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Abstract: In this study, the 3ωmethod was used to determine the thermal conductivity of nanofluids
(ethylene glycol containing multi-walled carbon nanotubes (MWCNTs)) with temperature gradients.
The thermal modeling of the traditional 3ωmethod was modified to measure the spatial variation
of thermal conductivity within a droplet of nanofluid. A direct current (DC) heater was used to
generate a temperature gradient inside a sample fluid. A DC heating power of 14 mW was used to
provide a temperature gradient of 5000 K/m inside the sample fluid. The thermal conductivity was
monitored at hot- and cold-side 3ω heaters with a spacing of 0.3 mm. Regarding the measurement
results for the hot and cold 3ω heaters, when the temperature gradient was applied, the maximum
thermal conductivity difference was determined to be 3% of the original value. By assuming that the
thermo-diffusion of MWCNTs was entirely responsible for this difference, the Soret coefficient of the
MWCNTs in the ethylene glycol was calculated to be −0.749 K−1.
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1. Introduction

Particle transport in the presence of a temperature gradient is known as thermo-diffusion.
Traditionally, thermo-diffusion is described as the net force exerted on a particle by the molecules
of a fluid medium. In the presence of a temperature gradient, the medium molecules on the hot
side, which have greater kinetic energy, push particles to the cold side. However, for some nanoscale
particle suspensions, such as dilute aqueous suspensions of charged polystyrene spheres [1], silica
nanoparticles dispersed in water [2], or DNA in water [3], negative thermo-diffusion movement (from
cold to hot) at certain temperatures was reported. Despite a long history of theoretical analysis on this
subject, no generally accepted theories exist [4].

Some researchers hypothesized that thermo-diffusion is one of the causes of convective nanofluid
heat transfer enhancement in channel flows [5–8]. Numerical analysis results suggested a significant
heat transfer enhancement for nanofluids in channel flows, based on the thermal dispersion of
nanoparticles [9]. Despite these positive views of nanoparticle thermo-diffusion and its effects on
nanofluid heat transfer, some argued that the thermo-diffusion velocity of a nanoparticle is too small to
affect heat transfer mechanisms [10].

Because it is extremely difficult to distinguish particle diffusion caused by natural convection
from that caused by thermo-diffusion, measurement techniques are limited to optical methods, such as
optical beam deflection techniques [1,11,12] or all-optical microfluidic fluorescence methods [3]. For
optical thermo-diffusion measurement techniques, sample suspensions must be sufficiently diluted
such that particle–particle interactions are excluded from the measured data. Therefore, optical
thermo-diffusion detection methods are not suitable for nanofluids used in heat transfer applications.
Because the thermal conductivity of a nanofluid is a function of the nanoparticle concentration, thermal
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conductivity measurement in the presence of a temperature gradient can be used to characterize
thermo-diffusion in nanofluids.

To detect the concentration gradients of nanoparticles in fluids with temperature gradients,
we propose measuring localized thermal conductivities inside nanofluid samples. Because the
measurement of steady-state thermo-diffusion is considered, a stable nanofluid without nanoparticle
agglomeration or sedimentation is required. A mixture of acid-treated multi-walled carbon nanotubes
(MWCNTs) and ethylene glycol (EG) was reported to exhibit no signs of sedimentation up to a
nanoparticle concentration of 0.4 vol.% [13]. Additionally, adding MWCNTs to nanofluids yields
a significant increase in thermal conductivity with an increase of only 0.1% in terms of volume
fraction [14–16]. This difference in thermal conductivity can be detected using high-resolution spatial
thermal conductivity measurement techniques, such as the three omega (3ω) method. The 3ω method
was used to measure the thermal conductivity of thin films [17], liquids [18,19], and other substances.
The spatial resolution of the 3ω method is less than 0.1 mm, and only a single droplet is required for
thermal conductivity measurement.

