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Abstract

Measuring the thermal conductivity of low viscosity fluids such as aqueous nanofluids is challenging
due to the formation of convection currents. In the current work, a modification of the transient
hot-wire thermal conductivity measurement technique was investigated to address this problem.
The polysaccharide agar was used as a gelling agent to prevent the formation of convection currents,
thereby enabling measurement of thermal conductivity. The experimental method was validated
by comparison of experimentally measured thermal conductivity values with published reference
values over a range of temperatures for two reference fluids stabilised by agar: water and an
ethylene glycol /water solution. The precision of thermal conductivity measurements was found to
be significantly improved by use of this gelling agent. These findings indicate that agar, or a similar
gelling agent, can be used to enable accurate measurement of the thermal conductivity of aqueous
fluids. This measurement technique was utilised to accurately measure the thermal conductivity
enhancements of copper and alumina aqueous nanofluids with low nanoparticle concentrations,
over a range of temperatures. The thermal conductivities of these nanofluids were found to be

within +2 % of those predicted by the Maxwell model.
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1. Introduction

Measuring the thermal conductivity of low viscosity fluids such as water or aqueous nanofluids
is difficult due to the potential for formation of convection currents [1-5]. The most widely used
technique for measuring the thermal conductivity of such fluids is the transient hot-wire method,
which works by measuring the transient temperature field around a line-source heater [4]. The
theory and experimental setup for this measurement technique are well described in the literature [1,
6-10]. A thin metallic wire (generally platinum, with a diameter of less than 100 um) is submerged
into the liquid sample. This wire acts simultaneously as a heat source and a temperature sensing
element [11]. The wire is electrically heated for a short period of time, typically of the order of
1s-3s[1, 12]. Assuming that the surrounding fluid is initially at uniform temperature, and that the
heat source approximates a line of infinite length, the fluid thermal conductivity may be calculated
from the transient temperature response of the wire.

Design and construction of accurate transient hot-wire measurement apparatus is challenging.
Two key design parameters are the wire thickness and heating period. The wire must be very
thin to minimise its heat capacity, which would otherwise affect the transient temperature re-
sponse of the wire. The heating period must be short in order to avoid formation of convection
currents [1, 12]. Numerous experimental studies have used carefully designed transient hot-wire
apparatus for thermal conductivity measurement of low viscosity fluids and have reported good
measurement precision, and accuracies of better than +0.5 % [6, 8, 9, 13]. Accurate thermal conduc-
tivity measurements have similarly been made for aqueous nanofluids using such apparatus [12, 14].

Despite this, a significant proportion of studies investigating the thermal conductivity of aque-
ous nanofluids use commercial measurement devices based on the transient hot-wire technique,
but which differ significantly in design details from conventional transient hot-wire apparatus.
The most widely used of these devices is the KD2 Pro thermal analyser with KS-1 probe needle
produced by Decagon Devices, Inc. (Pullman, Washington, USA). A large number of studies have
used the KD2 Pro/KS-1 system for measuring the thermal conductivity of nanofluids [5, 15-25].
This device uses a short stainless steel hot-wire ‘probe’ with a much lower length:diameter ratio

(~ 46:1) than typical transient hot-wire apparatus (> 1000:1). Advantages of this device include



its low cost and convenience.

The heat capacity per unit length of the KS-1 probe, which has a diameter of 1.3 mm, is
significantly higher than that of platinum wires traditionally used for transient hot-wire apparatus,
which typically have diameters of 10 um-50um. This increased heat capacity affects the probe
transient temperature response and precludes the use of a very short heating period. The minimum
heating period for this device is 30s, which significantly increases the propensity for convection
current formation, particularly for low viscosity fluids. Formation of convection currents around
the heated probe can increase the heat transfer from the probe relative to the heat transfer caused
solely by thermal diffusion in the fluid. This can lead to bias and precision errors in measured
thermal conductivity values, potentially making measurements unreliable.

The current work describes a modification to the transient hot-wire thermal conductivity mea-
surement technique that enables the thermal conductivity of low viscosity fluids to be reliably
measured even when using a low length:diameter ratio probe. The key innovation is the use of the
polysaccharide agar is used as a gelling agent to minimise convection heat transfer. Agar can form
a gel with water and some aqueous solutions and colloids, thereby preventing convection currents
from forming. Agar dissolved in water behaves as a reversible sol-gel. The structural principles
of agar gel formation have been elucidated by Tako & Nakamura [26-28]. During gel formation,
hydrogen bonding occurs between the polysaccharide molecules and water. Tetrahedrally directed
hydrogen bonding additionally occurs between water molecules over an extended range, thereby
forming a stabilised ice-like structure [28]. Above approximately 85°C, formation of glycosidic
bonds between saccharide units to form a polymeric polysaccharide results in the gelling behaviour
of agar. Once cooled below approximately 40 °C a gel is formed, which is stable upon re-heating up
to approximately 80 °C. Only a small quantity of agar, of the order of 0.5 wt%, needs to be added
to water to form a stabilised gel. The use of agar for measurement of the thermal conductivity
of liquids has been suggested by transient hot-wire instrument manufacturer Decagon Devices,
Inc. (Pullman, Washington, USA) [29]. However, a rigorous assessment of this technique has not
been found in the technical literature. Only a few reports of the use of agar stabilised liquids for

thermal property measurement could be found. Campbell et al., Ochsner et al. and Liu, for ex-



ample, used agar stabilised water to calibrate heated probe volumetric heat capacity measurement
systems [30-32].

A specific class of low viscosity fluids for which measurement of thermal conductivity is of
particular technical interest is nanofluids—colloidal suspensions of solid nanoparticles dispersed in
a base fluid. ‘Heat transfer nanofluids’ (HTNF) are a new class of coolants, for which enhance-
ments in thermal conductivity relative to their base fluids have been reported. Nanofluids have
been widely investigated for thermal applications, including heat transfer in microchannels [33, 34],
automotive coolants [35], refrigerants [36], and heating, ventilation and air-conditioning (HVAC)
systems [37]. Nanoparticles investigated are most commonly either metals, metal oxides, or car-
bon based nanostructured materials such as carbon nanotubes (CNT) [5, 38, 39]. The majority of
studies have used water as the base liquid, but solutions of ethylene glycol and water (EG/W) [40],
ethylene glycol (EG) [41], engine oil [42], and kerosene [43] have also been used. Efficient convective
cooling is an important requirement in many industries, so enhancement of fluid thermal conduc-
tivity may benefit a wide range of industrial processes. Accurate measurement of nanofluid thermal
conductivity is essential in order to assess the suitability of nanofluids for such heat transfer appli-
cations. Accurate measurement of small thermal conductivity enhancements, as may be conferred
by addition of low concentrations of nanoparticles to a base fluid, is particularly challenging, and
requires the use of very precise and well calibrated measurement apparatus.

According to the classical model of Maxwell, the thermal conductivity of a fluid may be in-
creased by addition of solid particles with thermal conductivity higher than that of the base
fluid [44]. Maxwell’s model, which is based on the effective medium theory, predicts that the

thermal conductivity for a liquid containing a dilute suspension of spherical particles is given by:
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where kp is the thermal conductivity of the base fluid, ¢ is the ratio of particle to base fluid thermal
conductivity (kp/ky), and ¢ is the volume fraction of particles [44].

