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Abstract: A nanofluid is composed of a base fluid with a suspension of nanoparticles that improve
the base fluid’s thermophysical properties. In this work, the authors have conducted experimental
tests on an alumina-based nanofluid (Al2O3/H2O) moving inside a 3D-printed lattice channel. The
unit cell’s lattice shape can be considered a double X or a double pyramidal truss with a common
vertex. The test channel is 80 mm long and has a cross-sectional area, without an internal lattice with
that has the dimensions H × W, with H = 5 mm and W = 15 mm. A nanofluid and a lattice duct
can represent a good compound technique for enhancing heat transfer. The channel is heated by an
electrical resistance wound onto its outer surface. The heat transfer rate absorbed by the nanofluid,
the convective heat transfer coefficients, and the pressure drops are evaluated. The experimental tests
are carried out at various volumetric contents of nanoparticles (ϕ = 1.00%, ϕ = 1.50% and ϕ = 2.05%)
and at various volumetric flow rates (from 0.2 L/min to 2 L/min). The preliminary results show that
in the range between 0.5 L/min ÷ 2.0 L/min, the values of convective heat transfer coefficients are
greater than those of pure water (ϕ = 0) for all concentrations of Al2O3; thus, the nanofluid absorbed
a higher thermal power than the water, with an average increase of 6%, 9%, and 14% for 1.00%, 1.50%
and 2.05% volume concentrations, respectively. The pressure drops are not very different from those
of water; therefore, the use of nanofluids also increased the cooling efficiency of the system.

Keywords: nanofluids; 3D printing lattice channel; additive manufacturing; periodic cellular material;
convective heat transfer

1. Introduction

Choi and Eastman [1] coined the term “nanofluid”, which is nanoparticles dispersed
in conventional liquids, such as water and ethylene glycol, forming a new type of fluid used
for heat transfer enhancement and produced through a suspension of nanometer-sized
particles. Nanofluids were introduced in the second half of the 1900s, following the need to
increase the efficiency of many devices used to exchange heat, but also in the civil, aerospace,
and medical fields [2–4]. Lee et al. [5] published one of the first experimental papers on
nanofluids and studied the improvement in thermal conductivity of water/copper oxide,
water/alumina and glycol/alumina.

Nanofluids have several heat transfer applications because of the thermal conductivity
increase and so have better thermophysical properties than conventional fluids [6]. Several
properties, such as the volumetric fraction of nanoparticles; the size, shape, and species
of the nanoparticles and base fluid; the temperature and pH; the Brownian motion of
nanoparticles; and the aggregation of the nanoparticles play important roles in the increase
of heat transfer characteristics of nanofluids. In fact, numerous physical phenomena affect
heat transfer in nanofluids: clusters, the thermophoresis in the nanofluids, the Brownian
motion of the base fluid, the formation of adsorbate nanolayers, and the scattering of
phonons at the solid–liquid interface, etc. [7]. One physical phenomenon can predominate
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over another, and this one depends on various parameters, such as temperature and the
size and volume fraction of the nanoparticles [8].

In the study carried out by Scott et al. [9], hybrid nanofluids as a new class of nanofluids
were presented, and the study underlined that more research is needed before their actual
application in industry. The advantages of hybrid nanofluids are due to the synergistic
effect through which they provide favorable properties to each constituent. Their use is
still limited because, although stable, hybrid nanofluids remain difficult to achieve due to
the difficult selection and synthesis of materials.

The applications of graphene nanofluids in heat pipes, heat exchangers, solar col-
lectors, and pool boiling devices are presented in Lin et al. [10], which showed their
applications in terms of economics and the environment. Reviews of the state-of-the-
art research on nanofluids are given in Trisaksri and Wongwises [11], Yu et al. [12], and
Mohammed et al. [13].

The application of nanofluids for increasing heat transfer is widely done in various
heat exchanger applications. The advent of nanofluids has allowed the construction of
smaller heat exchangers, because lower mass flow rates are required. In the review [14],
various investigators analyzed diverse nanofluids in circular, triangular, and square ducts
that were being considered for various applications, such as heat exchangers, refrigerators,
engines, and solar thermal systems. It has been demonstrated that introducing oil as a
base fluid enhances the thermal performance of the components. Ma et al. [15] carried out
a numerical study on laminar flow and convection at the entry region of microchannels
with heat flux and temperature boundary conditions. The results showed the dependence
of the apparent friction factor from the Reynolds number and the influence of the axial
heat transfer on the Nusselt number, taking into account the entry region. The efficiency
obtained demonstrated that the nanofluids in the entrance region provide heat transfer
enhancement as well as good economy.

