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ARTICLE INFO ABSTRACT

Keywords: The need for innovative propulsion technologies (e.g., fuel cells) in the mobility sector is posing a higher-than-
Titania ever burden on thermal management. When low operative temperature shall be ensured, dissipation of a sig-
Water

nificant amount of heat is requested, together with limited temperature variation of the coolant; mobile appli-
cations also yield limitations in terms of space available for cooling subsystems. Nanofluids have recently become
one of the most promising solutions to replace conventional coolants. However, the prediction of their effec-
tiveness in terms of heat-transfer enhancement and required pumping power still appears a challenge, being
limited by the lack of a general methodology that assesses them simultaneously in various flow regimes. To this
end, an experiment was developed to compare a conventional coolant (ethylene glycol/water) and a TiO,-based
nanofluid (1% particle loading), focusing on heat transfer and pressure loss. The experimental dataset was used
as an input for a physical model based on two independent figures of merit, aiming at an a priori evaluation of the
potential simultaneous gain in heat transfer and parasitic power. The model showed conditions of combined gain
specifically for the laminar flow regime, whereas turbulent flows proved inherently associated to higher pumping
power; overall, criteria are presented to evaluate nanofluid performance as compared to that of conventional
coolants. The model is generally applicable to the design of cooling systems and emphasizes laminar flow regime
as promising in conjunction with the use of nanofluids, proposing indices for a quantitative a priori evaluation
and leading to an advancement with respect to an a posteriori assessment of their performance.
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1. Introduction coolant with augmented heat transfer performance, with its properties

being tailored by selecting the solid material and the amount of particles

One of the parameters governing heat transfer enhancement is the
thermal conductivity of the fluids employed as coolants, among which
distilled water, ethylene glycol/water mixture (EG/W) or engine oils are
the most common choices for industrial applications (e.g., automotive,
manufacturing). In fact, several solid materials feature thermal con-
ductivity 1 - 3 orders of magnitude higher than that of liquids: for
instance, copper thermal conductivity is about 400 W m™ K}, whereas
that of liquid water is lower than 1 W m™ K. Therefore, solid matter
appears overall an effective candidate as the heat transfer medium, and
fluids containing solid particles of a highly conductive material are ex-
pected to benefit from that characteristic; such a mixture embodies a

dispersed within the fluid phase. Those fluids are known as nanofluids:
two-phase suspensions, where the continuous phase is a fluid - typically
a liquid - and the dispersed phase is a solid material in the form of ul-
trafine (i.e., nanoscale) particles. As one of the first sources available in
the open literature, nanofluids were conceptualized by Choi and East-
man [1], where the benefit from higher effective thermal conductivity
was pioneered to allow reducing the required pumping power for
cooling and the size of heat exchangers even down to miniature devices,
particularly attractive for applications where high heat load is combined
with space constraints. However, assuming that nanofluids mainly yield
an increase in thermal conductivity of the coolant, dominating all the
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other properties being affected by the added nanoparticles, over-
simplifies the involved mechanisms and disguises the need for a more
complex evaluation of their effectiveness as cooling media.

The possibility of tailoring the coolant to a specific application and
the potential for outperforming the properties of conventional coolants
to enhance heat exchange opened an innovative research direction
within heat transfer and materials science towards identifying nano-
fluids that could be used for a variety of applications [2]. Among them,
nanofluids have recently been proposed as particularly promising for
cooling of fuel-cell stacks, with specific reference to Polymer Electrolyte
Membrane Fuel Cells (PEMFC): the importance of thermal management
to keep the electrochemically active Membrane and Electrode Assembly
(MEA) within a 65 - 80 °C temperature range is paramount to minimize
the cell internal resistance, thus requiring a dedicated cooling subsys-
tem. To investigate heat transfer in PEMFC cooling, the seminal works
by Zakaria et al. [3,4] present an experimental setup, where a heating
pad was used to reproduce heat generation by fuel cells, then intro-
ducing a PEMFC stack [5] and using Al;03-EG/W nanofluids flowing in
laminar regime. In those works, a unified Figure of Merit (FoM) is pro-
posed to rationalize the increase in rate of heat flow and pumping
power: the Advantage Ratio (AR); moreover, another FoM is introduced
to combine heat transfer enhancement and performance drop: the
Thermo-Electrical Ratio (TER). However, both are formulated as a ratio
between normalized quantities, so even in the authors’ opinion the same
relative improvement necessarily depends on the weight used for any
specific application, thus making a general guideline to apply AR or TER
still in demand (e.g., as a function of nanofluid flow regime). In a similar
manner, the use of nanofluids for cooling of internal combustion engines
(ICEs) has proved very attractive, as reviewed by Sidik et al. [6]. Un-
fortunately, the lack of a consolidated validation led to somewhat
inconsistent outcomes among the different studies considered in the
survey. The uncertain gain in the various fields of application and the
still undisclosed potential are the main reasons for the relatively low
technology readiness of nanofluids. The hindrance against full pene-
tration into industry mainly consists of inconsistency in preparation
standards, longevity assessment, performance evaluation, environ-
mental impact, and life cycle assessment (LCA) [7,8]. The relatively
recent possibility of using non-spherical particles (e.g., cylinders,
platelets, nanorods) has introduced additional promising pathways for
cooling purposes, as well as an even more emphasized need for clear and
unambiguous characterization [9,10]. With regard to preparation
methods, the significance of recognized standards is specifically stressed
out with respect to long-term stability [11].

The complexity of nanofluids behavior lies in their multiphase na-
ture, which affects the entire spectrum of their thermophysical proper-
ties. A long-lasting debate is still ongoing about the efforts required to
investigate the involved fundamental processes, as well as to support the
use of nanofluids in engineering applications. The difficulty of consid-
ering the essential nature of nanofluids when assessing their suitability
for a specific application is highlighted by classical thermodynamic
models [12-14], all of which exhibit limitations, but all still necessary to
support the engineering of nanofluids. As for the modeling of heat
transfer through nanofluids, the ultrafine size of the suspended particles
has led both experiment and numerical efforts to mainly rely on the
assumption of single-phase flow: the transport of the suspended nano-
particles within the liquid medium can be effectively described by the
same governing equations of a single-phase fluid, with its thermophys-
ical properties being appropriately modified to account for the presence
of the nanosuspension [15,16]. This approach allows simplifying the
model, although any nanoscale-pertinent process is inherently simpli-
fied, hence challenging the application of a continuous model to the
nature of the investigated fluid and opening the field for more complex
two-phase mixture models [17]. However, any engineering approach
mainly requires global thermodynamics-based correlations to imple-
ment nanofluids characteristics in the design workflow, hence a
simplified and experiment-guided single-phase model is pursued in the
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present study. Density pr and specific heat capacity c of the nanofluid are
typically calculated as a volume-weighted average of the base fluid and
of the particle properties, with nf and bf subscripts referring to nanofluid
and base fluid, respectively, and p referring to the solid phase. The
relevant formulations are expressed by Eqs. (1) and (2), where the
volumetric particle loading (¢) practically acts as a weighting factor. It is
worth mentioning that the volume-weighted relationship for density
was experimentally validated by Pak and Cho [18] for Al,O3 and TiO»
particle dispersion in liquid water, with concentration being as high as
4%.