A number of studies of HTNFs have reported thermal conductivity enhancements that far ex-

ceed those predicted by the Maxwell model. For instance, 40 % thermal conductivity enhancement



was reported by Eastman et al. using 0.3 vol% of copper nanoparticles [45], and a 160 % increase
in thermal conductivity was reported by Choi et al. for an oil-based nanofluid containing 1 vol%
of carbon nanotubes [46]. As a result of some of these very high and, according to classical the-
ory, anomalous enhancements, heat transfer nanofluids became the subject of intense research and
some controversy emerged as to the real enhancement values and possible underlying heat transfer
mechanisms at the nanoscale [47]. Despite an extensive number of theoretical and experimental
studies, the heat transfer mechanism in nanofluids is not yet fully understood, and the heat transfer
enhancements reported for these fluids in the scientific literature vary greatly. For example, one
recent round-robin study found no anomalous enhancement in thermal conductivity for HTNFs [3].

The use of agar as a stabilising agent has many advantages for the measurement of thermal
conductivity of nanofluids. Particle settling over time and the movement of particles due to con-
vection pose challenges for the experimental measurement of thermal conductivity for these fluids.
Performing a number of repeat measurements of thermal conductivity at a single temperature can
take several hours. Therefore, if a nanofluid is not fully stable (i.e., if particle clustering or settling
occurs), the concentration of suspended nanoparticles will change over time, and the measured
values of thermal conductivity will also vary. Indeed, some studies have reported a decline in
nanofluid thermal conductivity with elapsed time, likely caused by nanoparticle clustering [48-51].
In contrast, stabilising by agar effectively prevents particle settling, enabling measurement of the
thermal conductivity of nanofluids in the ‘as-prepared’ state.

In the current paper, the effectiveness of this agent for thermal conductivity measurement
of liquids is assessed. The accuracy of this measurement method was verified by measuring the
thermal conductivity of water and an ethylene glycol/water solution, stabilised by agar, over a range
of temperatures and comparing the measured thermal conductivity values with reference values
from the literature. Following verification using reference fluids, measurements of the thermal
conductivity of aqueous nanofluids separately incorporating Cu and Al,O4 nanoparticles were then
performed using this method. Copper nanofluids have previously been investigated by Eastman et
al. [45] and Li et al. [52], while Al,O, nanofluids have been studied by several authors (e.g. [10,

15, 53]). The apparent thermal conductivity enhancement relative to the base fluid was calculated



for these nanofluids and compared to the predictions of the Maxwell model.

2. Materials and Methods

2.1. The KD2 Pro/KS-1 Measurement System

A KD2 Pro thermal analyser with a KS-1 sensor probe (Decagon Devices, Inc., Pullman,
Washington, USA), which operates based on the transient hot-wire method, was used to measure
the thermal conductivity of base fluids and nanofluids. The KS-1 probe needle is 1.3 mm in diameter
and 60mm long and acts as the hot-wire and temperature sensor. The probe needle is made of
stainless steel encircling a resistive heating element and temperature sensor. For each measurement,
the temperature of the fluid being examined was measured using the temperature sensor in the
KS-1 probe. The measurement system composed of the KD2 Pro and KS-1 probe has a specified
uncertainty of +5% of the measured value between 0.2W-m™'-K~! and 2W-m~1.K~! for liquids.
The measurement resolution of the KD2 Pro/KS-1 measurement system is 0.001 W-m~1-K=!. The
KD2 Pro device was factory calibrated for thermal conductivity measurements against glycerol at

23°C.

2.2. Experimental Measurement Setup

In order to maximise repeatability between experiments, a cylindrical test container was de-
signed to hold a volume of liquid for testing and to hold the measurement probe securely in place,
as shown in Figure 1. The cylindrical container was machined from 316 stainless steel, and had
a 40mm inner diameter, a 76 mm outer diameter and an internal chamber height of 80 mm. The
internal chamber could hold a liquid volume of approximately 100ml. A tight fitting slot was
machined into the bottom of the container for the KS-1 probe head to fit into. The probe was
located at the bottom of the chamber, radially in the middle of the chamber, and oriented vertically
upward. Vertical upward placement of the probe needle minimised the potential for convection
current formation in the fluid and ensured that the full length of the probe was immersed in the
fluid. This orientation also allowed the test liquid to be easily poured in at the top of the chamber.
The secure fixation of the probe aids in ensuring that repeatable measurements are obtained for

various fluids. A top-cap was placed on top of the container, sealed by a rubber gasket to prevent



any fluid leakage. A small stainless steel vent tube was placed on the top-cap to ensure that the
test liquid inside the chamber remained at ambient pressure. A similar experimental measurement
setup for the KD2 Pro system, with a KS-1 probe located vertically in a measurement chamber,

was used for example by Han et al. for measurement of the thermal conductivity of nanofluids [18].
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Figure 1: Experimental setup for measurement of liquid thermal conductivity using the KD2 Pro/KS-1 measurement
system.

The entire assembly was placed into a Julabo F34 temperature controlled circulating water
bath (Julabo GmbH, Seelbach, Germany). The temperature controlled water bath kept the tem-
perature of the measurement chamber constant, and set the fluid temperature at which the tests
were performed. In order to perform reliable measurements it is required that the fluid in the
measurement chamber is kept at a constant temperature. To assess the water bath temperature
stability, the water bath temperature was measured over a 60 min period. The maximum deviation
from the average temperature was found to be £0.02 °C, in good agreement with the temperature
stability of +0.03 °C reported by the water bath manufacturer. During each individual thermal con-
ductivity measurement, the water bath circulation pump was temporarily switched off to eliminate

vibrations, which might otherwise aid in initiating convection current formation.

2.3. Experimental Procedure

The KD2 Pro instrument can be configured to operate in one of two modes: a standard ‘low

power mode’ (LPM) or a ‘high power mode’ (HPM). When operated in HPM the heat input



to the probe is increased, resulting in a higher temperature rise in the probe and surrounding
liquid. For deionised water, LPM results in a temperature rise in the probe of circa 0.3 °C, while
HPM results in a temperature rise in the probe of circa 3.0 °C. For measurement of liquid thermal
conductivity with the KD2 Pro/KS-1 system, the use of LPM is recommended by the manufacturers
in order to minimise convection current formation [54]. In the current work, thermal conductivity
measurements were performed using both LPM and HPM for deionised water and deionised water
stabilised by agar in order to assess the effect of different heat inputs on measurement precision.
HPM was used for thermal conductivity measurements of the agar stabilised ethylene glycol/water
solution and agar stabilised nanofluids.

Each thermal conductivity measurement with the KD2 Pro consists of three steps. Firstly, the
KD2 Pro is programmed with a delay of 30s for the temperature of the fluid to become uniform
before heating starts. Secondly, the KS-1 probe needle generates a small amount of heat internally
by resistance heating for 30s. The entire needle is heated simultaneously, and the temperature
of the needle is recorded at 1s intervals during the heating period. Thirdly, the heat generation
ceases and the needle begins to cool down. The temperature of the needle is similarly recorded at
1's intervals over a cooling period of 30s. Subsequently, the thermal conductivity of the fluid is
calculated by the KD2 Pro system from the combined needle temperature measurements recorded
during heating and cooling periods.

Thermal conductivity measurements for the studied fluids were performed over a range of
temperatures. At least 10 measurements were taken at each temperature. The arithmetic mean
value at each temperature was then calculated. Prior to performing measurements at a given
temperature, the water bath and measurement system was held at a constant temperature for
60 min to allow the system to fully isothermalise. Measurements were then performed at 15 min

intervals to allow the system to re-isothermalise at the correct temperature following each test.

