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Abstract

Carbon-based nanofluids, mainly suspensions of carbon nanotubes or graphene sheets in
water, are typically characterized by superior thermal and optical properties. However,
their multiscale nature is slowing down the investigation of optimal geometrical,
chemical, and physical nanoscale parameters for enhancing the thermal conductivity
while limiting the viscosity increase at the same time. In this work, a bottom up approach
is developed to systematically explore the thermophysical properties of carbon-based
nanofluids with different characteristics. Prandtl number is suggested as the most
adequate parameter for evaluating the best compromise between thermal conductivity and
viscosity increases. By comparing the Prandtl number of nanofluids with different
characteristics, promising overall performances (that is, nanofluid/base fluid Prandtl
number ratios equal to 0.7) are observed for semidilute (volume fraction < 0.004)
aqueous suspensions of carbon nanoparticles with extreme aspect ratios (larger than 100
for nanotubes, smaller than 0.01 for nanoplatelets) and limited defects concentrations
(less than 5%). The bottom up approach discussed in this work may ease a more
systematic exploration of carbon-based nanofluids for thermal applications, especially

solar ones.
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Introduction

The advent of nanotechnology has offered novel possibilities to extend the
performance limit of conventional energy and biomedical systems [1-12]. In particular, the
heat transfer enhancement of heat exchangers by using working fluids with larger thermal
conductivities has received increased attention over the past twenty years [13]. To this
purpose, nano-sized particles with high thermal conductivity can be dispersed into
conventional heat transfer fluids, such as oil or water. Such nanoparticle suspensions are
also known as nanofluids [14-16]. Several studies have been carried out on the
thermophysical properties of nanofluids, namely on their viscosity (i), density (p), specific
heat capacity (c,) and thermal conductivity (4). Nanofluids made of oxide, ceramic or
carbon-based particles generally have thermal conductivities, densities, and viscosities
larger than the ones of traditional base fluids. It is also well established that 4, p and p
increase with the volume concentration (¢) of nanoparticles. On the other side, specific
heat capacity of nanofluids is lower than base fluid, and it decreases with increasing ¢ [17].

For dilute and semidilute suspensions of nanoparticles, thermal conductivity
increases in accordance with predictions of effective medium theories (EMTSs). On the
other hand, for higher concentrations, A goes beyond predictions of EMTs models, mainly
because of the formation of thermal percolation paths within the fluid induced by
nanoparticles aggregation [18-20].

Carbon-based particles — graphene and carbon nanotubes in particular — have
received widespread attention because of their superior thermal, electrical, optical, and
mechanical properties, if compared to ceramic and metallic particles. Carbon-based

nanofluids (CNFs) are prepared by dispersing carbon-based nanoparticles in base fluids,
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such as water, engine oil or ethylene glycol [21, 22]. Addition of surfactants or particle
surface functionalizations may be required for a stable suspension. The research on CNFs
is driven by their potential in automotive, biomedical and mostly solar applications [23].

Hordy et al. [23] studied the optical properties and stability of suspensions of
plasma-functionalized multi-walled carbon nanotubes (MWCNTS) in water, Therminol®
VP-1, ethylene glycol (EG) and propylene glycol (PG) for direct solar absorption. The
stored energy fraction, namely the fraction of solar energy absorbed by the fluid for a given
penetration distance, was evaluated for the presented MWCNT nanofluids, proving the
improvement of the energy storage ability for the considered CNFs. Moreover, the long-
term stability of the nanofluids at room temperature over a period of 8 months was
examined: the EG- and PG-based nanofluids remained almost stable over this period, while
a gradual decrease of concentration was observed for the water-based nanofluids. In
addition, the high temperature stabilities of these nanofluids were investigated, and no
change was evidenced for water- and glycol-based nanofluids after heating up to 85 and
170°C, respectively. These nanofluids can serve as both heat transfer fluids and volumetric
solar collectors. Such findings lead to enhancements in efficiencies of solar thermal
devices, while reducing the associated costs.

Ding et al. [24] measured the effective thermal conductivity, viscosity and heat
transfer coefficient of water-based suspensions of carbon nanotubes (CNTSs), with gum
arabic as dispersant. They observed that A increases with increasing temperature and
volume concentration of nanotubes. The viscosity also increased with ¢, while decreased

with larger temperatures. Ding et al. [24] realized that the convective heat transfer
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coefficient (h) depends on flow regime, pH and concentration of carbon nanotubes. The
measured h was significantly improved with respect to the base fluid (up to 350%).