In the work of Cieśliński et al. [16], a theoretical study about the influence of nanopar-
ticles and temperature (20–70 ◦C) on the Nusselt number and convective coefficient was
carried out for a nanofluid during turbulent flow in a horizontal and round tube. It was
shown that even for small mass fractions (0.1–5%) of nanoparticles (Al2O3), an increase
in heat transfer took place, and that enhancement probably was due to the transport
mechanisms. Abdelaziz et al. [17] carried out a comparative numerical study on mixed
convective heat transfer and pressure drop in the developed flow region in an isother-
mal horizontal tube with three nanofluids—simple (water and Al2O3, TiO2, or Cu), ionic
([C4mim] [NTf2]/Al2O3, ionic nanofluids being prepared by dispersing nanoparticles in
ionic liquids), and hybrid (water and Al2O3 + Cu). The authors showed an enhancement of
the average Nusselt number of about 15.5% for Water and Al2O3 with a volume fraction of
2%. For hybrid one no enhancement is found, while for ionic nanofluid an enhancement of
the Nusselt number of about 37% with a concentration of 2.5% was noticed.

Wai et al. [18] reported experimental and numerical investigations of jet impingement
with the aim of cooling devices with nanofluids. The application of nanofluids in jet
impingement is used in many engineering fields due to their promising heat dissipation
ability. However, the main problem is an abnormal increase in the friction factor and
pressure drop. Alammar and Mohammed [19] simulated a heterogeneous nanofluid flow
in pipes. They used two different base fluids, ethylene glycol and water, and carried out a
numerical study in microchannels showing that base fluids with higher Prandtl numbers
result in higher heat transfer enhancement.

Zeng et al. [20] studied numerically the effect of using a nanofluid and rectangular
groove microchannel; an increase in the thermal performance was found with respect to a
conventional smooth microchannel (Nusselt number 38.5% larger with the same nanofluid).

The papers reported above [14–20] show that the application of nanofluids for in-
creasing heat transfer is widely investigated in different heat exchanger applications, and
nanofluid has allowed for the construction of smaller heat exchangers, because lower mass
flow rates are required, as mentioned above.
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The aim of this paper is to match the advantage of nanofluid itself and its possible use
in reticular ducts already widely used by many researchers to increase heat transfer.

The reticular channels find their origin in cellular and porous materials. Cellular and
porous materials have become the most promising lightweight multifunctional materials,
such as metal foams and periodic cellular materials, as well as lattice truss structure
(e.g., pyramidal lattice, tetrahedral lattice, Kagome lattice) [21]. Lattice frame material
based on the tetrahedral cell was studied by Kim et al. [22] and Kim, Hodson and Lu [23],
who analyzed forced air convection on an ultralightweight aluminum lattice material,
depending on the orientation of the same. The heat transfer performance was almost
the same overall, the pressure drop in a cell was found almost the same overall, and
the pressure drop in a cell was about 30% and 60% of the dynamic pressure for several
Reynolds numbers.

Shen et al. [24] compared two sandwich panels, single-layered Kagome and Wire-
woven Bulk Kagome (WBK) with the same porosity. Heat transfer and local flow character-
istics were studied, and it was found that single-layered Kagome provides a higher Nusselt
number (26–31%) with respect to WBK, while the Reynolds number comprised between
3995–8710.

Other ultralightweight materials with a lattice structure are X-type structures [25]. The
unit cell was formed by two staggered struts with respect to the classic pyramidal structure
and made by bending the sheet metal along rows of staggered nodes; thus, the folded
structure was brazed with upper and lower foils forming sandwich panels. The structure
thus appeared more resistant to inelastic buckling than the pyramidal truss core.

Yan et al. [26] presented an enhanced convective heat transfer by a newly developed
X-type lattice, removing heat up to two times higher than the periodic cellular materials.

As demonstrated by the scientific literature reported above, the use of a nanofluid
flowing in a standard smooth duct enhances the heat exchange. On the other hand, a
gain in the heat exchange performance can also be obtained by the structure itself of the
X-type lattice printed inside the duct. In fact, as attested by Petracci et al. [27], the flow of a
traditional fluid (e.g., air) in a reticular channel enhances the heat exchange. The present
paper reports the heat exchange improvement due to the combined effect of both nanofluid
and reticular channel. The scientific literature is lacking on this topic, and this paper would
fill that gap.

The paper presents preliminary results of heat transfer and pressure drop measure-
ments on Al2O3/H2O nanofluids that flow through a double X-type reticular duct. The
tests were carried out with different concentrations of alumina and at different volumetric
flow rates. The lattice duct is 3D printed and has to be used as a heat exchanger for cooling
the cold plate of a remote processing unit. The porosity inside the channel is 75%. In
previous work, the authors tested the same channel with air [27].

