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Abstract

In this work, the flow and the heat transfer of C60/tetralin nanofluid is investigated in a horizontal,
circular, smooth, mini-tube with 3.5 mm of inner diameter, under an imposed constant heat flux, for
laminar, transition and turbulent flow regimes. Three mass concentrations of nanofluid (0.10%, 0.30%
and 0.66 mass%) as well as pure tetralin were experimentally tested at different mass flow rates and at
three different inlet temperatures (25o, 35o and 45oC). Temperature and pressure drop measurements
were taken, allowing to determine friction factors and convective heat transfer coefficients. It was
found that, with temperature raise, the friction factor increased with the mass concentration of the
nanoparticles, which represents a penalty on the pumping power. The results also show that the
convective heat transfer coefficient was enhanced when comparing data from heat transfer coefficient
values plotted against the Reynolds number. However, when comparing the heat transfer coefficients
for the same velocity of the flow the results show a decrease in the heat transfer coefficient value for the
0.66 mass% nanofluid. This effect of the addition of C60 nanoparticles was attributed to the decrease
of turbulence intensity as well as to the increased viscosity of the nanofluids.
Keywords: Nanofluid, Nanoparticles concentration, Temperature, Friction factor, Convective heat
transfer coefficient.

1. Introduction

With the increase of environmental concerns the au-
tomobile industry has been searching for alternative
methods to improve the efficiency of internal com-
bustion engines (ICE). In this kind of engine about
40 percent of the fuel energy is lost in the exhaust
system. In order to use this energy with the objec-
tive of reducing the CO2 emissions and improving
the thermal efficiency, several waste heat recovery
(WHR) systems have been proposed. One of them
uses the Rankine Cycle, a cycle based on the steam
generation in a secondary circuit.

The most important element in the Rankine Cy-
cle is the heat exchanger (HX). A heat exchanger
is a system widely used in engineering applications
that allows the transfer of heat between two or more
fluids. There are different possible configurations,
the one to be implemented is a cross flow tube heat
exchanger (figure 1) with the working fluid circu-
lating inside the tubes and the exhaust gases cir-
culating in the exterior [16]. Several studies have
been perform so far to develop this heat exchanger.
This work further contributes to this main goal, fo-
cusing on the properties of the working fluid, by
testing it under working conditions closer to those

of the real operating heat waste recovery system,
being the general working fluid temperatures in the
range of 30o to 350oC [15].

Figure 1: Cross flow HX (adapted from [15]).

It is well known that one of the main limitations
in the development of energy-efficient heat trans-
fer medium is the low thermal conductivity of the
conventional fluids, such as water or oil [10]. To
overcome this issue, several authors suggest the use
of nanofluids, i.e. colloidal mixtures of nano-sized
particles in a base fluid. This new type of fluid have
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heat transfer characteristics superior to both of the
base fluid and suspend particles. It offers a com-
pact, green approach when high thermal loads are in
demand, having many potential applications from
an engineering point of view [14]. A substantial in-
crease in liquid thermal conductivity, heat capacity
and heat transfer coefficients are currently reported
in the literature when using nanofluids. However,
an increase in nanoparticles concentration is also
known to often increase the viscosity of the bulk
solution, which can lead to several issues related to
the fluid flow and to pressure losses [13, 10].

So, the main objective is to evaluate the potential
use of nanofluids as working fluid, inferring on the
potential advantage of the enhanced thermal prop-
erties of such fluids with the possible disadvantage
of increased pressure losses due to the augmented
viscosity.

In the present study the nanofluid used is a
mixture of fullerene particles, C60, and tetralin.
Fullerene is an allotrope of Carbon, one of the many
forms that carbon based materials can assume. It
is a substance produced naturally, in small quan-
tities, that was discovered in 1985 [7], being the
Buckminsterfullerene (C60) the most common form
to find. Its unique cage structure allows an interest-
ing interaction with solvents, having the capability
of dissolving in common organic solvents.