On the other hand, recent studies on carbon-based nanofluids have revealed the
importance of nanoparticle characteristics, i.e. shape, size, surface functionalization and
presence of defects, on the effective performances of CNFs.

As for the effect of surface functionalization, Abbasi et al. [25] showed that the
presence of functional groups promotes the dispersion quality of MWCNTSs in a hybrid
nanofluid of carbon nanotubes/gamma alumina particles. They discuss that this is due to
the reduction of van der Waals interactions among MWCNTSs. However, the introduction
of functional groups should be controlled, since it leads to the generation of defects on the
surface and thus decrease in the thermal conductivity of MWCNTSs.

Aravind and Ramaprabhu [26] investigated the thermal conductivity of water- and
EG-based graphene and hybrid graphene-MWCNT nanofluids. The hybrid nanofluid
exhibited higher thermal conductivities. In fact, due to their high aspect ratios, CNTs have
the potential to develop chains of an interconnected network. Such network acts as a
conducting path, hence hybrid nanofluids made of both graphene (oblate) and MWCNT
(prolate) with high aspect ratios may experience higher thermal conductivity values.

This brief literature review proves that multiple factors account for the effective
thermophysical properties of nanofluids. Hence, the broad variety of combinations of
geometrical and physical parameters makes it difficult to choose the optimal characteristics
of the nanofluid to be synthesized. Therefore, a computational-driven approach would be
beneficial in the parameters selection, in order to find an optimal compromise between

thermophysical properties of nanofluids.
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In this work, a bottom up methodology (i.e., from nanoscale characteristics to
effective materials properties) to quickly explore the overall thermophysical properties of
nanofluids is first introduced. Then, a detailed sensitivity analysis of the effect of nanoscale
characteristics of carbon nanoparticles on the resulting thermophysical properties of
nanofluids is carried out. In particular, different geometrical (size, shape) and chemical
(material, defectiveness) characteristics of CNTs and graphene nanoplatelets (GNPSs)
suspended in water are considered. The Prandtl number decrease induced by nanoparticle
insertion in a base fluid (Pr/Pr,) is considered as the most comprehensive performance
index for the thermophysical properties of nanofluids for thermal applications, where both
enhanced thermal conductivity and limited viscosity are generally required.

The article is structured as follows: the bottom up methodology adopted for
evaluating the thermophysical properties of nanofluids is first presented; this approach is
then applied to suspensions of alumina nanoparticles, carbon nanotubes or graphene
nanoplatelets in water, to explore the relation between their nanoscale characteristics and

effective properties; finally, conclusions and perspectives are drawn.

Methods

Due to their multiscale nature, the effective thermophysical properties of nanofluids
are strongly affected by nanoscale phenomena. Several models have been introduced to
predict macroscale properties of nanofluids starting from the geometrical, physical and
chemical characteristics of their constituents, mainly nanoparticles, surfactants and base
fluid [27]. In a bottom up approach, the effective properties of nanostructured materials are

computed by only relying on the nanoscale characteristics of each constituent. In this study,
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the following procedure is considered for determining the thermophysical properties of
nanofluids based on carbon nanotubes or nanoplatelets:

1. nanoscale thermal conductivity of carbon nanoparticles is taken from
experimental/computational evidences in the literature, according to different
shape, size and defect concentration of nanoparticles;

2. effective thermal conductivity of nanofluid is estimated by effective medium
theory, by considering the nanoscale thermal conductivity of nanoparticles obtained
in the previous step;

3. viscosity of nanofluid is estimated from semi-empirical correlations validated in
the literature, according to different shape, size and volume fraction of
nanoparticles;

4. specific heat capacity of nanofluid is estimated from mixing rule, according to
different volume fraction of nanoparticles;

5. Prandtl number of nanofluid is finally computed from the thermophysical
properties estimated in previous steps.

After two decades of investigations, it is now accepted that the thermal properties
of well dispersed nanoparticle suspensions can be described by adaptations of classical
effective medium theory [28]. On the other hand, nanoparticles aggregation may lead to
highly conductive percolation paths, which enhance the effective thermal conductivity of
nanofluids beyond effective medium theory predictions [29, 30]. Therefore, the effective
thermal conductivity of nanofluids can be computed by expressions derived from classical
effective medium theory only under dilute and semidilute conditions (i.e., low volume

