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ABSTRACT

Nanofluids are engineered colloidal suspensions of solid nanoparticles in agueous and non-
aqueous base fluids with enhanced thermo-physical characteristics compared to conventional
heat transfer fluids (HTFs). In this study, we report on the fabrication of copper
nanoparticles-ethylene glycol (CuNPs-EG) nanofluid by using a simple one-step pulsed
Nd:YAG laser ablation method to ablate the surface of a pure copper target in EG base fluid
under ambient conditions. Structural and morphological analysis confirmed the fabrication of
pure spherical shaped CuNPs with average diameter of ~ 7 nm. Thermal conductivity (k)
investigations of CuNPs-EG nanofluid were conducted by using a computational approach
where Equilibrium Molecular Dynamics (EMD) simulations integrated with Green-Kubo
(EMD-GK) method was used. The obtained EMD-GK results for k were confirmed
experimentally through a guarded hot-plate technique within the temperature ranges of 298 —
318 K. Interestingly, a relative enhancement (») in the percentage of thermal conductivity of
CuNPs-EG nanofluids obtained after an ablation time ta = 5 mins was 15 % at 318 K, while
sample obtained after ta = 30 mins showed an enhancement of ~ 24 % in thermal
conductivity. These obtained results confirmed the suitability of using a laser based ablation
method to fabricate highly efficient nanofluids which could be used as alternatives for

conventional HTFs in various heat transfer applications.
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1. Introduction

Nanoparticles are nanosized materials with sizes ranging from 1 to 100 nm [1]. The unique
characteristics of materials at the nano-size scale make them attractive, in particular, with
respect to their outstanding thermo-physical properties when compared with bulk materials
[2,3]. The rapid development and research in nanotechnology has led to the development of
new classes of advanced HTFs or nanofluids where nanoparticles are added to the base fluid
for better heat transfer and efficiency [4,5]. Additionally, the intrinsically high thermal
conductivity of metallic nanoparticles allow them to be used as nano-fillers in conventional
HTFs such as H20, oils, and ethylene glycol (EG) to enhance their thermo-physical
properties which could lead to the design and development of heat transfer devices with high
efficiency and compactness [6]. The significant enhancement in the thermal conductivity (k)
of nanofluids was reported for a significant number of nanoparticles (metallic or metal
oxides) containing nanofluids [4-8]. This observed enhancement indicated a great potential
for nanofluids to revolutionize technologies that are dependent on the performance of HTFs
[9]. Despite the confirmed high thermo-physical performances of nanofluids, the challenges
of meeting the industrial demand have forced researchers to find new ways and to adopt cost-
effective fabrication methods to allow the creation of uniformly dispersed and stable

suspensions of metallic nanoparticles in liquids [10].

Several methods to synthesis and fabricate nanofluids based on metallic nanoparticles
were developed, including wet chemical [11], photochemical [12], electrochemical [13] and
radiolysis reduction [14]. Recently, a new method to fabricate nanofluids was used. In this
method, ultrafast pulsed laser ablation of solid materials in liquids showed great potential as
an alternative method for preparing nanoparticles based nanofluids [8,15]. In addition, due to

its high effectiveness, this technique was intensively studied and investigated because of the



numerous advantages and versatility of laser materials processing, including nanostructured
materials fabrication [16]. Compared to other methods, particularly chemical methods,
ultrafast pulsed laser ablation (UPLA) of metallic bulk targets in liquids, is a simple method
that normally operates in aqueous and non-aqueous solutions under ambient conditions.
High-power pulsed laser ablation in a liquid medium was first described in 1987 by P.P. Patil
et al. who fabricated metastable iron oxide at a liquid-solid interface where aqueous oxidation
of iron was formed [17]. The mechanisms underlying the process of target surface
evaporation consist in the fact that the temperature of the target material is raised locally due
to the high-intensity laser beam accompanied with increased light absorption at the surface
[16]. The most attractive aspect of laser ablation of solid targets in liquids is the simplicity,
low environmental impact, and the practical approach to nanofluids design and engineering
for different HTFs industrial applications [18]. Additionally, nanoparticles with different
phases, compositions, and morphologies could be obtained when the experimental setup of
laser ablation in liquids is tailored to produce the preferred nanomaterial structure [16].
However, in terms of other preparation methods, laser ablation incurs high investment costs
because of the high price of laser systems to be economically convenient for large-scale
production of nanoparticles based nanofluids [19]. Moreover, the formation of nanoparticles
during the ablation process is accomplished by condensation of the ablated material ejected
from the surface of the target as a result of the interaction of the laser beam with the target
[20]. Amongst the variety of metallic nanoparticles, noble metals such as gold (Au) and silver
(Ag) have been extensively studied due to their strong interaction with visible light through
the collective oscillation of the conduction band electrons confined to the nanoscale structure
of the nanoparticles [21]. In addition to Au and Ag, Copper (Cu) nanoparticles (CuNPs) also
attracted attention due to their catalytic [22], electrolytic [23], and thermo-physical properties