2. Al2O3/H2O Nanofluid, Test Channel and Experimental Apparatus

The nanofluid used in the experimental test was composed of water as the base fluid
and alumina nanoparticles with dimensions of 7 nm. It was purchased at the TEC STAR
with a mass fraction equal to 20% (volume fraction of about 6%), a pH of 5, and a zeta
potential equal to +41.8 mV. The purchased nanofluid was diluted with deionized water to
obtain three different concentrations, 1%, 1.5%, and 2% of volume fraction; it underwent
magnetic stirring first and then ultrasound treatment for about an hour using an ultrasonic
bath (Starsonic 90) with a frequency of 28 to 34 kHz for its stabilization.

In this study, preliminary tests were carried out on the nanofluid described above,
with different concentrations of alumina and at different volumetric flow rates. As already
reported, the volumetric concentrations chosen were 1.00%, 1.50%, and 2.05%, correspond-
ing to 3.83%, 5.66%, and 7.62% of concentration by mass. The volumetric flow rates are
between 0.2 L/min and 2.0 L/min. The experiments are conducted by fixing the thermal
flux generated by the Joule effect by varying the flow rate of fluid flowing into the channel.
A DC generator supplies to the test channel (TC) a power equal to about 160 W (equal to
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76.27 kW/m2), which corresponds to an electrical current circulating in the circuit equal to
I = 1.30 A and heater resistance Rhe = 94.70 Ω (diameter, electrical resistivity, and length
of the Ni-Cu heating wire are known). Results of the fluid Al2O3/H2O for all the con-
centrations tested have been compared with those obtained with water alone in the same
conditions.

The Test Channel (lattice duct) is 3D printed and must be used as a heat exchanger
for cooling the cold plate of a remote processing unit. The duct has a length of 80 mm and
an internal structure composed of an x-shaped lattice. Figure 1 shows the Test Channel
(TC) and reports the lattice structure with respect to the x-z plane (y = 0 in the cartesian
reference of the laboratory). Table 1 summarizes the lattice TC dimensions.
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Figure 1. Test channel (a) and cross-section (b) according to x–z plane (y = 0). The reticular dimensions,
from d1 to d5, are summarized in Table 1. The main flow goes in x direction, from inlet to exit section.

Table 1. Lattice Test Channel (TC) dimensions.

Parameter Description Value

d1 [mm] distance between the centres of two unit-cells, z direction 7.07

d2 [mm] distance between the centres of two unit-cells, x direction 4.06

d3 [mm] diameter of each internal segment of the unit cell 2.09

d4 [mm] distance between the centre of the unit-cell and the duct base 3.42

d5 [mm] length of the single pillar of the unit-cell 4.06

L [mm] length of the lattice channel, x direction 80

H [mm] inner duct height 5

W [mm] inner duct width 15

t [mm] wall thickness 1

Dh-TC [mm] hydraulic diameter of frontal section (y–z plane) 1.51

Smin-TC [mm2] minimum flow passage section 24.4

The porosity of the channel is 75%. The authors carried out preliminary tests in their
laboratory. The experimental apparatus used for the measurements is the same as that
used to carry out experimental tests on air [27]. To obtain valid and accurate results, it is
essential to set up a controlled feeding circuit that guarantees the repeatability of the tests.
The apparatus is provided with a pre-test plenum, to ensure a flat velocity profile at the
inlet of the test duct and with a downstream diffuser, to recover the kinetic energy. The
circuit is closed and is equipped with components reported in Figure 2.
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Figure 2. Sketch of pneumatic circuit to feed the test channel: (1) cryo-thermostat, (2) valve,
(3) flowmeter, (4) pressure gauge, (5) temperature sensor, (6) small water tunnel, (7) pre-test duct,
(8) lattice test channel, (9) diffuser with rectangular to circular section connection.

To allow temperature and pressure measurements at the inlet of test section, a short
rectangular constant section duct is located just after the convergent, connected to the test
channel by a flange. The pre-test or supply duct (SD) has a length of 35 mm and a rectangu-
lar section of 15 mm width and 5 mm height. An equal rectangular channel, referred to
as the post-test duct in Figure 3, is placed after the lattice one, to allow temperature and
pressure measurements at the outlet.
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Figure 3. Water tunnel design for testing the lattice channel.

To study the behavior as a heat exchanger, the test channel TC was heated through a
constantan metal wire (Ni-Cu 43/57 with diameter d = 0.254 mm and electric resistivity
equal to 4.97× 10−7 Ωm at 20 ◦C), which was wound externally to the duct (see Figure 4a,b)
and covered with Teflon (Figure 4c). Finally, the entire flanged structure is insulated with a
2 cm layer of rockwool with aluminum foil (Figures 4d and 5).
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3. Physical and Thermophysical Properties of the Nanofluid 

Figure 5. Part of experimental apparatus with TC thermally insulated.