2.4. Verification and Calibration Method

Thermal conductivity measurements for deionised water were first performed in order to assess
the measurement system without use of a stabilising agent. Measured thermal conductivity values

were compared to the reference values reported by ASHRAE (the American Society of Heating,



Refrigerating and Air-Conditioning Engineers) as a means of assessing the accuracy of the experi-
mental measurements [55].

To verify the reliability of using agar as a stabilising agent for thermal conductivity mea-
surements, agar stabilised deionised water and an agar stabilised ethylene glycol/water (EG/W)
solution were tested using the same procedure. The EG/W solution chosen for testing contained
10 vol% ethylene glycol, as solutions near this concentration range are commonly used as coolants in
refrigeration systems [56]. Measured thermal conductivity values for 10 vol% ethylene glycol/water
were compared to the reference values reported by ASHRAE [55]. In order to assess the repeata-
bility of the experimental method as a whole, the process of preparing an agar stabilised water
sample and measuring its thermal conductivity was repeated two additional times. For each of
these repeat experiments, at least 10 measurements of thermal conductivity were performed at
10°C intervals between 10°C and 50°C. Thermal conductivity measurements were subsequently
performed on nanofluids stabilised by agar.

Prior to performing thermal conductivity measurements for the agar stabilised aqueous nanoflu-
ids, the measurement system was calibrated against the thermal conductivity reference values
reported by ASHRAE for deionised water [55]. The thermal conductivity values measured for
deionised water stabilised by agar using HPM of the measurement device were used for the calibra-
tion. A polynomial was used as the calibration equation. In order to choose the polynomial degree
to use, polynomials of increasing degree were fitted to the data. The fit order at which the variance

o2, as computed below, showed no further significant decrease, provides the best model [57]:
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where g; are the residuals, N is the number of data points, and m is the degree of the polynomial.
The coefficients for the polynomials fit to the experimental data, to the reference values, and to
the correction equation polynomial, are given in Table 1. Measured arithmetically averaged values

of thermal conductivity for the nanofluids were corrected using this calibration equation.



Table 1: Polynomial coefficients. These coefficients are for a 7*" degree polynomial of the form: y(T) = aT” + bT® +
¢T3 +dT* + eT? + fT? + gT + h, where T is the temperature and has units of °C.

Coefficient Fit Equation For  Fit Equation For Correction
Measured Data Reference Data Equation
a 8.337403 x 1074 1.105838 x 107> —-8.226819 x 10714
b -3.166674 x 10711 -3.613341 x 1073 3.130540 x 10~
c 4622170 x 107 3.995687 x 10™!'  —4.582213 x 10~
d -3.320154 x 1077 —-7.617286x 10710 3312536 x 107/
e 1.246995x 10> -1.678040x 1077  —1.263776 x 107>
f —2.492925x 10™*  2.419880 x 10 2517124 x 1074
g 3.725686 x 107> 1.890536 x 107>  —1.835149 x 1073
h 5.628157x 107" 5610038 x 107"  —1.811897 x 1073

2.5. Statistical Analysis

In order to determine whether measured increases in thermal conductivity for the nanofluids
were statistically different relative to the predictions of the Maxwell model, 1-sample 2-sided z-tests
were performed for the measured thermal conductivities of each nanofluid at temperatures of 10 °C,
20°C, 30°C, 40°C, and 50°C, using a significance level of @ = 0.01. In each instance this analysis
tested whether the mean of the measured thermal conductivity values for a given nanofluid at
a given temperature (with bias error corrector for using the calibration procedure described in
Section 2.4) was statistically different from thermal conductivity predicted by the Maxwell model

for the nanofluid at that temperature.

2.6. Preparation of Agar Stabilised Gels

A gel composed of deionised water and 0.5 wt% agar was prepared. This agar concentration was
found to be a practical lower limit of agar addition that allowed a gel to be formed. The water was
brought to the boil, and while boiling, the agar powder (A1296, Sigma-Aldrich, St. Louis, Missouri,
USA) was added and the mixture was thoroughly stirred. When a clear solution was observed,
the fluid was allowed to cool slightly, and was then poured into the measurement chamber of the
thermal conductivity measurement setup. The solution began to solidify and formed a gel upon
cooling below approximately 40 °C. The gel remained stable upon re-heating up to approximately
80°C. Following testing, the gel was removed from the measurement chamber, and was found

to be sufficiently rigid to remain in a cylindrical shape and support its own weight, confirming
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that convection currents are unlikely to occur during thermal conductivity measurements. Gels
were similarly prepared from the 10vol% ethylene glycol/water solution, and from the prepared

nanofluids using the same procedure.

2.7. Preparation of Nanofluids

Aqueous nanofluids incorporating Al,O; and Cu nanoparticles were prepared. Al,O4 nanoparti-
cles were obtained in two different particle sizes to investigate the effect of particle size on nanofluid
thermal conductivity. All of the nanoparticles had a purity of 99.9 wt%, and were obtained from
SkySpring Nanomaterials, Inc. (Houston, Texas, USA). Details of these particles are given in Ta-

ble 2.

Table 2: Details of nanoparticles used for preparing nanofluids.

Material Nominal Mean Product
Particle Size Code

7-Al,O;  20nm 1330DL
a-Al,O;  50nm 1320DL
Cu 60 nm-80 nm 0821XH

The Al,O4 nanofluids were prepared with concentrations of 0.1 vol% and 1.0 vol%, while the Cu
nanofluid was prepared with a concentration of 0.1 vol%. The nanofluids were prepared using the
two-step method, which is well described in the literature [58, 59]. The two-step method was used
because of its low-cost and convenience, and because it is possible to achieve a narrower distribution
of particle sizes than with the one-step method. This preparation method involves combining a
base fluid (deionised water), nanoparticles, and a surfactant, sonicating the fluid, adjusting the
pH, and then re-sonicating the fluid. The nanofluids were prepared in batches of 140 ml volume.

Sodium hexametaphosphate ((NaPO,),), which is commonly used as a surfactant in the prepa-
ration of nanofluids (e.g. [60, 61]), was added to improve nanofluid stability. Experiments with
trial batches of nanofluids prepared with different concentrations of sodium hexametaphosphate
revealed that a sodium hexametaphosphate quantity equal to 20 wt% of the nanoparticle mass was
optimum for achieving a stable nanofluid (by visual inspection of settling after 2h). This con-

centration of sodium hexametaphosphate was therefore used to prepare all nanofluids for thermal
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conductivity testing. After adding the surfactant, the nanofluids were sonicated for 30 min using a
UP200H probe sonicator (Hielscher Ultrasonics GmbH, Teltow, Germany).

To further stabilise the nanofluids, their pH was adjusted by addition of sodium hydroxide
(NaOH) and hydrochloric acid (HCI). In order to achieve optimum dispersion, the pH of the
alumina nanofluids was adjusted to 8.0 according to the findings of Zhu et al. [60]. The pH of
the copper nanofluid was adjusted to 9.0 according to the findings of Li et al. [52]. After pH
adjustment, the nanofluids were again sonicated for a further 30min. The prepared nanofluids
exhibited appreciable stability. Onset of particle settling in prepared test batches was observed with
copper nanoparticles after a period of several hours, and was observed with alumina nanoparticles
after several weeks. Nanofluid batches prepared for thermal conductivity testing were stabilised

by agar directly after the final sonication step.

