at which the half maximum temperature
value rise at the rear surface of the sample asn&ttl. Eq. (5) is obtained assuming the following
hypothesis as also indicated in [53]:

a) Fourier law is validity and the heat conductiopaabolic.

b) The initial temperature is uniform.

c) Thermo-physical properties are assumed constahttemperature.

d) Heat losses toward the external ambient are néggigi

e) The hot spot on the surface is considered uniform.

Under these hypothesis the thermal conductive metiih describes the experiments is one-

dimensional and the conductive problem is:

0°T(x,t) _ 10T

=—— & x 6a
x> a ot (6a)
T(x,0)=T, x x (6b)
0T (0,t f O<t<
( ): q for r (60)
0Xx 0 for t>r1
oT(Lt) _ 0 t>( (6d)
0X



As indicated in [53, 54], problem (6) can be sole@@lytically to yield the dimensionless

temperature at the rear surface of the sar@pl@i(x,1)/ Tmax In terms of the dimensionless “Fourier”

time: 7=

z The result is plotted in Fig. 4 in terms of tinetemperature variation. From this

curve relationship (5) can be easily inferred.
In the nano-flash technique the previous hypothésim a) to e) are satisfied or assumed
because:
a) The pulse width is at least 100 us, greater tham#moseconds range which allows the
electrons and lattice to reach thermal equilibr{Gsi.
b) The sample is at uniform temperature.
c) The maximum increase in temperature is less than 2
d) Negligibility of heat losses depends on temperatdimaeasurement and for temperature
close to the ambient level, is verified. For higtesnperature the software related to the
nano-flash system [56] allows to select other omeedsional models that take into account
the heat losses from the sample [38, 56, 57].
Moreover, in case of measurements on liquids, sasclater, some other important concerns due to
the sample holder presence should be noted. Thelsdmlder is made of aluminum and therefore
the measurements are on a composed medium. Hovieternns of thermal resistance ratio
between the holder and the liquid sample, withregfee to the thicknesses given in Fig. 3, the order
of magnitude of holder thermal resistance i$ fifhes the one of water or of low concentration
nanofluid water based thermal resistance. Furthexntbe penetration time ratio, between the
holder (aluminum) and liquid sample (water or loancentration nanofluids water based), is of the
same order of magnitude of the ratio between thtenveand aluminum thermal diffusivity,
especially when their thickness is of the samerosflenagnitude and it is equal to10This
indicates that thermal disturbance penetrates guickly in the aluminum thickness and therefore

it does not affect significantly the thermal diffisy measurement of the liquid.
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Figure 4. Normalised temperature profile on the rear surtddbe sample due the pulse energy.

The higher the thermal diffusivity of the sampleg faster the energy reaches the other side. For
each measurement 15 tests were run.

Thermal diffusivity measurement depends on liquatline in the sample. The optimal volume
of liquid in the sample holder was obtained by lmaliing the device. In Fig. 5, the overfilled
sample holder and the optimal volume of liquidhe sample holder are schematically shown. Tests
for different volumes are reported in Fig. 6 foteanperature equal to 25°C. The measured values
are compared with respect to the thermal diffugigiven in [58] at same temperature value. In this

way an optimal value of the liquid sample volumesvi@nd equal to 0.055 ml.

(a) (b)

Figure5. Sketch of sample holder: (a) Overfilled sampledeo| (b) optimal volume of liquid in the
sample holder (c).
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Figure 6. Thermal diffusivity and conductivity measuremerasthermal diffusivity as a function

of the volume of fluid in the sample holder and pamson with the data in [58] for temperature

equal to 25°C, b) Comparison between measured #i@wonductivity estimated from eq. (7) and

