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ARTICLE INFO ABSTRACT

Keywords: The traditional methods to measure the thermal conductivity of nanofluids (NFs) do not allow the investigation
PDMS cell » of critical features that affect the NF’s heat transfer performance. For instance, during the thermal conductivity
Thermal conduetivity measurement measurements, the NF’s thermal properties may be subject to several critical features such as sedimentation,
Nanofluids . . . . . .
Nanoparticles aggregation and wall adhesion of NPs. In addition, the measurement cell has severe functional limitations in

terms of full cleaning and performing direct visualizations due mainly to design, geometrical and material
constraints. These are frequent problems encountered at the transient hot-wire and transient plane source (TPS)
methods, two popular techniques often used to measure NF’s thermal conductivity. In this way, poly-
dimethylsiloxane (PDMS), due to its unique properties, such as thermal stability and excellent optical trans-
parency, was applied to fabricate an innovative and simple cell that offers a more straightforward and efficient
way to clean the NPs deposited on the walls and as a result to avoid any possible sample contaminations.

plane and coaxial cylinders, while transient-state methods include
transient hot wire, transient plane source, temperature oscillation, laser
flash, and the 3w [4-6]. More details about the main traditional and new
techniques used to measure the thermal conductivity of fluids and
nanofluids are presented and discussed in a review article by Souza et al.
[6].

In the present work, it was used one of the most popular methods to
measure the thermal conductivity of solid materials and fluids, i.e., the
hot disk transient plane source (TPS) method. This system is based on
the transient plane source technique, where a disk-shaped sensor works
as a heat source and temperature sensor [6,7]. In order to measure the
thermal conductivity of liquids, the equipment has a cell, i.e., a reser-
voir, manufactured exclusively for this purpose [6,7]. Inside, the liquid
receives a low heating flow to avoid the convection of the liquid. The
quantity of fluid volume is also an important parameter when obtaining
experimental data since small volumes involved under large areas of
insulation tend to prevent heat exchange with the external environment.

Adding nanoparticles in a base fluid, such as water, glycol, oils,

1. Introduction

During the 19th century, experiments with hot wires instigated the
discussion about heat transfer in gases [1]. The studies of conduction in
gases and liquids were widely questioned until the rise of the work of
James Clerk Maxwell [2,3] and his theoretical model for thermal con-
ductivity. Maxwell also showed the dependence of thermal conductivity
on temperature and pressure. After that, the first devices used to mea-
sure the thermal conductivity of liquids may have undergone adapta-
tions from those used to measure solids, particles and gases. Today, such
equipment used to measure nanofluids’ thermal conductivity experi-
mentally is the same equipment used to measure the thermal conduc-
tivity of pure liquids.

A large number of devices in the literature are used to measure the
thermal conductivity of fluids, and the main operating methods of these
commercial apparatuses are divided into steady-state methods and
transient-state methods [4]. Steady-state methods comprise parallel-
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Nomenclature

- specific heat, (J/kgeK)

- Brownian diffusion coefficient, (m?/s)
- thermal conductivity, (W/meK)

- Boltzmann constant, (J/K)

- average radius of NPs clusters, (m)

- radius kapton sensor, (mm)

- temperature, (°C)

GREEK LETTERS

p mass density, (kg/m>)

u dynamic viscosity, (Paes)

@ particle volume concentration, (w/v%)
SUBSCRIPTS

bf base fluid

nf nanofluids

np nanoparticles

among others, culminates in forming these colloidal mixtures called
nanofluids [9]. Unlike pure liquids, the reservoirs where the nanofluids
will be placed can be subject to the adhesion of nanoparticles on their
internal walls, impairing the reproducibility of the measurements and
making them  unfeasible/contaminating the  experimental
measurements.