2.8. Characterisation of Nanoparticles and Nanofluids

A number of characterisation techniques were used to evaluate the physical properties of the
nanoparticles and the prepared nanofluids. The size and morphology of the nanoparticles prior
to nanofluid synthesis was examined by scanning electron microscopy (SEM). A sample of each
nanoparticle type was examined using an FEI Quanta 3D FEG SEM (FEI Ltd., Hillsboro, Oregon,
USA). Al,O4 nanoparticle samples were sputter coated with a thin layer of gold to prevent electro-
static charging during SEM analysis. The nanoparticle size, morphology, and the agglomeration
of nanoparticles in each nanofluid was examined by transmission electron microscopy (TEM). A
small liquid sample of each prepared nanofluid was diluted, placed on a Formvar/Carbon TEM grid
(200 mesh copper) (AGS162H, Agar Scientific Ltd., Essex, UK), and then dried at room tempera-
ture. TEM analysis was performed using an FEI Tecnai™ G2 20 Twin TEM (FEI Ltd., Hillsboro,
Oregon, USA). Dynamic light scattering (DLS) was used to characterise the agglomerate size dis-
tribution of nanoparticles in the nanofluids. Samples of each nanofluid were diluted in deionised
water and analysed using a Zetasizer Nano ZS (Malvern Instruments Ltd., Worcestershire, UK) at

25°C.
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2.9. Thermal Conductivity Predictions of Maxwell’s Equation

Thermal conductivity predictions were calculated for each nanofluid using Maxwell’s model,
given in Eq. (1). Variation in thermal conductivity with temperature for copper was obtained from
Moore et al. [62], and variation in thermal conductivity with temperature for alumina was obtained

from de Faoite et al. [63, 64].

3. Results

3.1. Nanoparticle and Nanofluid Characteristics

Using SEM and TEM analysis, the nominally 20nm alumina nanoparticles were found to be
approximately spherical in shape and predominantly had diameters of the order of 20nm. The
nominally 50nm AlL,O; particles were found to be spherical with diameters predominantly less
than 100 nm. These particles were observed to agglomerate into elongated clusters. The nominally
60 nm-80nm copper nanoparticles were found to be spherical, with particle diameters predomi-
nantly less than 100 nm. However, a few anomalously large particles greater than 1 um in diameter
were also observed. DLS analysis revealed that the nominally 20 nm and 50 nm alumina nanofluids
exhibited single peaks in agglomerate size distribution at 252nm and 410 nm, respectively. The
nominally 60 nm—80 nm copper nanofluid exhibited two peaks in agglomerate size distribution at

113 nm and 428 nm.

3.2. Thermal Conductivity Results for Water

The thermal conductivity of deionised water without a stabilising agent was measured at several
temperatures between 5°C and 60 °C using the LPM of the measurement system. The resulting
(arithmetically averaged) values for measurements up to 50 °C are plotted in Figure 2. The arith-
metic mean values of the measured data at each temperature were within +10% of published
reference values for thermal conductivity of deionised water [55], but two of the mean values fell
outside +5 % of the reference values. The measured values showed significant scatter around the
reference values for deionised water. The standard deviations of the measured data at each temper-

ature varied non-monotonically with temperature. These standard deviations varied in magnitude
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between 0.0065W-m~!-K~! (at 5°C) and 0.0795W-m~1-K~! (at 45°C). This measured dataset is
considered indicative only. Repetition of these measurements yielded bias errors and standard
deviations of similar magnitude, but the measured bias error and standard deviation at each par-
ticular temperature was found to vary between experiments. Above 50°C the scatter in measured
datapoints increased significantly. At 60°C (off the scale of Figure 2) the bias error between the
arithmetic mean of measured values and the reference value was 1.372W-m~!-K~!, and the stan-
dard deviation of measured values was 0.3101 W-m~!-K~!. This increase in scatter likely results
from a decrease in the viscosity of water with increasing temperature, allowing convection cur-
rents to form more readily. When operated in HPM, the measured thermal conductivity values for

deionised water showed even more pronounced scatter around the reference values.
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Figure 2: Measured thermal conductivity of deionised water without a stabilising agent at temperatures between

5°C and 50°C, measured using low-power mode. FError bars denote one standard deviation above and below the
arithmetic mean. Measured values are compared with ASHRAE values, for which +5 % bounds are shown [55].

3.3. Thermal Conductivity Results for Water Stabilised by Agar

The thermal conductivity of deionised water stabilised by agar was measured at several tem-
peratures between 5 °C and 70 °C using the LPM of the measurement system. The resulting (arith-
metically averaged) values are plotted in Figure 3. The measured data-points were all within +5 %

of published reference values for thermal conductivity of deionised water [55]. The standard devia-
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tions of the measured values at each temperature were found to be between 0.0023 W-m™'-K~! and
0.0029 W-m™"-K~! up to 50 °C, and increased to 0.0042 W-m~"-K~! at 60 °C, and to 0.0075 W-m~!.K~!
at 70 °C. The higher standard deviation occurring at 70 °C may result from onset of dissolution of
the agar gel. Over the studied temperature range the measured thermal conductivity values showed
significantly less scatter and lower bias error compared to measurements of water not stabilised by
agar.
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Figure 3: Measured thermal conductivity of deionised water stabilised by agar, at temperatures between 5°C and
70°C, measured using low-power mode. Error bars denote one standard deviation above and below the arithmetic
mean. Measured values are compared with ASHRAE values, for which +5 % bounds are shown [55].

The thermal conductivity of deionised water stabilised by agar was measured at several tem-
peratures between 5°C and 90°C using the HPM of the measurement system. The resulting
(arithmetically averaged) values are plotted in Figure 4. Up to 80°C all measured values were
all within +5 % of published reference values for thermal conductivity of deionised water, with
calculated mean values at each temperature within +4 % of reference values [55]. The standard
deviation of the measurements was found to be between 0.0004 W-m~'-K~! and 0.0008 W-m~!-K~!
up to 80°C, and increased to 0.0064 W-m~!-K~! at 90°C. The measured values up to 80°C showed
significantly less scatter compared to measurements for water not stabilised by agar, as well as

measurements for water stabilised by agar using low-power mode.
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Figure 4: Measured thermal conductivity of deionised water stabilised by agar, at temperatures between 5°C and
90 °C, measured using high-power mode. Error bars denote one standard deviation above and below the arithmetic
mean. Measured values are compared with ASHRAE values, for which +5 % bounds are shown [55].

To investigate the repeatability of the experimental method, the process of preparing an agar
stabilised water sample and measuring its thermal conductivity was repeated two additional times.
For these repeat experiments the HPM of the measurement system was used. 10 measurements
at each 10°C interval between 10°C and 50°C were recorded (not shown in Figure 4 for clarity).
The three datasets for deionised water stabilised by agar and using HPM were in reasonably good
agreement with each other. The bias error between the arithmetic mean of measured values and
the reference values over the measured temperature range of 10 °C-50 °C was within + 3 % for each
of the two repeat experiments, similar to the initial measurements performed for agar stabilised
water using HPM. The pooled thermal conductivity data for deionised water from these three
experiments had standard deviations within +0.0025 W-m™'-K~! between 10°C and 50°C. This

good agreement indicates that the measurement process as a whole had good repeatability.

3.4. Thermal Conductivity Results for Ethylene Glycol Solution

The thermal conductivity of 10 vol% ethylene glycol/deionised water solution stabilised by agar
was measured at several temperatures between 5 °C and 50 °C, using the HPM of the measurement

system. The resulting (arithmetically averaged) values are plotted in Figure 5. The measured

16



data-points were all within +2 % of values reported in the literature [55]. The standard deviations
of the measurements were found to be between 0.0003 W-m~!-K~! and 0.0005W-m~!-K~! over the

studied temperature range.
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Figure 5: Measured thermal conductivity of 10 vol% EG /deionised water stabilised by agar, at temperatures between
5°C and 50°C, measured using high-power mode. Error bars denote one standard deviation above and below the
arithmetic mean. Measured values are compared with ASHRAE values, for which +5 % bounds are shown [55].