Tetralin, (1,2,3,4-Tetrahydronaphthalene) is a
hydrocarbon. It is composed entirely by carbon and
hydrogen, having the chemical formula of C10H12.
It is a colorless liquid, with a strong moldy smell.
Tetralin has been widely used in liquefaction of coal
and biomass and also as coolant in nuclear power
plants.

C60 particles have a very good solubility in
tetralin, which further improve as the fluid tem-
perature increases, as explained in Kozlov et al.
[6]. Fullerene particles are very easy to mix with
tetralin, forming a stable mixture. Since the stabil-
ity of the nanofluid is one of the most difficult ob-
stacles to overcome when preparing a nanofluid, as
aforementioned, and given it’s high potential to be
used in heat transfer applications, at reduced costs,
tetralin based nanofluids using fullerene nanoparti-
cles are the main nanofluids which were used in the
present work.

2. Nanofluids

This new kind of thermal-fluid has superior thermal
properties, as the suspended particles enhance the
heat transfer characteristics of the base fluid. In
the past few years, a large number of studies have
been carried out to investigate nanofluids. Many
of them focus on nanofluid development, prepara-
tion techniques and characterization, others in heat
transfer enhancement, convection, applications and

challenges [10, 14, 13, 17, 1].

The addition of nanoparticles changes the ther-
mophysical properties of the base fluid, allowing to
artificially tune them for a specific application. The
most important properties to tune are thermal con-
ductivity, viscosity, density and specific heat.

Since thermal conductivity of the particles is
higher than that of the base fluid, an enhancement
of the thermal conductivity of the nanofluid is ex-
pected to occur. This enhancement depends on
some factors related with particle motion, such as
the dispersion of the particles, thermophoresis, dif-
fusiophoresis. Other factors influencing the thermo-
physical properties of the nanofluid, mostly thermal
conductivity and viscosity, are the volume concen-
tration, the shape of the particles, the size of the
particles, temperature and pH [18, 3].

2.1. Consequences for the fluid dynamics
and heat transfer characteristics in in-
ternal flows

The variations of the previously explained thermo-
physical properties of the nanofluids are the fac-
tors that influence the hydrothermal characteristics
of the nanofluid. The most important parameters
to analyze are the heat transfer coefficient, Nus-
selt number, Prandtl number as well as the pres-
sure losses. Given this, the thermal conductivity
will affect directly the Nusselt and Prandtl num-
bers, fundamental parameters to analyze the heat
capacity of the fluid.

The other important parameter to be analyzed,
before apply the fluid to a practical case, is the the
flow resistance, i.e the pressure drop, which is di-
rectly affected by the viscosity of the nanofluid. The
increase of the viscosity represents an increase of the
pressure drop, which is not desirable, as it means
an increase in the pumping power. On the other
hand, viscosity directly affects the convective heat
transfer coefficient.

Many research has been published for experimen-
tal heat transfer characteristics of various types of
nanofluids. For forced convection in smooth, hori-
zontal tubes with a constant heat flux applied, Pak
and Cho [12], in 1998, studied the turbulent friction
and heat transfer of Al2O3/water and TiO2/water
nanofluid. Their results showed that heat trans-
fer increased with increasing volume concentration:
for 1.34% volume of Al2O3 particles the enhance-
ment was 45% and 75% at a concentration of 2.78%.
At the same concentration the heat transfer en-
hancement for TiO2/water was less than that of
Al2O3/water. However, under the condition of con-
stant average velocity, for 3% volume concentration,
the heat transfer coefficient was 12% smaller than
that of the base fluid.

Li and Xuan [8, 9] studied, in 2002 and 2003,
the laminar and turbulent convective heat transfer
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and friction factor of Cu/water nanofluid. The sus-
pended particles enhance the heat transfer process,
increasing the heat transfer coefficient about 60%
for 2.0% volume concentration of Cu nanoparticles.