The preparation of nanofluids in order to obtain the experimental
measurements of their thermal conductivity is crucial for the repeat-
ability of the data; depending on the conditions of the tests, measure-
ments can show large fluctuations in the values. Controlling all
preparation parameters and test conditions can be one of the reasons for
controversial results often shown in the literature [6,9,10] and the dif-
ficulties in replicating equivalent nanofluids, as highlighted by [11]. In
order to prevent the nanoparticle’s deposition in the sensor during
experimental measurements of thermal conductivity, influencing the
quality of the tests, the nanofluid must be remixed using an ultrasonic
bath to ensure homogeneity and prevent any possible precipitation.
Another important aspect is to control the temperature of the sample,
minimizing the heat exchange with the external environment as much as
possible since the temperature influences the thermal conductivity of
nanofluids [10,12-14]. For this reason, due to its unique properties,
polydimethylsiloxane (PDMS) is a natural choice to place the nanofluid
due to its low thermal conductivity, around 0.16 W/m e K at room
temperature [15-22]. In addition, PDMS has excellent optical trans-
parency, is a lightweight and corrosion-resistant elastomer, and is a
suitable matrix for thermal management materials due to its good
flexibility and compressibility [12,15,16,18,20,22]. Simple to manu-
facture, the PDMS can be easily adapted to the desired shape since when
left for a reasonable period on a surface, it takes the entire shape of that,
covering it and molding itself and in this way reproducing all its im-
perfections. Furthermore, the preparation of PDMS resin is a simple
procedure that does not require clean rooms or specialized personnel
and consists of a mixture of prepolymer plus a curing agent, which can
be more or less flexible according to the adopted proportions [18,20].

This work presents an innovative and straightforward PDMS cell to
be used in a hot disk TPS method to measure the thermal conductivity of
nanofluids. Simple to manufacture and maintain, the nanofluid reservoir
made of PDMS is a promising alternative that allows the full and easy
filling of the cell, perfect cleaning and isolation, tasks not possible by
most traditional cells. Thus, the main objective of the current work is to
perform a detailed description of the proposed PDMS cell. Moreover, a
brief discussion of the results obtained for the thermal conductivity of
three selected nanofluids is presented.
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2. Materials
2.1. Hot Disk TPS 25008

From the transient plane source equipment (TPS), it is possible to
obtain information on thermal conductivity, thermal diffusivity, and the
specific heat per unit volume of the material under study, having
reached ISO 22007-2, according to the manufacturer [8]. The technique
uses a flat heated sensor and, according to the manufacturer, is
commonly known as a Hot Disk Thermal Constant Analyzer because of
its shape. Also, according to the manufacturer’s manual, the TPS 25008
equipment allows measuring thermal conductivity values between
0.005 and 1800 W/m e K, with reproducibility usually better than 1%
and accuracy better than 5%, being able to use the standard isotropic
measurement module and the components.

For measuring the thermal conductivity of liquids, the Hot Disk flat
sensor is placed between two parts of the sample using the manufac-
turer’s cell (details of such a cell can be seen in section 2.3 of the current
work). The Hot Disk flat sensor can be used as a heat source and dynamic
temperature sensor.

2.2. Temperature and heat flux sensor

Hot Disk sensors use thin polyimide films (Kapton®) with thick-
nesses ranging from 12.7 ym to 25 pm when used at cryogenic tem-
peratures up to 300 °C; this gives a total sensor thickness between 60 and
80 um. For temperature measurements up to 1000 °C, special Mica
insulation is employed. This insulation material is thicker (about 0.1
mm), meaning the sensor’s total thickness is about 0.25 mm. The double
spiral sensor is etched into a thin nickel foil with an electrically
conductive pattern. Nickel foil is chosen because of its known high
temperature coefficient of resistance. The conductive pattern is sup-
ported by lamination between two thin layers of electrically insulating
material.