3.5. Measurement System Calibration

Using pooled measured thermal conductivity values from the three datasets for deionised wa-
ter stabilised by agar and using HPM, the measurement system was calibrated as described in
Section 2.4. A 7 degree polynomial was found to be optimal for this dataset, and was fitted to
measured data for thermal conductivity of deionised water. The R? value for this fit was 0.9934. A
7t degree polynomial was then fitted to the published ASHRAE reference values for thermal con-
ductivity of deionised water, with an R* value of 1.0000. The difference between these polynomials
was calculated as a function of temperature, and a third polynomial—the correction equation—was
fitted to this difference. The coefficients for these three polynomials, are given in the appendix.
The correction equation models the bias error in the measurement system, and addition of values
from the codomain of this function from measured values at a particular temperature allows this

bias error to be corrected for. Measured arithmetically averaged values of thermal conductivity for
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the nanofluids were corrected using this correction equation.

3.6. Thermal Conductivity Results for Nanofluids

The thermal conductivities of the prepared nanofluids stabilised by agar were measured as
a function of temperature between 10°C and 50°C. Due to the lower scatter in measurements
obtained when using the HPM of the KD2 Pro device, this power mode was used for measure-
ments of nanofluid thermal conductivity. As with the measurements for deionised water and
ethylene glycol/water stabilised by agar and using HPM, the measurements for the nanofluids
were found to have very low scatter. Over the studied temperature range measurement standard
deviations were between 0.0004 W-m™'-K~! and 0.0008 W-m~!-K~! for the 0.1 vol% Cu nanofluid,
between 0.0009 W-m™"-K™! and 0.0031 W-m™"-K™! for the 0.1vol% 20nm Al,O; nanofluid, be-
tween 0.0004 W-m™!'-K~! and 0.0018 W-m™"-K™! for the 0.1vol% 50nm Al,O; nanofluid, between
0.0004 W-m™"K~! and 0.0006 W-m~"-K™!' for the 1.0vol% 20nm Al,O, nanofluid, and between
0.0004 W-m~"-K~! and 0.0005 W-m~!-K~! for the 1.0vol% 50 nm Al,O4 nanofluid. The calibration
correction equation was applied to these measured data for nanofluids stabilised by agar as well
as to the pooled measured data for deionised water stabilised by agar, to correct for bias error.
The resulting data are plotted in Figure 6. Measurement standard deviations are not plotted in
Figure 6 for visual clarity.

Table 3 gives the arithmetically averaged mean values of measured thermal conductivity for
water and the studied nanofluids as a function of temperature, with the calibration correction
equation applied to remove bias error.

Table 4 lists the apparent thermal conductivity increases, calculated as percentages, for the

nanofluids relative to the thermal conductivity of the water base fluid:

(kex - kb
b

)x 100 % (3)

where ke is the mean value of the experimentally measured nanofluid thermal conductivity values
at each temperature and ky is the thermal conductivity of the base fluid at that temperature.

The thermal conductivity values for the nanofluids predicted by Maxwell’s model are given in
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Figure 6: Measured thermal conductivity for deionised water and nanofluids stabilised by agar, at temperatures
between 10°C and 50 °C, measured using high-power mode, and corrected using the calibration equation.

Table 5. Table 6 lists the thermal conductivity increases relative to the water base fluid predicted

by Maxwell’s model, calculated as percentages:

(kn — ky

)x 100 % (4)
b

where k, is the nanofluid thermal conductivity predicted by Maxwell’s model at each temperature
and ky is the thermal conductivity of the base fluid at that temperature.

Table 7 lists the relative discrepancies between the measured thermal conductivity values for
the nanofluids and the thermal conductivities predicted by Maxwell’s model, relative to the thermal

conductivities predicted by Maxwell’s model:
kex — k
(u) x 100 % (5)
kn

In this table, values in bold typeface are statistically different (p < 0.01) from values predicted by
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Table 3: Measured thermal conductivities for the studied nanofluids and deionised water stabilised by agar, with
bias error corrector for using the calibration correction equation.

T Water Cu A1203 A1203 A1203 A1203

60 nm—80 nm 20 nm 50 nm 20 nm 50 nm

0.1 vol% 0.1vol% 0.1vol% 1.0vol% 1.0vol%
(°C) | (W-m™L.K™)

10 | 0.5800 0.5865 0.5846 0.5843 0.5907 0.6087
20 | 0.5984 0.6041 0.6001 0.6041 0.6086 0.6252
30 | 0.6156 0.6202 0.6168 0.6226 0.6243 0.6419
40 | 0.6304 0.6350 0.6337 0.6355 0.6396 0.6579
50 | 0.6438 0.6481 0.6454 0.6454 0.6538 0.6711

Table 4: Measured thermal conductivity increases (in %) for the studied nanofluids.

T Cu Al,O3 Al,O3 Al,O3 Al,O3

60 nm—80 nm 20 nm 50 nm 20 nm 50 nm
0.1 vol% 0.1vol% 0.1vol% 1.0vol% 1.0vol%
(°C) | (%)

10 1.12 0.79 0.73 1.84 4.95

20 0.95 0.28 0.96 1.71 4.48

30 0.75 0.19 1.14 1.42 4.27

40 0.73 0.51 0.80 1.46 4.36

50 0.68 0.25 0.25 1.55 4.25

Maxwell’s model.
The measured thermal conductivities for the nanofluids at 20°C (with bias error corrected for
using the calibration correction equation) are plotted in Figure 7 along with the thermal conduc-

tivity values predicted by the Maxwell model at 20 °C.
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Table 5: Thermal conductivity values predicted by Maxwell’s model for the studied nanofluids.

T Cu A1203 A1203 A1203 A1203

60 nm—80 nm 20nm 50 nm 20 nm 50 nm

0.1 vol% 0.1vol% 0.1vol% 1.0vol% 1.0vol%
(°C) | (W-m™.K™)

10 0.5817 0.5817 0.5817 0.5967 0.5967
20 0.6002 0.6001 0.6001 0.6155 0.6155
30 0.6174 0.6173 0.6173 0.6332 0.6332
40 0.6323 0.6322 0.6322 0.6484 0.6484
50 0.6457 0.6456 0.6456 0.6620 0.6620

Table 6: Thermal conductivity increases predicted by Maxwell’s model for the studied nanofluids relative to the
water base fluid.