The heater was connected to an electric generator and a standard resistor shunt. In
each experiment, temperatures, mass flow rate, electrical resistance of the heater, and
dissipated power were measured. Seven J-type thermocouples are located equally spaced
along the external tube of the lattice, in the middle, from x = 1 cm to x = 7 cm. An
adhesive aluminum tape keeps the thermocouple heads pressed, ensuring both contact
with the external surface of the tube and, at the same time, a homogeneous base surface
on which to place the constantan metal wire heater and to realize a uniform heat flux. In
addition to the 7 thermocouples of the lattice channel, there are 5 other temperature sensors.
Two thermocouples measure the temperatures of the flanges to evaluate the heat flow
dispersed by conduction and 2 are for measuring the temperature of the flow entering and
leaving the duct, located in the pre- and post-ducts. The fifth thermocouple measures the
external temperature of the rockwool to estimate the thermal flux by conduction through
the insulation. Each sensor is connected to a data acquisition multimeter.

The apparatus was then equipped with a pressure transducer with static pressure
holes for pressure measurements. Figure 6 shows a sketch of the test channel and static
pressure holes.
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3. Physical and Thermophysical Properties of the Nanofluid

The physical and thermophysical properties are required to calculate the heat dissi-
pated by the nanofluids, the mass flow rate, and the dimensionless number (Nu, Re, Pr).
In the following equations are reported the formulas used to calculate them. The physical
and thermophysical properties depend on the volume fraction of the particle. The particle
volume fraction can be evaluated by:

ϕ =
ρ f · w

ρ f · w + (1− w) · ρp
(1)

with w particle weight fraction, ρf the fluid base density, ρp the particle density.
The nanofluid density ρnf is [28]:

ρn f = ϕ · ρp + (1− ϕ) · ρ f (2)

The nanofluid specific heat cnf is:

cn f =
(1− ϕ) · (ρ · c) f + ϕ · (ρ · c)p

(1− ϕ) · ρ f + ϕ · ρp
(3)

with cf the water specific heat
The nanofluid thermal conductivity is calculated as [29]:

kn f

k f
=

kp + 2k f − 2ϕ ·
(

k f − kp

)
kp + 2k f + ϕ ·

(
k f − kp

) (4)

The nanofluid dynamic viscosity is calculated as [30]:

µn f

µ f
=

1

1− 34.8
(

dp
d f

)−0.3
· ϕ1.03

(5)

with µf the water dynamic viscosity, df is the fluid base molecular diameter equal to

d f = 0.1

(
6M

Nπ ρ f

)0.33

(6)

M is the fluid base molecular weight and N the Avogadro number.
The nanofluid kinematic viscosity is:

νn f =
µn f

ρn f
(7)
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and the nanofluid Prandtl number is:

Prn f =
νn f

αn f
=

νn f · ρn f · cn f

kn f
(8)

with αnf nanofluid thermal diffusivity.

4. Results and Discussion
4.1. Heat Transfer Measurements

The purpose is to evaluate the convective heat transfer; therefore, it is necessary to
estimate this contribution. The total power rate is the sum of the heat transfer by forced
convection, conduction to the supports, and conduction towards the external ambient
through the insulation, according to the relationship:

.
Qtot = Rhe · I2 =

.
Q f c +

.
Qcd-s +

.
Qcd-ext (9)

where I is the electrical current and Rhe the electrical resistance of the heater. The subscript
“cd-s” for axial conduction to supports, “cd-ext” for conduction through insulation and “fc”
for forced convection, which is given by the relation:

.
Q f c = Rhe · I2 −

( .
Qcd-s +

.
Qcd-ext

)
(10)

The same heat flow can be obtained by writing an energy balance (eb) on the coolant
fluid. The enthalpy variation of the flow passing through the reticular duct is equal to the
heat absorbed

.
Qeb in the convective exchange, according to the relationship:

.
Qeb =

.
Q = ∆

.
H =

.
m · cn f · ∆Tmeasured =

.
m · cn f ·

(
Tn f , OUT − Tn f , IN

)
(11)

where

• (Tnf, OUT − Tnf, IN) is the difference between the nanofluid temperature at the post-test
duct and the temperature at the inlet measured in the pre-test duct;

• .
m = ρn f ·

.
V is the mass flow rate in kg/s, with ρnf the nanofluid density (calculated

with Equation (2)) and V the measured volumetric flow rate;
• cnf is the nanofluid specific heat calculated with Equation (3).

The coolant temperature difference between the inlet and outlet can be either measured
or calculated directly from energy balance:

∆Tcalculated =

.
Q f c

.
m · cn f

(12)

Figure 7 plots the ratio ∆Tmeasured/∆Tcalculated as a function of volume flow rate for
the two levels of heat input: the measured values were within ±15% of predicted values.