Pop = (L= @) py + @p,, 6))

cy = (1= @)-cor + @-cp. (2)

Regarding thermal conductivity and dynamic viscosity, the open
literature appears to generally agree on the former following an increase
with the temperature, whereas it is acknowledged that the latter expo-
nentially reduces with temperature. The values of both properties grow
as nanoparticle loading increases [19], and for higher surface-to-volume
ratio of the particles’ shape (i.e., for reduced sphericity) [20]. As a
recognized advantage of nanofluids, thermal conductivity is emphasized
with respect to the base fluid; several correlations have been proposed to
evaluate it quantitatively [21,22] and comprehensive reviews are
currently available on the characterization of thermophysical properties
of nanofluids [23,24]. Scaling laws for thermal conductivity and dy-
namic viscosity as functions of the base fluid properties were developed
by Corcione [25], showing that results from multiple experiments on
various nanofluids could be satisfactorily correlated, and excellent
benchmarks of nanofluids thermal conductivity and measurement
methods are reported in Buongiorno et al. [26] and Patel et al. [27],
although for a limited selection of compositions. The increase in thermal
conductivity [13] is generally attributed to a combination of: the higher
conductivity of the suspended solid phase; the promoted Brownian
motion of nanoparticles within the liquid phase, which flattens the
temperature profile over the generic cross-section of the heat exchanger
by transporting more energy in close proximity to the walls; the
remarkably large surface-to-volume ratio of nanoparticles, which fosters
heat transfer and the liquid layering of fluid molecules around solid
particles, leading to a less random and solid-like molecular structure.
The relative impact of each of these mechanisms is still controversial,
although their role is recognized in yielding thermal conductivity higher
than that of the base fluid.

The relationship between flow regime and heat transfer in nanofluids
has been the subject of extensive research and a considerable body of
literature focuses on convective heat transfer coefficient and pressure
losses as the main parameters embodying that relationship. Even though
the details of the involved physical process are still somewhat obscure,
since they depend on several factors (e.g., the molecular interaction
between solid particles and the liquid phase, etc.), the general obser-
vation consists of nanofluids yielding an increase in both rate of heat
flow and pressure loss. The former is substantiated by the higher thermal
conductivity of the fluid itself and on an increase in the Nusselt number
(Nu), whereas the latter is overall founded on the higher density and
viscosity exhibited by nanofluids over the employed base fluid. Corre-
lations suitable for predicting the Nusselt number of nanofluids (Nuyy)
were developed in several studies, generally showing an augmented
convective heat transfer coefficient for nanofluids, as particle concen-
tration is increased, with respect to that of base fluids flowing with the
same Reynolds number (Re), i.e. Reyr = Reys. As expected, the same
trend can be observed under increased Re. The use of the Nusselt and
Reynolds number as representative of heat transfer and flow regime
aligns with the mentioned use of a single-phase effective model, pro-
vided that fluid-specific effective properties (e.g., dynamic viscosity,
density, specific heat, thermal conductivity) be employed. For instance,
Maiga et al. [16] focused on investigating heat transfer of Al,O3/water
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and Al;O3/EG nanofluids by a numerical approach; both laminar and
turbulent conditions under constant heat flux were considered in a 10
mm diameter and 1 m length tube, with the outcomes confirming the
expected increase in heat transfer and in wall shear stress. Maiga et al.
[28] further expanded their study to radial flow, and relationships for
Nuy,s were obtained from numerical simulations for laminar conditions.
Heat transfer and pressure loss increase were attributed to an enhanced
near-wall mixing caused by the involved submicrometric particle-wall
interaction [18]. The extensive review by Sarkar [29] summarizes
several correlations for Nuy,s calculation for nanofluids in both laminar
and turbulent flow regime, with the most relevant being reported in
Table 1.

However, augmented heat transfer and pressure losses may not be
considered as general features of nanofluids since they depend on the
type and loading of the suspended particles, as well as on flow regime.
Moreover, the difference between a comparison under the same velocity
(i.e., the same volumetric flowrate) and a comparison under the same
mass flowrate or Re shall be stressed out. This aspect becomes relevant,
as while the nanoparticle concentration increases Nu,s can potentially
decrease with respect to that of the base fluid. This phenomenon is due
to flow laminarization, which consists of a dominant increase in vis-
cosity over that in density, thus reducing Rey. This observation dem-
onstrates that a mere improvement in heat transfer performance by
replacing a conventional coolant with nanofluids cannot be generally
expected, and that an analysis is required of both the operating condi-
tions (e.g., a comparative study of thermophysical properties and
nanoparticle loading) and of the flow regime (e.g., tube diameter, Repy,
Nuyy), to evaluate the extent of benefit from employing them.

Among the multiple combinations of base fluid and solid suspended
particles, an ethylene glycol/water mixture (EG/W) was selected, as it
somewhat embodies an industrial standard among heat-transfer media,
together with being the subject of several previous works that make its
use rather substantiated. Notably, the EG/W mixture is a coolant typi-
cally employed for internal combustion engines and fuel cells [6], while
a Ti-based nanofluids have been largely investigated [19,24,34], thus
including them among those with the most consolidated background.
Regarding nanofluid preparation, the dispersion of TiO5 in an ethylene
glycol/water mixture (TiO2-EG/W) appears particularly relevant for the
large-scale development of nanofluids, since the base fluid is a common
coolant, the solution is not volatile or corrosive and it exhibits excellent
long-term stability, thus preventing dispersion of ultrafine particles in
the atmosphere. Therefore, the study presents an experimental com-
parison between EG/W and EG/W-TiO; in terms of cooling capabilities
to support the development of a method to predict the respective gain or
loss in heat transfer rate and pumping power. With regard to the ther-
mophysical properties of TiO2-EG/W nanofluids, Reddy and Rao [35]
proposed a linear correlation for the thermal conductivity of TiO2-EG/W
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nanofluids as based on dedicated experiments; however, the relationship
is not mathematically continuous with the same property of the base
fluid, as particle concentration approaches zero. Hamid et al. [36]
experimentally tested TiO2-EG/W nanofluids in an apparatus with
constant heat flux at the walls, under turbulent flow regime, showing
both an increase in heat transfer and in pressure drop to be balanced by
pumping power. The same observations were found by Reddy and Rao
[33], who evaluated Nuy,s and the friction factor (fs) for TiO2-EG/W
nanofluids - with and without helical coil inserts - in turbulent condi-
tions. Similar results in terms of experimentally assessed Nuy is the
study by Duangthongsuk and Wongwises [32], where it was observed
that the relationship for thermal conductivity from Yu and Choi [22] is
identified as that yielding the best approximation for TiOz-based
nanofluids.

Interestingly, the recent increase in scientific interest and contribu-
tions has not provided a validated general approach to predict the per-
formance of nanofluids in terms of enhanced heat exchange and
required pumping power. The extensive efforts spent to investigate their
behavior have led to the proliferation of relationships for their ther-
mophysical properties, friction factor and heat transfer coefficient;
however, this has not yet resulted in a consolidated understanding of the
involved physics and of the engineering perspective. This observation
motivated the present research, where some response is provided to the
following questions, still pending within the heat transfer community:

e a significant lack of predictive (i.e., a priori) indications about
whether nanofluids are beneficial or not seems to require dedicated
efforts, especially when considering both heat transfer and pumping
power. Indeed, such evaluation, when currently available, is usually
limited to a posteriori verification against a specific apparatus, thus
missing a universal discussion to generalize the obtained results;

in case the use of nanofluids leads to augment heat transfer, while not
requiring an increased pumping power, the flow regime identifying
those conditions appears still not fully investigated. Therefore, a
physics-based framework to provide quantitative information in that
regard would be quite relevant to provide guidance towards their
effective application for cooling;

the available literature on nanofluids is quite substantial, yet it
presents sparse datasets in terms of type of base fluid (mostly water,
EG/W and oil), type and shape of suspended particles (mostly TiOo,
CuO, SiO5 and Al;03) and their loading within the base fluid, prep-
aration methods, thermophysical properties of interest, flow regime
(i.e., laminar, turbulent) and standardized comparison between base
fluid and nanofluid (e.g., under the same flowrate, the same Re). This
amount of scattered data has made the scientific community focus
primarily on obtaining results specific to selected configurations,
rather than on pursuing outcomes of general validity for engineering
purposes. In that regard, a remarkable advancement consists of the