In 2009, Anoop et al. [2], used Al2O3 particles
dispersed in water to evaluate the effect of particle
size on convective heat transfer in laminar devel-
oping region. With the increase in particle con-
centration and flow rate, the average heat transfer
coefficient value was increased. However, for the
nanofluid with 45 nm particles, the enhancement
was around 25%, while for the nanofluid with the
150 nm particles, for the same conditions, the en-
hancement was 11%.

The literature review introduced in the previous
paragraphs provide the context for the investigation
of the effects of adding nanoparticles on the convec-
tive heat transfer in a horizontal, circular, smooth
tube with constant heat flux condition. Most of
the published data show a thermal conductivity
and a heat transfer coefficient enhancement with in-
creased particle concentration, being the heat trans-
fer coefficient enhancement more pronounced for
flows with high Reynolds number. However, differ-
ent results of this coefficient were reported depend-
ing from the analysis method. On the other hand, a
penalty in pumping power for using the nanofluids
is also reported, due to the increase of the friction
factor.

3. Implementation
The experimental setup used in this study is repre-
sented in Figure 2, its main description is summa-
rized bellow.

Figure 2: Experimental setup.

The working fluid is introduced in the vessel (1)
and is pumped by a magnetically coupled vane
pump (2) through the closed loop. The pump is
connected to a frequency converter (5) that allows
to regulate the flow rate of the working fluid. The
flow rate can also be regulated by a bypass valve
(4). Once the valve is open it forces the fluid to
recirculate to the vessel, reducing the flow in the
installation. After the pump, the fluid enters a
Coriolis mass flow meter (mini CORI-FLOW M15,

Bronkhorst) (6) where the mass flow rate, ṁ, the
inlet temperature, Ti, and the density of the fluid,
ρ, are measured. Working in the range of 0.2 to 300
kg/h, with an accuracy of 0.2% and with a density
accuracy of 5 kg/m3. Then, the fluid flows through
the test section (7), a smooth round tube with 3.5
mm in inner diameter and 0.25 mm in wall thick-
ness. An initial 0.4 m length without heating is
used for flow hydrodynamic developing. The heated
area has 2.4 m and is divided into six equal parts
with six type K thermocouples (T) installed on the
tube wall. A constant heat flux is applied to the
walls of this section by a power source (HY5050EX,
VOLTEQ)) (8), which allows to regulate the elec-
trical current, I, with an accuracy of 0.5% and the
voltage, V, with an accuracy of 0.3% . Also, two
thermocouples are placed at the entry and outlet
of the test section, which provide the temperature
variation in the tube (∆T ). A differential pres-
sure transducer (PX2300, Omega) (∆P ) provides
the pressure variation along the test section. To
prevent heat loss, the test section is inside a vac-
uum chamber (9) and all the pipes in the setup are
insulated by a rubber insulation. Finally, the fluid
enters the mixer, cooler and heating system (10),
before returns to the vessel and close the loop. To
make sure that the test section is in a horizontal
and straight position, a stretching force of 20 kg is
used.

All the pressure and temperature signals from the
sensors are acquired by a RIGOL acquisition sys-
tem, connected to a PC with its own software. The
data from the Coriolis mass flow meter is processed
by the software FlowDDE.

The experimental process consisted in test-
ing four fluids at three different inlet tempera-
tures. The fluids tested were pure tetralin and
C60/tetralin nanofluid with 0.10%, 0.30% and 0.66
mass% of nanoparticles. The temperatures at which
they were tested were 25o, 35o and 45oC.

3.1. Preparation and characterization of the
nanofluids

In this study, particles of fullerene, C60 (CAS 99685-
96-8) with a purity of 98%, were dissolved in pure
tetralin (1,2,3,4-Tetrahydronaphthalene, CAS 119-
64-2) to prepare the nanofluid.

The mass fraction of the nanoparticles in the sam-
ples was determined by the following equation:

w =
mnp

mnp +mbf
(1)

where mnp is the mass of nanoparticles (kg) and
mbf is the mass of tetralin (kg). The mass measure-
ments where made in an analytical balance (model
ABS80-4N by Kern) with a resolution of 0.1 mg and
an accuracy of 0.3 mg.
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Figure 3: Nanofluids.