[24]. The formation of nanoparticles with different shapes and structures when a solid metal



target is irradiated by pulsed Nd:YAG laser in liquids has been reported previously [ 25-28].

Recently, molecular dynamics (MD) simulations showed great potential in determining the
thermo-physical characteristics of nanofluids with acceptable predictions [29-34]. Using
numerical simulations methods in combination with experimental techniques, have been
proven to increase the understanding of nanomaterials and nanofluids [30-33]. MD
simulations are conducted based on solving basic Newton's laws of motion for systems of
interacting particles to provide significant insights into the atomic level of a material. The
simulations can therefore identify, clarify, and probe the major mechanisms at a nano-scale
level. By using MD simulations methods, molecular mechanics force fields (i.e., interatomic
potentials) are used to compute atomic trajectories, inter-particle forces and their potential
energies. Hence, MD simulations are used and preferred by many researchers to study the
thermophysical properties of materials due to its efficiency and versatility as a computer

simulation method [34—36].

In this work, copper nanoparticles-ethylene glycol (CuNPs-EG) based nanofluid was
prepared by a simple one-step pulsed Nd:YAG laser ablation of bulk copper (Cu) target in
EG base fluid. This laser-based top-down nanofabrication strategy is an effective approach
that proved its remarkable advantage over conventional solution chemistry or other physical
methods. To confirm the suitability of using CuNPs-EG as an efficient heat transfer fluid,
thermal conductivity (k) analysis were carried out by using a computational approach where
equilibrium molecular dynamics (EMD) simulations integrated with Green-Kubo (EMD-GK)
method was utilized. The obtained EMD-GK results for k were confirmed experimentally
through a homemade guarded hot-plate apparatus at different temperatures ranging from 298

K to 318 K.



2. Experimental and computational details

2.1. Fabrication and characterization

The method of fabricating CuNPs-EG nanofluid via laser ablation of a solid Cu target in a
base fluid (EG) is shown in figure 1. A Cu target, 10 mm in diameter and 3 mm thick (from
Sigma-Aldrich, purity: 99%) was placed at the bottom of a glass-beaker filled with 20 mL of
EG as shown in figure 1.a. A pulsed Nd:YAG laser with wavelength of 1064 nm, pulse
duration of 20 ns and output energy of 120 mJ/pulse was utilized during the experiments. The
laser source was operated at a repetition rate of 10 Hz. The pulsed laser beam was focused
through a convex lens with a focal length of 300 mm placed above the beaker. The Cu target
was placed at the bottom of the beaker and about 2 cm below the EG top surface. The
structural investigations of the fabricated CuNPs-EG nanofluid were conducted using X-ray
diffractometer “model Bruker AXS D8 Advance” with irradiation from K, line of copper
“A=1.5406 A”. The morphology of the obtained CuNPs was studied using a Field Emission
Transmission Electron Microscope (TEM) (Tecnai F20). For the simulations, to extract the
thermal conductivity, k, of the fabricated CuNPs-EG nanofluid, the well-established
equilibrium molecular dynamics (EMD) simulations integrated with Green-Kubo method was
first used and confirmed experimentally by a homemade guarded hot-plate apparatus (see

section 2.4 for a detailed description of the apparatus).