fractions of nanoparticles in the base fluid), where clustering phenomena are substantially
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avoided. Under this hypothesis, Nan et al. [31] generalized the Maxwell’s effective
medium theory to include the effect of particle shape and finite interfacial resistance:

i _ 3+ ¢[211(1 — Ly1) + B33(1 — L33)] (1)
Ao 3 — d(2B11L11 + B3sl3z)

where A and A, refer to the thermal conductivity of nanofluid and base fluid, respectively.
In case of prolate and oblate particles, the principal axes are a,;; = a,, < a3, therefore

p = asz3/a,, and parameters in Equation (1) take the form:

p2
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Ry the Kapitza resistance at the solid-liquid interface and 4, the thermal conductivity of
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particle. Equation (1) is in agreement with experiments for a broad variety of nanofluids
with less than 18% error [28]; however, this theory is bounded by linear aggregation
models at extreme aspect ratios [19, 29, 30]. Nevertheless, here we study semidilute
suspensions of nanoparticles (¢ < 0.004), where aggregation probability is low.

On the other side, a general enhancement in nanofluids viscosity has been reported
with increasing ¢, and several theoretical or empirical models have been suggested to

interpret experimental results [32]. An analytical relation between the viscosity of colloidal
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suspensions and their volume fraction (with ¢ < 0.02) has been introduced by Einstein in
1906 [33]:

£=1+B¢ )

Ho

being u and p, the dynamic viscosities of suspension and base fluid, whereas B = 2.5 the
intrinsic viscosity (also known as “Einstein coefficient”) in the first formulation by
Einstein. Notwithstanding extensive investigations on nanofluids, this B value has not been
incontrovertibly confirmed by experiments, where optimal intrinsic viscosities span in the
range 1.5 < B < 5, being for instance affected by particle material, shape, interaction and
aggregation [34].

Instead, specific heat capacity of nanofluids can be accurately predicted by a simple
mixing rule, namely

== P)cpo+ dcpy (3)

where ¢, ¢, and c,, are the specific heat capacities of nanofluid, base fluid and
nanoparticles, respectively [17].

The Prandtl number of a nanofluid can be finally computed as

Kep
Pr==2
r=— 4

therefore allowing to compare the typical enhancements in both thermal conductivity and

viscosity due to nanoparticles insertion in a base fluid. The Prandtl number of nanofluid

(Pr) can be then compared to the Prandtl number of base fluid (Pry, = “";”'0), in order to
0

achieve a global evaluation of the thermophysical properties of nanofluids with respect to

the corresponding base fluids.
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Results
Alumina-based nanofluids: a case study

As evident in Equation (1), a critical parameter in determining thermal properties
of nanofluids is nanoparticle geometry. To explore this effect, we first consider suspensions
of alumina nanoparticles in water, as a simple case study. In fact, alumina nanoparticles
can be synthesized in a broad variety of sizes (from 2 to 300 nm radii) and shapes (spheres,
cylinders or platelets) [35-38].

By considering the thermal conductivity of alumina nanoparticles (4, = 35 W/mK
[28]), de-ionized water at ambient temperature (1, = 0.61 W/mK) and a typical value for
the Kapitza resistance between solid hydrophilic surfaces and water (R, = 1078 m?K/W
[39, 40]), Equation (1) allows to predict the thermal conductivity of alumina-based
nanofluids with different size (5nm < a;; <200 nm; 5nm < az3 < 200 nm) and
aspect ratio (0.025 < p < 40) of the solvated nanoparticles. Figure 1a reports the resulting
thermal conductivity enhancement (1/4,) at a typical particle volume fraction of ¢ =
0.01, and it allows to highlight some relations between nanoscale characteristics of
nanofluids and their effective thermal properties. First, the insertion of alumina
nanoparticles induces a general increase in thermal conductivity with respect to base fluid
(1.00 < A/44 < 1.10) [28]; second, at fixed ¢ and under well-dispersed conditions, the
thermal conductivity enhancement is proportional to nanoparticle size (from A/, = 1 at
;1 = azz3 = 5nm, to /4, = 1.02 at a;; = az; = 200 nm) [41]; third, extreme aspect
ratios lead to the largest thermal conductivity enhancements (up to A/4, = 1.10),
especially at large particle sizes [40]. Note that, while the latter relation with aspect ratio