Generally, the temperature variation in 3ω heaters can be controlled to within 1 K during
measurement [20]. This limits the effects of natural convection, which typically acts as the most
significant source of experimental uncertainty in thermo-diffusion detection. Furthermore, natural
convection inside a nanofluid sample can be suppressed by using an inverted heater configuration,
where the sensor is positioned such that the micro heaters are on top of the sample fluid. The effects
of natural convection in stratified temperature fields (heating a liquid from the top side inside a
gravitational field) inside a droplet of nanofluid can be minimized. A droplet of liquid is sufficiently
small for it to exhibit no noticeable change in shape when it is placed on a sensor device and
inverted [13,19].

In this study, the thermo-diffusion of MWCNTs in EG was analyzed through the measurement of
localized thermal conductivities, using the 3ωmethod. Two 3ω heaters (hot and cold sides) separated by
0.3 mm were utilized to measure spatial thermal conductivity differences inside a sample fluid. A direct
current (DC) heater was used to generate a temperature gradient, while transient thermal conductivities
were measured simultaneously using the 3ω heaters. Differences in MWCNT concentrations at the
hot- and cold-side 3ω heaters were calculated based on the thermal conductivity measurements. The
thermo-diffusion of MWCNTs was quantified based on a simplified nanoparticle diffusion equation in
the steady state.

2. Theoretical Analysis

Consider a metal strip heater placed on a layer of fluid. From the derivation of the conventional
3ω method, the relationship between the temperature oscillation of the heater (∆T), sinusoidal heat
generation (

.
Q), and thermal properties of the sample can be expressed as follows [13,17]:

∆T =

.
Q
πlk

∫
∞

0

sin2(κb)

(κb)2(κ2 + q2)1/2
dκ, (1)

q =

√
i2ωρCp

k
, (2)

where l is the length of the heater, b is the half-width of the heater, q is a complex thermal wave number,
ω is the angular velocity of the sinusoidal heat, and ρ, Cp, and k are the density, heat capacity, and
thermal conductivity of the fluid, respectively [17]. In this work, the conventional 3ω method was
extended to assess bi-directional heat conduction through two semi-infinite media. Consider a droplet
of nanofluid placed on a Pyrex substrate with heaters. The sinusoidal heat generated by the heaters is



Energies 2020, 13, 244 3 of 12

transferred to either the nanofluid or substrate. In this case, the temperature oscillations of the heater
exhibit the following relationship according to the boundary mismatch assumption (BMA) [19,21].

1
∆Ttotal

=
1

∆Tsub
+

1
∆Tn f

, (3)

where ∆Ttotal is the measured temperature oscillation with the nanofluid droplet on the Pyrex substrate,
∆Tsub can be measured without the nanofluid, and ∆Tn f can be calculated using Equation (1). The
least-squares fit of ∆Tn f , which is derived by comparing the theoretical and experimental values, can
be used to calculate the thermal conductivity of the nanofluid. The BMA indicates that the heat transfer
between the Pyrex substrate and nanofluid is negligible. The BMA is valid as long as the differences in
the thermal conductivities and thermal diffusivities of two semi-infinite layers are within one order of
magnitude [19,21].

The typical heating frequency used in the 3ω method ranges from a few hertz to a few kilohertz.
In this frequency range, the thermal penetration depths (TPD) of most fluids and a Pyrex substrate are
smaller than a few hundred micrometers. Therefore, a droplet of nanofluid and a 0.5-mm-thick Pyrex
substrate are sufficient for consideration as two semi-infinite media. Additionally, localized thermal
property measurement inside a nanofluid droplet with a spatial resolution below 100 µm is possible
when using the 3ω method [19,20]. This advantage can be adapted to the thermal characterization of a
nanofluid when a temperature gradient is applied to the sample.