data given in [58] in temperature range from 233®5 °C.
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Uncertainty. The uncertainty of the "Nanoflash LFA 447" systdéar thermal diffusivity
measurements is higher than the uncertainty oboheme inside the sample holder system. In fact,
the uncertainty of the apparatus, as indicatednbydatasheet, is +3% whereas the uncertainty on
the volume inside to the sample holder is +2.5%Herminimum considered volume, equal to 0.02
ml, and £0.5% for the maximum volume, equal to 01dl0The maximum volume which should be
employed in the measurements is evaluated by Bi@n@ its value is 0.10 ml. Fig. 6a shows that
for volumes higher than 0.10 ml the measurememnery different from the thermal diffusivity
value of the distilled water, as given in [58]. Th@lumetric quantity used in the present thermal
diffusivity measurements is therefore equal to 5.@84. The uncertainty for this value is £0.91%
which is lower than the uncertainty of the Nandilag/stem. The tests were repeated on three
different samples and temperature ranged betweé€C2&nd 65 °C for each sample. At assigned
temperature and for each sample, the Nanoflasleraysarried out ten shoots in order to estimate
the thermal diffusivity measurement as the meanecalhe corresponding variance resulted less
than +3%. The same procedure was employed to dealiee uncertainty for each volume

concentration of nanofluid mixture.

Thermal Conductivity Evaluation

If thermal diffusivity of nanofluidsgy, is known, thermal conductivity of nanofluid mixéukys,
is calculated by means of the relation:

ket (T) = ar (Tt (T) 01 (T) 7)

with oy, density, ands, specific heat, of the nanofluid mixture evaluadbigdeEqgs.(1) and (2),
respectivelykq, thermal conductivity andy thermal diffusivity of nanofluid.

A validation test was accomplished by comparingttieemal conductivity estimated by Eq. (7)
for pure distillated water with the data reportefb8]. Thermal diffusivity employed in Eq. (7) was

measured by the Nanoflash system in temperatugeraam 25 °C to 65 °C. In Fig. 6b the
14



estimated data from the measurements and therdatd$8] are reported and both were found to
agree significantly.

Uncertainty

The main contributing factors to the uncertaintg #ne temperature, concentration, thermal
diffusivity and sample volume.

The uncertainty in the calculated quantities i®datned according to the standard single sample
analysis recommended in [59]. The uncertainty afependent variabl®, as a function of the
uncertainties in the independent variabfgss given by the relation

R V. (oR ? R VL
OR=| | — Xy | + | — X, | + -+ + oXp (8)
X4y X, 0Xp

On the basis of Egs. (1,2,7) and of the maximuncteydr uncertainties in the values of the
independent variables, the maximum uncertaintjhefrhal conductivity are reported in Table 2 as
a function of volume concentration.

Table 2. Maximum percent uncertainties in the measurements.

Uncertainty on measured Uncertainty of instruments
quantities
¢ Error 50 oK Balance: Netzsche LFA 447-
; Kk Weight [g] diffusivity
a [mm?/s]
0.1% Absolute + 0.0006 +0.0175 +0.2¢g + 4.%10°
. 0
Relative + 0.5% + 2.9%(max) Not indicated + 3%
5 0% Absolute  negligible +0.0186 +0.2¢ +4.810°
. 0
Relative negligible + 3.11%(max) Not indicates + 3%
Results

First, tests on thermal conductivity nanofluid npds as a function of sonication time were
performed in order to investigate its effect, asvmusly mentioned. The thermal conductivity

values were nearly constant over a certain sooicdime for all concentrations, as reported in

15



Fig.7. Moreover, in Table 3 sonication times, t&#aluated from eq. (3) are reported. They are the
minimum time values which guarantee the indepenel@fi¢hermal conductivity of the sonication
time and also that the temperature of the batlowsel than 4.5 K of room temperature. In all
measurements of the thermal diffusivity, the samiptéder was immediately filled after the
sonication.

Table 3. Sonication time in minutes for the considered ahaywater nanofluid mixtures.