finds good agreement with several experiments [36, 37, 40, 42], the former direct
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proportionality between particle size and thermal conductivity enhancement is still
controversial in the literature, being strongly related to the adopted synthesis procedure,
pH, surfactants and additives, which may lead to totally different particle aggregation
phenomena and thus A/, [17, 35]. In Fig. 1b, Equation (1) is instead applied to alumina-
based nanofluids with a larger particle volume fraction, namely ¢ = 0.02. Results show a
direct proportionality between 1/4, and ¢, while previous considerations still hold with
generally larger thermal conductivity enhancements (upto A4/1, = 1.20 ata;; = 5 nmand
as; = 200 nm). Furthermore, Fig. 1b allows to better appreciate the larger thermal
conductivity increases given by prolate nanoparticles (p > 1, up to 1/4, = 1.20) with
respect to oblate (p < 1, up to /1, = 1.14) ones.

Hence, prolate (e.g. rods or nanotubes) or oblate (e.g. platelets) nanoparticles
should be preferred in heat transfer applications, because of the particularly enhanced
thermal conductivity of resulting nanofluids (see Fig. 1c) [42]. In the following analyses,
nanofluids containing carbon nanoparticles with extreme aspect ratios are therefore

preferentially investigated.

Thermal conductivity of carbon nanoparticles

Carbon-based nanofluids have attracted an exponentially increasing attention in the
last few years, because of their superior thermal transport and optical properties, which
make them ideal candidates for solar applications [43-53]. Here, thanks to a bottom up
approach, Equations (1) to (4) are adopted to explore the effect of geometrical (size, length)
and chemical (material, defects) characteristics of nanoparticles on the overall

thermophysical properties of nanofluids.
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The following analyses are focused on nanoparticles intrinsically characterized by
extreme aspect ratios and high thermal conductivities, namely: (i) carbon nanotubes, which
can be considered as prolate particles with p = L/D > 1 (Fig. 2a); (ii) graphene
nanoplatelets, which have oblate shapes and p = T/L, = T/L,, < 1 (Fig. 2b).

First, the size of a pristine carbon nanoparticle strongly influences its thermal
conductivity. On the one hand, both experimental and numerical studies suggest that A~L%
in CNTs, where best fitted values of @ have been found in the range 0.2 — 0.8 [4, 54-56].
In fact, increased nanotube sizes are responsible of additional vibrational modes with
longer wavelengths, which introduce further pathways to conductive heat transfer by
phonons. For example, Fig. 3a reports the thermal conductivities of pristine CNTs (4,)
numerically computed by Alaghemandi et al. [54] with different lengths and diameters
(black dots). While diameter appears to have little or no influence on 4,., the nanotube
length significantly alters it, spanning from 40 W/mK (L = 5 nm) to 590 W/mK (L =
350 nm). While Alaghemandi et al. [54] suggest that « = 0.77 for L = 5 — 25 nm and
a = 0.54 for L = 100 — 350 nm, here the numerical results reported in [54] have been
empirically fitted (R? = 0.99, dashed line in Fig. 3a) by A.r =kiL* +k, (ks =
77W/mK; a =0.37; k, =—100W/mK; L expressed in nm), for a continuous
representation of A,.r — L relation in the considered lengths range. On the other hand,
similar considerations can be argued for pristine graphene sheets, where the sheet size is
observed to affect thermal conductivity as A~In(L) [57]. For example, Xu et al. [58]
reported experimental and numerical thermal conductivities of suspended, pristine single-
layer graphene, showing a logarithmic divergence of 4,., with sample length (Fig. 3c,

dots). Again, the results reported by Xu et al. [58] have been empirically fitted (R? = 0.96,

11



Heat Transfer Engineering

dashed line in Fig. 3c) by A, = k3 In(k,L) + ks (k3 = 447 W/mK; k, = 8.07 x 107;
ks = —4.38W/mK; L expressed in nm). Note that Xu et al. [58] verified that the
logarithmic relation between thermal conductivity and graphene size beyond the ballistic
regime is not related to the aspect ratio (L, /L,, see Fig. 2b), namely is only related to the
largest dimension of the graphene sheet.

