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ABSTRACT

The use of nanofluids as heat transfer media represents an innovative strategy to enhance heat transfer perfor-
mances. This study investigates experimentally the turbulent convective heat transfer characteristics of water-
based nanofluids containing TiO2, CuO, and graphene nanoplatelet (GNP) nanoparticles as they flow through
a copper tube. Both the dynamic viscosity and thermal conductivity of these nanofluids were modeled and experi-
mentally measured across varying nanoparticle concentrations (0.01, 0.02, and 0.03 vol.%) and temperatures
(25°C, 35°C, and 45°C). The findings indicate that the behavior of nanofluids depends on the parameter used
for comparison with the base fluid. Notably, both the friction factor and heat transfer coefficient increase with
higher nanoparticle volume concentrations at a constant Reynolds number. The results further reveal that the
GNP/water nanofluid, with a volume concentration of 0.03% at 45°C, exhibit the highest Nusselt number,
followed by the CuO/water and TiO2/water nanofluids, with respective increases of 17.8%, 11.09%, and 8.11%.
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Nomenclature
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Re Reynolds Number
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Cp Specefic Heat Capacity
l Dynamic Viscosity
u Velosity

1 Introduction

One of the most important topics for engineering study and research is heat transfer. It plays an important
role in power production, air conditioning, electronic components, transportation and many other
applications, using the basic heat transfer methods of radiation, conduction and convection. Therefore,
enhancing heat transfer is a crucial aspect that must always be considered in numerous heat-related
applications. Compared to conduction, convection is a more effective means of transferring heat, while
radiation is the slower and less efficient method of heat transfer. Liquids are widely used as a common
medium for heat transfer. Many researchers have studied the ideal types of fluids that can be used as a
working medium to improve heat transfer performance. Alternatively, some researchers have proposed
incorporating nanoparticles into the base fluid to increase its performance, taking advantage of advances
in nanotechnology [1,2].

Air-cooled heat exchangers have limited ability to dissipate heat from electronic components, primarily
due to their significantly lower thermal conductivity and heat capacity. Liquids, with their significantly higher
thermal conductivity than air, have the potential to make electronic cooling systems significantly more
efficient and compact. Improving the thermal properties of conventional heat transfer fluids can enhance
the efficiency of a heat exchanger system while simultaneously reducing its overall size [3].

Nanofluids (NFs) are a novel class of synthetic heat transfer fluids proposed in 1995 by Choi et al. [4].
Nanofluids are complex fluids consisting of base fluids containing nanometer-sized dispersed particles.
These nanoparticles exhibit high thermal conductivity, which enhances the overall heat transfer
capabilities of the nanofluid. By dispersing these nanoparticles within the core fluid, the thermal
properties of the fluid are dramatically changed, resulting in improved heat transfer performance. These
nanoparticles are metallic or non-metallic polymeric particles that can form suspension when suspended
in a base fluid. The addition of nanoparticles to the base fluid has increased the mixture’s thermal
conductivity [5]. Nanofluids consist of dispersing particles of a size of 100 nm or smaller in the base
fluid. These particles may be metallic or non-metallic polymers that have physical properties superior to
those found in the base fluids (water, oil, ethylene glycol, etc.), in addition to improving, the thermal
conductivity of fluids also improves some other properties, such as viscosity, heat transfer coefficient, and
thermal diffusivity [6–8].

Additionally, according to studies by Choi and colleagues [4,9], the thermal conductivity of nanofluids is
influenced by various factors such as the shape and size of nanoparticles, operating temperature, the thermal
conductivity of the base fluid, and the volume fraction of nanoparticles in the base fluid, and flow regime.
Together, these factors determine the improvement of the overall thermal conductivity of nanofluids. As a
result, due to the enhanced thermal conductivity, the heat transfer coefficients are improved through
convective heat transfer. This improvement can be attributed to the increased active surface area caused
by the suspended nanoscale particles and the interactions and collisions between these particles [10].
While nanofluids offer numerous benefits, their primary concern lies in their stability [11].

Studies of the thermophysical and heat transport properties are essential for the use of nanofluids in
engineering applications. In order to examine the convective heat transfer coefficient in flat pipes with
different lengths and interior diameters, numerous experimental investigations have been carried out.
Various kinds of nanofluids, such as metal oxide, metal, and carbon-based nanoparticles, have been the
subject of these studies [12]. Gherasim et al. [13] investigated the impact of employing Al2O3/water
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nanofluid on a radial flow heat sink. Their experimental findings demonstrated that the Nusselt number rises
with both an escalation in the Reynolds number and the volume concentration of the nanomaterials.