A schematic diagram of the proposed 3ω device with a DC heater that generates temperature
gradients and two 3ω heaters that detect changes in local thermal conductivity is presented in Figure 1a.
The input current frequency for the 3ω heaters can be controlled such that the TPD in the surrounding
liquid medium is less than a few tens of micrometers. When sufficient power is supplied to the DC
heater, a temperature gradient is generated around the 3ω heaters. The high spatial resolution of
thermal conductivity measurement enables the detection of changes in thermal conductivity caused
by the temperature gradient. The temperature gradient and thermo-diffusion of nanoparticles cause
nanoparticle concentrations to differ around the hot and cold 3ω heaters. Because the thermal
properties of the nanofluid are a function of the nanoparticle concentration, changes in the nanoparticle
concentration can be calculated by measuring the thermal conductivity at two different locations.

The following equation can be applied to a system in which a temperature gradient is induced in
a nanofluid layer, and mass diffusion of nanoparticles occurs [22]:

JT = −ρnpD∇ψ− ρnpDTψo(1−ψo)∇T, (4)

where JT is the mass flux of the nanoparticles, ρnf is the density of the nanoparticles, D is the nanoparticle
diffusivity in the base fluid according to concentration differences, ψ is the volume concentration
of the nanoparticles, DT is the thermo-diffusivity, and ψo is the initial volume concentration of the
nanoparticles. When the system is in a steady state, is one-dimensional, and JT = 0, Equation (4) can be
rewritten as follows:

∂ψ

∂x
= −

DT

D
ψo(1−ψo)

∂T
∂x

= −STψo(1−ψo)
∂T
∂x

, (5)

where the ratio of DT to D is the Soret coefficient (ST). The force and direction of particle movement,
either to the cold or hot side, depends on the amplitude and sign of ST.

To quantitatively examine the feasibility of thermo-diffusion detection in a nanofluid using the
3ω method, further assumptions are added to Equation (5). Small changes are considered in terms
of the nanoparticle concentration and nanofluid thermal conductivity in a given domain. Therefore,
Equation (5) can be modified as follows:

ST =
∂ψ

∂x
1[

ψo(ψo − 1) ∂T
∂x

] = ∆ψ
∆kr

∆kr

∆x
1[

ψo(ψo − 1)∆T
∆x

] , (6)
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where kr represents the thermal conductivity increment ratio of the nanofluid relative to the base fluid,
at a volume fraction of ψ (i.e., (knf − kbf)/kbf), where the subscripts nf and bf represent the nanofluid and
base fluid, respectively; ∆ indicates small changes in each parameter.

Consider a nanofluid mixture of MWCNTs in EG. According to previous studies, the value of
∆ψ∆kr for such a mixture is approximately 0.14 [13,15]. To analyze the required spatial resolution
for thermal conductivity measurement, we must determine the ST value of MWCNTs. We assume a
temperature difference of 0.5 K inside the sample fluid with a separation of 100 µm. The ST values of
nanoscale solid particles in a suspension are not well known, but we consider a value of 0.3 K−1 based
on experimental results for polystyrene nanoparticles in water, presented by Putnam et al. [11]. In this
case, the required ∆kr/∆x value is −32.1 m−1. This means that, if a thermal conductivity ratio difference
of approximately 1% is detectable by the 3ω heaters with a separation distance of 0.3 mm, then an
ST value of 0.3 or greater can be observed. The details of our experimental set-up and measurement
considerations for calculating the ST value of MWCNTs in EG are presented in the next section.
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Figure 1. (a) Schematic representation of the thermal conductivity measurement of a nanofluid with a
temperature gradient using the 3ω method, and (b) photograph of metal heaters on a Pyrex substrate
used as 3ω and direct current (DC) heaters.

3. Experimental Set-Up and Measurement Consideration

An array of metal strip heaters is required to measure thermal conductivity inside a nanofluid
with a temperature gradient. Two 3ω heaters and a DC heater (see Figure 1) were micro-fabricated onto
a Pyrex substrate. The widths of the 3ω and DC heaters were fixed at 10 µm and 40 µm, respectively.
Details regarding the heater specifications are listed in Table 1. The spatial resolution of the 3ω heaters
was considered to determine the distance between the hot and cold heaters. The TPD of EG at an input
current frequency of 125 Hz is approximately 8 µm at room temperature. The temperature amplitude
measured at the heater is affected by the thermal properties of the surrounding medium within a radius
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of tens of micrometers. The distance between the heaters was set to 300 µm in this study. Figure 1b
illustrates the fabricated heaters on a Pyrex substrate.