Figure 8 shows, for different volumetric fractions, the heat powers dissipated by the
nanofluid by forced convection, calculated by Equation (11), and both reported versus
the volumetric (a) and mass (b) flow rate. It can be seen that the nanofluid dissipates at a
greater heat transfer rate than water for all volumetric fractions and for each tested flow
rate. The maximum heat transfer rate removed is equal to about 150 W, obtained for the
concentration of 2%, which corresponds to about 7.2 W/cm2.
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Figure 7. Error estimation by comparing measured temperature with that calculated from enthalpy
balance equation, with ∆T = Tn f , OUT − Tn f , IN.
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Figure 8. Heat transfer rate dissipated by the fluid, at different concentrations, versus volumetric
flow rate (a) and versus mass flow rate (b).

Figure 9 shows the percentage increase of the heat power absorbed by the nanofluid
compared to that of the water, versus the volumetric flow rate. The nanofluid with the
highest volumetric fraction (2%) presents the greatest increase, which reaches 30%, in
correspondence with the volumetric flow equal to 1.0 L/min.

To evaluate the performance of the duct in the heat exchange, the local convective heat
transfer coefficient is first defined, in correspondence with the position of the thermocouples
placed along the duct. The local convective coefficient is therefore defined as

h(x) =

( .
Q/A

)
T(x)− Tn f (x)

=

( .
Qeb/A

)
T(x)− Tn f (x)

(13)

where A is the outer surface of the test channel, around which the heater is wrapped. Since
it is a problem under uniform flow heat flux conditions, the local nanofluid temperature,
Tnf(x), is supposed to vary linearly between the value measured at the inlet and that mea-
sured at the outlet from the lattice channel. T(x) represents the thermocouple temperature
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value, that is the local wall temperature. Because the thermocouples are equidistant, the
area-averaged heat transfer coefficient, h, is defined as

h =
1
L

L∫
0

h(x)dx =

( .
Qeb/A

)
L

L∫
0

1
T(x)− Tn f (x)

dx ∼= ∑
i

h(xi)

n
(14)

where n is the number of thermocouples along the external surface, while xi represents
their local positioning, from x = 1 cm to x = 7 cm.
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Figure 9. Percentage increase of the heat power absorbed by the nanofluid compared to water versus
volumetric flow rate.

Figure 10 shows the mean convective heat transfer coefficient versus the volumetric
flow rate at different volumetric fractions. The h coefficient for nanofluids is higher than
that of water for flow rates greater than 0.6 L/min. For volumetric flows between 0.2 and
0.5 L/min the behavior is not unique and only the higher concentration seems to guarantee
a better heat exchange than water alone.
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If Figure 8 highlights the effectiveness of the nanofluid with respect to water, for
each concentration and flow rate, Figure 10 introduces some doubts on the advisability of
introducing nanofluids at lower flow rates in forced convection.

By making the evaluation of the thermal performance of the various fluids dimen-
sionless, the Nusselt number is introduced as a function of the hydraulic diameter of the
reticular duct as follows:

NuDh-TC =
h · Dh-TC

kn f
(15)

with h mean convective coefficient, knf thermal conductivity of the fluid (nanofluid or water,
calculated with Equation (4)) and Dh-TC = 1.51 mm the hydraulic diameter referred to test
channel.

Figure 11 reports the mean Nusselt number versus the Reynolds number, thus calcu-
lated:

ReDh-TC =
wTC · Dh-TC

νn f
(16)

where wTC is the mean fluid velocity in m/s, which varies in the range 0.14 m/s < wTC <
1.37 m/s for 0.2 L/min < V < 2 L/min, υnf is the kinematic viscosity in m2/s (Equation (7)).
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Figure 11. Mean Nusselt number versus ReDh TC number at the different volumetric fractions.

The trends in Figure 11 confirm the results of Figure 10, highlighting more the effec-
tiveness of the nanofluid for Reynolds numbers higher than 600, with a peak of the Nusselt
number equal to about 5 around Re = 1500.

For flow rates lower than Reynolds equal to 500, the values of the Nusselt number do
not seem to fully justify the use of the nanofluid, being the convective exchange in some
cases lower than that of water alone. In any case, further measures are needed to evaluate
this aspect.

To explain this behavior, Figures 12 and 13 are proposed, in which some thermophysi-
cal properties of the fluids are reported.
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Figure 12. Thermophysical properties of the nanofluids: thermal capacity (a) and of the thermal
conductivity (b) versus the average flow temperature.
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Figure 13. Prandtl number of nanofluids versus the volumetric flow rate (a) and the average flow
temperature (b).

Figure 12 shows the trend of the thermal capacity (a) and of the thermal conductivity
(b) as the average flow temperature varies, while Figure 13 reports the Prandtl number as
function of both volumetric flow rate (a) and average temperature (b).

The representation with respect to the flow rate implies the dependence on the tem-
perature because as the mass flow rate in the duct increases, at the quasi-constant inlet
temperature Tnf, IN, the outlet temperature Tnf, OUT decreases and with it the average tem-
perature of the nanofluid inside the duct. The thermophysical properties were calculated at
this average temperature.