The total mass of tetralin used for the tests in the
experimental setup was 1447.448 gr. Table 1 shows
the exact mass of C60 used for each concentration.

Nanofluid Mass C60 (gr) Mass fraction (%)

a 1.5005 0.10356
b 4.3485 0.29953
c 9.5475 0.65529

Table 1: Nanofluid concentrations.

Ultrasonication was used to break the nanopar-
ticles cluster and form a well dispersed suspension.
The power applied was fixed for the three concen-
trations, to the value of 35 W.

3.1.1 Thermophysical properties
The density of the nanofluid, ρnf , is in general con-
sidered to be a mixed property of the density of the
base fluid, ρbf , and the density of the nanoparticles,
ρnp. So, a widely used equation for this calculation
is:

ρnf = φρnp + (1− φ)ρbf (2)

where φ is the particle volume fraction obtained by
equation 3, where, respectively, w is the mass frac-
tion of the nanoparticles, obtained by equation 1.

φ =

w
ρnp

w
ρnp

+ 1−w
ρbf

(3)

The results obtained by the Coriolis mass flow
meter were compared and clearly match with the
reference data for tetralin [5].

To obtain the dynamic viscosity, a previous anal-
ysis to the fluid had to be performed. The depen-
dence of shear stress (τ in Pa) versus shear rate (γ̇ in
s−1) were calculated using the next two equations,
respectively:

τ =
D

4L
∆P (4)

γ̇ =
32

πD3
Q (5)

Equations 4 and 5 were both used in the laminar
flow with no heat flux applied. The results obtained
show that C60/tetralin nanofluid is a Newtonian
liquid, regardless of the concentration or temper-
ature, and, given this, by implementation of capil-
lary rheometer theory, the equation of viscosity of
Hagen-Poiseuille is applicable:

µ = C
∆P

Q
(6)

where C is a constant related to the dimensions of
the tube and Q is the volumetric flow rate (m3/s).

The thermal conductivity of tetralin and
C60/tetralin nanofluids was measured by the tran-
sient hot wire method. There are several techniques
which can be used with this purpose, however, the
transient hot wire technique is the most used due
its accuracy, as it eliminates the errors caused by
natural convection in the nanofluid, being very fast
compared to other techniques.

The specific heat capacity used in this thesis was
obtained by Zhelezny et al. [19, 20].

The relation between each property and the in-
crease in temperature and in mass concentration is
present in the following table:

Properties T ↑ w ↑

Density, ρ ↓ ↑
Viscosity, µ ↓ ↑
Thermal conductivity, k ↓ ×
Specific heat, Cp ↑ ↓

Table 2: Relation of thermophysical properties with
temperature and mass concentration.

3.2. Data reduction

The thermophysical properties of the four tested
fluids, i.e. density ρ, dynamic viscosity µ, thermal
conductivity k and specific heat capacity Cp, were
evaluated at the mean temperature of the fluid (T ):

T = Ti− ∆T

2
(7)

where ∆T is the temperature difference between the
outlet and inlet temperatures of the tube, ∆T =
To − Ti .

The Reynolds number was calculated with:

Re =
4ṁ

µπD
(8)
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The friction factor was calculated using the Darcy-
Weishbach equation:

f =
2D∆P

ρU2L
(9)

where U is the mean velocity of the flow, calculated
by:

U =
ṁ

ρAc
(10)

where Ac = 9.6486 mm2 is the cross section area of
the tube (Ac = πD2/4).

The thermal power transferred to the fluid is
given by:

q = ṁCp∆T (11)

which divided by the surface area of the heated
length of the tube, A = 0.026427 m, (A =
πDLheated) allows to calculate the heat flux, q′′ =
q/A. The heat transfer coefficient is then given by:

h =
q

(Ts − T )
(12)

where Ts is the surface mean temperature and is
calculated by an average of the temperature values
of each six thermocouples installed on the tube wall.