In this study, the Hot Disk 5501 F1 sensor with Kapton® isolation
was used, Fig. 1. The sensor has an outer radius, rgot, of 10 mm and an
inner radius, rkapton, of 6.4 mm (spiral). Four electrical connections exist
for the double spiral on the sensor (two for carrying the heating current
and two for controlling the voltage drop). The design of the TPS 25008
equipment is adjusted to measure resistance variations during transient
heating of the sample under investigation.

[rﬁ.i’ll'ﬂ = nomn

five = AAnn

Fig. 1. Sensor Hot Disk 5501 F1 with Kapton® isolation.
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2.3. Traditional cell for measuring the thermal conductivity of liquids

Fig. 2 shows the traditional cell frequently used to measure the
thermal conductivity of liquids [8]. The liquid is placed in a small cell,
separated into two parts, keeping to a minimum the distance between
the sensor and the sample to avoid convection during measurements,
Fig. 2b and 2c. Furthermore, the cell guarantees a stable temperature
due to the relatively large metal volume; evaporation is also avoided
since no liquid is exposed to air. The liquid is inserted into the cell
through two inlet pipes; each one is responsible for filling the cell that,
after being closed, is located between the sensor. A third pipe serves as
an air outlet, ensuring the cell is filled only with the liquid to be eval-
uated. To further control the temperature of the tests, it is recommended
to immerse the entire assembly (Fig. 2a) in a thermal bath.

2.4. Design of the proposed PDMS cell

The rapid prototyping technique, consisting of a 3D printing model
Dremel 3D45, was used for the mold design. The materials used for
printing were Polylactic Acid (PLA) and Polyethylene terephthalate with
Glycol (PETG). After obtaining the PLA template, Fig. 3a, the PDMS
Sylgard 184 was used to obtain the new cell, Fig. 3b. The cell has a
spherical internal shape with a 12.5 mm radius and holds a total volume
of 8.0 ml of liquid, with the two parts coupled. One of the parts, the
upper one, with 1.0 mm diameter, is used to place the liquid using a
syringe with a needle. The external shape of each of the parts is cylin-
drical, with a height of 25.0 mm.

The preparation of the PDMS resin consists of a mixture of prepol-
ymer and curing agent, which volume depends on the desired flexibility
level (in the current study, a ratio of 10:1 was used). The two parts are
placed in a container where they are mixed and stirred for 5 min; then,
the mixture goes through a degassing process with a vacuum pump. In
this step, the compound bubbles are removed and the mixture can be
placed in the mold. PDMS cure time at room temperature is 48 h
[18,23]. After complete curing, the PLA mold is removed, obtaining the
parts as shown in Fig. 3b.

3. Measurement procedures
3.1. PDMS cell configuration

This sub-section describes the PDMS cell configuration steps to
perform the experimental measurements. The PDMS cell is divided into
two symmetrical parts. One has an opening in its center, which is used to
insert the nanofluid using a syringe. The following procedure was car-
ried out:

(2)
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(i) The fully enclosed PDMS base was placed in the center of the
manufacturer’s stainless-steel support, the same used to perform
thermal conductivity measurements of solids, Fig. 4a;

(i) A syringe inserts the nanofluid into the cell (4.0 ml of fluid is
needed). Once the bottom portion of the cell is filled with the
syringe, the sensor is inserted. The operator must place the Hot
Disk sensor, ensuring it is centralized with the manufacturer’s
support and the base made of PDMS, Fig. 4b. It is recommended
to use the support screw as a guide;

(iii) The PDMS with the orifice must be joined to the base; the screw of
the manufacturer’s stainless-steel support must be removed, and
its opening must be used as a guide for the syringe to access the
orifice, Fig. 4c;

(iv) The top of the cell, which contains the hole, is then placed on the
bottom base and the syringe is used again to fill the remaining
portion of the cell. An additional 4.0 ml of fluid is necessary. The
operator must complete the top of the set by holding the top of the
PDMS until the end of filling and tightening the center screw. It is
necessary to ensure that no air is presented in the system and that
a syringe can be used to remove it, Fig. 4c. Then, the center screw
is threaded into the bracket to couple with the PDMS on top of the
cell, Fig. 4d. Finally, the insulation of the entire assembly should
be made using the manufacturer’s steel cover (more details can
be found at [8]).