T Cu Al,O3 Al,O3 Al,O3 Al,O3

60 nm—80 nm 20 nm 50 nm 20 nm 50 nm

0.1 vol% 0.1vol% 0.1vol% 1.0vol% 1.0vol%
(°C) | (%)

10 0.299 0.285 0.285 2.876 2.876
20 0.299 0.284 0.284 2.865 2.865
30 0.299 0.283 0.283 2.855 2.855
40 0.299 0.282 0.282 2.845 2.845
50 0.299 0.281 0.281 2.835 2.835

Table 7: Relative discrepancies between measured thermal conductivity values and thermal conductivity values
predicted by Maxwell’s model for the studied nanofluids. Values in bold typeface are statistically different (p < 0.01)
from values predicted by the Maxwell model.
T Cu Al,O3 Al O3 Al O3 Al O3
60nm-80nm  20nm 50 nm 20 nm 50 nm
0.1 vol% 0.1vol% 0.1vol% 1.0vol% 1.0vol%

(°C) (%)

10 0.82 0.51 0.45 -1.01 2.01
20 0.65 0.00 0.68 -1.13 1.57
30 0.45 -0.09 0.85 -1.40 1.38
40 0.43 0.23 0.52 -1.35 1.47
50 0.38 -0.03 -0.03 -1.25 1.38
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Figure 7: Measured thermal conductivities for nanofluids at 20°C (hatched columns) compared to thermal conduc-

tivity values predicted by the Maxwell model (filled columns) at 20°C.
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4. Discussion

4.1. Thermal Conductivity Measurement Method

For the investigated KD2 Pro/KS-1 measurement system operated in LPM, below 45°C the
arithmetic mean values of thermal conductivity for deionised water not stabilised by agar were
within +5% of reference values at all but one temperature (10°C). This is in broad agreement
with the design uncertainty of the KD2 Pro device of +5 % as evaluated by the instrument manu-
facturer. However, individual measured values of thermal conductivity deviated significantly from
the published reference values, at some temperatures by more than +10%. The large scatter in
measurements is attributable to formation of convection currents in the fluid in an uncontrolled
and unpredictable manner. The most repeatable results were obtained below 45 °C, where the fluid
viscosity is higher. Above 45°C, the scatter and bias error became very large, resulting from a
decrease in the viscosity of water with increasing temperature, allowing convection currents to form
more readily. This finding is in reasonable agreement with the guidelines of the KD2 Pro manufac-
turer, who state that the practical upper limit for accurate measurement of thermal conductivity
of aqueous solutions is ~50°C [29]. When operated in HPM, the measured thermal conductivity
values for water not stabilised by agar showed even more pronounced scatter around the reference
values, likely caused by increased convection current formation. It should be noted that the use
of HPM with the KD2 Pro/KS-1 system is not recommended by the manufacturer for this rea-
son [54]. Since the measured thermal conductivity values for deionised water would be used as
reference values for determining the conductivity enhancements of the nanofluids, inaccuracy in
these measurements would cause difficulties in quantifying the thermal conductivity enhancements,
especially if the enhancements were below 10 %.

The experimental measurement setup, as described in Section 2.2, was carefully designed to
hold the measurement probe securely in place in a test fluid sample free from vibrations, and was
designed according to recommendations of the KD2 Pro manufacturer. Similarly, the experimental
measurement procedure, as described in Section 2.3, was selected according to recommendations of
the KD2 Pro manufacturer, and was intended to ensure that the test fluid was at a uniform steady

temperature prior to each test. The large scatter in measured thermal conductivities most likely
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results from the intrinsic design of the KD2 Pro, rather than details of rest of the measurement
apparatus or measurement procedure.

For measurement of the thermal conductivity of low viscosity fluids using the transient hot-
wire method, it is advisable to use a short heating period in order to minimise convection current
formation. The thermal conductivity of liquids can be accurately measured if the time over which
the conductivity is measured is sufficiently small that convection currents do not form [4]. In the
current work, the heating period used was 30s, which is the minimum heating period for which the
KD2 Pro device can be configured. The primary source of measurement uncertainty of the current
measurements for water not stabilised by agar is expected to originate from induced fluid motion
due to the relatively long heating period intrinsic to the KD2 Pro/KS-1 design.

A measurement system based on the transient hot-wire method composed of the KD2 Pro unit
and KS-1 probe has previously been used in numerous studies for the measurement of thermal con-
ductivity of nanofluids [5, 16-25]. However, despite the propensity for convection current formation
with the KD2 Pro/KS-1 measurement system, in most published studies the potential deficiencies
of this device are not raised as an issue. Only a few studies could be identified that noted the
potential for convection current formation with this measurement system due to the long heating
period; e.g., Buongiorno et al. [3].

In addition to increasing measurement scatter, formation of convection currents can lead to
an upward bias in measured thermal conductivity if the measurement system is not calibrated.
Induced bias error can be a non-linear function of temperature. However, the KD2 Pro/KS-1 is
factory calibrated at only a single temperature (~ 23 °C) against glycerol. Many studies of nanofluid
thermal conductivity using this measurement system do not mention whether the accuracy of the
device was verified or calibrated against a reference fluid. Of particular note, many studies that
state the design uncertainty of the device as being +5 % report increases in thermal conductivity
for nanofluids that are less than this uncertainty level, without performing statistical analysis to

determine whether such increases are statistically significant or not.
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4.2. Thermal Conductivity Measurement Using Agar as a Stabilising Agent

As a result of the large scatter in measured thermal conductivity values for deionised water, the
use of agar as a stabilising agent—as suggested by the manufacturer of the KD2 Pro device [29]—
was investigated in the current work as a potential solution.

Measurements of the thermal conductivity of deionised water using agar as a stabilising agent,
and using LPM of the KD2 Pro device resulted in significantly reduced scatter in thermal con-
ductivity measurements. The reduction in scatter is attributable to the gelling action of agar,
eliminating convection currents.

With LPM of the KD2 Pro device the heat input to the probe is small in order to limit convec-
tion current formation. As noted in Section 2.3, for deionised water, LPM results in a temperature
rise in the probe of circa 0.3 °C. With the KD2 Pro device operated in HPM, the heat input to the
probe is increased, resulting in a higher temperature rise in the probe—circa 3.0°C for deionised
water. With a higher temperature rise in the fluid the relative uncertainty of measurement of this
temperature change decreases, leading to increased precision in measurement of the thermal con-
ductivity. HPM cannot be used for low viscosity fluids since it would induce significant convection
currents. However, HPM can be used with fluids stabilised by the addition of agar, as convection
currents are prevented. Such an increase in thermal conductivity measurement precision would be
advantageous for measuring very small thermal conductivity enhancements as may occur with low
concentration nanofluids (expected to be less than 1% for very low concentrations of nanofluids).

Measurements of the thermal conductivity of deionised water stabilised by agar, and using
HPM of the KD2 Pro device resulted in reduced measurement scatter up to 80°C compared to
measurements performed without a stabilising agent, or with the use of a stabilising agent using
LPM. Measurement standard deviations over the studied temperature range were of the same or-
der of magnitude as the KD2 Pro device resolution of 0.001 W-m~!.K~!. It should also be noted
that stabilisation of the fluid by agar also extends the temperature range over which precise ther-
mal conductivity measurements can be performed. Above 80°C the scatter in measured thermal
conductivity values increased, likely caused by re-dissolution of the agar/water gel.

The two repeat experiments, consisting of preparing agar stabilised water samples and mea-
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suring their thermal conductivity, indicated that the experimental method as a whole has good
repeatability. The good precision and repeatability achieved using HPM enables the comparison
between different nanofluids with thermal conductivities close to that of water.

As a result of the repeatability of measurements obtained for agar stabilised water using HPM,
HPM was used for thermal conductivity measurements of the other agar stabilised reference fluid
and agar stabilised nanofluids.

To verify the accuracy and repeatability of this measurement method, the thermal conductivity
of a 10vol% ethylene glycol/water solution, stabilised by agar, was also measured and compared
to published reference values. Measured thermal conductivity values had standard deviations not
exceeding 0.0005 W-m~!-K~! over the studied temperature range of 10 °C-50°C. The (un-calibrated)
discrepancy between measured and reference values over this temperature range was within +2 %.

The low scatter and moderate bias error of thermal conductivity measurements for agar sta-
bilised water and ethylene glycol/water solution verified the efficacy of using agar as a stabilising
agent for thermal conductivity measurement with the transient hot-wire technique.