The thermophysical properties of titanium dioxide (TiO2) nanoparticles have received great attention
among researchers [8,14]. Qi et al. [15] examined how TiO2/water nanofluids performed in a heat
exchanger using double tubes. The study demonstrated that at volume concentrations of 0.1%, 0.3%, and
0.5% nanofluids increased the rate of heat transfer by 10.8%, 13.4%, and 14.8%, respectively. The
majority of experimental studies investigating the heat transfer properties of coiled flow inverter systems
have employed water as their operating fluid [16]. Mahmoudi et al. [17] reported in their study conducted
in spirally wound tubes to evaluate heat transfer using titanium oxide particles as a nanofluid that the
addition of these nanoparticles led to an increase in the Nusselt number by 30% compared to the base
fluid used.

Sivakumar [18] used a heat exchanger to examine the effects of two distinct nanofluid compositions
Al2O3/water and CuO/ethylene glycol separately at different temperatures and concentrations. The
outcomes demonstrated that, in comparison to Al2O3/water, the CuO/ethylene glycol nanofluid increased
the heat transfer coefficient. Furthermore, the outcomes demonstrated that as particle concentration rose,
the heat transfer coefficient rose as well. Godson et al. [19] investigated experimentally with heat transfer
properties of silver/water nanofluids were studied within a turbulent system using concentrations varying
from 0.01% to 0.04% in a shell and tube heat exchanger. Researchers noted a 12.4% enhancement in the
convective heat transfer coefficient, leading to a 6.14% increase in efficiency. This boost in heat transfer
efficiency was attributed to the enhanced thermal characteristics of the nanofluids.

Compared to metals, carbon materials have high thermal conductivity and low density. One of the best
carbon materials used in preparing nanofluids is graphene. Graphene is a two-dimensional, hexagonal
structure consisting of one-atom thick layers of carbon atoms organized differently in one plane. Due to
its structure, graphene exhibits exceptional mechanical, electrical properties and thermal and has become
the focus of attention of several researchers [20]. Using a graphene oxide/distilled water as nanofluid at a
concentration of 0.02 vol.% and a turbulent flow regime (R = 5032) and a flow rate of 1.5 L/min,
Karabulut et al. [12] investigated how to increase heat transmission in a circular copper tube. They found
that the heat transfer coefficient increased by about 45% in comparison to the basic fluid.

Akhavan-Zanjani et al. [21] investigated the convective heat transfer coefficient of G-DW nanofluids in
a circular conduit with a 4.2 mm inner diameter under steady heat flux conditions. With a Reynold number of
1850 and a volume concentration of 0.02 vol.%, the heat transfer coefficient rose by 14.2%. Agglomeration,
however, was not observed in the G-DW nanofluid that was being studied. Ranjbarzadeh et al. [22] created an
isothermal heat transfer system to examine how the flow of GO-DW nanofluid affected the heat transfer and
friction coefficient in an 8.5 mm inner diameter circular pipe. The Reynold number was chosen between
5250 and 36,500, and the volumetric nanofluid concentration ranges employed were 0%–0.1%. When
compared to the base fluid, it was discovered that the nanofluid had a maximum increase in the
convection heat transfer coefficient of 40.3%. In addition, a pressure loss maximum increase of 16% was
found.

Based on the earlier review, although a lot of research has been conducted on enhancing heat transfer
using nanofluids as operating fluids. There is still much that needs to be looked at and researched,
especially GNP particles, as few researchers have focused on these particles. In addition, the vast
majority of researchers have focused in their studies on the laminar flow regime in heat transfer through
pipes and paid less attention to turbulent flow. The current study aims to achieve additional insights into
the effect of each (TiO2, CuO, and GNP) particle on heat transfer in a copper pipe under the influence of
turbulent flow. As well as studying the physical properties of these particles and the extent of the impact
of these properties on enhancing heat transfer. Three types of particles with different thermal
conductivities were selected to compare the effect of high thermal conductivity on improving heat transfer.
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2 Design of Experiment Setup

2.1 Preparation of Nanofluid
The two-step procedure is considered the most efficient mechanism for preparing nanofluids on a large

scale and is more economical [23,24]. Preparing nanofluids with good properties is essential in nanofluid
research to obtain stable nanofluids that do not agglomerate at high temperatures or after a certain period.
In this research, we used distilled water as the base fluid and dispersed three different types of
nanoparticles (TiO2, CuO, and GNP) purchased from (sky spring nanomaterials). Table 1 shows the
physical properties of the nanoparticles and the basic liquid used in the preparation. Fig. 1 shows the
method for preparing nanofluid.