Second, the thermal conductivity of pristine carbon nanoparticles obtained at lab
conditions (4,..5) is typically reduced by the presence of defects under operative conditions
(4,). A broad variety of defects may be found in both CNTs and GNPs. In fact, vacancies,
Stone-Wales defects, surface functionalizations or atom substitutions (doping) in carbon
nanotubes or graphene sheets are observed to cause exponential-like decays of A with their
concentration, mainly because of localized phonon scattering [59-64]. As a comprehensive
case for CNT’s defects, Sevik et al. [65] systematically investigated 4,,/4,.. for randomly
distributed multiple defects (single and double vacancies, Stone-Wales defects) within
CNTs with different length and chirality. The results obtained by Sevik et al. [65] are
reported in Fig. 3b (dots), being accurately fitted (R* = 0.99, dashed line) by 4, /4,.f =
(kg+kodoy)/(kg + kody, + d2) (ke = 0.124; k, = 0.292; kg = 0.124; ko = 2.361),
where do, is the concentration of defects expressed as a percent of CNT surface. Similarly,
Zhu et al. [66] investigated the thermal conductivity reduction induced by a broad variety
of randomly distributed topological defects in graphene nanoribbons. In their work, Zhu et
al. [66] report a significant drop in thermal conductivity with defects concentration, which
eventually achieves 70% reduction at do, = 5% (Fig. 3d, dots). Moreover, Zhu and
coworkers propose A,/A..r = 1/(1 + kyody,) as best fit of their results (ki = 0.593,

dashed line in Fig. 3d).

12
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Effective thermophysical properties of carbon-based nanofluids

CNT- and GNP-based nanofluids tested in solar applications typically adopt water
as base fluid, because of both superior heat capacity and reduced environmental impact
[43, 45, 46, 48-51, 67]. Hence, the generally hydrophobic surface of carbon nanoparticles
should be treated by either chemical functionalization or surfactant adsorption, to increase
its water affinity thus obtaining stable suspensions.

Suspensions of CNTs or GNPs in de-ionized water at ambient temperature can be
then considered, while adopting R, = 1078 m?K/W as a typical Kapitza resistance
between the hydrophilic surface of nanoparticles and the polar fluid [39, 40]. Note that the
bottom up methodology discussed here has rather general validity and, therefore, it could
be eventually adopted to perform sensitivity analyses with base fluids different from pure
water (e.g., water/ethylene glycol mixtures). Equation (1) allows a bottom up exploration
of the thermal conductivity enhancement in carbon-based nanofluids as a function of
particle material (CNTs; GNPs), length (CNTs with fixed 4 nm diameter and 10 nm <
L < 500 nm; GNPs with fixed 2 nm width and 10 nm < L < 2000 nm), shape (prolate
CNTs with 2.5 < p < 125; oblate GNPs with 0.001 < p < 0.2), defect concentration
(CNTs with 0% < do, < 1%; GNPs with 0% < do, < 5%) and particle volume fraction
(¢ = 0.002 or 0.004). Note that L, p, do, and ¢ have been chosen to lie within the typical
working conditions of nanofluids for solar applications [43, 45, 46, 48-51], while 4, =
f(L,ds,) as reported in Fig. 3.

Figure 4a shows the resulting thermal conductivity enhancements (1/4,) of CNT-
based nanofluids at ¢ = 0.002, whereas Fig. 4b at ¢ = 0.004. Results indicate that defect

concentration — which may depend on the synthesis technique, handling and storage
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processes, and working conditions of nanofluids — dramatically alters the thermal
conductivity of nanofluids with apparently identical characteristics. For example, a 1%
defect concentration causes a 20% decrease in A/1,, namely from /4, = 1.44 to 1.13
(¢ = 0.004; L = 500 nm). Furthermore, longer CNTs show beneficial effects on thermal
conductivity of nanofluid, because of both increased aspect ratio and A,. It is also clear
that, at least in the considered range of particle volume concentrations, A/4, is directly
proportional to ¢: for instance, 1/4, passes from 1.22 to 1.44 by doubling ¢ (do, = 0%);
L = 500 nm). As visible in Fig. 4c (¢ = 0.002) and d (¢ = 0.004), similar considerations
can be also formulated for GNP-based nanosuspensions, even though both larger 1/4,
enhancements and reduced sensitivity to defect concentration can be noticed. The

difference between CNT and GNP behavior can be mainly attributed to different 1, =

f(L,do,) relations (see Fig. 3), aspect ratios and considered length range. Note that the
reported results lie in the typical 1/, ranges found in experimental investigations (see for
example [43, 68-72] and [45, 73] for CNT and graphene-based nanofluids, respectively),
where large variabilities are mainly due to the adopted synthesis protocol (i.e., defects
concentration, surfactants and surface functionalizations) and experimental conditions (i.e.,
temperature and particle aggregation).