Table 1
Correlations for estimating Nuy,s of nanofluids, selected from those currently available in the open literature.
Base Solid- Particle Particle Correlation Range of applicability Reference
fluid particle loading shape
material
Water Cu 2.0 vol% Spherical Nuyy = 0.4328(1.0 +11.285-90754.Pe0218).Re333-Prot Rens = 800 — 2.5 x 103 (laminar flow) 130]
(experimental)
Water A-1203 3.16 vol% Spherical Nuy = 0.021~Regj’(8 ~Prgl;8 (experimental) @ < 3%Rey; = 10* — 105Pry; = 6.54 — (18]
TiO, 12.33
EG/W Al,O5 10 vol% Not Nuyp = 0.086-Regf55 ~Prﬁf5 (constant wall heat flux) @ < 10%Rey < 103Pry; = 6 — 753 [16,28]
available Nuty = 0.28-Re)-Pro (constant wall temperature)
Water  Cu 2.0 vol% Spherical Nttys = 0.0059(1.0 +7.628-9* 6856 pe0 001 ). Ref 9238 prt Reys = 10* — 2.5 x 10* (turbulent flow) (31]
(experimental)
Water TiO, 2.0 vol% Spherical Nutys = 0.074-Regf7°7 -Pr?[f385»(p°'°74 (experimental) @ < 1%Reys = 3 x 10* — 1.8 x 10* (32]
(turbulent flow)
EG/W TiOy 0.02 vol% Spherical Nty = 0.007253~Regf8-Pr2f5~(1 + (,,)76 (experimental, no @ < 2%Reys = 4 x 10 — 1.5 x 10* [33]

helical inserts)

(turbulent flow)
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scaling laws for thermal conductivity and dynamic viscosity as
functions of the base fluid properties, proposed by Corcione [25]
which highlight that results from multiple experiments can be
satisfactorily correlated, and in the benchmark projects in [26,27].

Those pending questions stand as foundations for the present study,
where the most representative base fluid (i.e., EG/W) and the most
stable nanofluid (i.e., TiO2-EG/W) were employed to present an exper-
imental and theoretical analysis, including a discussion on both laminar
and turbulent flow regimes. As previously mentioned, they were
selected to reduce the number of tested coolants, without penalizing the
general applicability of the developed model. To support the theoretical
assessment, an experimental apparatus to evaluate heat transfer with the
base fluid and the nanofluid was designed and realized, and tests were
conducted with a conventional coolant (i.e., 30%/70% ethylene glycol/
water solution) and a TiO»-based nanofluid with the same base fluid
(TiO2-EG/W solution). A fluid circuit with hot water served as the heat
source in a liquid-liquid heat exchanger. Experiments were carried out
for several flowrates in laminar regime and results are presented in
terms of heat flowrate and required pumping power. As the theoretical
contribution, the potential in using nanofluids is discussed through two
independent FoM that are introduced and applied to both laminar and
turbulent conditions. In the former flow regime, the experimental results
are included to corroborate the validity of the presented relationships.
The theoretical model provides a method to evaluate whether nano-
fluids are a promising choice or not at the design stage, thus progressing
from the common a posteriori evaluation available in the current liter-
ature and filling a crucial gap in engineering. The study aims at sup-
porting the design and implementation of nanofluids in cooling systems,
by offering a method to generalize specific results and to critically assess
the actual advantages from their use. Overall, an advancement in the use
of nanofluids for cooling is provided, allowing to predict whether gain or
drawback is yielded in terms of heat transfer rate and pumping power.

2. Experimental approach and procedure
2.1. Setup

An experimental apparatus was devised and developed to evaluate
the performance of the tested coolants in terms of heat flowrate and
required pumping power. The setup is shown in the photo of Fig. 1a,
while a sketch is also presented in Fig. 1b. The test rig consisted of two
separate hydraulic circuits, one for the hot fluid employed as the heat
source and the other for the cold fluid (i.e., the coolant). The two lines
featured 13 mm inner-diameter pipes; thermal interaction between the
two circuits occurred in a liquid/liquid heat exchanger that was ther-
mally insulated with three glass-wool layers (Acoustic 225 Plus by
Rockwool), featuring thermal conductivity of 0.03 W m™ K'! and whole

Fig. 1. Experimental setup: (a) photo of the test rig; (b) sketch of the cold/hot :
(1) plate liquid/liquid heat exchanger, (2) thermocouple (hot fluid, inlet), (3)
electric heater, (4) hot-fluid pump, (5) flow meter (hot fluid), (6) thermocouple
(hot fluid, outlet), (7) thermocouple (coolant, outlet), (8) pressure transducer
(coolant, outlet), (9) chiller, (10) reservoir for the coolant, (11) coolant pump,
(12) flow meter (coolant), (13) pressure transducer (coolant, inlet), (14) ther-
mocouple (coolant, inlet) and (15) data logger.
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thickness of 90 mm, thus virtually eliminating heat dissipation to
ambient air. Notably, the heat exchanger presented a 10-plate design
with 45° chevron angle and 4 mm hydraulic diameter Dy for each
channel. This length was calculated by the classic formula D, =4 A/p,
with A and p being the flow passage area and the wet perimeter,
respectively; the actual cross-sectional surface is square, with 4 mm side
length. The hot fluid (i.e., water) was heated by a 15 L electric heater
with 3 kW maximum power. The maximum water temperature reached
in all tests lay in the range of 60 - 65 °C, consistent with PEMFC oper-
ating temperature [3,4]. However, 5 °C fluctuations were observed by
monitoring temperature throughout each test. Those oscillations were
arguably due to the heater control system being operated on tempera-
ture feedback and inherently yielding to a delayed response. Moreover, a
chiller was also included in the circuit to restore coolant temperature
back at its initial value after exchanging heat with the hot fluid; that was
achieved by making the coolant pass through a set of ice packs hosted in
an insulated container. Each line was equipped with a flowmeter by Key
Instruments, two K-type thermocouples (accuracy compliant with IEC
584 standard, class 1 tolerance) located in the proximity of the heat
exchanger inlet/outlet sections (i.e., at 10 cm distance from them along
the pipe). Notably, thermocouples were installed orthogonally to the
pipe axis by using T-shaped junctions, with each thermocouple bead (i.
e., the actual probe) being located onto the pipe axis to ensure a tem-
perature measurement as far as possible from the thermal boundary
layer over the sampling section. A centrifugal pump allowing a
maximum flowrate of 10 L min™'. The cold line was also equipped with
two pressure transducers by Gems Sensors (3100 Series) to measure the
pressure drop of the coolant through the heat exchanger, as they were
placed right upstream of its inlet and downstream of its outlet, respec-
tively. The sampling frequency was set as one acquisition per second for
temperature and pressure measurements, respectively; on the other
hand, flowrate was visually monitored over the flow meter scale. All
readings were recorded using an 8-channel data logger by Pico Tech-
nology and analyzed by a self-developed MATLAB code. The layout and
components of the test bench are included and listed in Fig. 1b. During
each test, an initial transient phase was necessary to allow the system (i.
e., both the operating fluids and the solid parts) to reach steady-state
conditions. Notably, the derivative of the coolant temperature at
heat-exchanger inlet was monitored as a marker to distinguish transient
from steady state, with the dataset being analyzed only once that de-
rivative became lower than 0.5 K min™, which was identified as a
reasonable threshold. After such criterion was satisfied, typically
requiring 5 - 6 min, data acquisition was carried out for 20 - 25 min. A
slight variability in coolant temperature at the heat-exchanger inlet is
inherently due to the finite volume of the chiller, which makes achieving
constant temperature only asymptotical (i.e., the achieved steady-state
condition is a practical approximation).

As mentioned in the introduction (Section 1), the tested coolants
(cold line) are an ethylene glycol/water mixture (EG/W, 30% - 70%
volume fraction) and a Ti-based nanofluid prepared by having the same
coolant as the base fluid (i.e., 1 wt% TiO2-EG/W nanofluid). The whole
circuit was rinsed out after each test involving the prepared solution
with nanofluids. Tests were carried out alternating the use of base fluid
and nanofluid; the consistency of the acquired dataset (i.e., pressure
loss, identified as the marker) indirectly proves the absence of relevant
solid deposits onto the inner surface area of the plate heat exchanger and
of the pipes.