The representation as a function of the volumetric flow facilitates the comparison
between the various nanofluid concentrations, but, for completeness, Tables 2 and 3 show
respectively the inlet and outlet temperatures of the cooling fluid: the lower average
temperature corresponds to the higher flow rate and vice versa.



Energies 2023, 16, 3835 13 of 20

Table 2. Inlet nanofluid temperature Tnf,IN for all volumetric flow rates and for each concentration.

V [L/min] H2O Al2O3 (1.0%) Al2O3 (1.5%) Al2O3 (2.0%)

0.2 20.7 20.8 20.8 21.1

0.3 20.6 20.5 20.4 20.5

0.4 20.4 20.4 20.3 20.4

0.5 20.3 20.3 20.2 20.4

0.6 20.3 20.2 20.2 20.3

0.7 20.3 20.2 20.2 20.3

1.0 20.2 20.2 20.2 20.2

1.5 20.2 20.2 20.1 20.2

2.0 20.1 20.2 20.1 20.2

Table 3. Outlet nanofluid temperature Tnf, OUT for all volumetric flow rates and for each concentration.

V [L/min] H2O Al2O3 (1.0%) Al2O3 (1.5%) Al2O3 (2.0%)

0.2 30.0 30.7 30.9 31.3

0.3 26.5 26.7 27.8 27.6

0.4 25.0 24.9 24.9 25.4

0.5 23.8 24.0 23.9 24.1

0.6 23.0 23.1 23.2 23.5

0.7 22.7 22.9 22.7 23.0

1.0 21.8 22.1 22.1 22.4

1.5 21.5 21.6 21.5 21.6

2.0 21.1 21.1 21.1 21.2

The average temperature (Tnf, IN + Tnf, OUT)/2 varies between about 26 ◦C and 20 ◦C
and for higher flow rates there is a sort of saturation effect, i.e., for flow rates greater than
1 L/min, the Tn f ,OUT temperatures are very close to each other, and significant percentage
variations are not appreciated.

From Figure 12, the heat capacity is greater for water because, although the density
of the nanofluid increases as the concentration increases, its specific heat decreases with
respect to that of water. Conversely, the conductivity of nanofluids is clearly higher than
water alone due to the presence of the alumina particles.

These opposing behaviors influence the heat exchange, favored, with the same volu-
metric flow rate, both by the high specific heat and by the greater conductivity of the fluid.

Therefore, to help explain the trends in Figure 11, the Prandtl number is shown in
Figure 13. The figure shows that for low flow rates the Prandtl values are very close to
each other as the concentration changes; thus, the Nusselt numbers are very close to each
other. At higher volumetric flow rates, however, the difference is more evident, in favor of
nanofluids. Hence, a higher Prandtl number seems to explain, in part, the higher Nusselt.

In any case, since this is preliminary work, further comments are deferred to subse-
quent insights supported by new measurements.

Finally, a comparison with the scientific literature is proposed to evaluate the thermal
performance of the reticular duct compared to the smooth duct, without any reticular
structure, with dimensions H × W, the same as the supply duct (SD) or Pre-Test duct
reported in Figure 14.
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To allow a homogeneous comparison, a new characteristic length, both for the Reynolds
number and for the Nusselt number, has been introduced, choosing the hydraulic diameter
of the rectangular duct.

The hydraulic diameter is defined as:

Dh-SD =
4H ·W

2(H + W)
= 7.5mm (17)

The Reynolds number is:

ReDh-SD =
wFC · Dh-SD

νn f
(18)

where wFC is the fluid velocity in the feed channel in m/s, which varies in the range
0.04 m/s < wTC < 0.44 m/s for 0.2 L/min < V < 2 L/min

Therefore, the Nusselt number has been defined as:

NuDh_SD =
h · Dh_SD

kn f
(19)

Figure 15 compares the average Nusselt numbers measured in this work with some
empirical correlations for laminar (Re < 2100) and turbulent flows (Re > 2100). For laminar
flow, the Nusselt number is equal to 4.79 for a ratio W/H = 3 [31], while for turbulent flow,
two empirical correlations are reported:

NuDh_SD = 0.036 · Re0.8
Dh_SDPr0.386

(
L

Dh_SD

)−0.054
(20)

NuDh_SD = 0.023 · Re0.8
Dh_SDPr0.4 (21)

The Dittus–Bolter correlation [32], presented in Equation (20), is valid for a fully
hydrodynamically developed flow condition, while the Tam–Ghajar [33] relation, proposed
in Equation (21), is for a conjugate problem.

Figure 15 highlights the convenience of the lattice channel with respect to the smooth
duct in the laminar regime, being the mean Nusselt number from three to five times higher.
On the contrary, in the turbulent regime, defined with respect to the smooth duct, the lattice
channel performs worse than the free duct.
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4.2. Pressure Drops Measurements

The pressure drops measurements were carried out by a differential transducer, and
Figure 6 shows the position of the static pressure holes, placed in the pre- and post-
test ducts.