However, the enhanced thermal conductivity of nanofluids is not sufficient to
evaluate their overall effectiveness in thermal applications; in fact, fluid viscosity typically
increases with nanoparticle addition. Equation (2) allows estimating the viscosity increase
in nanofluids with volume concentrations up to 2%, being the B parameter substantially
affected by particle shape and motion (i.e., prevailing orientation respect to flow direction)

in a shearing fluid. Mueller et al. [34] estimated — both numerically and experimentally —

14
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a relation between B, particle shape (i.e., aspect ratio p) and motion: Fig. 5a reports the
results for initially random orientated particles, where original data (dots) are accurately
fited (R?>=0.99) by the double exponential function B = ky; exp(ky,p) +
ki exp(k.4p) (solid line; ky; = 2.09; ky, = —0.16; k,3 = 0.45; ky, = 0.65). The
previous relation allows estimating the viscosity enhancement in the carbon-based
nanofluids considered in Fig. 4 with respect to base fluid (1, = 8.51 X 107 * Pas; T =
300 K). Here, the concentration of nanoparticle defects (e.g., vacancies, Stone-Wales, atom
substitution) is assumed to have no significant effect on nanofluid viscosity. Results in Fig.
5b show that i /u, increases with ¢ and extreme aspect ratios, which depend on the particle
lengths for the considered carbon nanoparticles (see Fig. 2). The viscosity enhancements
in Fig. 5b range from 0.5% (p = 1 and ¢ = 0.002) to 5% (p > 100 and ¢ = 0.004) with
respect to pure water. Note that the analyzed nanofluids lie under semidilute conditions,
therefore the relation reported in Fig. 5a holds [34]. Results in Fig. 5b find qualitative
agreement with experimental u/u, values (e.g., results reported in [69, 72] and [45, 73] for
CNT and graphene-based nanofluids, respectively), where large variabilities are again due
to the adopted synthesis protocols and experimental conditions.

The effect of thermal conductivity and viscosity enhancements reported in Figs. 4
and 5 can be finally compared to estimate the overall performances of the considered
carbon-based nanofluids. In fact, while larger A typically lead to beneficial effects in terms
of heat transfer effectiveness, larger u are responsible for increased pumping power and
wear and tear of mechanical parts. By considering the ratio between momentum and
thermal diffusivities, Prandtl number allows to compare these contrasting effects and to

identify the most favorable parameters of nanofluids for thermal applications, namely the

15



Heat Transfer Engineering

ones minimizing Pr. In Fig. 6, the Prandtl number for the carbon-based nanofluids
discussed in Figs. 4 and 5 are computed by Equations (1) — (4) , being ¢, = 700 ] /kg K the
typical specific heat capacity of carbon nanoparticles at ambient temperatures [74-76]. In
general, results show that larger ¢ and L (thus p) are beneficial to Pr/Pr, reduction,
whereas do, has a detrimental effect. For example, nanofluids made of GNPs can be
analyzed (¢ = 0.002 in Fig. 6¢; ¢ = 0.004 in Fig. 6d): while Pr/Pr, is larger than one
with short particles and thus low aspect ratios, Pr/Pr, shows up to 18% (¢ = 0.002) or
30% (¢ = 0.002) reduction with L = 2000 nm. Therefore, the smaller is Pr/Pr,the better
is the nanofluid performance in heat transfer (or solar) applications, being Pr/Pry, = 0.7
the lowest value achieved in the considered range of geometrical and chemical parameters.
In summary, these results highlight promising overall performances (i.e., Pr/Pry, < 1) for
nanofluids made of oblate (e.g. nanoplatelets) or prolate (e.g. nanotubes) carbon-based
nanoparticles in thermal applications, at least for extreme aspect ratios (p > 100 or p <
0.01) and semidilute conditions (¢ < 0.004).

The bottom up approach to explore the thermophysical properties of nanofluids of
interest for thermal applications can be finally compared with some recent experimental
works in the literature. For example, Sandhu and Gangacharyulu [77] studied the
experimental thermophysical properties of nanofluids made of multi-walled carbon
nanotubes suspended in water. In their experiments, they tested nanotubes with 3-8 um
length and 10-20 nm outer diameter, which were characterized by 99% purity. Carbon
nanotubes were then dispersed into water (0.1% volume fraction), and the effective thermal
conductivity, density, and viscosity of the resulting nanofluid measured. Results show that