Table 1. Details of hot/cold 3ω and direct current (DC) heaters.

Microheaters Width (µm) Length (mm) Temperature Coefficient
of Resistance (K−1)

Material

Hot/cold 3ω heater 10 1.8
1.8 × 10−6 Cr (20 nm)

Pt (100 nm)DC heater 40 2.4

The 3ω device was micro-fabricated on a 500-µm-thick Pyrex wafer. A 20-nm-thick chromium
coating and 100-nm-thick platinum coating were sputtered and patterned using the liftoff method,
followed by the plasma-enhanced chemical vapor deposition of a 200-nm-thick SiO2 passivation layer.
The passivation layer on the contact pads was etched away through a plasma-etching process. A
3-mm-thick polydimethylsiloxane (PDMS) gasket was used to seal the device and create a well around
the heater. Approximately 30 µL of nanofluid was placed inside the PDMS well.

The nanofluid was prepared by mixing commercial MWCNTs (CM-95, Iljin Nanotech Co., Ltd.,
Seoul, Korea) with EG. The MWCNTs were acid-treated prior to being mixed with EG to enhance the
stability of the resulting nanofluid. The volume fraction of MWCNTs was fixed at 0.3%. The nanofluid
was treated with more than 15 h of ultrasonic vibration. Because temperature–amplitude measurements
were performed for several hours, stable nanofluids without any nanoparticle agglomeration or
sedimentation were used. A previous paper of ours provided detailed descriptions of the 3ω sensors,
nanofluid preparation, and measurement procedures [13,23]. All experiments were performed inside a
thermally insulated oven at room temperature.

Prior to measuring 3ω signals, the changes in transient temperature at the hot and cold 3ω heaters
with different DC heating power inputs were measured. The temperatures at the hot and cold 3ω
heaters were measured by reading the heater resistances. The calibration curves for the electrical
resistances and temperatures of the hot and cold 3ω heaters were obtained in advance. Figure 2a,b
presents the transient behaviors of the temperature and the temperature differences between the hot
and cold 3ω heaters when the DC heater operated at 14 mW with a droplet of EG on the 3ω device.
An increase in temperature of approximately 1 K in the ambient environment was noted during the
experiments. The ambient temperature was obtained by calculating the average temperature measured
using thermocouples located on the top and bottom of the 3ω device.
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Figure 2. Transient measurement of (a) the temperatures of the hot and cold 3ω heaters, as well as the
ambient temperature, and (b) the temperature difference between the hot and cold 3ω heaters in the
presence of a droplet of ethylene glycol (EG) with a DC power input of 14 mW.
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The temperature difference between the hot and cold heaters was found to be constant at
approximately 1.45 K for the inverted sensor position, in which the DC and 3ω heaters were placed
on top of the sample fluid, as shown in Figure 2b. This temperature difference corresponds to a
temperature gradient of approximately 5000 K/m. However, when the bottom side of the EG was
heated, clear signs of natural convection could be observed, as indicated by the dotted line. The
fluctuation in the temperature difference between the hot and cold 3ω heaters is believed to occur
as a result of Rayleigh–Bernard convection instability inside the sample EG droplet. Because this
fluctuation was not observed for the inverted sensor position, the effects of natural convection can be
disregarded. All additional experiments were performed in the inverted sensor position.