Ts =
T1 + T2 + T3 + T4 + T5 + T6

6
(13)

Then, a number of dimensionless numbers are cal-
culated, which are relevant to analyze the flows of
the nanofluids, namely, the Nusselt number;

Nu =
hD

k
(14)

Prandtl number:

Pr =
µCp

k
(15)

Grashof number:

Gr =
gβ(T s − T )D3

ν2
(16)

Richardson number:

Ri =
Gr

Re2
(17)

Colburn j-factor:

j =
Nu

RePr1/3
(18)

4. Results
4.1. Flow conditions
To assess the flow conditions inside the tube, hydro-
dynamic and thermal entry lengths were calculated.

The hydrodynamic entry length just depends on
the tube diameter and on the Reynolds number, not

being affected by the type of fluid used. It was con-
cluded that for laminar and turbulent regions, the
flow will be hydrodynamically fully developed, re-
gardless of the concentration of the nanofluid being
used.

For the thermal entry length, properties of the
flow affect this value in the laminar flow regime,
as the thermal entry length in this region depends
on the Prandtl number. However, for all the tests
carried in this study, the results are similar, so, in
the laminar region the flow will be developing ther-
mally. For the turbulent region, the flow will be
fully developed thermally.

4.2. Convective analysis

The convection type in the flow was identified based
on the Richardson number method. The four fluids
were evaluated at the three inlet temperatures, and,
for all cases, the Richardson number is smaller than
0.1, meaning that only forced convection is present
in the flow.

Figure 4: Richardson number versus Reynolds num-
ber as a function of nanoparticles mass fraction, at
Ti = 45oC.

4.3. Thermal losses

The experimental setup allows to apply an imposed
and fixed heat power and therefore a heat flux value
(q′′s ) to the test section. However, due to thermal
losses to the surroundings, the actual heat rate that
is transferred to the working fluid is less than the
imposed one. The results obtained for the efficiency
of the nanofluid show that for all the cases, the ef-
ficiency increases as the Reynolds number increases
tending to stabilize in the turbulent flow. However,
as the temperature increases, the efficiency tends to
decrease, specially in the laminar flow.

Also, the efficiency tends to increase as the con-
centration of the nanofluid increases. These results
can be explained, not by the specific heat capacity
of the nanofluids, as expected, but by the effects of
the viscosity and the density of the nanofluid.
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(a) Thermal efficiency obtained for the
0.10 mass% nanofluid at different flow
regimes and inlet temperatures.

(b) Thermal efficiency of all the working fluids at
different flow regimes for Ti = 25oC.

Figure 5: Thermal efficiency obtained for the work-
ing fluids at different experimental conditions.

4.4. Hydrodynamic characteristics.
4.4.1 Pressure drop

Figure 6: Pressure drop versus Reynolds number as
a function of nanoparticles mass fraction at Ti =
45oC.

As previously explained, the pressure drop is
an important factor when analyzing an internal
flow since it directly affects the required pumping
power. Since the viscosity of the nanofluids in-
creases with the nanoparticles mass fraction, the
pressure drop is larger for an increased concentra-
tion of the nanoparticles. Becoming this difference,
when compared to pure tetralin, more significant at
larger inlet temperatures. This trend can be related
to the viscosity of the fluids, since the viscosity de-
crease with the temperature is not exactly the same
for all the nanofluids tested. In fact, a divergence
between the curves of tetralin and nanofluids with
lower nanoparticles concentration and the nanofluid
with the largest nanoparticles concentration was ob-
served, which shows an overall larger viscosity, that
tends to decrease less with temperature.

4.4.2 Friction factor
Shown in figure 7 are the obtained values of fric-
tion factor for 0.10 mass%, 0.30 mass%, 0.66 mass%
C60/tetralin nanofluids and pure tetralin for the en-
tire flow range at an inlet temperature of 45oC.
The results are compared with Hagen-Poiseuille and
Blasius equations.