Figure 16 shows the pressure drops at 20 ◦C as a function of the volumetric flow; it
can be seen that the values for water and for the nanofluid are not very different from
each other.
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Therefore it is possible to determine the coefficient of friction, after measuring the
pressure drops, according to:

λDh-TC =
2 · ∆pTEST · Dh-TC

L · ρn f · w2
TC

(22)

Thus, applying the Darcy–Weisbach formula (Equation (22)), the friction factor of the
nanofluid versus the Reynolds number is always higher than that of water (Figure 17).
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4.3. Experimental Uncertanties

Uncertainty analysis is carried out using the engineering method of [34]. Uncertainties
are evaluated under three conditions:

1. Error distribution is Gaussian according to the central limit theorem;
2. Contribution of each variable to the global uncertainty is reciprocally independent;
3. Measurement accuracy is expressed with a confidence level of 95%.

The errors are referred as random if they vary during the experiment, valuable by
the standard deviation of a representative measurements sample, and systematic if they
are static and assimilable to a mean value deviation. In the case of multiple samples per
measurement, each measurement itself can be represented by the mean sample value, and
the uncertainty can be calculated using the bias (B) and the average precision index (S),
which describe, respectively, the fixed error and the sample standard deviation. Both are
calculated based on the sensitivity to the specific error source, and they are quite similar,
respectively, to the error of Type B and Type A according to the classification proposed
in [35].

All the samples of measurement are multiple. For each physical quantity, Xi, the
uncertainty is expressed by the following equation:

δXi-0.95 =

[
B2

Xi
+
(

t · SXi

)2
] 1

2
(23)

The value of the multiplier t (Student’s test) is set equal to 2 according to the confidence
interval (95%) and the sample degrees of freedom (more than 30). Moreover, the definition
used is

SXi
=

SXi√
N

(24)

The measurement error theory suggests that the result R of an experiment can be
determined by a series of N measurements, a single quantity Xi, and an interpolating
criterion, thus

R = R(X1, X2, . . . . . . , Xi, . . . . . . , XN) (25)

The R result for measurement bias and precision index are described by

BR =

[
N
∑

i=1

(
∂R
∂Xi
· BXi

)2
] 1

2

SR =

[
N
∑

i=1

(
∂R
∂Xi
· SXi

)2
] 1

2
(26)
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The global uncertainty can be expressed by:

δR0.95 =
[

B2
R + (t · SR)

2
] 1

2 (27)

while the percentage uncertainty is δR0.95/R[%].
The static characteristics of the instruments used for volumetric flow and pressure

measurements are summarized in Table 4. The volume flow rate is measured by the Dwyer
flowmeters arranged in parallel to satisfy the tested flow regimes. The pressure drops
measurements were carried out with the Dwyer 690C3 differential transducer.

Table 4. Characteristics of flowmeters and pressure transducer.

Type Model Range Accuracy

Flowmeter Dwyer, RMB 82D-SSV 0.06 ÷ 0.73 L/min 3% of full scale

Flowmeter Dwyer, RMA 85D-SSV 0.8 ÷ 6.2 L/min 3% of full scale

Pressure transducer Dwyer, 629C01 0 ÷ 35 kPa ±0.5% of full scale

4.3.1. Friction Factor Uncertainty

The main error sources, due to the use of Equation (22), are the following:

• Differential pressure measurement;
• Velocity evaluation.

The main error source in the pressure drops is represented by the pressure transducer
accuracy, so the percentage uncertainty is greater than ±20% at a lower flow rate and
decreases quickly to a value of ±2.5% when the volume flow rate is equal to 2 L/min.

The average flow velocity is obtained as a ratio between the flow rate and a reference
section which can be the section of the supply duct or the minimum flow passage section
of the lattice channel. According to the chosen section, the following quantities are defined

wTC =

.
V

Smin−TC
(28)

wSD =

.
V

SSD
(29)

In Equations (23) and (24), the flowmeter accuracy is the main source of error, with a
percentage of uncertainty equal to ±4.5% when the volume flow rate is equal to 0.5 L/min,
±10% for 2 L/min.

Finally, in the friction factor evaluation, the average percentage of uncertainty is equal
to ±25%.

4.3.2. Nusselt Number Uncertainty

The main error sources in the evaluation of the convective heat transfer coefficients,
according to Equation (13), are the temperature measurements, the dependence on electrical
quantities (voltage difference and electric current from the data acquisition system) neces-
sary to estimate the dissipated electrical power due to the Joule effect, and the contribution
to heat transfer due to conduction to the supports and conduction towards the external
ambient through the insulation.