4. Experimental Results and Discussion

The temperature oscillation of the 3ω heater with a Pyrex substrate in a vacuum with EG was
firstly measured without DC heating. The input current frequency was controlled to be in the range of
1 Hz–1 kHz. When measuring the fluid sample, the natural convection of the sample fluid caused by the
temperature oscillation of the metal heater was eliminated by maintaining the temperature amplitude
of the heater and the time period of a frequency scan at less than 0.5 K and 3 min, respectively. The metal
heater in the 3ω device was configured as part of a balanced Wheatstone bridge. A lock-in amplifier
(SR850, Stanford Research, Sunnyvale, CA, USA) was used to accurately measure the 3ω voltage across
the metal heater. The temperature amplitude based on the input frequency is presented in Figure 3a.
The best fits for the experimental results when comparing calculations using Equations (1)–(3) were
found to be 1.16 and 0.267 W/mK for the Pyrex substrate and EG, respectively. The fitting frequency
range was modified to 30–200 Hz to achieve the best results. The measured thermal conductivity of EG
was found to agree well with the table value of 0.26 W/mK. The measured results for a 0.3% volume
fraction MWCNTs in EG are presented in Figure 3b. The best fit result for the thermal conductivity
was found to be 0.28 W/mK, with a kr value of 0.045. The best fit and ±10% best fit values are also
indicated by solid and dotted lines, respectively, for comparison.
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Figure 3. Measurement results for temperature amplitudes based on frequency for (a) the Pyrex
substrate and pure EG with best fit values, and (b) 0.3% volume fraction multi-walled carbon nanotube
(MWCNT) nanofluid with best fit and ±10% best fit values.

To measure the thermal conductivity of a nanofluid with a temperature gradient, simultaneous
temperature amplitude measurements at the hot and cold 3ω heaters are required. In this study, the
input frequency was fixed at 125 Hz, and the resulting temperature amplitude was monitored. The
transient temperature of the 3ω heaters changed when the DC heater was active, affecting the measured
temperature amplitude. Therefore, we analyzed the temperature amplitude based on changes in the
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ambient temperature. A droplet of EG placed on the 3ω device was heated to 300 K inside an oven.
The device was left in the oven for 3 h to achieve thermal equilibrium. The oven was then turned off

and left to cool to the room temperature of 296 K. The temperature amplitude of the EG on the Pyrex
substrate was measured as the temperature decreased. The transient 3ω signal measurements at the
hot-side heater are presented in Figure 4a.
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Figure 4. Transient measurement of (a) the temperature amplitude of the hot 3ω heater with EG with
decreasing ambient temperature, and (b) the measurement of ambient temperature.

Figure 4b presents the corresponding ambient temperatures measured in the vicinity of the
sample. The stepwise decrease in ambient temperature in Figure 4b is caused by the temperature
measurement uncertainty (±0.1 K) of the thermocouples. There is a noticeable continuous increase in
measured temperature amplitude with a decrease in ambient temperature. Approximately 0.001 K of
the temperature amplitude, which corresponds to a fraction of 0.5%, can be observed to increase when
the temperature drop of the EG is 1.6 K.

Here, we analyze the measurements of the temperature-dependent temperature amplitude.
According to Equation (1), the parameters that affect the temperature amplitude at fixed frequencies
are changes in the thermal properties (k, ρ, and Cp) of the sample or changes in

.
Q caused by drift

in the electrical resistance of the 3ω heaters. To rule out the effects of changes in
.

Q, we measured
the electrical current flowing through the 3ω heaters by measuring the voltage drop using a 100-Ω
standard resistor (2792A06, Yokogawa, Tokyo, Japan) connected in series with the 3ω heaters, as
shown in Figure 4a,b. The squared values of the measured electrical current are multiplied by the
temperature-dependent electrical resistance of the 3ω heaters to calculate the generated

.
Q. The ratio of

the temperature amplitude to
.

Q is plotted in Figure 5.
The increase in ∆T, shown in Figure 4a, and that in the ∆T/

.
Q values over a cooling period of

approximately 32,000 s are identical at 0.5%. This indicates that changes in
.

Q during this period are
irrelevant to the increase in ∆T. Additionally, we can rule out the effects of the increase in the electrical
resistance of the 3ω heaters.