2.2. Mechanisms of CuNPs formation under pulsed Nd:YAG laser ablation in EG

The mechanisms underlying the process of solid Cu ablation in ethylene glycol (EG) are
shown in figure 1. During the initial stage of the ablation process, the temperature of the
target material is raised locally due to the multi-photons absorption process at the surface
[16,37]. The irradiation of a metallic target through a liquid layer can drive a number of inter-

related phenomena. Firstly, when the laser interacts with the Cu target (figure 1.b), a local



ultra-fast heating process will take place, leading to a huge increase in its temperature
followed by melting and evaporation of the target. Consequently, a plasma plume is formed
due to the expansion of the evaporated material (vapor of Cu atoms) (figure 1.b). Secondly,
this laser-induced plasma will expand adiabatically to create a shock wave, which results in
extra pressure and temperature [38,39]. Moreover, energy transformation occurs during the
expansion and condensation of the plasma plume, which causes the formation of a thin layer
of EG vapor (figure 1.c) [37-39]. This formed EG layer of vapor will also expand into a
cavitation bubble, while the plasma plume enters a cooling phase and shrinks leading to a
decrease in pressure and temperature [38] (figure 1.d). Furthermore, CuNPs are produced
within the bubble once the laser-induced plasma is collapsed (figure 1.e). In the final stage,
the cavitation bubble will also collapse enabling the CuNPs to be transferred to the base fluid

to form CuNPs-EG based nanofluid (figure 1.1).

2.3. MD simulation details

2.3.1. CuNPs-EG nanofluid simulation system

In the present work, ethylene glycol (EG) was used as the base fluid in a simulation box
(100 A x 100 A x 100 A cubic box), which contains 10,000 atoms, with a copper
nanoparticle (CuNP) at its center as shown in figure 2. The CuNP used for the MD
simulations was spherical in geometry with a diameter of ~ 7 nm. In addition, the EG
molecules are considered as a matrix with a chain-like structure [40,41], where the CuNP is
embedded to form CuNP-EG nanofluid. Therefore, the designed nanofluid system can be
simplified as infinite multiples of identical model systems consisting of a single sub-
nanometer cluster of Cu atoms in liquid EG as shown in figure 2. All MD simulations were
carried out using the large-scale atomic/molecular massively parallel simulator (LAMMPS).

The initial configuration of the nanofluid system with periodic boundary conditions in a 3D-



computing domain was energy minimized for 1,000 steps and then equilibrated for 100 ps, in
the canonical ensemble (NVT) with the Nose—Hoover thermostat where the particles number
(N), volume (V) and temperature (T) are conserved. After system equilibrium at a fixed
temperature and atmospheric pressure, the MD simulations were run with a time increment of
0.04 fs for 100,000 time steps. In general, five independent simulations have been performed

to obtain each MD result and error estimation.
2.3.2. Interatomic interaction forces

In classical molecular dynamics (MD) simulations, atomic vibrations are calculated and
simulated by solving Newton's equation of motion where interactions between atoms are
described by different interatomic potentials and force fields [42]. As a result, the atoms of a
system are allowed to interact with each other and various thermo-physical quantities such as
energy, pressure, density, temperature, velocity and thermal conductivity are calculated at
each time step [43]. Furthermore, using MD simulations to study nanofluids, all possible
molecular and atomic interaction are considered for accurate and reliable calculations [34].
Therefore, to simulate the CuNPs-EG nanofluid, OPLS-AA force field [44] was used to
model interaction between the EG molecules, and the basic model parameters were taken
from Jorgensen's paper for carbohydrates (OPLS-AA) [45]. In addition, the Lennard Jones

(LJ) potential was used for interatomic interaction between different atoms (i.e. C, H, O and
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where &jj is the depth of the potential well, g is the finite distance at which the pairwise

Cu), which is given by:

potential is zero (values are listed in Table 1), and rjj is the distance between atoms i and j.



Table 1 Lennard-Jones parameters for atomic interactions in CUNPs-EG nanofluid system.