Figure 7: Friction factor versus Reynolds number as
a function of nanoparticles mass fraction, at Ti =
45oC.

Analyzing the results with more detail, it is pos-
sible to notice that, in the laminar flow regime,
the friction factor does not depend of the particles
concentration, being the values of the friction fac-
tor versus Reynolds number the same as for pure
tetralin. The largest difference obtained between
the nanofluids and tetralin was about 4% for an
inlet temperature of 45oC.

The difference in the friction factor between the
nanofluids and the tetralin is slightly larger in the
turbulent flow, particularly as the inlet tempera-
ture and the nanoparticles concentration increases.
Hence, the largest values of the friction factor were
obtained for the 0.66 mass% nanofluid, at 45oC,
which was observed to be about 8.8% larger, for a
Reynolds number of 3600, when compared to that
of tetralin. This trend can be explained by the vis-
cosity of the nanofluids, as discussed in the previ-
ous paragraphs. However, since as the tempera-
ture increases, the dynamic viscosity of the fluids
decrease and the difference between them becomes
more significant, specially for 0.66 mass% nanofluid,
and, since the difference between the density of
the nanofluids remains constant with temperature
raise, it is possible to conclude that with tempera-
ture augmentation, the friction factor will increase
with nanoparticles concentration, when compared
to that of pure tetralin. At the same time, the
Reynolds number, for the same fluid velocity, will be
higher for tetralin and for the nanofluids with lower
mass concentration. So, the transition from lami-
nar to turbulent seems to occur at lower Reynolds
for the nanofluid with larger concentration (even
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though that may not be true) and its friction fac-
tor values will increase. So, overall one can ob-
serve that the friction factor increases with mass
concentration of nanoparticles augmentation, being
this more pronounced as the temperature increases.
These differences are also more prominent in transi-
tion and turbulent regimes, which are more affected
by viscous and mixture effects.

This analysis reveals that, as the temperature in-
creases, an increase of the mass nanoparticles will
cause extra penalty in pumping power when com-
pared to pure tetralin.

As aforementioned, the results also suggest an
early transition to the turbulent flow for nanofluids,
being this transition as early as the increase of mass
concentration of the nanofluid.

4.5. Heat transfer
4.5.1 Convective heat transfer coefficient
The experimental values obtained for the heat
transfer coefficient, as a function of the Reynolds
number are depicted for an inlet temperature of
45oC in figure 8. The results reveal that in the
laminar region the heat transfer coefficient is not
affected by the addition of the nanoparticles, hav-
ing just a slight increase as the Reynolds number
increases. However, in the turbulent region, it in-
creases with the increase in mass concentration of
the nanoparticles. This augmentation is more pro-
nounced as the temperature increases. For turbu-
lent flow, at a Reynolds number of approximately
4000, the heat transfer coefficient is enhanced by
4.9% when using 0.10 mass% nanofluid, by 11.2%
when using 0.30 mass% and 30.5% when using 0.66
mass% nanofluid.

Figure 8: Heat transfer coefficient versus Reynolds
number as a function of nanoparticles mass fraction,
at Ti = 45oC.

However, looking at the evolution of the heat
transfer coefficient as a function of the Reynolds
number can be deceiving when comparing the dif-
ferent nanofluids, since, as discussed in previous

points, the viscosity varies in a different way on tem-
perature, depending on the nanoparticles concen-
tration, which may alter the values of the Reynolds
number in a way that disables an accurate compar-
ison between the different fluids. Hence, as an al-
ternative, earlier proposed by Pak and Cho [12] and
depicted in figure 9 the heat transfer coefficient ob-
tained for the different fluids can be compared un-
der the condition of constant average velocity, since
it gives a more accurate representation of the heat
transfer. The results show that for a mean veloc-
ity value of 1.5 m/s, the heat transfer coefficient of
0.10 mass% C60/tetralin nanofluid is 1.22% higher,
at 0,30 mass% is 2.06% higher and at 0.66 mass%
is 8.36% lower than pure tetralin. This slight de-
crease of the convective heat transfer coefficient can
be appreciated in figure 9 and is only valid in the
turbulent flow regime.