Therefore, we suspect the occurrence of changes in the thermal property of the EG during this
period. We assumed the density of EG to be a constant value of 1117 kg/m3 and assumed that the
heat capacity monotonically increases with temperature, based on experimental results presented by
Nan et al. Specifically, it increases from 2.3556 to 2.4184 J/gK between 20 and 30 ◦C [24]. Figure 6
presents the transient thermal conductivity calculation for the EG based on the ∆T monitoring depicted
in Figure 4a. Note that the time- and temperature-dependent

.
Q and heat capacity values of EG were

considered when analyzing transient thermal conductivity values, as shown in Figure 6.
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Figure 5. Transient measurement of the ratio of the temperature amplitude to the heat generation of
the 3ω heater with EG with decreasing ambient temperature (see Figure 3b).
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Figure 6. The transient thermal conductivity of EG, calculated from the temperature amplitude at
125 Hz while the ambient temperature decreases as shown in Figure 3b.

The thermal conductivity of EG can be observed to decrease slightly during the cooling period.
The decrease was approximately 1% for the temperature reduction of 1.7 K. Changes in the thermal
conductivity of EG based on small changes in temperature are not yet reported, but we can compare
our analysis results with experimental results presented by Harish et al. [14]. Harish et al. reported
that the thermal conductivity of EG increases by approximately 1% from 0.253 to 0.256 W/mK between
298 and 300 K, based on measurements using the transient hot-wire method. The increment in thermal
conductivity measurements when using the 3ω method appears to be larger than the values obtained
in relevant studies. The possible reasons for this discrepancy are discussed later, along with the
uncertainty analysis.

Figure 7a,b presents the transient ∆T values and the calculation of the thermal conductivity of the
nanofluid sample at the hot- and cold-side 3ω heaters when the DC heater is turned on and off. The ∆T
values measured at the hot and cold 3ω heaters exhibited a sudden decrease when the DC heater was
turned on at 2000 s. The temperatures at the heaters were not measured simultaneously because the
3ω signals were measured continuously. However, we can consider the temperature profile inside the
nanofluid to be similar to those presented in Figure 2a. In this case, the temperature increments at the
hot and cold 3ω heaters due to DC heating at 14 mW can be considered to be 3.1 and 1.6 K, respectively.
The calculation results for the transient thermal conductivity of the nanofluid obtained by following
an identical process are presented in Figure 6. The density and heat capacity of the nanofluid are
considered to be same as those of EG because the effect of 0.3 vol.% of MWCNTs on these properties is
negligible. Q was measured by monitoring the voltage drop across a standard resistor connected in
series to the 3ω heaters. The temperature-dependent heat capacity was used to calculate the thermal
conductivity of the nanofluid based on Equations (1)–(3).
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Figure 7. Transient (a) temperature amplitudes and (b) thermal conductivities of the nanofluid
measured at the hot 3ω heater (red line) and cold 3ω heater (blue line) with the DC heater turned on
from 2000 to 7000 s.

When the DC heater was turned on, the thermal conductivity values measured at the hot and cold
3ω heaters were found to increase from 0.282 and 0.281 W/mK to 0.299 and 0.291 W/mK, respectively.
When the DC heater was turned off, the thermal conductivities returned to their original values.
No transient behaviors were noticeable when the DC heater was turned on or off, except for some
fluctuation between 2000 and 3000 s at the hot-side 3ω heater. The measured thermal conductivity
values increased by 6.0% and 3.6% when the temperature increased from to 3.1 and 1.6 K at the hot
and cold 3ω heaters, respectively. If we assume that this thermal conductivity increment stems solely
from the thermo-diffusion of MWCNTs, then the ST value calculated using Equation (6) becomes
−0.749 K−1. However, to the best of our knowledge, no experimental results were reported regarding
the ST value of MWCNTs, and the absolute of measured value appears relatively large compared with
the experimental results for other nanoparticles immersed in liquid [1,4]. For comparison, polystyrene
nanoparticles in water exhibit ST values ranging from −0.47 to 0.3 K−1 depending on the temperature
and the size of nanoparticles [4].