Atom (i-j) &ij (kcal.mol™?) aij (R)
H-C 0.030 2.50
C-C 0.066 3.50
O-H 0.170 3.07
H-Cu 0.03396 1.335
O-Cu 0.06387 2.7172

For interactions between Cu atoms, an embedded atom model (EAM) potential was used

[46]. In the EAM potential, the potential energy of an atom, i, is given by:

Ei:Fa(zpﬁ(rii)jJr%ZUaﬂ(rii) @)

i i

where F, is an embedding function that represents the energy required to place atom i of
type « into the electron cloud, pg is the contribution of the electron charge density from atom
j of type S at the location of atom i, rj; is the distance between atoms i and j, and U is a pair-

wise potential function.

2.3.3. Equilibrium Molecular Dynamics (EMD) simulation integrated with Green-Kubo

method (EMD-GK) for the thermal conductivity calculations

In general, computing the thermal conductivity of materials through MD simulations is
based on two approaches: equilibrium molecular dynamics (EMD) and non-equilibrium
molecular dynamics (NEMD) [47]. Due to the advantages of EMD compared with NEMD
[48], it was adapted in our study to investigate and predict the thermal conductivity of
CuNPs—EG nanofluid system. In this method, calculations of the thermal conductivity (K)

were conducted using the following Green—Kubo formula [49]:
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where V, T, ks and J(t) represent the simulation box volume, the temperature of the system,
Boltzmann constant and the heat flux, respectively. The angular brackets in equation 3
represent the average over all atoms in the CuNPs—EG simulation domain. Additionally, the

heat flux J(t) can be expanded to equation 4 [50]:

j(t):\%z (Ek,i+Ep,i_<hi>)\7i+ (Fij‘rij)vj (4)

i i
where Ex; and Ep; are the kinetic energy and potential energy of the i" atom; f ij Is the force
applied on the i atom from the j™ atom; 7 is the distance between i and j" atoms; i and ¥;
are velocities of the i and j"" atoms, respectively. The average enthalpy (h;) of the i"" atom

can be computed using [51]:

(h)=(E)+(E,;) (5)
In this study, the numerical calculations were performed for discrete molecular dynamics

(MD) with time steps length 4z, hence, Eq.3 is calculated as [52].

= TZZ Z;HJ(m+n)J(n) (6)

where N is the total number of time steps of the simulation, and M is the number of time steps
for the correlation of heat flux vectors. The heat flux autocorrelation function (HFACF) is

represented by the outer summation in Eq. 6.
2.4. Experimental measurements of CuNPs-EG nanofluid thermal conductivity

Recently, a variety of thermal conductivity measurement techniques were developed for
solid and liquid materials with a broad temperature range [53]. For thermal conductivity
analysis of nanofluids, transient hot wire, steady state parallel plate method, laser flash
diffusivity method, and the conventional 3@ method are most used [54]. In this work, the

thermal conductivity of nanofluids was measured through a modified homemade steady-state



method where a cylindrical cell was used as shown in figure 3. The fabricated CuNPs-EG
nanofluid was placed in the annular space between the long vertical concentric cylinders
made with copper. The cylindrical configuration of the system allows a uniform heat flux in
the radial direction when the internal hot cylinder is heated electrically to the desired
temperature. The generated unidirectional heat flux will flow continuously to the external
cold cylinder through the nanofluid. In addition, the operating temperature of the system was
controlled by a temperature controller which was installed at the outer side of the cold
cylinder (figure 3). The system was isolated by a thermal insulating material to reduce heat
losses to the surrounding air. The effective thermal conductivity (k) of the fabricated

nanofluid was calculated using the one-dimensional heat conduction equation [55]:

Q=kd—A(rh—TC) @)

where Q is the heat flux (it is equal to the power supplied by a power supply to the hot
cylinder), A is the lateral area of the hot cylinder, d is the distance between the hot and cold

cylinders, T is the temperature of the hot cylinder, T is the temperature of the cold cylinder.

To produce accurate results, the experimental apparatus was calibrated by measuring the
thermal conductivity of deionized water (kq) in the temperature range of 298 to 318 K (Table
2). The measured kg values were compared with references kqr data using the correction

factor (F) defined by equation 8:
F=—%2 (8)

All the obtained values of EG and CuNPs-EG nanofluid thermal conductivity were multiplied

by the correction factor F for each temperature for accuracy improvement.