Figure 9: Heat transfer coefficient versus mean fluid
velocity as a function of nanoparticles mass fraction,
at Ti = 45oC.

This decrease of the heat transfer coefficient
for the nanofluid with the highest concentration
tested can be explained by the findings reported by
Rudyak et al.[11] who studied the transition (from
laminar to turbulent regime) of a nanofluid flow in-
side a pipe. Rudyak et al. [11] observed that, with
increasing concentration of nanoparticles, the tran-
sition occurred at smaller Reynolds numbers. How-
ever, Rudyak et al. [11] also measured the pres-
sure pulsations in the tube and observed that in
turbulent flow regime, the nanoparticles reduce the
pressure pulsations. This reduction leads to a de-
crease of the small-scale turbulent fluctuations, i.e,
a turbulence degree reduction, decreasing the mix-
ing inside the pipe, which results in a lower heat
transfer coefficient.

4.5.2 Nusselt number

The Nusselt number was also evaluated for the four
fluids at the three different inlet temperatures. As
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expected, and in agreement with the results re-
ported in the previous paragraphs, for the same
Reynolds number, as the mass concentration of the
nanofluid increases, the Nusselt number also in-
creases, being this increase more significant at the
highest temperature tested, 45oC, as can be seen
in figure 10. The results show a raise of the Nus-
selt number of about 56% for 0.66 mass% nanofluid,
at a Reynolds number of about 4100. However, this
augmentation, only affects the turbulent region, not
affecting the laminar region neither by the temper-
ature or by the particles concentration.

Figure 10: Nusselt number versus Reynolds number
as a function of nanoparticles mass fraction, at Ti =
45oC.

4.5.3 Colburn j-factor
Considering the subjective determination of the
transition region based on the visual inspection of
the plots, the Colburn j-factor was used as a com-
plementary parameter, as proposed by Everts and
Meyer [4]. Looking at the Colburn j-factor, as a
function of the Reynolds number and in agreement
with the results discussed in the previous sections,
the transition from laminar to turbulent occurs at
lower Reynolds numbers, as the mass concentra-
tion of C60 nanoparticles increases. This trend
is more pronounced for higher inlet temperatures.
Although these results can be clearly seen in the
graphics that have been presented, again care must
be taken in their interpretation which is still based
on the visual inspection of plots presented as a func-
tion of the Reynolds number. Aiming at a more ac-
curate identification of the critical conditions for the
occurrence of the transition, the Colburn j-factor
gradient as a function of the Reynolds number is
evaluated, following the method proposed by Everts
and Meyer [4]. Figure 12 shows, as an illustrative
example, the obtained Colburn j-factor gradient as
a function of the Reynolds number for 0.10 mass%
nanofluid for the three inlet temperatures tested.

The closest value as possible of the critical

(a)

(b)

Figure 11: Colburn j-factor as a function of
Reynolds number, at Ti of (a) 25oC (b) 45oC.

Figure 12: Colburn j-factor gradient versus
Reynolds number, as a function of the inlet tem-
perature for 0.10 mass% nanofluid.

Reynolds, Recrt, i.e. the Reynolds for the start of
the transition flow regime and end of the laminar
flow regime, was obtained as the derivative turns
from negative to positive. The obtained values, for
tetralin, 0.10%, 0.30% and 0.66 mass% nanofluids
at the three different inlet temperatures are sum-
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marized in table 3.

25oC 35oC 45oC

Tetralin 2388 2469 2570

0.10 mass% 2315 2363 2389

0.30 mass% 2113 2253 2231

0.66 mass% 2155 2017 1902

Table 3: Critical Reynolds number.

The results clearly show a decrease of the critical
Reynolds number as the nanoparticles mass concen-
tration increases, for all the temperatures tested.
This corroborates the previously obtained results
discussed when analyzing the pressure drop, the
friction factor, the heat transfer coefficient and Nus-
selt number, of the transition to occur earlier, i.e.
at lower Reynolds numbers for the nanofluids, being
this as early as the mass fraction of nanoparticles
increases.