Here, we attempt to analyze the uncertainty of our measurements of temperature amplitude
and calculations of thermal conductivity. The main source of uncertainty when measuring thermal
conductivity rises from uncertainty in 3ω signals. The deviations in the resistance in electrical circuits,
measured current, and the temperature coefficient of resistance are very small (less than 0.2%) compared
with the deviation in the 3ω voltage signals read from the lock-in amplifier [23].

The deviation in the 3ω voltage signals was observed to be smaller than 0.5%, which can be
verified by examining the scattering of the measured temperature amplitudes shown in Figure 4a. We
considered the thermal properties of the Pyrex substrate to be constant and adopted an experimental
value for ∆Tsub measured at room temperature when using Equation (3). Increasing the temperature
from 24 to 27 ◦C causes the thermal conductivity and heat capacity of the Pyrex substrate to increase
by 0.5% and 1.3%, respectively [17,25]. This uncertainty can lead to maximum uncertainties of 0.4% for
∆T and 2.1% for the thermal conductivity of the nanofluid. The overall uncertainty in our experiments
in terms of measuring the thermal conductivity of the nanofluid was found to be less than 3%. This
corresponds to the same uncertainty as that in the ST calculation. Although this analyzed uncertainty
is comparable to the thermal conductivity increment of the nanofluid when the DC heater is switched
on, we believe that the measured ∆T value represents thermal conductivity deviations based solely on
the thermo-diffusion of MWCNTs. Further research is required to verify the ST value of MWCNTs in
EG based on other measurement techniques.
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5. Conclusions

This paper presented a method for measuring the thermo-diffusion of MWCNTs in EG, based
on thermal conductivity measurements in the presence of a temperature gradient. An array of metal
heaters patterned on a Pyrex substrate was composed of hot and cold 3ω heaters for localized thermal
conductivity measurements, and a DC heater for generating a temperature gradient. The TPD and
input frequency of the 3ω heaters were controlled to have a spatial resolution less than a few tens
of micrometers in the sample fluid. The 14 mW DC heater provided a 0.5 K temperature difference
over the 0.3-mm spacing between the hot and cold 3ω heaters in the presence of EG. The thermal
conductivities of EG and an EG-based nanofluid containing 0.3 vol.% of acid-treated MWCNTs were
measured, and the results were found to be in agreement with previously reported values. The
temperature amplitudes of the hot and cold 3ω heaters were monitored as the DC heater was turned
on and off. The measured temperature–amplitude values were analyzed, and the transient thermal
conductivities were calculated. When the DC heater was turned on, the temperatures and thermal
conductivity increments at the hot and cold 3ω heaters were found to be 3.1 and 1.6 K, and 6% and
3.6%, respectively. These thermal conductivity differences correspond to an ST value of −0.749 K−1

when assuming that thermo-diffusion is responsible for the changes in temperature amplitude during
the DC heating period. To the best of our knowledge, these are the first experimentally measured ST
values for MWCNTs in EG. Although further verification of the presented ST values is required based
on other measurement techniques, the proposed technique is very helpful for understanding thermal
transport in nanofluids because it facilitates quantification of the thermo-diffusion of nanoparticles.
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Nomenclature

b Half width of 3ω heater (m)
Cp Heat capacity (J·kg−1

·K−1)
D Diffusivity of nanoparticle (m2

·s−1)
DT Thermo-diffusivity (m2

·s−1
·K−1)

J Mass flux of the nanoparticles (kg·s−1)
k Thermal conductivity (W·m−1

·K−1)
κ Integration variable (−)
l Length of 3ω heater (m)
.

Q, Heat generation (W)
q Complex thermal wave number (m−1)
ρ Density (kg·m−3)
ST Soret coefficient (K−1)
T Temperature (K)
ψ Volume concentration of the nanoparticle (%)
ω Angular velocity of the sinusoidal heat (rad·s−1)
Subscripts
nf Nanofluid
np Nanoparticle
o Initial value
r Ratio
sub Substrate
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