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Abstract. This work presents an experimental and numerical simulation performed to evaluate the thermohydraulic
performance of multi-walled carbon nanotubes (MWCNT) nanopatrticles dispersed in thermal oil, flowing in a horizontal
tube under constant heat flux conditions. The goal is to investigate the effect of adding MWCNT nanoparticles to the
thermal oil on heat transfer and pressure drop. Nanofluids with volumetric concentrations of 0.01% and 0.02% were
produced using the sonication process. The experimental setup evaluated the heat transfer coefficient and pressure drop
in laminar flow, with an inlet temperature of 60 °C, mass flow rate of 17 g/s, and constant heat flux conditions on the
tube surface of 12 kW/m2. For numerical simulation, the same experimental test conditions were considered. The finite
volume method implemented in Ansys Fluent software was used, assuming single-phase, Newtonian, and incompressible
flow. The experimental results showed that the dispersion of carbon nanotubes increased the heat transfer coefficient
compared to the base fluid, while the pressure drop was higher. Numerical simulations exhibited satisfactory agreement
with experimental data. The analysis of the results indicates that the addition of MWCNT nanopatrticles in thermal oil
can significantly improve heat transfer and pressure drop. This study contributes to understanding of the nanoparticle
effects on thermal fluids and can contribute to the development of systems with improved heat transfer performance.
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1. INTRODUCTION

Heat transfer fluids such as water, ethylene glycol and oil are used in many fields of applications, but they have poor
heat transfer properties compared with most solids. How to improve their thermophysical properties is one of the greatest
challenges to their application. Therefore, many researchers have focused their efforts on the development of high-
performance heat transfer fluids in recent decades. So, advancement in nanotechnology gives an opportunity to disperse
nanoparticles (1-100 nm) in based liquid, which is called nanofluids by Choi (1995). In fact, it was found that nanofluids
have improved thermophysical properties when compared to baseline fluids, thereby demonstrating a great potential for
application in thermal systems (Asadi et al., 2018).

There is a limited number of experimental works on heat transfer from nanofluids with oil as the base fluid. These
works are mainly studied within a laminar flow, which may be due to the high viscosity of these fluids. Several studies
on heat transfer and pressure drop of oil-based nanofluids can be found in the literature. Saeedinia et al. (2012)
experimentally investigated the average heat transfer coefficient of CuO/MO nanofluids flowing inside a horizontal tube
under constant heat flux. The findings indicated an increase in the average heat transfer coefficient with increasing
concentration of carbon nanotubes. The maximum increase in the heat transfer coefficient was 12.7 % for a concentration
of 2 wt.%. Kumaresan et al. (2013), for instance, mentioned an enhancement of 150 % and 92 % of the heat transfer
coefficient at x/D=93.46 for MWCNT/H;0O-EG nanofluids (70:30), whose nanoparticle volumetric concentrations were
0.450 % and 0.150 %. The authors attributed the significant enhancement in the convective heat transfer to the migration
of carbon nanotubes within the base fluid, which disrupts the rapid development of the thermal boundary layer.
Hekmatipour et al. (2016) analyzed the convection heat transfer in thermal oil-based CuO nanofluids in a laminar flow.
The researchers showed an increase in the heat transfer coefficient with the increase in the concentration of nanoparticles.
The observed increments were in the order of 22 % for a nanoparticle concentration of 1.5 wt.%. Detailed literature
reviews on the heat transfer behavior of nanofluids were provided by Yu et al. (2008) and Murshed et al. (2011). Amiri
et al. (2015) experimentally assessed the convection heat transfer of carbon nanotube nanofluids in turbine oil flowing
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inside a horizontal circular tube in laminar flow (Re : 350 — 750). The authors prepared stable nanofluids at different
concentrations (0.001 %, 0.010 %, 0.050 % and 0.100 vol.%). According to the findings, as the solid concentration of
carbon nanotubes increased, the convection heat transfer coefficient increased in all axial positions along the tube.