%Vol.Al,O3  V{l] Moy [KQ] P[W] EmdkJ/kg] te [min]

20 4.0 6.35 100 110 110
0.1 4.5 4.51 100 110 82
0.5 4.5 4.53 100 110 83
1.0 4.5 4.63 100 110 85
2.0 4.5 4.76 100 110 87
3.0 4.5 4.90 100 110 89
4.0 4.5 5.02 100 110 92
5.0 4.5 5.16 100 110 94
0.90 : : : :
085F _ F¥— —%~f$/ ¥ %]

E ]
_080F —— $01% -
FI|¥ ——&— @05% ]

— 0.75 ———— 2% ]
'E ...... Aeeeeee $4%

; 0.70 L — % — @20%
E |

Figure 7. Effect of sonication time on thermal conductividy different

Al,Oz-water nanofluid mixtures.
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Measurements were carried out at room temperafu2®® for nanofluids mixture at various
particle volume concentrations of 8l;. The ratio between the thermal conductivity of afand
mixtures and the one related to the pure watereperted in Fig. 8. As expected, the values are
greater than 1.0 for all volume concentrations mwred and atp=4.0% the increase in thermal
conductivity is about 5%. In Fig. 8, a comparisoithwdata from literature are reported for a
temperature of nanofluid equal to 25 °C and sizethef nanoparticles of 40 nm. The results
presented in figure show an excellent agreemertt thié measurements of Das et al. [30] who
utilized temperature oscillation technique for theasurement of thermal diffusivity and thermal
conductivity whereas data from Chandrasekar ef6@l, who employed the theoretical Maxwell
model, do not match very well. Also the comparisdth the data given by Bayat and Nikseresht
[61] presents a good agreement between the datedVer, Fig. 7 shows that eq. (3) given in [18]

is in very good agreement with the present data.

..[é(.)].....

- [ ]
21 A [30] ]
X [61]
® Present data
11 —— [18,eq. (3)]

0.0 0.5 1.0 15 2.0 2.5 3.0 3.5 4.0

P[%]
Figure 8. Enhancement of thermal conductivity with respedhie thermal conductivity of water at
room temperature of 25°C and comparison with expenital data from refs. [30,60,61] and

correlation given in [18].
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Thermal conductivity measurements and their redati@ues in reference to water, as functions
of temperature, are reported in Fig. 9, for différeolume concentrations. Figures show the thermal
conductivity enhancement, with respect to the basd, and of nanofluids with temperature for
different volume concentrations. The enhancementamiofluid thermal conductivity with respect
to pure water is greater as the temperature ineseas shown in Fig. 9b. With 0.5% particles
concentration at room temperature of 25°C the am@das only about 0.57%, but at 65°C this value
increases to about 8%. For volume concentratiofothe enhancement goes from 7.6% to 14.4%
with temperature rising from 25°C to 65°C. In tha&se, the average rate of enhancement increase is
much higher compared to that of 0.5% nanofluidsuslTht can be said that the enhancement of
thermal conductivity shows a marked increase wimpgerature and the rate of this increase
depends on the concentration of nanoparticles. ddmendence on volumetric concentration of
thermal conductivity enhancement for different temgpure values is shown in Fig. 10. The effect
of volume concentrations onskand the ratio k/kys is weaker than the temperature effect. However,
the increase is more significant from pure wateltixture with@=0.1 %. This increment is

greater with increasing temperature.
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Figure 9. Temperature dependence of thermal conductivitythexdnal conductivity ratio for

different volume concentration: a) thermal conduttj b) thermal conductivity ratio.
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It is interesting to evaluate the upper and lovimits of thermal conductivity as proposed by

Hashin and Shtrikman (H-S) and reported in [47]e Thermal conductivity ratio limits can be

written as
Gy, Ao ~Hr) o
Kot Bt +(1_§0)(knp_kbf)
k|, ko) o

kot Kot | 3y — kg~ |

where l§ and k; are the lower and upper limits for nanofluid thafrmonductivity, respectively;yk
and kp are the thermal conductivity of base fluid (watarthis case) and nanopatrticles {&4, in