On the other hand, it is possible to see a gen-
eral increase of the critical Reynolds number as the
temperature increases, i.e, an overall delay in tran-
sition, as the temperature increases. Although, for
the nanofluid with the highest concentration, 0.66
mass%, the transition starts earlier as the temper-
ature increases. This anticipation of the transition
with the temperature raise can be explained again
with the dynamic viscosity, following the same ar-
guments used in 4.4.2.

5. Conclusions

The present work was aimed at evaluating the po-
tential benefits of using C60/tetralin nanofluid as a
working fluid for a heat exchanger to enhance the
heat transfer mechanisms. So, this work presents a
study on the effects of adding fullerene nanoparti-
cles on the heat transfer and hydrodynamic behav-
ior on C60/tetralin nanofluid flowing inside a hor-
izontal, circular and smooth tube with a constant
heat flux applied. Particular emphasis is given to
the effect of increasing the mass concentration of
the particles and the inlet temperature of the work-
ing fluid.

• Regardless the working fluid, the flow was hy-
drodynamically fully developed in all Reynolds
number range. Thermally developed for tur-
bulent regime and developing in the laminar
regime.

• Only forced convection was present in the flow.

• Thermal efficiency tends to increase with mass
concentration of C60 nanoparticles, as well with
the Reynolds number and tends do decrease

with temperature raise. This is due to thermo-
physical properties variation, namely, viscosity
and density.

• Friction factor raise with temperature increase
and with mass concentration of the nanopar-
ticles increase, representing a pumping power
penalty when using the nanofluids.

• On the convective heat transfer coefficient the
results depend on the method used to evaluate
it. So, the heat transfer coefficient increases
with the increasing Reynolds number and with
increasing mass concentration of nanoparticles.
When comparing the heat transfer coefficients
as a function of the mean velocity of the fluid,
0.66 mass% nanofluid showed a decrease of
about 8.36%, when compared to pure tetralin,
attributed to the reduction in the degree of tur-
bulence.

• Analyzing the Colburn j-factor and its gradient
allows to conclude that the transition starts
at a lower Reynolds number as the nanopar-
ticles concentration increases. When assess-
ing the influence of the inlet temperature in
the transition, the results show a delay in the
laminar-turbulent transition with temperature
raise, except for the nanofluid with highest con-
centration, which is explained by the dynamic
viscosity.

Using different methods to identify the occur-
rence of transition allowed to confirm the con-
sistency of the trends evaluated in each method,
stressing that the major role of the nanoparticles
concentration, for the range studied in the present
work, was to alter relevant bulk properties of the
fluids, namely the viscosity, which dominated over
the variation of other properties such as the thermal
conductivity. Overall these effects became domi-
nant leading to a significant increase of the heat
transfer coefficient despite of the penalty in the
pumping power. So, the use of this nanofluid is rec-
ommended as a working fluid with enhanced ther-
mal properties, although the concentration of the
nanoparticles should be carefully considered due to
the increase pumping power penalty and the dete-
rioration of the heat transfer coefficient for concen-
tration equal or higher than 0.66 mass%.
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prehensive review on synthesis, stability, ther-
mophysical properties, and characterization of
nanofluids. Powder Technology, 344:404–431,
2019.

[19] V. Zhelezny, O. Khyliyeva, and A. Nikulin. Ef-
fect of fullerene C60 on heat capacity, density,
thermal conductivity and viscosity of tetralin.
165, 2019.

[20] V. Zhelezny, I. Motovoy, O. Khliyeva, and
N. Lukianov. Thermochimica Acta An influ-
ence of Al2 O3 nanoparticles on the caloric
properties and parameters of the phase transi-
tion of isopropyl alcohol in solid phase. Ther-
mochimica Acta, 671(September 2018):170–
180, 2019.

10