In literature, several experimental and numerical works can be found aiming to evaluate convective heat transfer in
nanofluids. However, it is important to highlight that few studies have focused on the use of thermal oil as the base fluid.
Regarding the numerical approach, single-phase and two-phase models are the most commonly used. The single-phase
approach assumes that the fluid and particles move at the same velocity. This approach has lower computational demand
and has been employed in various studies on convective heat transfer with nanofluids ((Sajjad et al., 2018), (Liang et al.,
2019), (Saeed et al., 2021) and (Bose at al., 2023)). On the other hand, the two-phase approach takes into account factors
such as gravity, Brownian forces, turbulence, among others. However, this approach is more complex and requires higher
computational cost for implementation.

In this work, convective heat transfer and pressure drop were evaluated in laminar flow of carbon nanotube
(MWCNT) nanofluids dispersed in thermal oil. Volumetric concentrations of 0.01% and 0.02% were experimentally
tested in a horizontal tube with constant heat flux on the wall. In addition, numerical solutions were obtained by solving
the Navier-Stokes and energy equations using the ANSYS Fluent software based on the finite volume method, assuming
single-phase flow due to the very low concentration. In the study, the mass flow rate was kept constant at 17 g/s, and a
constant heat flux of 12 kW/m? was applied to the external surface of the tube wall. The inlet temperature of the tested
samples into the tube was maintained at 60 °C. The effect of nanoparticle concentration on the convective heat transfer
coefficient and pressure loss was experimentally evaluated and compared with the base fluid. The results of the
numerical/experimental comparison were presented as variations of the Nusselt number (Nu) and convective heat transfer
coefficient (h) along the tube, as well as variations in the outlet temperature (T,,.) values and friction factor (f).

2. METHODS
2.1 Materials

The present study used multiwalled carbon nanotubes with a length range of 30-40 um and a diameter range of 20-
30 nm for the production of nanofluids. These nanotubes were obtained from Nanostructures & Amorphous Material Inc.
The baseline fluid employed in this research was LUBRAX-OT100 mineral oil, which was provided by PETROBRAS.
Detailed information regarding their thermophysical properties of the nanoparticles and base fluid can be found in Table
1.

Table 1. Thermophysical properties of nanoparticles and base fluid.

Properties Base fluid* MWCNT
Thermal Conductivity [W/m-K] 0.131 3000
Specific Heat [J/kg-K] 1883 710
Density [kg/m®] 885 2100
Dynamic Viscosity [Pa‘s] 0.31 -

* The thermophysical properties of the base fluid were demonstrated at a temperature of 20 °C.

To calculate the properties of the nanofluids, the models introduced by Pak and Cho (1998) (Eq. (1)) and Xuan and
Rotzel (2000) (Eg. (2)) were employed.

Pnf = (1 = @)ppt + Opnp ®
_ (1 — D) ppCppr + DPnpCpnp @
pnf (1 — D)pus + Ppnp

2.2 Preparation of nanofluids

The two-step method is used for the production of oil-based carbon nanotube nanofluids at different concentrations
(0.01 and 0.02 vol.%) (Saeedinia et al., 2012). Due to the high viscosity of the thermal oil, the turbine agitator is first used
to facilitate the dispersion of particles within the base fluid for 15 minutes. Once the mechanical agitation process is
completed, the samples are submitted to an ultrasonic bath-type process, for which a low-power ultrasonic bath (50 W)
was used for 2 hours. In this process, the breaking of the aggregates and the dispersion of particles homogeneously is
observed. Subsequently, each sample is sonicated using a programmable ultrasonic processor, applying a power of 400
W with a frequency of 20 kHz with pulses in ON of 5 s and time in OFF of 8 s for 2 hours. The ultrasonic processor
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generates heat during operation because all the energy is dispersed in the fluid, causing an increase in fluid temperature.
Then, a cooling water bath is used to dissipate heat from the nanofluids during ultrasonic homogenization. The
temperature of the nanofluids during the process remained constant. Finally, a complete dispersion of the nanoparticles
in the base oil is observed.