3.2. Device verification and calibration procedure

In order to ensure that the thermal conductivity values of nanofluids
are reliable, it is recommended to calibrate the experimental apparatus
with traditionally known fluids. According to [24], to carry out this step,
it is recommended to use fluids where the thermal conductivity uncer-
tainty of these fluids is about 1.5%. The authors suggest deionized water,
glycerol anhydrous, and n-heptane. In the current study, the device was
calibrated using deionized water, ethylene glycol, and glycerin (glyc-
erol). Table 1 compares the thermal conductivity value based on
experimental measurements with values found in the literature.

The calibration procedure consists of 10 measurements for each fluid
(only 5 are shown in Table 1). All tests were performed at a temperature
of 22°C £ 0.4 °C. Table 2 shows the standard conditions adopted for the
calibration tests. The short measurement times and low heating powers
are necessary to avoid convection heat transfer; 5 min interval between
one measurement and another was established to guarantee thermal
equilibrium. Regarding the heating power, the manufacturer recom-
mends that heating power must be supplied to acquire a suitable total
temperature increase, typically 2-5 K. It is worth mentioning that the
sample thermal conductivity affects how much power should be used.

Before tests, two procedures were adopted to control the tempera-
ture of the samples. First, the room temperature control is carried out
where the Hot Disk TPS 2500S equipment is located. Second, a thermal

(b)

Fig. 2. A) general view of the manufacturer’s equipment to measure the thermal conductivity of liquids; b and c) internal details showing the cells and liquid

filling openings.
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(d)

Fig. 4. Procedure to measure the thermal conductivity of nanofluids using the PDMS cell.

Table 1
Device calibration using three different fluids with known thermal conductivity
values.

n° of measurements DI-water Ethylene glycol Glycerin

(0.6060") (0.2540%) [W/m e  (0.2860°)

[W/m e K] K] [W/m e K]
1 0.5920 0.2532 0.2879
2 0.6112 0.2542 0.2866
3 0.6174 0.2553 0.2891
4 0.6051 0.2571 0.2923
5 0.6099 0.2540 0.2904
Average value 0.6071 0.2547 0.2873

1<~nN |[theo —exp +0.18% +0.29% +0.13%

MAE:NZiZI theo

! Reference data obtained from the Incropera et al.[25] at 22 °C; *Reference
data obtained from the Haynes [26] at 25 °C; SReference data obtained from the
Cengel & Ghajar [27] at 20-30 °C.

Table 2

Standard conditions adopted for each calibration test.
Parameters of measurement DI-water Ethylene glycol Glycerin
Heating power [mW] 100 300 300
Measurement time [s] 3 4 4
Points intervals [10-181] [30-193] [30-193]

bath keeps the samples at a constant temperature. For the tests with
nanofluids, additional care was taken. Due to the nanoparticle’s sedi-
mentation possibility, which could compromise the repeatability of the
tests, the samples containing the colloidal mixtures were left for 1 h in an
ultrasonic bath immediately before the measurements.

During the calibration tests and the thermal conductivity measure-
ment of the nanofluids, the PDMS cell is coupled to the stainless-steel

support and the manufacturer’s data acquisition system; the results
are recorded on a desktop computer, as shown in Fig. 5.

The nanofluids were prepared using the two-step method [7,28],
where the nanoparticles are obtained and then added to the base fluid
according to the desired concentrations. Due to the nanoparticle’s
sedimentation within the nanofluid, which could compromise the
repeatability of the tests, the samples containing the colloidal mixtures
were left for 2 h in an ultrasonic bath immediately before the mea-
surements. We adopted the same protocol performed by Souza et al. [7].
Table 3 shows the main relevant physical properties of the nanoparticles
used in this study.