2.2. Preparation and characterization of nanofluids

As mentioned in Section 2.1, titanium dioxide (TiO2) nanoparticles
were employed to prepare the nanofluid used in the present work; more
specifically, anatase and rutile were purchased from Sigma-Aldrich,
featuring minimum purity of 99.50%. The used powder generally ex-
hibits poor water dispersibility and rapid flocculation upon exposure to
aqueous media. Those nanoparticles present an average size of 20 nm,
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as claimed by the manufacturer for the Degussa (Evonik) Aeroxide® P25
Titanium(IV) oxide (TiO2) product, whose adoption is also reported in
[37,38], which also features rutile/anatase ratio of 85:15 and 99.9%
trace metals basis, as also reported in the INSCX™ Global Nanomaterials
Exchange and Information Portal. According to the supplier, the nano-
particles exhibit an irregular faceted morphology, so their surface may
present various shapes and angles, rather than being perfectly spherical.
However, even though individual particles have an irregular
morphology, the material as a whole consists of clusters or agglomerates
of particles that are somewhat spherical, which suggests that those
particles tend to form aggregates, arguably as a result of Van der Waals
forces and interparticle interaction. An assessment of the specific surface
area of the selected nanoparticles was carried out by the Accelerated
Surface Area and Porosity System ASAP™ 2020 by Micromeritics, which
implements the BET (Brunauer-Emmett-Teller) theory on both the sup-
plied TiO2 nanopowder (i.e., “as received” from the manufacturer) and
the particles obtained from the dried suspension. The measurements
revealed a specific surface area of 9.49 - 12.84 m? g’ for the latter, while
the specific surface area of the former (i.e., their original solid state)
resulted as equal to 50 m? g, which is in agreement with findings re-
ported in the available literature [39]. The significant reduction in the
values of TiO, powder between the “as received” and the dried state can
be attributed to the changes that occur during the drying process. In the
former, powder might exhibit certain characteristics that contribute to a
relatively higher value, which may include agglomeration or the pres-
ence of surface contaminants or adsorbed molecules. However, when the
powder is subject to the drying process and forms dried powder, several
changes may occur that lead to a significant reduction in the specific
surface area, such as:

e during the drying process, nanoparticles are typically dispersed in a
liquid medium; the drying process removes the liquid phase, leaving
dried powders; this step can lead to increasing agglomeration.

e the drying process may lead to changes in the packing arrangement
of nanoparticles; if that results in a more open and less dense struc-
ture, the surface area available for interaction increases, ultimately
resulting in a lower value measured through BET theory.

As the tools to perform mixing between particles and base fluid (i.e.,
the EG/W mixture), both an ultrasonic stirrer (ultrasonic cleaning bath
Transsonic Analog T460-H by Elma, with nominal frequency of 35 kHz)
and a mechanical overhead stirrer (EUROSTAR 20 Digital Laboratory
Overhead Stirrer by IKA, with speed range 0/30 - 2000 rpm) were used
to actually carry out the whole process. Notably, as the first step to
prepare the suspension, titania was dissolved in a mixture of water and
ethylene glycol via ultrasonic stirring for 30 min in the presence of citric
acid to fix pH at 6.5; that suspension was then agitated by mechanical
stirring for the next 24 h. It is also worth mentioning that a surfactant (i.
e., sodium tripolyphosphate) and a MEG/PEG (monoethylene/poly-
ethylene glycol) mixture were added to the nanofluid towards reducing
the attractive forces on the nanoparticles and stabilize their dispersion
within the continuum. The same amount of both the surfactant and citric
acid were kept constant over the whole prepared suspension. Sodium
tripolyphosphate does not interact with the pH changer. When used in
weak acidic media, it exhibits emulsifying and dispersing ability, thus
effectively stabilizing emulsions and dispersing particles in the medium.
Moreover, it can act as a chelating agent, binding to metal ions and
preventing their adverse effects in a weak acidic environment. It also
demonstrates wetting capability, facilitating the spreading and absorp-
tion of the surfactant onto solid surfaces. Citric acid was selected over
HCl and HNOjs for the performed experiments, thanks to its ability to
optimize dispersion and stability of Ti-based nanoparticles in a mixture
with water and water/organic solvents. It acts as a dispersing agent and
surfactant by adsorbing onto the nanoparticle surface, thus forming a
protective layer. This layer ultimately prevents agglomeration and ag-
gregation of nanoparticles. Citric acid is effective in stabilizing
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nanoparticles mainly as a result of its negative charge. The carboxylate
groups present in citric acid impart a negative charge, leading to elec-
trostatic repulsion between nanoparticles. This repulsion hinders ag-
gregation by generating a barrier between particles. Citric acid also
exhibits chelating properties, which implies binding to metal impurities.
This feature prevents interaction between impurities and nanoparticles,
finally reducing aggregation. The chelating properties of citric acid
allow maintaining stability of the dispersion: in addition to electrostatic
and chelating effects, citric acid also promotes steric stabilization. The
adsorbed citric acid molecules form a barrier between nanoparticles,
thus reducing the attractive forces between them. This additional effect
also contributes to prevent agglomeration and enhance dispersion.

The characterization of the EG/W-TiO5 nanofluid consisted of mea-
surements of electrokinetic potential (i.e., Zeta-potential), density,
thermal conductivity, and dynamic viscosity. The average temperature
of the base fluid when employed as the coolant, recorded by the ther-
mocouples located at the inlet and outlet sections of the heat exchanger,
were 30 and 50 °C, respectively. Therefore, nanofluid thermophysical
properties were evaluated at 40 °C (i.e., the arithmetic mean of the two)
and the results are summarized in Table 2. Notably, density was deter-
mined by measuring the ratio between liquid mass and volume in a
graduated cylinder, which resulted in a 5% deviation from the value
predicted theoretically by Eq. (1). Thermal conductivity measurements
were conducted using the KD2 Pro-Thermal Properties Analyzer by
Decagon Devices, which includes a manual controller and a sensor in
contact with the fluid sample. The suspension was placed in a cylindrical
specimen holder; six repeated measurements were conducted on each
prepared sample, allowing a 15 min interval between measurements to
make the liquid sample reach the thermal equilibrium. The measured
values exhibited a 5% deviation from the prediction based on the model
by Yu and Choi [22], which was then used as a reference for thermal
conductivity of the nanofluid solution.

Zeta-potential measurements were conducted on the prepared
nanofluid suspension by a Zetasizer Pro-instrument by Malvern Pan-
alytical; those tests were carried out at 25 °C and with pH ranging from
4.61 to 10.51. As the substances used to vary pH, citric acid C¢HgO7 0.1
M and an ammonium hydroxide solution at 0.001 M were added. The
results of those measurements are presented in Table 3, which reveal the
high degree of stability in the whole system, particularly as pH lies in the
6.13 - 8.56 range. The highest value (—53.5 mV) was recorded at pH
7.48, with the standard deviation being 6.1 mV. Granulometry was also
performed employing a Mastersizer 2000 instrument by Malvern Pan-
alytical. The investigated samples appeared as monodispersions, the size
distribution of which featured a Gaussian-like curve (Fig. 2).

When considering the tests conducted at 25 °C room temperature
and pH 6.8 as a representative example (Fig. 2), the average size (i.e.,
the harmonic-intensity-averaged particle diameter in accordance with
standard ISO 13,321 for particles or molecules dispersed in a solution)
resulted as 248 nm, as shown in Fig. 2; the distribution also showed a
111.1 nm average span. This aspect is relevant considering the
monosized-particle nanofluids used by Yu and Choi [22] to develop their
model, the applicability of which is nevertheless considered acceptable

Table 2
Thermophysical properties of the base fluid (EG/W, 30% - 70%) and nanofluid
(EG/W- TiO,) at 40 °C.