2.2 Experimental setup

The experimental setup has the necessary features to study the thermal and fluid dynamic behavior of the oil-based
carbon nanotube nanofluids produced. The experimental apparatus used for this case is illustrated schematically in Figure
1. It consists of a test section, the cooling system, the preheating system, and mass flow measurement system, and the
monitoring system and data acquisition.

The test section designed to determine the convective heat transfer coefficient and pressure drop of nanofluids in
laminar flow with constant surface heat flux, consists of a brass circular tube with smooth inner wall, an external diameter
of 12.7 mm, wall thickness of 3.17 mm and a total length of 2480 mm. To measure wall temperatures, the test section has
8 T-type thermocouples and 8 PT100-type RTD temperature sensors, distributed at 8 points along the outer wall of the
tube. It is worth noting that each of the 8 points contains a thermocouple and a PT100 in diametrically opposite positions.
Thus, the temperature measuring instruments are fixed in grooves made in the tube in different positions, starting from
the inlet.

™ DC Power supply

TF—

Computer Data logger

(Tin)

Flow meter
X
= Pump

Figure 1. Schematic diagram of the experimental bench.

The equipment responsible for maintaining the fluid flow in the main circuit is a gear pump, which was installed on
the experimental setup, proving to be appropriate in the operating conditions performed. Two air vent valves were placed
at the highest locations to eliminate or minimize the presence of bubbles in the flow. The Coriolis flowmeter is responsible
for measuring the mass flow and consists of a sensor transmitter assembly. The Coriolis type sensor (model RHMO06-
4F1PS) and the transmitter or electronic unit (model CMMO01) were supplied by METROVAL Ltda.

The constant heat flux boundary condition applied to the tube wall was obtained by the heating of 12 flexible tape-
type electrical resistances insulated with polyamide, model KH (supplied by OMEGA ENGINEERING, INC). These
flexible tapes are fixed over the entire external area of the test section tube with a polyamide adhesive tape. The electrical
power required for heating the resistive tapes was controlled by a voltage regulator.

To evaluate the pressure, drop and friction factor of nanofluids, two piezoresistive pressure transmitters PS140
ZURICH were installed to measure the gauge pressure at the inlet and outlet of the test section. Further, a differential
pressure transmitter LD301 ESMAR with simultaneous recording of data was installed to obtain the pressure drop more
accurately.
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2.3 Numerical approach

The refrigerant fluids analyzed numerically in this work are considered single-phase, incompressible, and Newtonian,
with constant properties, as performed by Sadri et al. (2018) and Liang et al. (2019). Based on these considerations, the
mass, momentum, and energy conservation equations, as given by (3-5), implemented in the Ansys Fluent (Fluent, 2013).

d(u;) 0 ®)
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where p, i, Cp, and k refer to the density, dynamic viscosity, specific heat, and thermal conductivity of the refrigerant
fluid, respectively. The variable p represents pressure, u; is the component of the velocity vector, and x; is the cartesian
coordinate vector (Liang et al., 2019).

Similar to the experimental tests, the flow was considered to be in a laminar flow (Reynolds humber 151 — 166) and
hydrodynamically developed in the entrance region, with constant mass flow rate and temperature at 17 g/s and 60 °C,
respectively, for volumetric concentration of 0.01 % and 0.02 %. At the outlet, a zero value was assumed for static
pressure. The wall region was set with a no-slip condition.

The friction factor obtained experimentally in different Reynolds numbers was compared with the friction factor
obtained through the theoretical model widely used in the literature for hydrodynamically developed laminar flow,
described by Eq. (7). The experimental results of the friction factor were calculated through the pressure drop in the test
section as shown in Eq. (8).
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Eqg. (9) is obtained, which defines the local convective heat transfer coefficient.

__q ©)
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The average value of the convective heat transfer coefficient was obtained with the values of the local coefficient h(z)
at the different measurement points using Eq. (10).