Finally, the measurements obtained from the PDMS cell were
compared with the commercial cell provided by the manufacturer and
the results are presented in Table 4. These results are compared with
those obtained with our cell in the value of the MAE. Overall, the
experimental measurements conducted with the PDMS cell have pro-
duced better results in all cases. Furthermore, an additional difficulty
was encountered with the commercial cell when testing fluids with high
viscosity, such as glycerin. By using the commercial cell, obtaining ac-
curate results was challenging as it was hard to ensure that the cell was
filled entirely and free of any air bubbles that are likely to interfere with
the sensor and, consequently, compromise the reliability of the
measurements.

3.3. Theoretical models to predict the thermal conductivity of nanofluids

The values obtained experimentally were also compared with three
theoretical models for thermal conductivity obtained from the litera-
ture, as shown in Table 5:

In all expressions presented in Table 5, kyy, kpr and ¢ represent the
thermal conductivity of the nanoparticles (NPs), the thermal conduc-
tivity of the base fluid (BF) and the concentrations of the NPs, respec-
tively. In Hamilton & Crosser model [29], n represents a parameter



R.R. Souza et al.

Thermal Science and Engineering Progress 42 (2023) 101926

Thermal constant analyzer

Fig. 5. PDMS cell coupled to the stainless-steel support and the Hot Disk TPS 2500S data acquisition system.

Table 3
Physical properties of the nanoparticles analyzed in the current study.
“Aly03 Feg04 “Fe3g04@PAA
Physical Commercial ~ Oxide reduction Synthesized by
property process hydrothermal method

Size [nm] <50 160 + 10 50+1.1
color White dark brown dark brown
plkg/m®] 3900 5170 5170
¢ J/kgK] 779 670 670
k[ W/m e K] 36 6 6

" Data obtained from [7] at 25 °C.

Table 5
Theoretical models for the thermal conductivity of liquids.
Model Mathematical expression Remarks
Maxwell Knp + 2k + 200(Knp — Kyf) Recommended for
[29] T e A herical particl
el Knp + 2kes — 209 (Knp — Kiy) spherical particles
Hamilton knfrec = Recommended for
& _ _ _ _ two-component
Crosser kg [knp ;(r (1 (,3 gcb{) kbfrpf (/,(klb;(fbj;( )knp>] systems of different
[29] " e particle shapes and
sizes
Xuan [30] It takes into account

1
k, =k —P G v/2D
W xuan = KnfMaxwer T 5Pnfemp®V 2DB the Brownian motion

of particles

related to the particle shape. In other words, it is a form factor and is
determined considering the sphericity of the particle, w, being, for
example, for a sphere, w = 3, or for a cylinder, w = 0.5, which allows
obtaining the value of n according to the expression:

n=-— “4)
w
In the Xuan model [27], the density and specific heat were obtained
through the following expressions [31]:
Pop = Pup®+ Py (1 — ) (5)

where p,,, represents the density of the NPs and p,, represents the density
of the BF, respectively.

i PPrpCpyp T (1- (ﬂ)/’bfcpbf
Cppy = »

©

In order to obtain the specific heat of the nanofluids, c;,:
where Copy corresponds to the specific heat of BF, Conp corresponds to

the specific heat of NPs. Finally, Dg, the Brownian diffusion term is
obtained by:

kgT

Dy = @]
671

This term includes the random motion effect of the NPs in the BF,
where: T corresponds to the temperature of the fluid, r. corresponds to
the mean radius of the NPs (or clusters), kz corresponds to the Boltz-
mann constant and y,, represents the dynamic viscosity of the BF.