TiO2-EG/W
nanofluid (Ti-NF)

Ethylene glycol-water
(EG/W, 30%—70%)

Nanofluid volume fraction - 1%

Density at 40 °C (kg m™®) 1044 1076

Thermal conductivity at 40  0.4730 0.490
°C(Wm™K™")

Specific heat at 40 °C (J kg~ 3680 3650
1Ky

Dynamic viscosity at 40 °C ~ 1.57x107° 1.70x107°
(Pas)
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Table 3
Zeta potential and average size of particles for nanofluid (TiO»-EG/W) at 25 °C
ambient temperature and at different sonication time.

pH-controlling substance pH Potential (mV) Average size (nm)
Ce¢HgO7 0.1 M 4.61 —-35.7 £ 11.2 299.2
CeHgO7 0.1 M 4.87 —41.8 + 8.8 315
CeHgO7 0.1 M 5.15 —42.7 £ 10.3 300.2
CeHgO7 0.1 M 5.48 —44.3+9.4 302
CeHgO7 0.1 M 6.53 —50.8 +7.8 298.8
NH,4OH 0.001M 7.48 —53.5+ 6.1 291.8
NH4OH 0.001M 8.56 —51+11.3 304.7
NH,4OH 0.001M 9.08 —51.5 4+ 10.2 302.9
NH,4OH 0.001M 9.78 —49.8 +11.4 295.4
NH4OH 0.001M 10.51 —46.9 + 9.8 292.4

to the solution used in the present work, even in the light of the previ-
ously mentioned comparison with measurements of thermal conduc-
tivity. The detected values fell into operating range of the instrument
(0.02 - 2000 pm); average size is also reported in Table 3 for various pH
values and combined with Zeta potential. In the solid discontinuous
state (i.e., powder), the suspension samples exhibited particle size
mostly larger than 20 nm (i.e., the average size claimed for the dry
powder), which could be attributed to the formation of agglomerates
during the dispersion phase within the liquid continuum. This expla-
nation is supported by the relatively low Zeta-potential values (Table 3).
Nevertheless, the size of such aggregates did not imply fast sedimenta-
tion and the suspension remained stable for extended periods of time (on
the order of weeks), even when merely stored quiescent. An estimate of
sedimentation velocity by Stokes’ law yielded values smaller than 1 x
10”7 m s, which emphasize the stability of those suspensions, sup-
porting the choice of TiO,-based suspensions in terms of stability. In
fact, when TiO; nanoparticles are suspended, they tend to form clusters
or agglomerates; nevertheless, the stability of the investigated suspen-
sions is sufficiently robust to ensure effective performance as a coolant.
As an additional test, pH 6.6 (in fact, maintained equal to 6.55 + 0.18)
was selected as representative: Zeta potential measurements and gran-
ulometry were performed on the prepared nanofluids were conducted at
different sonication times imposed to the abovementioned ultrasonic
cleaning bath. The outcomes of this analysis, also included in Tables 3
for different pH values and in Table 4 for sonication time at pH = 6.55 +
0.18, suggest that a sonication time of 1 h appears optimal for the pre-
sent experiments, since it provides effective dispersion of the TiO, par-
ticles in the solution by reducing their average size down to less than
300 nm, with this parameter not decreasing remarkably through longer
sonication. Zeta-potential and pH measurements were taken on the
nanofluid even after 15 runs of the experimental tests to check on po-
tential performance loss of the employed surfactant. Actually, Zeta

International Journal of Heat and Mass Transfer 216 (2023) 124600

potential remained consistent, while pH slightly increased, arguably as a
result of the partial dissolution of the surfactant in the investigated so-
lutions. However, the suspension showed remarkable stability, since
minimal or insignificant sedimentation of nanoparticles was detected.

As a significant thermophysical property, dynamic viscosity was also
measured by a HAAKE RheoStress 100 rotational viscometer by Thermo
Scientific. The analysis was conducted in control-rate mode with a 60
mm diameter flat-cone measuring sensor. The imposed shear rate was
varied from 0 to 3000 s and measurements were taken at 25 °C,
although a decrease of dynamic viscosity with temperature is expected
[40]. The results are presented in Fig. 3; notably, Fig. 3a shows the
viscosity trend, while Fig. 3b shows the shear stress-to-rate relationship,
confirming that the prepared nanofluid exhibits a Newtonian behavior.
It is also worth noting that the experimental tests yielded values within
+7% span with respect to viscosity values predicted through the model
by Wang et al. [32].

2.3. Experimental procedure and results

As a parametric analysis based on experimental results, three con-
figurations were tested for each investigated coolant, which are sum-
marized in Table 5. Notably, flowrate was varied within both the hot and
the cold circuit, which led to a variation of the respective Re. The
flowrate values were specifically selected to cover the entire range
allowed by the developed experimental setup (i.e., the selected pump)
and the results were then used as a dataset to substantiate the theoretical
model, highlighted in the Introduction (Section 1) as the main objective
of the present work. As recalled in Section 2.1, data acquisition for each
test was started once the coolant-temperature derivative at the inlet of
the heat exchanger became lower than 0.5 K min™, which makes the
acquired dataset referred to steady-state conditions. Towards perform-
ing some statistical analysis, each test was repeated three times, since
the developed experiment is typical of lab-scale research and very ca-
nonical, with very little sources of error other than those associated with
measuring instruments. Regarding the coolant flow, its mean velocity

Table 4
Zeta potential and average size of particles for nanofluid (TiO2-EG/W) at 25 °C
ambient temperature and at different sonication time for pH = 6.55+0.18.

Sonication time (min) Potential (mV) Average size (nm)

0 -50.2+7.8 678.5
30 —51.5+ 6.5 372.7
60 -525+7.1 268.1
120 -51.5+ 6.0 263.1
180 —-50.5+6.1 251.9
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Fig. 2. Particle size distribution for the TiO,-based nanofluid with pH 6.8 and at 25 °C room temperature.



A. d’Adamo et al.

(@) o.005
0.004
o
& 0.003 {‘o'o
173
2 0.002 °
S
0.001
0.000 @2
0 20 40 60 80 100 120 140 160 180 200

Time [s]

International Journal of Heat and Mass Transfer 216 (2023) 124600

(b) 100

8.0

6.0
R?=0.9979
4.0

Shear stress [Pa]

2.0

0 500 1000 1500 2000

Shear rate [s]

2500 3000

Fig. 3. Results from measurements of dynamic viscosity of the EG/W-TiO, nanofluid at 25 °C: (a) dynamic viscosity measured over a 200 s sampling time; (b)

relationship between shear rate and shear stress.

Table 5
Flowrate evaluated Reynolds number and coefficient of variation for each tested
configuration.

Test L1 L2 L3
Hot-fluid 1.2 1.5 1.2
flowrate (1
min!)
Coolant flowrate 2.8 3.0 2.0
(I min™)
Re Reyr = 327, Reyr = 390, Rey = 241,
CoVge, =2.3% CoVge, = 3.6% CoVge, = 11.0%
Rey = 314, Rey = 360, Reys = 226,

COVirey =6.7%  CoVge, =6.1%  CoVi, =3.3%

within the plate heat exchanger channel was calculated by the following

relationship:
1%

Agr '

3

V=

where V is the volumetric flowrate (measured by the flow meter) and
Agy is the effective cross-sectional area of the heat exchanger, which
could be evaluated by considering the hydraulic diameter of each pas-
sage Dy (= 4 mm) and the number of parallel channels (= 5). The coolant
velocity is hereafter referred to as vy and v,y for the base fluid and the
nanofluid, respectively. The Reynolds number Re was also calculated for
the coolant in the channels of the heat-exchanger, as expressed by the
following relationship:

_pvDy
v

Re (€))

The calculation employed density and dynamic viscosity of the base
fluid and the nanofluid (p,y, Py, pass Hey» TESPECtively) to calculate Repy
and Re,. This dimensionless quantity was assessed for each repeated test
over all the investigated configurations, with the variation being due to
the dependence on temperature of density and viscosity, whereas
flowrate remained constant and equal to the values reported in Table 3.
Notably, density and viscosity of the base fluids were taken from a
recognized database [41], while the same properties for the nanofluid
were calculated by Egs. (1) and (5) [42], respectively. The dynamic
viscosity increase expressed by Eq. (5) for 1% nanoparticle loading is s,y
[ty = 1.09, an estimate similar to that from other correlations for dy-
namic viscosity of nanofluids [43,44] (1.04 - 1.05).