Table 2 Correction factor (F) values at different temperatures after the experimental water

thermal conductivity comparison with the reference [55].

Temperature (K) Thermal conductivity Thermal conductivity —Correction factor (F)

(reference kqr) (this study kq)
298 0.61058 0,7395 0,825666
303 0,61827 0,745 0,829893
308 0,62692 0,763 0,821651
313 0,63558 0,8134 0,781387
318 0,64231 0,838 0,76648

3. Results and Discussions

3.1. Structural analysis of the fabricated CuNPs by X-ray diffraction

To confirm the crystalline structure of the fabricated nanoparticles, XRD analysis was
conducted and is depicted in figure 4. It was clearly shown that the characteristic diffraction
peaks of Cu located at 43.61°, 50.6°, and 74° were observed and compared to a Cu standard
card (JCPDS 04-0836). They correspond to the (111), (200), and (220) planes of the fcc Cu
structure, respectively [56]. No other impurities were detected in the samples. This result
confirms that with the laser ablation process, it became possible to obtain pure CuNPs in EG
without any additional hazardous chemicals. Indeed, no other nanostructures of Cu,O or CuO
were observed in the fabricated material. However, there is a possibility of oxides thin layers
on the surface of the Cu nanoparticles which were not detectable in the XRD analysis, even at
lower scanning speed. Possibly, the oxide layers were too thin and below the detection limit

of the used XRD instrument [57].

3.2. Morphological analysis

TEM analysis of the fabricated CuNPs in EG was performed on a nanofluid sample



obtained after 5 mins ablation time (ta). The low-magnification TEM micro-image (figure 5a)
shows that the fabricated CuNPs-EG nanofluid is composed of Cu nanoparticles with an
average diameter of around ~ 7 nm. The Cu nanoparticles are confirmed to be spherical in
shape as highlighted in the high magnification TEM image (figure 5b). Furthermore, the
selected area electron diffraction (SAED) pattern (figure 5¢) of CuNPs is clearly showing
rings that can be assigned to the various lattice planes of the face-centered cubic of Cu [58].
The CuNPs are much smaller in size when compared to the CuNPs prepared by other
reported chemical methods [58-61]. In addition, figure 5d shows a particle size distribution
histogram which was obtained from the TEM micrographs by counting approximately 540
Cu nanoparticles. The blue solid line corresponds to a log-normal fit distribution, which

reveals an average particle size of 7 nm and a standard deviation ¢ = 0.33.

3.3. CuNPs and ethylene glycol (EG) MD-models: Radial distribution functions

For accuracy in our MD calculations, a united atomic representation was used to construct
the CuNPs-EG nanofluid model system. The calculated radial distribution function (RDF) for
the CuNP and EG base fluid at T = 298 K are shown in figures 6a and 6b, respectively. We
can confirm the existence of solid Cu and EG liquid as expected. The structure of the solid Cu
has regular, periodic structures, and each peak has a slightly broadened shape which is caused
by Cu atoms vibrating around their lattice sites. For EG (C2HsO>) base fluid, the RDFs were
calculated using both specific atoms (i.e., H-H and O-O) and the center of the mass of the
CH2 molecule since each EG molecule consists of six interaction sites, i.e., the oxygen atoms
(O), the hydrogen atoms (H) of the hydroxyl groups, and the methylene (CH2) groups [44].
CH: are considered as single interaction sites with their centers located at the position of the
carbon (C) atoms [49]. From figure 6.b, it is observed that the first peaks for the RDF of H, O

and CH> are the sharpest, which indicates the first coordination sphere of the EG liquid.



Otherwise, the EG as a liquid, which is illustrated in the inset of Figure 6.b, does not maintain
a constant molecular arrangement and loses all of its long-range atomic structure. The
molecules become independent of each other, and the distribution returns to the bulk density

where g(r) = 1 which confirms the liquid nature of the used EG model [44,49].