the present investigation), respectivapyjis the volumetric concentration. As indicated 47][k; is
evaluated considering a system of plates stackgmkpdicular to direction of heat flux whereas k
corresponds to a system of plates stacked patalldirection of heat flux. A comparison among
thermal conductivity given in [18,30,52,60-62] fovo nanoparticle diameters, 40 nm and 120 nm,
at mixture temperatures from 21 °C to 65 °C, iorggd in Fig. 11. The comparison shows that all
data from experimental and theoretical investigetiare close to the lower limit, as in Fig. 10a.
Present data are in good agreement with correltmoposed in [52] and [62] for a particle
diameter equal to 120 nm as reported in Fig. 1Hbs @iameter value was estimated in previous
measurements for the same mixtures reported in A8} direct comparisons among present data
(pd) and the ones from literature (Id) in termsrgasured thermal conductivity, given in Fig.12,
with two error ranges +10% and £20%, show thatdheater part of data are in the £10% error
range. The comparisons confirm the value of 120fonthe nanoparticles diameter. In fact, the
correlations proposed in [52] and [62] employed &onanoparticles diameter equal to 120 nm

compared to the present data fall all into the +XH%6r range.
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Figure 11. Comparisoramong thermal conductivity from literature and présdata with: (a) upper
and lower limits of thermal conductivity by Haskand Shtrikman (H-S) reported in [47] and (b)

close to the (H-S) lower limit.
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Conclusions

Experimental measurements on thermal conducti¥itd gOs/water nanofluid mixtures were
accomplished by means of the Nanoflash techniquinéofirst time also taking into account the
effects of sonication time, temperature and voluimebncentration. Moreover, a simple procedure
to obtain the evaluation of minimum sonication titogealize a stable nanofluid mixtures was
given. The effect of sonication time on thermalduactivity was investigated experimentally by
means of the thermal conductivity measurement walidwed to verify the minimum sonication
time estimated by the simple proposed procedurfadn it was showed that the agreement between

theoretical estimated values and measured onesewmagood.
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Comparisons among the present measurements with daéa reported and correlations
proposed in literature, were performed to validhtenanoflash technique applied to the
measurements of thermal conductivity of nanofluidse comparisons showed a very good
agreement between the measured values by nanaikisiods and the existing data from literature.
This confirmed the efficiency of nanoflash techr@da evaluate the thermal conductivity of
nanofluid mixtures. The method presented the falgwnain advantages with respect to the other
techniques employed to evaluate the thermal condltyodf nanofluid mixtures: (a) it is a simple
method; (b) natural convection is not present msigk liquid sample; (c) the sample has a very
small volume and this could be very useful in lcaadlysis of nanofluid mixtures; (d) low
uncertainty (<3%) and repeatability of the measuaets
Further, the measurements confirmed the dependdrbermal conductivity on temperature and
volumetric concentration, as it was found out thatrmal conductivity increased with both
increasing temperature and volumetric concentraasrexpected. The main indications from the
measure values confirm: (a) the enhancement oftilezonductivity due to the temperature
increase is more significant than the increasetdwelumetric concentration; (b) the greater
increase with respect to the volumetric concemnaivas obtained for lower concentration values,
less than 0.2%, whereas the one with respect tethperature was obtained passing from 55 °C to
65 °C. This suggest that in terms of thermophygpcaperties, the nanofluid mixtures can be better
employed, with greater advantage, at low volumetniccentrations (<0.2%) and high temperatures

(>50 °C).

Nomenclature
c specific heat, JKHK™
k thermal conductivity, WK™

E energy, J
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thickness, m

m mass, kg

P mechanical power, W
R depended variable

t time, s

T temperature, K

Vs volume, ni

Greek symbol

a thermal diffusivity, iis*
o dimensionless temperatu®max
0 density, kg it

T Fourier number; 2

@ volumetric concentration
Subscript

bf base fluid

[l lower limit

ul upper limit

m mechanical

nf nanofluid

p nanoparticle

S supplied

tot total
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Research Highlights

e [Evaluation of thermal conductivity of nanofluids by Nano-Flash Method is presented;

e Nano-flash technique is a fast and accurate method for measuring thermal conductivity of
nanofluids;

e An estimation of the optimal supplied energy and time for sonication is suggested;

e Stability and thermal conductivity enhancements of nanofluids depend on sonication time
and energy supplied for fluid preparation;

e Thermal conductivity improves for low volumetric concentrations (<0.2%) and high
temperatures (>50 °C);