Hop = e (1 +7.3:0+123:¢). )

The variation with respect to the mean value could be expressed by

the Coefficient of Variation (CoV), which is the ratio between standard
deviation and mean value (Table 3); the listed values support repeat-
ability of the performed experiments. It is worth clarifying that those are
estimates of Re at the inlet section of the heat exchanger, since the de-
tails of the design of its internal structure were unknown,; the forced flow
regime, driven by the circulating pump, at Re > 200 for all cases
excluded the onset of Stokes flow. However, those values allowed
identifying the flow regime, which was the actual scope, rather than a
precise assessment of Re evolution through the heat exchanger. The
available equipment limited the tested conditions to laminar flow
regime for all the employed fluids. The experimental results are reported
in Fig. 4 in terms of exchanged heat flowrate Q, global heat transfer
coefficient U, temperature difference and pressure drop of the coolant
between inlet and outlet. The heating rate could be calculated by a
simple power balance applied to the coolant as in Eq. (6), where the fluid
mass flowrate and the mean fluid temperature at outlet and inlet sec-
tions (m, T,, and Tj,, respectively) were measured, while specific heat
was calculated:

O = riv-c(Tou — Tin). (6)

Consequently, the global heat transfer coefficient could also be
calculated as in Eq. (7) through the well-known Logarithmic Mean
Temperature Difference applied to the involved heat exchanger, having
the exchange area (A.,;) as a known parameter from the specifications
made available by the manufacturer and all temperatures at inlet/outlet
sections for both hot/cold fluid measured by thermocouples:

U= Q , @

(Twin=Teou )= (Thou=Tein)
(Thin=Teu )=t (Thowu—Tein)

Arxh P
n

where exh refers to the whole surface area through which heat transfer
occurs, h refers to hot fluid and c refers to cold fluid.

Finally, temperature increase and pressure drop, here presented as
its absolute value, between outlet and inlet of the heat exchanger were
simply calculated from temperature and pressure readings for the
coolant, once virtually steady-state conditions were reached. Statistical
analysis was performed by assessing the mean value for each parameter,
together with standard deviation, following classic formulations [45].

As expected, in all the tested configurations the use of TiOx-EG/W
nanofluid led to an increase in exchanged heat flowrate global heat
transfer coefficient and temperature increase of the coolant. These as-
pects appear to consistently favor the nanofluid over the base fluid for
cooling purposes; however, as also remarked in the introduction, they
are accompanied with higher pressure loss across the heat exchanger
(Fig. 4d), which on the other hand emphasizes the larger pumping
power required to make nanofluids circulate. The case with the highest
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Fig. 4. Experimental results for EG/W and TiO5-EG/W nanofluid, with mean value and standard deviation reported for each measured quantity: (a) exchanged heat
flowrate, (b) global heat transfer coefficient, (c) temperature difference and (d) pressure drop of the coolant between inlet and outlet.

flowrate (L2) is also the one featuring the biggest exchanged heat rate, as
also substantiated by the highest global heat transfer coefficient; this
case also stands out as the one for which the highest pumping power was
required. Case L3 is the one with the lowest coolant flowrate, hence
showing the maximum temperature difference, due to the longest resi-
dence time of the coolant in the heat exchanger, and lowest pressure
loss.

Those experimental outcomes confirm the general trend reported in
the open literature of nanofluids and can be explained by the higher
thermal conductivity, which implies higher heat flowrate, as well as
bigger density and viscosity. Towards a generalized approach to the
behavior of nanofluids, the obtained results served as an input to a
physical model capable of distinguishing the various conditions and
predict which of them yield an overall more effective action over con-
ventional coolants.

3. Predictive modeling of nanofluids performance

A methodology is here proposed to provide guidance on: (i) whether
the use of nanofluids is fully, partially or not beneficial to a given
application under certain design conditions (e.g., flowrate, diameter)
and, were it determined as beneficial, (ii) which characteristics the
nanofluid flow should have. Notably, indications are provided through a
combined analysis of heat transfer and parasitic power required for
pumping, by independent Figures of Merit. The potential existence of
conditions where gain on both aspects occurs (i.e., heat transfer increase
and parasitic power reduction) is also discussed.

The presented method is based on two independent FoM for nano-

fluids: the comparison between nanofluid and employed base fluid in
terms of heat transfer coefficient and parasitic pumping power. They are
expressed by two nondimensional quantities: h, = hye/hye and Py, =

P, ¢/ Pp s, quantifying the ratio between convective heat transfer coef-
ficient h (hy and hyf) and between pumping power Py, (P, s and Py ),
respectively. As expected, the best scenario for the use of nanofluids
consists of h, >1 and P,, <1, which results from h, > hy and
Py o < Py p; other less beneficial conditions are also possible. For each
coolant (i.e., base fluid and nanofluid), the analysis was based on a
specific model, derived from the characterization of the involved ther-
mophysical properties (density p, specific heat ¢, dynamic viscosity u
and thermal conductivity k) and the evaluation of the involved dimen-
sionless parameters (Re, Pr, Nu) by available correlations. The absence
of undesired phenomena (e.g., sedimentation, agglomeration) is
implicitly assumed; those mechanisms would challenge the applicability
of any continuous flow model by generating large-scale solid regions and
substantially modifying local momentum and heat transport. The model
is presented in a generic form to make it of general validity and appli-
cability, aiming at embodying an approach to carry out an a priori
evaluation on nanofluids use, related to the associated flow conditions.
Since the model is generic, it could be also applied to predict the per-
formance of nanofluids prepared with non-spherical nanoparticles [9,
10], if and once their characterization in terms of thermophysical
properties, stability and granulometry were available.

3.1. Figure of merit for convective heat transfer coefficient

The first FoM yields the already mentioned beneficial condition
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(hr > 1; i.e., hyr > hye), which could be expressed assuming the same
circuit for the coolant (Dyps = Dpyy; i.e., base fluid and nanofluid flow
within the same channels and components). Therefore, the general
definition Nu = h’TD" leads to the following condition:

Nunf k,,f > Nubf kbf‘ (8)

The general formulation for the Nusselt number is here presented for
both the base fluid in Eq. (9) and for the nanofluid in Eq. (10), with the
dimensionless Reynolds (Rey, Re,) and Prandtl numbers (Pry, Pry)
being calculated for each fluid. As shown in Table 1, such generic for-
mulations represent the numerous relationships available in the open
literature. It is worth clarifying that Eqgs. (9) and (10) serve as mere
general expression, then adapted to the base fluid and nanofluid
involved by suitable values for ays, by, Cpf, @ns, by, Cyp coefficients.

Nupy = ay Rez;’/ Pr;}’/ , 9)

Nityy = a, Relf Priy. 10)

The mean velocity of each fluid (vis and vy) is included in the Rey-
nolds numbers and expressed by the relationship of Eq. (4). Introducing
Egs. (9) and (10) in Eq. (8) and elaborating it as function of the
respective fluid velocities (vir and v,), the following condition for v,
can be obtained:

b (fh/ —buy ) <y (1*1‘/)/ )
Var > bu Vbbfaﬁ pb;,D(bh/*bnr)”bf Lp,,/bf knf (1 1)
nf = —5 —— o .
I bf of p’bz}/ h n(fw *bnf) C;,igf k,Ef] —(-,!f)

Eq. (11) expresses the velocity condition for the nanofluid to attain
an equal or higher heat transfer coefficient than the base fluid (h, > 1),
hence it provides a quantitative indication for the nanofluid flowrate
through Eq. (3) towards augmenting heat transfer. However, this rela-
tionship does not contain any information on the associated pressure
loss and parasitic power required for pumping; practically, it does not
depend on circuit length or local losses, with only the channel diameter
Dy, being considered.