For each thermocouple, the experimental uncertainty is equal to ±0.1 ◦C as a conse-
quence; instead, the relative uncertainty on the temperature difference between the duct
and the fluid is less than ±1.5%.

For the heat flux exchanged in the lattice channel, taking into account the considera-
tions summarized in Figure 7, the uncertainty can be calculated as ±15% of

.
Qeb =

.
Q.
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The final uncertainty on the convective heat transfer coefficient is an average of±16.9%,
which can be considered the same for the Nusselt number, because the contribution to the
uncertainty of the characteristic length and of the thermal conductivity can be negligible.

5. Conclusions

As previously reported, in the scientific literature there are many studies on the
improvement of heat transfer in fluids or nanofluids flowing inside traditional channels, or
simple fluids (air/water) inside reticular channels. However, there are no results obtained
on the heat exchange of nanofluids inside the lattice channel, made for example in 3D
printing. So, in this study, the preliminary results of heat transfer and pressure drop
measurements on Al2O3/H2O nanofluids flowing through a double X lattice channel are
presented. The results were compared to pure water flowing through the same duct. The
channel was heated by a fixed thermal flux equal to 160 W. Experimental tests were carried
out with different volume concentrations of nanoparticles (ϕ = 1.00%, ϕ = 1.50% and
ϕ = 2.05%) and different volumetric flow rates (0.2 L/min to 2 L/min). The following
considerations based on the measurement results can be drawn:

• The heat power absorbed by the nanofluid results are higher than heat power ab-
sorbed by pure water for each volumetric concentration of nanoparticles and for each
volumetric flow rate (an average increase of 6%, 9%, and 14% for 1.00%, 1.50%, and
2.05% volume concentrations, respectively, has been estimated);

• The heat convective coefficient of nanofluid is greater than water when the volumetric
flow rate is greater than 0.5 L/min; however, there is not a significant difference when
volumetric flow rate ranges from 0.2 and 0.5 L/min;

• When the volumetric flow rate is greater than 1 L/min, the heat convective coefficient
results are almost the same (saturation effect);

• The pressure drop of nanofluids is almost the same as that of pure water;
• In laminar flow, the lattice channel (crossed by water or nanofluids independently)

gives better thermal performances compared to the smooth duct..The aim of this paper
is to match the advantage of nanofluid itself and its possible use in reticular ducts
already widely used by many researchers to increase heat transfer, and although this
paper represents a preliminary study to estimate the heat transfer enhancement due
to both nanofluids and lattice structure, it can be concluded that nanofluids that flow
through a reticular duct represent a combination that increases the heat exchange
when volumetric flow rate is greater than 0.5 L/min and when the laminar regime is
assured. Moreover, given that the pressure drop of nanofluids is almost the same as
that of pure water, the use of nanofluids represents a solution that increases the cooling
efficiency of heat exchange. Certainly, traditional fluids can be handled more easily;
the use of nanofluids involves higher production and maintenance costs considering
the phenomena to which they could be subject, such as sedimentation or clustering.

Author Contributions: Conceptualization, S.C. and I.P.; Methodology, S.C., M.P. and I.P.; Formal
analysis, S.C., M.P. and I.P.; Investigation, S.C., M.P. and I.P.; Resources, S.C., M.P. and I.P.; Writing—
original draft preparation, S.C., M.P. and I.P.; Writing—review and editing, S.C., M.P. and I.P.;
Visualization, S.C., M.P. and I.P.; Supervision, S.C., M.P. and I.P.; Project administration, S.C. and I.P.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.



Energies 2023, 16, 3835 19 of 20

Nomenclature

Latin
A surface [m2]
C specific heat [J·kg−1·K−1]
d diameter [m]
D diameter [m]
H convective heat transfer coefficient [W·m−2·K−1]
H inner duct height [m]
I electrical current [A]
K thermal conductivity [W·m−1·K−1]
L length of the lattice channel [m]
M molecular weight [kg·mol−1]
.

m mass flow rate [kg·s−1]
N Avogadro number [mol−1]
Nu Nusselt number [-]
P pressure [Pa]
Pr Prandtl number [-]
.

Q heat transfer rate [W]
R electrical resistance [Ω]
Re Reynolds number [-]
W particle weight fraction [-] or velocity [m·s−1]
W inner duct width [m]
T temperature [◦C] or [K]
.

V volumetric flow rate [m3·s−1] or [l·min−1]
Greek
A thermal diffusivity [m2·s−1]
∆ difference [-]
Φ particle volume fraction [-]
Λ friction factor [-]
M dynamic viscosity [kg·m−1·s−1]
N kinematic viscosity [m2·s−1]
P density [kg·m−3]
Subscripts
Cd conduction
be energy balance
F fluid
Fc forced convection
He heater
Nf nanofluid
P particle
SD supply duct
Tot total
TC test channel
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