_h(x)) + - +h(xp) (10)
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n

The local Nusselt number can be calculated using Eq. (11), while the average Nusselt number can be determined using
Eqg. (12).
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3. RESULTS

The Table 2 presents the mesh independence using the outlet temperature and the friction factor of the fluid, with
comparison to experimental results and the Hagen-Poiseuille equation, to validate the numerically obtained results. Three
unstructured meshes with different element sizes were used for this procedure, as performed by Sadri et al. (2018).

Table 2. Mesh independence and validation of numerical results.

Parameter\Mesh 1 2 3
Number of elements 436656 638024 868572
Temperature - CFD [°C] 74,67 76,67 76,81
Difference — CFD&Experimental [%)] -7,38% 4,90% 4,73%
Difference — CFD&Theoretical [%] -3,08 % 0,49% -0,31%
Friction Factor — CFD [-] 0,390 0,389 0,389
Difference — CFD&Experimental [%)] 45,00 % 44,67 % 44,53 %
Difference — CFD&Theoretical [%] 1,01 % 0,78 % 0,79 %

As seen in Table 2, mesh 2 shows better results in terms of thermal and hydraulic performance. The outlet temperature
of the tube with the mesh containing 638,024 elements exhibits a difference of only 0.49 % compared to the value obtained
using Eq. (6). Compared to the experimental value, the difference was less than 5 %, and there was no significant change
in its value with increasing mesh refinement. The friction factor diverges when compared to the experimental result,
which can be attributed to the low Reynolds number and the uncertainty of the pressure measurement equipment.
However, when compared to the Hagen-Poiseuille equation, there was only 0.77 % difference. Additional mesh
refinement beyond mesh 2 did not generate significant variation in the results. Thus, Mesh 2 was selected for the
simulation in this study.

As illustrated in Figure 2, the numerical model demonstrates satisfactory agreement with the experimentally obtained
results using Eq. (6). It is noteworthy that the numerical model exhibits better agreement with the theoretical results.
Additionally, a significant reduction in fluid temperature occurred experimentally with the addition of nanoparticles,
despite the increase in thermal conductivity. However, it was numerically identified, and through Eq. (6), that the fluid
outlet temperature increased with the increase in volumetric concentration of nanoparticles, indicating that the nanofluids
show promising results in heat exchangers.
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Figure 2. Fluid coolant outlet temperature in relation to nanoparticle concentration.
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Figure 3 illustrates the local heat transfer coefficient as a function of axial distance. It was identified that the numerical
results show satisfactory agreement compared to the experimental results, with an average difference of 3.12%, which is
particularly for the region starting from 1.4 m, where the experimental results show an increase in the convective
coefficient with axial distance, contrary to what was obtained in the numerical results. Additionally, a maximum increase
of 0.05 % and 9.53 % in the local convective coefficient was identified for the nanofluids with volumetric concentration
of 0.01 % and 0.02 %, respectively, at the position of 0.165 m, while experimentally, for the nanofluid with the lowest
volumetric concentration, a reduction of up to 2.99 % and an increase of up to 7.90 % were observed.

As can be observed in Figure 4, as expected, the average numerical heat transfer coefficient shows agreement with
the experimental results as well as the local values. The numerical results indicate that the nanofluids exhibits increased
in the average convective heat transfer coefficient of 0.04 % and 8.09 % for volumetric concentration of 0.01 % and 0.02
%, respectively, compared to the base fluid, while experimentally, a reduction in the average convective coefficient of up
to 1.83 % was observed for the nanofluid with the lowest nanoparticle concentration. However, for the nanofluid with a
volumetric concentration of 0.02 %, an increase of up to 1.53 % was identified. Therefore, it can be stated that the analyzed
nanofluids have a concentration of 0.01 vol. % showed gains within the measurement uncertainty range, while for the
volumetric concentration of 0.02 %, promising numerical results were observed, indicating that nanofluids have the
potential to improve stability and enhance heat transfer, mainly due to the fact that the numerically obtained values fall
within the measurement uncertainty range.
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Figure 3. Local convective coefficient as a function of axial distance.
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Figure 4. Average convective heat transfer coefficient as a function of nanoparticle concentration.
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As observed in Figure 5, the numerical results demonstrate satisfactory agreement with the experimental results
regarding the local Nusselt number. In the case of the base fluid, the average Nusselt number showed a difference of only
5.03 %, a value that can be attributed to the simplification made in the numerical model and the unexpected behavior of
the local Nusselt number beyond the 1.4 m position, where it tends to increase with tube length. When comparing the
local values with increasing nanoparticle concentration, both numerical and experimental analyses identified a reduction
in the Nusselt number of up 0.05 % and 3.06 %, respectively, for the nanofluid with a volumetric concentration, both
numerical simulation and experiments revealed an increase in the Nusselt number of up to 9.41 % and 25.98 %,
respectively.
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Figure 5. Nusselt number as a function of axial distance.