3.2. Figure of merit for pumping power

The second FoM identifies the flow conditions yielding an equal or
lower pumping pressure required by the nanofluid with respect to the
base fluid (P, < 1;i.e., P, oy < P, ). For a generic centrifugal pump, the
power transferred to the fluid for pumping is given by P, = Ap-V, with V
= v-Aqy by Eq. (3) and where Dp is the global pressure drop. Considering
the same circuit for both the base fluid and the nanofluid, hence the
same Ay, a comparison in terms of pumping power flux (pp = A%) could
be made, which yielded p, = Ap-v. A lower pumping power flux for the
nanofluid corresponds to p,, < 1, with pp; = pp nf/Pp.ss-

The pressure losses are commonly grouped as friction (or major)
losses and local losses, the former type being associated to skin friction
of viscous flows, whereas the latter are due to sudden changes in the
geometry (e.g., bends, junctions). The general relationship valid for both
laminar and turbulent flows is reported in Eq. (12) [46], with f being the
Darcy friction factor (equal to & for a fully developed laminar flow in a
circular tube), and K;, being an equivalent local loss coefficient including
all the pressure losses of this type.

L V2
Ap = (f D—/""KL) P 12)

The major and local loss coefficients were grouped for the base fluid
and the nanofluid to preserve generality and referred to as y,; = fiy Dih +

Ky pr and Inf = for [%h + K s, respectively, with L being the total extent of
the pipes with the same hydraulic diameter. The general form of the
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inequality for pumping power flux is expressed by Egs. (13) and (14),
finally leading to the velocity condition for the nanofluid reported in Eq.
(15):

Apur Vp < Appr Vir, 13)
v V2
Xof Prf Tf Var < Xos Pos % Vbf s a4

an S be N @ @ (15)
Prp Xng

This embodies the velocity condition for the nanofluid to require a
lower or equal pumping power flux than the base fluid (p,nr < Ppas),
hence it provides an indication about the flowrate that makes the use of
nanofluids reduce parasitic power. As opposed to the condition
expressed about the first FoM (Section 3.1), it carries no information
about heat transfer.

3.3. Flow regimes and performance evaluation

Based on the two independent FoM proposed, four possible scenarios
arise. Each of them is associated to flow conditions (e.g., velocity,
Reynolds number) specific to the considered configuration. The exis-
tence - if any - and the extent of each scenario depends on the fluid and
flow regime involved. The scenarios are:

—

hne > hyg, Pprf < Ppos: the most favorable, as the nanofluid presents

both a higher heat transfer rate and a reduced parasitic power

required with respect to the base fluid. In this scenario, using
nanofluids is beneficial for both aspects.

2 hys > hys, ppny > Pp oy in this scenario, the use of nanofluids increases
heat transfer rate with respect to the base fluid, but at the cost of
higher pumping power. The choice may be based on an application-
specific assessment of gains and drawbacks and no general conclu-
sions can be drawn.

3 hys < hys, Pprs < Dpays: nanofluids present a lower heat transfer coef-
ficient, hence a reduced heat transfer rate, but also require lower
parasitic power than the base fluid. The choice may be made on a
case-by-case basis, as for the previous scenario.

4 hys < hys, DPpnf > Dpps: the worst-case scenario, since the use of

nanofluids yields both a lower hear transfer rate and a higher

pumping power than those associated with the base fluid. In this
scenario, the use of nanofluids is not recommended.

As an example, the previously described approach was applied to the
fluids and setup employed in the experiments presented in Section 2: the
base fluid was a 30%,/70% EG/W mixture and the nanofluid was TiO»-
EG/W (¢ = 0.01). However, the applicability of the proposed method-
ology is - in principle - general, so the approach can be employed to
evaluate the performance of any other combination of base fluid and
nanoparticle dispersion, only requiring fluid-specific characterization
for both of them. In consistency with the performed experiments, the
model assumes that stability is achieved for the nanofluid suspension,
with failed stabilization or eventual long-term sedimentation lying out
of its scopes. Regarding density and specific heat of the nanofluid, Egs.
(1) and (2) were used. Thermal conductivity was modelled by a recog-
nized correlation [22], the applicability of which is also supported by
the results proposed in Section 2.2, reported in Eq. (16), with g =0.1
representing the ratio of the nanolayer thickness to the particle radius.
Dynamic viscosity was calculated using Eq. (5), the predictive capability
of which is also discussed in Section 2.2. The base fluid and nanofluid
thermo-physical properties are shown in Fig. 5 as a function of the
particle loading.
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Regarding laminar flow regime, for the base fluid the Nuy = 4.36
[46] relationship was applied under the hypotheses of fully developed
laminar flow in a circular channel, with constant heat flux. That results
from the generic formulation of Eq. (9), by imposing ay; = 4.36, by = 0
and ¢ = 0. For the nanofluid, the experimentally derived correlation
for fully developed laminar flow [30] was used, as also in Eq. (17)
(Table 1). The friction factors for the laminar flow regime were exper-
imentally expressed by Li and Xuan [30] as fyr = 2+ and fy = &

Reys enf”
respectively. Nusselt number and friction factor for the laminar case are
presented in Fig. 6 as a function of the Reynolds number. It is evident
that the selected correlations yield higher heat transfer rate for the
nanofluid (i.e., Nun > Nuy), if Reynolds number is bigger than 50.
Notably, Nusselt number of the nanofluid could be calculated through
the generic relationship of Eq. (10), by imposing a,; = 0.4328(1.0 +
11.285 %74 Pegfms), by = 0.333 and ¢, = 0.4. The Péclet number of
the nanofluid (Pe,y) is defined as Pe,; = v,s-d,/ans, with d, and a,s being
the nanoparticle diameter and thermal diffusivity [30], respectively.

Nu - f (Re)
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25 5
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Fig. 6. Nusselt number (left y axis) and friction factor (right y axis) as a
function of Re in laminar flow regime.
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The analysis of the pumping power required for coolant circulation
implied knowing the specific characteristics of the hydraulic circuit. In
the present experiments, the extent of interest is the one enclosed be-
tween the inlet and the outlet sections of the heat exchanger, hence
quantifying of the major and local pressure losses in this trait was
demanded. Regarding the former, the hydraulic diameter (D;) and
channel length (I = 0.1718 m) for each of the five passages was used,
whereas an equivalent loss coefficient for the local losses was calculated
as based on pressure-drop measurements. This embodied all the pressure
losses resulting from the flow within the heat exchanger inner channels;
an average value for the base fluid (ITL,,f = 597.7, with standard devi-
ation ox,,, = 200.2) and the nanofluid (K_L"f = 787.3, with standard
deviation oy, ,, = 148.8) were finally obtained. This aspect is specific to
the employed circuit design, although this approach to evaluate pressure
losses applies to any hydraulic circuit.

The results shown in Fig. 7 highlight that a region exists, which
univocally supports the use of nanofluids in laminar flow regime (i.e.,
Case 1: hys > hys, ppos < Pppy)- This corresponds to the area above the red
line (hy > hyy; i.e., the first FoM) and below the blue line (p, oy < ppty; i
e., the second FoM). In the laminar flow regime, the condition for the
combined gain from using nanofluids is then present, remarkably indi-
cating a preferential flow condition for their use for cooling purposes. At
such flow regime, the combined gain in heat transfer and reduction of
pumping cost are simultaneously achieved. This information provides
an indication not only for the general use of nanofluids in the laminar
flow regime, but also about the flow conditions to impose towards a
combined gain in heat transfer and parasitic power. As shown in Fig. 7,
such region is generally located below the line inclined at 45° in all plots;
so, in the range v, < vy and Re,s < Rey, heat transfer augmented by
nanofluids is present. The experimental data from L1, L2 and L3 tests in
laminar flow regime - the only one feasible through the experimental
setup (Section 2.3) - are added to Fig. 7, as well as the condition for equal
pumping power flux (ppnr = Ppis). All tests show that under the same
mean velocity (v = vy , presented in Fig. 7a along the line inclined at
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Fig. 7. Comparison between base fluid and nanofluids, and experimental datapoints (L1, L2, L3 from Table 5) for base fluid (x axis) and nanofluid (y axis) in terms of:
(a) velocity, (b) Reynolds number and (c) pumping power flux for laminar flow regime.