the Prandtl number of nanofluid is reduced with respect to the base fluid, that is Pr/Pr, =
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0.90. This is in good accordance with the bottom up approach discussed so far, which
estimates an average value of Pr/Pry, = 0.92 (2.7% discrepancy). Xing et al. [78], instead,
investigated by experiments the thermophysical properties of single-walled carbon
nanotubes (5-30 um length; 1-2 nm outer diameter; >90% purity) in water. A water-based
nanofluid with 0.1% mass fraction of nanotubes revealed an enhanced Prandtl number with
respect to the base fluid, namely Pr/Pr, = 1.03. Also in this case, the bottom up approach
presents a good approximation of the experimental results, with a predicted value of
Pr/Pr, = 1.12 (8.9% discrepancy). Note that the model predictions lie within a typical
10% overall experimental error and, therefore, a good reliability of the bottom up approach
is demonstrated, at least for a preliminary general assessment of the most interesting
characteristics of semidilute nanofluids for thermal applications. The accuracy of the
bottom up approach could be eventually improved by a more mechanistic derivation of the
Kapitza resistance at the fiber-fluid interface [79], which is only taken as an average value

[39] in the current implementation of the approach.

Conclusions

Carbon-based nanofluids have been recently indicated as the core element of next
generation solar absorbers, because of their superior thermal and optical properties.
However, the multiscale nature of such suspensions of nanoparticles introduces a large set
of geometrical, chemical, and physical nanoscale parameters affecting their effective
properties, which actually slows down the exploration of optimal nanofluids characteristics

in thermal applications.
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In this work, a bottom up approach is suggested to systematically explore the
thermophysical properties of carbon-based nanofluids with different geometrical,
chemical, and physical characteristics. Starting from experimentally validated physical
relations between nanoscale and macroscale properties of nanofluids, our aim is to look for
the combinations of nanoparticles’ characteristics that provide the largest decrease in the
Prandtl number of nanofluid, namely the best compromise between thermal conductivity
enhancement and limited viscosity increase. Therefore, the variations in nanofluids thermal
conductivity, viscosity and specific heat capacity induced by altering the nanoparticles
material, shape and defectiveness are here investigated. Results indicate promising overall
performances (i.e., up to Pr/Pr, = 0.7) for nanofluids made of carbon nanoparticles with
extreme aspect ratios (e.g., either nanoplatelets or nanotubes) and limited defects
concentrations.

The reported results hold under dilute and semidilute conditions (¢ < 0.004),
whereas the effect of particle aggregation and thus the creation of percolation paths
favoring heat conduction should be further explored in successive works. Moreover, both
particle aggregation and heat conduction at the solid-liquid interface may be altered by
surfactants, such as sodium dodecyl sulphate [47] or Triton X-100 [51], which are typically
adopted to improve the suspension stability and should be properly taken into account in
predicting the Prandtl number of nanofluids. However, the bottom up approach to
nanofluids properties discussed in this work would still be an adequate way to
systematically explore the most interesting set of nanoscale parameters in colloidal
suspensions for a broad variety of engineering and biomedical applications, with special

focus on solar applications.
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Nomenclature
aj;j Principal axis of ellipsoidal particle [m]
B Intrinsic viscosity [—]
CNF Carbon-based nanofluids

CNT Carbon nanotube

Cp Specific heat capacity [J kg K]
doy, Percent defect concentration [%]

D Diameter [m]

EG Ethylene glycol

EMT Effective medium theory
GNP Graphene Nanoplatelet
h Convective heat transfer coefficient ~ [W m™2K™1]

L Length [m]
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MWCNT

N

p

PG

Pr

Ry

RZ

T

Multi-walled carbon nanotube

Number density

Aspect ratio

Propylene glycol

Prandtl number

Kapitza resistance
Coefficient of determination

Thickness

Greek symbols

A

U
¢

p

Subscripts

ref

X,y

Superscript

Thermal conductivity
Dynamic viscosity
Volume fraction

Density

Particle

Reference, pristine nanoparticle

Cartesian coordinates

Base fluid

[Wm K]

[Pa s]

[kg m™]
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o Power law exponent
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Figure Captions List

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Effective thermal conductivity enhancement (1/4,) due to the solvation of
Al>O3 nanoparticles in water. (a) Sensitivity to nanoparticle shape, at ¢ =
0.01 and (b) ¢ = 0.02, as predicted by Equation (1). (c) Nanofluids made
of prolate or oblate Al.O3 nanoparticles show the largest /4, increases
(¢ = 0.02).