As observed in Figure 6, it was identified that numerically, the average Nusselt number shows a decrease of 0.04 %,
while in the experiments, a reduction of 1.91 % was observed for the nanofluid with a volumetric concentration of 0.01
% compared to the base fluid. However, for the nanofluid with a concentration of 0.02 vol.%, an increase of up to 7.98
% and 10.74 % was observed through numerical and experimental analysis, respectively. Similarly, to the average
convective heat transfer coefficient, the average Nusselt numbers obtained numerically fall within the measurement
uncertainty range.
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Figure 6. Average Nusselt number as a function of nanoparticle concentration.
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Figure 7 illustrates the friction factor variation with respect to the concentration of MWCNT nanoparticles, obtained
through experiments, numerical simulations, and the Hagen-Poiseuille equation. It was found that the numerical model
exhibits satisfactory agreement with the theoretical model, with a maximum difference of only 0.78 %. Additionally, the
addition of nanoparticles did not significantly affect the discrepancies between the numerical model and the Hagen-
Poiseuille equation.
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Figure 7. Friction factor as a function of nanoparticle concentration.

However, both the numerical and theoretical models deviated from the experimental results, showing an average
difference of 51.83 %. This significant difference can be attributed to the experimental measurement uncertainty in
pressure drop, which tends to have greater impact at low Reynolds number, as observed in the results of Sajjad et al.
(2018). Furthermore, an increase in the friction factor of up to 2.80 %, 9.93 % and 9.91 % was identified in the
experimental, numerical, and Hagen-Poiseuille equation results, respectively. It is worth noting that the numerical
increases are directly proportional to the increment in dynamic viscosity caused by the increase in nanoparticle volumetric
concentration.

4. CONCLUSIONS

This work investigates convective heat transfer and pressure drop in laminar flow inside a horizontal circular tube
using MWCNT/thermal oil nanofluids. The study focuses on nanoparticle concentrations of 0.01% and 0.02%, a mass
flow rate of 17 g/s, and a constant heat flux of 12 kW/m?2. Experimental and numerical analyses were performed to validate
the results. Numerical results show that nanofluids exhibit a 0.04% increase in average convective heat transfer coefficient
for a concentration of 0.01% and an 8.09% increase for a concentration of 0.02% compared to the base fluid. In contrast,
experimental results indicate a reduction of up to 1.83% for the nanofluid with the lowest nanoparticle concentration. The
average Nusselt number decreases by 0.04% numerically and by 1.91% experimentally for a concentration of 0.01%
compared to the base fluid. However, for a concentration of 0.02%, numerical and experimental analyses reveal increases
of 7.98% and 10.74%, respectively. Additionally, the friction factor increases by up to 2.80% experimentally, 9.93%
numerically, and 9.91% according to the Hagen-Poiseuille equation, in line with the rise in dynamic viscosity caused by
increased nanoparticle concentration. The study recommends using a two-phase model to predict the thermal and
hydraulic behavior of carbon nanotube nanofluids and compare it with single-phase and experimental approaches. This
approach provides a comprehensive understanding of the system characteristics.
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