45°), nanofluids feature Re,s < Rey (Fig. 7b, below the line inclined at
45°), due to the dominant effect of higher viscosity. The theoretical
model also reveals that the tested L1, L2 and L3 conditions are close to
the border - almost at the edge - with the Case 1 region, which allows
inferring that pumping power could be reduced with respect to cooling
by the base fluid through a reduction of nanofluid velocity, still
benefiting from augmented heat transfer. This observation contextual-
izes the set of experiments within the proposed approach to the quan-
titative evaluation of nanofluid performance, while also providing a
guidance to future experiments. However, Fig. 7c shows that all the
tested conditions lie above the line identifying the same required
pumping power flux; so, more power flux was needed for nanofluid
circulation than that for base fluid in the performed experiments.

Regarding the theoretical distinction based on the two FoM, all the
three tested conditions lie in the region where the analysis predicted
higher heat transfer rate (h, > hyr), which is also supported by the
related measurements reported in Figs. 4a-c. As for pumping power flux,
all the three acquisitions exhibit a higher pumping power flux for
nanofluids (Fig. 4d), hence confirming the location of those datapoints
in the Case 2 scenario (hys > hys, ppns > Ppis)- As an additional note, the
here proposed model does not include Stokes flow, since Reynolds
number is assumed as far higher than 1, even in applications where
laminar flow regime occurs. However, the employed approach does not
prevent its future inclusion.

An analogous approach was followed to compare nanofluids against
base fluid in terms of heat transfer rate and required parasitic power
under turbulent flow regime. The average heat transfer coefficient for
the base fluid was calculated through the Dittus-Boelter correlation for
Nu, as in Eq. (18) [46], whereas the convective heat transfer coefficient
for the turbulent flow of TiO2-EG/W nanofluid was derived from the
regression analysis proposed by Duangthongsuk and Wongwises [32] for
Nuyy, as in Eq. (19):

Nuyy = 0.023 Rezj',8 Prf;f, (18)

Nuy = 0.074 Rel” Pro?® ™0 (19)

The friction factor used to estimate major pressure losses for the base
fluid was calculated using the Petukhov equation [46], as in Eq. (20),
whereas the friction factor for the TiO2-EG/W nanofluid was experi-
mentally derived [32] and is expressed by Eq. (21). The local pressure
loss coefficient was extrapolated for turbulent flows from the regression
analysis presented in the previous part for the employed hydraulic cir-
cuit. Nusselt number and friction factor for both fluids in turbulent
conditions are presented in Fig. 8 as a function of Reynolds number.

fiy = [0.790 In(Rey) — 1.64] °, (20)
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Fig. 8. Nusselt number (left y axis) and friction factor (right y axis) as a
function of Re in turbulent flow regime.
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The results reported in Fig. 9 outline a different scenario than that
observed for laminar flow conditions: the region where heat transfer
gain occurs (hy, > hy; i.e., above the red line) is separated from the
region of pumping power flux gain (p, s < ppyy; i.e., below the blue line),
with no overlap. This observation yields that there is no possible flow
condition where the use of this nanofluid is simultaneously beneficial in
terms of both figures of merit: Case 1 scenario highlighted for laminar
flow regime does not exist under turbulent flow regime. Therefore, a
choice may be made between a nanofluid flow with higher heat transfer
rate at the cost of increasing pumping power), or with reduced pumping
power at the cost of lower heat transfer rate. These results provide a
quantitative indication that advocates against the use of nanofluids for
cooling applications where a turbulent flow regime is present, which can
be a valuable information at the design stage. It is worth clarifying that
the inherent limitations of the developed experimental apparatus pre-
vented from running tests under turbulent conditions, hence no exper-
imental data could be included in Fig. 9. The presented FoM and the
arisen indications were combined and are presented in a single graph
with non-dimensional parameters: the ratio between pumping power
flux required by nanofluid and base fluid (p,n¢/pyer), and the ratio be-
tween the product of Nusselt number and thermal conductivity of
nanofluid and base fluid (Nuys kye)/(Nuys ki) Fig. 10 shows the four
regions (i.e., the four scenarios) for the laminar flow regime, high-
lighting where the use of nanofluids appears beneficial (i.e., Case 1
scenario), as well as the tested conditions.

As previously mentioned, no Case 1 scenario would appear in a plot
developed for turbulent flow conditions. Moreover, the quantitative
analysis was performed against the circuit employed for the
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tween nanofluid and base fluid vs. ratio of pumping power flux between
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ficient and pumping power flux appear in red and blue, respectively.

experiments; however, the conditions expressed in Sections 3.1 and 3.2
are generic, so the approach may be applied to any specific
configuration.

4. Conclusions

The present research is motivated by the quest for increasing heat
transfer rate for cooling purposes, especially when the need for dissi-
pating a large amount of heat is combined with space constraints (e.g.,
fuels cells employed in the automotive sector). Nanofluids have been
known for decades as promising candidates to substitute conventional
coolants, thanks to their augmented thermal conductivity and to the
possibility to adjust solid nanoparticle concentration within the base
fluid to meet the requirements of each specific application. However, the
benefit from including nanoparticles should be put in the context of
system design, which may also consider an increase in the required
pumping power as a parameter of interest to assess the balance between
heat removal and energy consumption.
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To this end, both dedicated experiments and a theoretical model
predictive of heat transfer and pressure drop are proposed to quantita-
tively discuss the conditions of actual improvement by using nanofluids
with respect to conventional coolants. An experiment was devised and
developed to compare a representative example of the latter (i.e., an
ethylene glycol/water mixture) with a TiO,-based nanofluid prepared
by having it as the base fluid (i.e., TiO2-EG/W, with 1% particle
loading); the measured parameters allowed assessing both heat transfer
rate and pressure loss in the circuit for various flowrate conditions. The
employed nanofluid was also characterized in terms of the thermo-
physical properties involved. The experiments substantiated the
enhanced heat transfer rate achieved by using nanofluids, which was,
however, accompanied by higher pressure losses. The experimental
dataset was then brought into the broader frame of a predictive physical
model, aimed at assessing which conditions, if any, lead to an advantage
in using nanofluids, by using two independent figures of merit, aiming at
evaluating the potential simultaneous increase in heat transfer rate and
decrease in parasitic power. The model showed that the conditions of
combined gain exist in laminar flow regime, as a result of the higher
Nusselt number for nanofluids. The Nuys > Nuys condition also attained
as Reynolds number increases moderately at values higher than 40, with
the friction coefficient remaining comparable to that of the base fluid.
Conversely, in turbulent flow regime, the combined condition of
augmented heat transfer rate and reduced pumping pressure are not
present, which is consistent with the common perception on nanofluids.

The present study shows that an a priori evaluation of the benefit
from using nanofluids for cooling purposes is quantitatively feasible, as
based on independent non-dimensional parameters (i.e., the figures of
merit) that allow an approach predictive of the conditions of potential
gain (or loss) with respective to conventional coolants. The proposed
methodology may serve as a guidance of general validity for the design
of cooling systems that employ nanofluids and it recommends their use
in applications where cooling under laminar flow regime is can be
implemented. As a hint to future developments, the inclusion of mo-
lecular thermodynamics may open potentially disruptive routes to
modeling of nanofluids, also impacting on predictive approaches of their
performance, as well as a rigorous evaluation of different base fluids and
suspended particles is believed to provide preferential formulations,
resulting in few candidate nanofluids for cooling engineering.
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