4. Results and discussion

For the experimental measurement of the thermal conductivity of
nanofluids, three types of samples were used: commercial alumina
nanoparticles (AlyO3), iron oxide nanoparticles (FesO4) produced
through an oxide-reduction process, and iron oxide nanoparticles
(Fe304@PAA) manufactured through a surface coating process in order
to make them highly stable, both produced in the laboratory. Details on
the manufacturing process of the nanofluids analyzed in the current
work can be found in [7,32-34]. Three concentrations by weight were
used, 0.01%, 0.05% and 0.1%. Following the same procedure adopted
during the device’s calibration, 10 experimental measurements were
performed (five values are shown in Table 6).

The standard conditions adopted for each nanofluid, regardless of
the mass concentration, were:

e For the Al;03 and Fe3O4@PAA was used a heating power of 25 mW,
3 s of time and 10-190 points intervals;

e For the Fe304 was adopted a heating power of 235 mW, 1 s of time
and 6-200 points intervals.

From the results presented in Table 6, one may observe that both
nanofluids obtained from conventional nanoparticles (Al;03 and Fe304)
increase the thermal conductivity with the mass concentration. How-
ever, the thermal conductivity values are highest when using the hy-
drothermal method to produce the nanofluids (Fe3O4@PAA); for a
concentration of 0.01%, the FesO4@PAA/water nanofluid presents the
highest measured thermal conductivity value. As shown in [7], this can
be a very positive aspect in applications of heat transfer devices since
reducing the nanoparticles concentration in a nanofluid reduces the
costs of these mixtures.

Table 7 compares the experimental results for the thermal conduc-
tivity of the nanofluids analyzed in the current work with theoretical
models presented in Table 5. The mean absolute error (MAE =

Nl

For conventional nanofluids, the thermal conductivity increased
with an increase in the mass concentration, even for low values of the
mass concentrations. Moreover, the experimental values agree well with
the models from the literature (Table 5), with an MAE of up to 3.4%. For
the nanofluid made from the hydrothermal synthesis process, it is

%‘) was used to measure the accuracy of a given model.
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Table 6

Experimental thermal conductivity [W/m e K] values for nanofluids with different mass concentrations.
n° of measurements Al,O3 Fe304 Fe;04@PAA

0.01% 0.05% 0.1% 0.01% 0.05% 0.1% 0.01% 0.05% 0.1%

1 0.6051 0.6297 0.6272 0.5989 0.6152 0.6049 0.6412 0.6493 0.6438
2 0.6294 0.6212 0.6291 0.6053 0.6113 0.6141 0.6335 0.6382 0.6415
3 0.6070 0.6158 0.6290 0.6061 0.6081 0.6122 0.6334 0.6398 0.6411
4 0.6202 0.6276 0.6252 0.5940 0.5940 0.6116 0.6433 0.6469 0.6485
5 0.6018 0.6197 0.6266 0.6079 0.6103 0.6131 0.6397 0.6429 0.6451
Average value 0.6127 0.6228 0.6274 0.6024 0.6078 0.6112 0.6382 0.6434 0.6440

Table 7

Comparison between experimental thermal conductivity [W/m e K] values and theoretical models from the literature.

Al,O3 Fe304 Fe304@PAA
0.01% 0.05% 0.1% 0.01% 0.05% 0.1% 0.01% 0.05% 0.1%

Maxwell model 0.6062 0.6072 0.6093 0.6062 0.6069 0.6078 0.6062 0.6069 0.6078
MAE 1.07% 2.57% 2.97% 0.63% 0.15% 0.56% 5.28% 6.02% 5.96%
H & C model 0.6061 0.6063 0.6069 0.6061 0.6063 0.6065 0.6061 0.6063 0.6065
MAE 1.09% 2.72% 3.37% 0.61% 0.25% 0.77% 5.30% 6.12% 6.18%
Xuan’s model 0.6069 0.6104 0.6148 0.6066 0.6090 0.6119 0.6085 0.6185 0.6231
MAE 0.96% 2.03% 2.04% 0.69% 0.20% 0.11% 4.88% 4.25% 3.36%

evident that the methodology adopted to prepare the solutions affects
the thermal conductivity. It is possible to notice that the values obtained
experimentally, for this case, tend to deviate more from the theoretical
models from the literature.