3.4. Thermal conductivity analysis of CUNPs-EG nanofluid: MD simulations vs experimental

data

3.4.1. Validation of EMD-GK model for thermal conductivity analysis of pure EG-base fluid

To validate the simulation method, EMD simulations integrated with Green-Kubo (EMD-
GK) method was used to count the thermal conductivity (k) value of the single-phase EG
base fluid (10,000 atoms), as well as to compare it with the available experimental and
numerical data in the literature at standard conditions (T =298 K and P = 1 atm). By using
equation 6, thermal conductivity (k) of the EG base fluid could be calculated with an
acceptable margin of error. However, the area under the converged heat flux autocorrelation
function (HFACF) overtime should be analyzed (figure 7). For accuracy in EMD-GK
calculations, the HFACF function must decay to zero within the integral time length [49].
From figure 7, the oscillating HFACF for EG decayed monotonically where the required time
to decay to zero was estimated to be around 15,000 fs correlation time at T = 298 K. From
this result, it is observed that the fluctuations of the heat flux of the EG base fluid system
were gradually damped, which leads to an excellent integral of the HFACF. Moreover, the
uniform behavior of the HFACF after 15,000 fs correlation time could be caused by the
freedom of movement of the EG molecules which have strong cohesion among different

degrees of freedom (e.g., rotational and transitional).

The thermal conductivity (k) of the base fluid (EG) was evaluated from the HFACF by the

average of the integrands between 15,000 and 20,000 fs when the oscillations are smaller



[45]. k was obtained from the average of five independent runs of the same EG system. The
deviation of each run was less than + 0.006 W/mK and the deviation of five independent runs
was less than £ 0.008 W/mK. The obtained result was equal to k = 0.252 W/mK, which is
consistent with various reported numerical simulation values [49,62] and it is comparable to
the experimental value obtained in this study (0.27 W/mK) for EG base fluid. These results
confirmed the suitability of using this EMD-GK method to predict and to study thermo-

physical properties in more complex systems such as CUNPs-EG based nanofluids.

3.4.2. MD simulations vs experimental thermal conductivity for CuNPs-EG nanofluid

In the present study, in addition to the MD-based simulation method, an experimental
technique (i.e., guarded hot-plate) was further used to investigate the thermal conductivity (k)
of CuNPs-EG nanofluid obtained at a relatively short ablation time ta = 5 mins. The results
were compared with the values calculated computationally. The thermal conductivity (k)
values were recorded at different temperatures, ranging from 298 to 318 K as shown in figure
8. From these results, it can be seen that a linear increase in the thermal conductivity with the
base fluid and nanofluid temperatures was observed with trends showing almost similarities
for the experimentally measured and the predicted values by the used equilibrium molecular
dynamics (EMD) simulations integrated with Green-Kubo method (EMD-GK). The small
discrepancies between both values, numerical and experimental, could be originated from the
different diameters and shapes of CuNPs obtained experimentally (as shown in the TEM
micro-images, figure 5. a and b) than those of the modeled CuNPs in the MD simulation as
shown in the inset of figure 6.a. This could lead to a degree of difference between the
experimental data and simulation results [30,34]. Moreover, other possible factors during the
fabrication process of CuNPs-EG nanofluid could be the reason for these slight deviations,

such as the defects in the CuNPs created during the laser ablation. In our study, these factors



weren’t taken into account during the thermal conductivity numerical calculations. However,
the MD simulations of the thermal conductivity of the fabricated CuNPs-EG nanofluids are in
good agreement with experimental data, particularly at temperatures above 308 K.
Additionally, varying the temperature also showed a slight deviation from a linear increase in
thermal conductivity with temperature. This could be related to nanoparticle clustering effects
which could cause precipitation. The enhancement 1n(%) in thermal conductivity is
represented as a percentage deviation in thermal conductivity of the nanofluids (knf) against
the base fluid (k»), and it could be calculated by using the following equation:

1(%) =100xw ©9)

b

The relative enhancement () in the percentage of thermal conductivity of CuNPs-EG
nanofluids obtained after 5 mins ablation time (ts) was calculated by equation (9) and plotted
as a function of temperature (figures 9.a). The average enhancement at 318 K was found to be
around 15%, while the value obtained numerically was 18%. These obtained results for the
thermal conductivity enhancement of CuNPs-EG nanofluids at higher temperatures may
become more pronounced if the nanoparticles’ diffusion in the liquid is enhanced by the
addition of surfactants to reduce the clustering effects of the nanoparticles [63,64]. Moreover,
the ablation time (ta) is a critical parameter since the concentration of CuNPs in EG depends
greatly on it, and by controlling the ablation time, the CuNPs-EG nanofluid could be tailored
to fit any applications where high-performance heat transfer fluids are required. Therefore,
the relative enhancement () was also investigated experimentally for samples obtained at 5,
10, 20, and 30 mins as shown in figure 9.b. It was observed that the enhancement was higher
(~ 24%) as the ablation time was extended to 30 mins. Compared with our previous work on
Al>03-H20 nanofluid [55], it was found that its thermal conductivity enhancement (8.6%)

was lower than CuNPs-EG which confirms the high performance and suitability of this



material as advanced heat transfer fluid for different industrial applications. The better
performance of CuNPs-EG obtained after 30 mins ablation time indicates the dependence of
thermal conductivity of the suspensions on temperature as well as the ablation time which has

a direct effect on the volume concentration of Cu nanoparticles in the base fluid.

4. Conclusion

In the present study, copper nanoparticles in ethylene glycol (CuNPs-EG) based nanofluid
were prepared by pulsed ND-YAG (A = 1064 nm) laser ablation of bulk copper target in EG
base-fluid at a pulse duration of 20 ns. Thermal conductivity (k) analysis was carried out by
using a computational approach based equilibrium molecular dynamics (EMD) simulations
integrated with Green-Kubo (EMD-GK) method. The EMD-GK results for k were confirmed
experimentally through a homemade steady-state apparatus at different temperatures (T)
ranging from 298 K to 318 K. The effect of ablation time (ta) on the thermal conductivity
performance of CuNPs-EG nanofluid was also investigated. Interestingly, the relative
enhancement in thermal conductivity was higher as T and ta increased, in particular for
samples obtained after ta2 = 30 mins. The relative enhancement () in the percentage of
thermal conductivity of CuNPs-EG nanofluids obtained after ta = 5 mins was 15% at 318 K,
while samples obtained after ta = 30 mins showed an enhancement of 24% in thermal
conductivity. Similar to the results obtained from the experimental method, the EMD-GK
simulations of thermal conductivity also increased with increasing T which confirmed the
suitability of using the MD approach in predicting and designing nanofluids with good
thermo-physical properties and heat transfer performance. The results obtained in the present
study showed the advantage of using a laser based ablation method to fabricate highly
efficient CuNPs-EG nanofluid which could be used as an alternative for heat transfer

applications, in particular for solar thermal engineering systems and electronics cooling.
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Figure captions

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

Figure 9

Possible mechanisms causing the ablation of solid materials (Cu) in liquids (EG).

CUuNP-EG nanofluid molecular dynamic model with periodic boundary conditions
in a 3D-computing domain: CuNP with diameter 7 nm, and surrounding EG
molecules in the simulation box with dimensions of 100 A x 100 A x 100 A

(volume fraction of 1%) in a 3 dimensional (3D) view.

Schematic description of a cylindrical cell for steady-state thermal-conductivity

measurement of nanofluids
X-ray diffraction of CuNPs fabricated by laser ablation in EG.

(a,b) TEM micro-images of the prepared CuNPs by pulsed laser ablation in EG, (c)
Selected area electron diffraction (SAED), and (d) Particle Size Distribution of
CuNPs.

Radial distribution functions (RDFs) for (a) copper nanoparticle CuNP, and (b) EG
base fluid (inset: EG molecule and the EG MD model).

Computed heat flux autocorrelation functions for EG base fluid at T =298 K and P

=1 atm.

Measured and computed thermal conductivities of EG base-fluid and CuNPs-EG

nanofluid (ta = 5 mins) at different temperatures.

(a) Relative enhancements 1(%) of CuNPs-EG nanofluid at different temperatures,
and (b) at different ablation times.
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