The bias error present in the measurements is not unexpected as the measurement system
was factory-calibrated at a single temperature (x23°C) in glycerol. Indeed, the bias errors for
the measurements of water and 10vol% EG/water stabilised by agar are small near 23°C. The
bias error of the measurement system was corrected for by calibrating against published reference
values reported for the thermal conductivity of water. The un-weighted measurements from each
of the 3 experiments for water stabilised by agar using HPM were pooled and used for calculation
of the calibration equation. The introduction of 0.5 wt% agar to water to form a gel may slightly
alter its thermal conductivity. However, the un-calibrated measurements of thermal conductivity
for deionised water stabilised by agar, both using LPM and HPM, were in good agreement with
published reference values, indicating that any such change is small. Any perturbation of the
thermal conductivity of water caused by addition of agar would in any case be corrected for by
calibrating against published reference values for thermal conductivity of water.

The use of a stabilising agent for nanofluid thermal conductivity measurement may also be useful

with other thermal conductivity measurement techniques such as the transient plane source or 3w

26



method [65], as well as steady state techniques such as the steady state parallel plate method [66].

4.3. Measurement System Uncertainty

The uncertainty of the measurement system must be given some consideration. The uncer-
tainty of a measurement system may be obtained from: (i) a mathematical combination of the
uncertainty U; of each individual component of a measurement system, (ii) obtained from the
measurement system manufacturer, or, (iii) calculated from measured data for a reference material
(i.e., determined from system calibration).

In the current investigation, a commercially supplied measurement system (the KD2 Pro/KS-1
system) was used, so it was not possible to determine the measurement system uncertainty by
combining uncertainties of individual sub-components of this system, as these uncertainties are
unknown.

The KD2 Pro/KS-1 manufacturer quotes an uncertainty of +5 % for this device (assumed to
refer to £5% of the reading value, expressed as a 95 % confidence interval (CI)). For water at
20°C (k ~0.598 W-m~1.K™!) this is equivalent to an uncertainty of +0.03 W-m™1-K~!. As noted
above, for measurements of the thermal conductivity of water not stabilised by agar using LPM,
the measurement standard deviation was of the order of 0.0l W-m™"-K~! to 0.03W-m~'-K~! up to
40°C, and increased rapidly above this temperature. The measurements at 40°C, for example,
have a 95 % confidence interval of 0.5994 +0.0176 W-m~!-K~!. The width of this confidence interval
is of the same order of magnitude as the uncertainty quoted by the manufacturer. However, the
measurements at 60 °C have a 95% CI of 0.8710 +0.1451 W-m~'-K~!, the width of which exceeds
the quoted uncertainty of +5 %.

For alumina nanofluid with concentrations of 0.1 vol% and 1.0 vol%, the Maxwell model predicts
thermal conductivity enhancements of 0.0017 W-m~'K~! and 0.0171 W-m~1.K~!, respectively, at
20°C. With a measurement instrument with uncertainty of +0.03W-m~!.K=! (95% CI), it would
not be possible to detect such small increases in thermal conductivity, or to determine whether
the mean value of a series of measurements for such a nanofluid was significantly higher than the
conductivity predicted by the Maxwell model, thereby representing an anomalous increase.

As a result of the modifications of the measurement system—the use of the stabilising
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agent agar, and the calibration of the measurement system against reference values for
water—determination of the measurement system uncertainty from measured experimental values
is more appropriate than using the uncertainty reported by the KD2 Pro/KS-1 manufacturer.
Indeed, these modifications were made specifically to reduce the uncertainty of measured values.

As noted in Section 2.5, in order to determine whether measured increases in thermal con-
ductivity for the nanofluids were statistically significant different relative to the predictions of the
Maxwell model, 1-sample 2-sided -tests were performed, using a significance level of @ = 0.01.

It should be noted that very few studies of nanofluid thermal conductivity report how their
measurement system was calibrated against reference fluids. It is also of note that some studies
utilising the KD2 Pro/KS-1 system report thermal conductivity enhancements that are within the

error bounds quoted for the KD2 Pro/KS-1 system (+5 %).

4.4. Thermal Conductivity Results for Nanofluids

Thermal conductivity was experimentally measured for the prepared nanofluids with the same
procedure used for the reference fluids, using agar as a stabilising agent and using high power
mode of the measurement device. The measured values were compared with the predicted thermal
conductivity values from Maxwell’s model.

All three of the 0.1 vol% nanofluids had measured thermal conductivities higher than that for
water. Of these 0.1 vol% nanofluids, the 50 nm alumina and 60 nm—-80 nm copper nanofluids had
higher measured thermal conductivities than the 20 nm nanofluid. The 50 nm alumina nanofluids
had higher thermal conductivity enhancements compared to 20nm alumina nanofluids for both
0.1vol% and 1vol% concentrations. As expected from Maxwell’s model, the 1.0vol% alumina
nanofluids had higher thermal conductivities than the 0.1 vol% alumina nanofluids. The highest
measured thermal conductivities are seen in nanofluids with loading of 1.0 vol%.

The relative discrepancies between the observed and predicted conductivity enhancement for
each nanofluid as a function of temperature are shown in Table 7. For the 0.1 vol% nanofluids
the relative discrepancy is within + 1.0 %. The highest relative discrepancy occurs for the 1.0 vol%
50nm alumina nanofluid. Surprisingly, for the 1.0vol% 20nm alumina nanofluid the measured

thermal conductivity is lower than the predicted value over the studied temperature range. The
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reason for this is not known, but may result from non-optimal dispersion of nanoparticles in this
nanofluid.

For the 0.1vol% Cu nanofluid, 0.1 vol% 50nm Al,O4 nanofluid, and 1.0vol% Al,O, nanofiu-
ids, the statistical analysis revealed that the mean value of measured thermal conductivity was
statistically higher than the value predicted by Maxwell’s model at the 0.01 level of significance
(P < 0.01), with the exception of the measured value for the 0.1vol% 50nm Al,O; nanofluid at
50°C, for which no significant increase was observed. These statistically significant conductivity
enhancements relative to the Maxwell model constitute anomalous thermal conductivity enhance-
ments. For the 0.1 vol% 20 nm Al,O4 nanofluid no statistical difference between the mean measured
value and Maxwell prediction was observed. Surprisingly, for the 1.0 vol% 20nm Al,O4 nanofluid,
the mean measured thermal conductivity was found to be statistically lower than the conductivity
predicted by the Maxwell model over the studied range of temperatures. It should be noted that
although statistical differences were found between measured values and predictions of the Maxwell
model, these differences are small in all cases, as illustrated in Figure 7.

Given the simple nature of the Maxwell model, it is not surprising that there is disagreement
with the measured values. The Maxwell model does not take account of interaction among par-
ticles, or particle shape or aspect ratio [67]. Although the Maxwell model works satisfactorily at
low volume concentrations, its predictions do not agree well with most measurements of thermal
conductivity for nanofluids reported in the literature. Thermal conductivity enhancement is influ-
enced by numerous factors, including particle shape, size, material, concentration, base fluid, type
and concentration of surfactant, pH of the fluid, dispersing method, and Zeta potential [68-70].
As a result of this complexity, significant disagreement exists in the literature about the thermal
conductivity enhancement provided by nanofluids.

Ghozatloo et al., for example, studied aqueous nanofluids containing carbon nanotubes and
reported thermal conductivity enhancements of 24.9 % and 8.0 % for a single CNT concentration
of 0.1 wt% using two different dispersing methods [39]. Numerous studies have reported very large
increases in thermal conductivity with the addition of nanoparticles to a base fluid. For instance,

a 160 % increase in thermal conductivity was reported by Choi et al. for a nanofluid containing
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1vol% carbon nanotubes [46]. As a result of some of these very high and, according to classical
theory, anomalous enhancements, heat transfer nanofluids became the subject of intense research
and some controversy emerged as to the real enhancement values and possible underlying heat
transfer mechanisms at the nanoscale.