5. Future directions

The design of the new PDMS cell opens up discussions for adapta-
tions and future works. Characteristics of the tested material, such as its
insulating property, optical properties, and ease of fabrication and
conformation, allow cell adaptation to enable visualization of micro-
fluidic and nanofluidic sedimentation during thermal property mea-
surements. For instance, the possibility of adapting the PDMS cell for
instruments such as Dynamic Light Scattering (DLS) can be explored.
Heat exchangers can also be incorporated within the cell structure to
control the temperature of the sample under investigation.

In order to improve the visualization of the samples, a slight modi-
fication can be easily performed on the PDMS cell, as shown in Fig. 6.
Fig. 6a and 6b present the 3D drawing and the manufactured PDMS cell,
respectively. For instance, the creation of a cavity at the PDMS cell will
improve the visualization of any possible sedimentation that may occur
during the thermal measurements, as shown in Fig. 6¢. Furthermore, it is
possible to verify the presence of the air bubbles when analyzing liquid

a)

samples with high viscosity, such as glycerine (see Fig. 6d), allowing
researchers to eliminate the bubbles and, in this way, minimizing some
possible measurement errors.

6. Conclusions

This work presents an innovative and straightforward PDMS cell to
measure the thermal conductivity of nanofluids (NFs) through a tran-
sient plane source (TPS) method. Due to its excellent optical trans-
parency, the PDMS cell has the unique ability to perform direct
visualizations. In addition, this cell is simple to handle, allowing the
verification/elimination of air bubbles that may appear within the cell
and, in this way, eliminating this potential source of error. Unlike the
traditional cells, which have internal tubes that are not accessible, this
novel PDMS cell comprises two separate parts, which guarantees the
complete cleaning of the cell after the tests avoiding any possible sample
contamination. Moreover, PDMS is a material with low thermal con-
ductivity and, as a result, allows natural insulation that avoids heat
exchange with the external environment. In order to carry out the
thermal conductivity measurements, it is only required 8.0 ml of sample,
which allows the use of low values of heat flow through the sensor/
analyzer, ensuring the elimination of convection during the tests. Note
that this amount of sample can be reduced without compromising the

Fig. 6. A) 3d drawing of the modified pdms cell; b) manufactured pdms cell; c) visualization of the sedimentation in a nanofluid with a high concentration of nps; d)

visualization of air bubbles in glycerin.
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thermal conductivity measurements.

The validation of the PDMS cell was performed using three fluids
with known thermal conductivity values, DI-water, ethylene glycol and
glycerin, showing satisfactory results as compared to theoretical values
(£0.18%, + 0.29% and + 0.13%, respectively), ensuring the reliability
of the proposed device and equipment.

Regarding the experimental measurements of the NFs thermal con-
ductivity, it was used commercial alumina nanoparticles (Al,O3), iron
oxide nanoparticles (Fe3O4), and polyacrylic acid-bound iron oxide
magnetic nanoparticles (Fe304@PAA). The experimental thermal con-
ductivity values for the conventional NFs agree well with the literature
models, with an MAE of up to 3.4%. For Fe304@PAA, the experimental
thermal conductivity values tend to deviate from the theoretical models
due to the methodology adopted to prepare such solutions.

Although the PDMS cell was tested in a TPS method in the present
work, it is worth mentioning that the proposed PDMS cell can also be
used in other thermal conductivity methods by performing simple
design modifications. Additionally, due to the ability to perform direct
visualizations, the proposed PDMS cell combined with a high-speed
video microscopy system has an enormous potential to investigate
critical features that affect the NFs heat transfer performance, such as
sedimentation, aggregation and clusters of NPs.
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