Schematics of the nanoparticles’ geometry for the considered carbon-

based nanofluids. (a) Carbon Nanotube. (b) Graphene Nanoplatelet.

Effect of particle size and defects concentration on its thermal
conductivity. (a) Carbon nanotube length vs. thermal conductivity [54].
(b) Concentration of defects vs. thermal conductivity reduction in carbon
nanotubes (4,..f refers to the pristine one) [65]. (c) Graphene length vs.
thermal conductivity [58]. (d) Concentration of defects vs. thermal
conductivity reduction in graphene (4,..f refers to the pristine one) [66].
Data from the literature (dots) are fitted (dashed lines) by semi-empirical
equations, as reported in the text.

Effective thermal conductivity enhancement (4/4,) due to the solvation
of carbon nanoparticles in water, as predicted by Equation (1). (a) Length
and defects concentration effects, at ¢p = 0.002 and (b) ¢ = 0.004
volume concentration of CNTs in water. (¢) Size and defects
concentration effects, at ¢p = 0.002 and (d) ¢p = 0.004 volume

concentration of GNPs in water.
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Fig. 5

Fig. 6

Effect of nanoparticle shape on the effective viscosity of nanofluids. (a)
Einstein coefficient (B, see Equation (2)) with different aspect ratios of
nanoparticles: numerical results by Mueller et al. [34] are best fitted by a
double exponential equation (see text). (b) Viscosity enhancement (u/uo)
in carbon-based nanofluids with different volume fraction and aspect ratio
of nanoparticles.

Ratio between Prandtl number of carbon-based nanofluids (Pr) and base
fluid (Prp). (a) Length and defects concentration effects, at ¢p = 0.002
and (b) ¢ = 0.004 volume concentration of CNTs in water. (c) Size and
defects concentration effects, at ¢ = 0.002 and (d) ¢ = 0.004 volume
concentration of GNPs in water. Note that, given the linear correlation
between ¢ and the main properties of nanofluid (see Equations (1)—(3)), a

linear trend of Pr/Pr, with ¢ is expected.
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Fig. 1. Effective thermal conductivity enhancement (4/4,) due to the solvation of Al>O3
nanoparticles in water. (a) Sensitivity to nanoparticle shape, at ¢p = 0.01 and (b) ¢p =
0.02, as predicted by Equation (1). (c) Nanofluids made of prolate or oblate Al,O3
nanoparticles show the largest 1/4, increases (¢p = 0.02).
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Fig. 2. Schematics of the nanoparticles” geometry for the considered carbon-based
nanofluids. (a) Carbon Nanotube. (b) Graphene Nanoplatelet.
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Fig. 3. Effect of particle size and defects concentration on its thermal conductivity. (a)
Carbon nanotube length vs. thermal conductivity [54]. (b) Concentration of defects vs.
thermal conductivity reduction in carbon nanotubes (4, refers to the pristine one) [65].
(c) Graphene length vs. thermal conductivity [58]. (d) Concentration of defects vs.
thermal conductivity reduction in graphene (4, refers to the pristine one) [66]. Data
from the literature (dots) are fitted (dashed lines) by semi-empirical equations, as

reported in the text.
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Fig. 4. Effective thermal conductivity enhancement (4/4,) due to the solvation of carbon
nanoparticles in water, as predicted by Equation (1). (a) Length and defects concentration
effects, at ¢ = 0.002 and (b) ¢ = 0.004 volume concentration of CNTSs in water. ()
Size and defects concentration effects, at ¢ = 0.002 and (d) ¢p = 0.004 volume
concentration of GNPs in water.
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Fig. 5. Effect of nanoparticle shape on the effective viscosity of nanofluids. (a) Einstein
coefficient (B, see Equation (2)) with different aspect ratios of nanoparticles: numerical
results by Mueller et al. [34] are best fitted by a double exponential equation (see text).
(b) Viscosity enhancement (u/u,) in carbon-based nanofluids with different volume

fraction and aspect ratio of nanoparticles.
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Fig. 6. Ratio between Prandtl number of carbon-based nanofluids (Pr) and base fluid
(Prp). () Length and defects concentration effects, at ¢ = 0.002 and (b) ¢ = 0.004
volume concentration of CNTs in water. (c) Size and defects concentration effects, at
¢ = 0.002 and (d) ¢ = 0.004 volume concentration of GNPs in water. Note that,
given the linear correlation between ¢ and the main properties of nanofluid (see
Equations (1)—(3)), a linear trend of Pr/Pr, with ¢ is expected.
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