A number of possible mechanisms have been proposed to explain the anomalous thermal con-
ductivity enhancement of nanofluids. These mechanisms include Brownian motion of nanoparti-
cles [71, 72], nanoparticle aggregation [71, 73, 74], liquid layering [71, 75-77], and thermophore-
sis [71, 72, 75]. It should be noted that the existence and the significance of these proposed
mechanisms have been questioned in some studies [47, 48, 75]. Currently, none of the proposed
mechanisms adequately predict the thermal conductivity of nanofluids, since the thermal conduc-
tivity enhancement depends on many factors, including the particle material, size and shape of the
particle, volume concentration, operating temperature, and particle dispersion [78].

There is significant disagreement in the literature regarding the thermal conductivity enhance-
ment of copper and alumina nanofluids. For example, Masuda et al. investigated the thermal
conductivity enhancement of alumina nanofluids [53]. They dispersed y-Al,O5 nanoparticles of
mean diameter 13 nm in water with volume fractions of 1.3 vol%, 2.8 vol%, and 4.3 vol% (mass frac-
tions of 5wt%, 10wt%, and 15 wt%, respectively), and measured thermal conductivity increases
of approximately 10%, 20% and 30 % for these nanofluids, respectively, over that of the base
fluid (water). Lee et al. studied the thermal conductivity of nanofluids of alumina particles in
water and ethylene glycol base fluids [10]. Their measured thermal conductivities for alumina
nanofluids containing large agglomerated Al,O, particles coincided with the predictions of the
Hamilton-Crosser model. Timofeeva et al. studied alumina nanofluids in water and ethylene glycol
base fluids and reported thermal conductivity enhancements that were lower than predicted by
the Maxwell model, which was ascribed to agglomeration of nanoparticles [15]. Li et al. studied
the thermal conductivity enhancement of Cu-water nanofluids as a function of nanofluid pH and
SDBS (sodium dodecylbenzenesulfonate) surfactant concentration [52]. With 0.1 wt% and 0.8 %
Cu nanoparticle concentration Li et al. reported thermal conductivity enhancement of up to 10.7 %

and 18 %, respectively, with optimal pH and SDBS concentration. Eastman et al. reported a 40 %
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increase in thermal conductivity for a Cu-ethylene glycol nanofluid, with the Cu nanoparticles
coated with thioglycolic acid, with a nanoparticle concentration of only 0.3 wt% (with size less
than 10 nm) [45].

Unlike the majority of studies, a number of more recent publications have reported no significant
increase in the thermal conductivity. For instance, Putnam, et al. investigated ethanol-based Au
nanofluids and reported no anomalous enhancement in nanofluid thermal conductivity [79]. Simi-
larly, the comprehensive International Nanofluid Property Benchmark Exercise (INPBE) study of
nanofluid thermal conductivity found that the thermal conductivity enhancement of most nanoflu-
ids could be predicted using the effective medium theory [3].

The nanofluid thermal conductivity enhancements measured in the current study are lower
than reported in the majority of studies of aqueous copper and alumina nanofluids. Although
these enhancements were found to be statistically higher than the values predicted by the Maxwell
model for three of these nanofluids, the enhancements in thermal conductivity are small in absolute
terms for all of the investigated nanofluids.

Pumped convection cooling loops are one of the most prominent application areas for nanoflu-
ids. Theoretically, an increase in fluid thermal conductivity should increase the heat transfer
coefficient in the developing flow region. Similar to reports of anomalous increases in thermal con-
ductivity, numerous studies have reported anomalously large increases in convection heat transfer
coefficient [38, 80-93]. Li & Xuan, for example, reported a 60 % increase in heat transfer coefficient
in the laminar flow regime with the addition of 2vol% of copper nanoparticles [80], while Wen
& Ding reported a 47 % increase in convection coefficient in the laminar flow regime for alumina
nanofluid with a nanoparticle concentration of 1.6 vol% [82]. However, a number of recent studies
observed no anomalous increase in heat transfer coefficient for nanofluids [20, 94-97]. As is the
case with thermal conductivity, this variation in measured heat transfer coefficient for nanofluids
likely results from the dependence of nanofluid thermal transport properties on a larger number of
interacting factors, such as particle size, aspect ratio, concentration, and dispersion.

Having a well dispersed and stable nanofluid is of significant importance. An unstable nanofluid

will form clusters of agglomerated particles leading to particle settling and a decrease in nanofluid
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thermal conductivity [98]. Uniform dispersion of nanoparticles has been highlighted by several
studies as being of key importance to the attainment of high thermal conductivity enhancement in
nanofluids [98-100]. As noted in Section 2.7, the prepared nanofluids exhibited appreciable stability.
Onset of particle settling in prepared test batches was observed with copper nanoparticles after
a period of several hours, and with alumina nanoparticles after several weeks. Nanofluid batches
prepared for thermal conductivity testing were stabilised by agar directly after the final sonication
step. Particle settling is therefore unlikely to have occurred before stabilisation by agar.

Some metallic nanoparticles such as copper have higher thermal conductivities than alumina
nanoparticles, but are potentially susceptible to oxidation. In the current study, the thermal
conductivity of the copper nanofluid was tested shortly after preparation, minimising the potential

for oxidation of the Cu particles.

5. Conclusions

For thermal conductivity measurement of low viscosity fluids using apparatus based on the tran-
sient hot-wire method, use of long heating periods can result in formation of convection currents,
leading to large scatter in measured conductivity values. Convection current formation becomes
more significant with high heat inputs. Addition of agar in a concentration as low as 0.5wt% to
water or an aqueous solution can result in the formation of a gel, preventing the formation of con-
vection currents. The addition of this small mass fraction of agar to water does not significantly
change the thermal conductivity. Any small perturbation of the thermal conductivity caused by
this addition of agar can be corrected for by calibration of the measurement system against pub-
lished reference values for thermal conductivity of water. Stabilisation of aqueous solutions and
aqueous nanofluids using agar is an effective method to enable the thermal conductivity of these flu-
ids to be accurately and repeatably measured using the transient hot-wire technique. Stabilisation
of the fluid in this manner allows a larger heat input to be applied to a hot-wire probe, thereby im-
proving the precision of the thermal conductivity measurements. Furthermore, stabilisation of the
fluid allows precise measurements of thermal conductivity to be made up to approximately 80 °C.

The use of agar as a stabilising agent, with a moderately high power input to the probe, allows
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the thermal conductivity of water to be measured with an uncertainty within +0.0025 W-m™'.K~!
(£10) up to 50°C. The good repeatability obtained with this measurement method allows it to be
used to reliably investigate the thermal conductivity enhancement of aqueous nanofluids, including
nanofluids containing low concentrations of nanoparticles.

The thermal conductivity enhancements of 0.1 vol% Cu and Al,O,, and 1.0 vol% Al,O, nanoflu-
ids fall within = +2 % of values predicted by Maxwell’s model. Although statistically significant en-
hancements in thermal conductivity relative to the predictions of the Maxwell model were observed
for 0.1vol% Cu nanofluid, 0.1 vol% 50nm Al,O; nanofluid, and 1.0 vol% 50nm Al,O; nanofluids,

in absolute terms the observed thermal conductivity enhancements were low.
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