First we disperse the three nanoparticles (TiO2, CuO, and GNP) in separate processes (0.1%, 0.2%, and
0.3%) in distilled water without surfactants by using a magnetic stirrer and a hot plate (Model: HS-860,
Temperature: 30°C–300°C) to stir the mixture during the first hour to ensure good dispersion and

Table 1: Specification of materials and distilled water [17,24,25]

Property H2O TiO2 CuO GNP

Appearance White or almost colorless White powder Black powder Black powder

Average particle diameter (nm) _ 50 30 8

Thermal conductivity (w/m.k) 0.61 11.7 78 3000

Specific heat (J/kg.K) 4188 715 560 943

Density (kg/m3) 999.989 3845 6489 2002

Viscosity 1 cp —— —— ——

Figure 1: Flow diagram of preparation steps of the nanofluids samples
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dissolution of the particles in the liquid. Then, magnetic stirring was performed for four hours to ensure that
the nanoparticles spread correctly and steadily throughout the liquid. Afterward, an ultrasonic bath is
employed (Model El-5LH, Frequency 20 KH, Temperature 40�C, Capacity 3.5L) for an hour to guarantee
mixture homogeneity and achieve the necessary volume fraction of nanoparticles.

These samples demonstrated excellent suitability for long-term stability and uniform dispersion. See
Eq. (1), Reference [26] was used to determine the nanofluids’ volume concentrations.

Weight of nanoparticles; Wnp ¼ [

1�[

� �
� W

q

� �
bf

� qnp (1)

where ([): percentage of volume concentration (vol.%), Wnp: weight of nanoparticles (kg), Wbf : weight of
base fluid (kg), qbf : density of base fluid (kg=m3), and qnp: density of nanoparticles (kg=m3).

2.1.1 Characterization of Nanofluid
The scanning electron microscope (SEM) test was used for characterization analysis at the Department

of Materials Research, Ministry of Science and Technology in Baghdad. With the SEM, a concentrated
stream of high-energy electrons is utilised to generate various signals at the surface of solid objects. With
the SEM, analysis of certain sample point locations is also possible. The SEM was utilized to assess the
(TiO2, CuO, and GNP) nanoparticles’ morphological characteristics.

2.1.2 Thermophysical Parameters of Nanofluid
Thermophysical characteristics of the nanofluid are important in heat transfer. The viscosity, specific

heat capacity, density, and thermal conductivity were determined as suggested by Pak et al. [27].

Density : qnf ¼ 1�[ð Þqbf þ[qp (2)

Heat capacity : Cpnf ¼
[ðqCpÞp þ 1�[ð ÞðqCpÞbf

qnf
(3)

Thermal conductivity : knf ¼
kp þ 2kbf þ 2 kp � kbf

� �
[

kp þ 2kbf � 2 kp � kbf
� �

[

" #
kbf (4)

Viscosity : lnf ¼ lbf 1þ 2:5[ð Þ (5)

2.2 Heat Transfer Experimental Setup
The experimental setup’s schematic diagram is shown in Fig. 2, while Fig. 3 illustrates the setup

apparatus used in the experiment. The setup includes a test section, wherein the test tube is made of
copper due to its desirable properties such as high hardness, thermal conductivity, and smooth surface. To
minimize heat losses to the surrounding environment, a ceramic fiber cover envelops the test section with
a thickness of 60 mm and a thermal conductivity of 0.075 W/mk.

The experimental apparatus is constructed from a closed flow loop consisting of a 200 cm long pipe with
an inner and outer diameter 3 and 3.5 cm, respectively. It incorporates storage tank and a mixer. A bypass
regulator is used to regulate the working fluids’ fluctuating flow rate. The flow rate in liters per minute,
which ranges from 1 to 35 L/min, is measured by a digital flow meter that is positioned before to the test
section’s input. Two movable valves control the flow rate: one in the bypass line and one in the main
flow loop. Pressure measuring devices are positioned at the test section inlet and exit to determine the
pressure drop. A chiller is used to lower the working fluids’ temperature following the test section’s
heating procedure. The heater, controller, and DC power supply make up the heating unit.
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Figure 2: Schematic diagram of the forced convection heat transfer

Figure 3: Experimental set-up apparatus
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2.3 Test Section
Fig. 4 illustrates the test section, which consists of copper tube with an inner diameter of 3 and 3.5 cm

outer diameter with 67 cm of length. In this section, five T-type thermocouples with a diameter of 5 mm are
placed at different locations along the test section. These thermocouples are placed at distances of 7, 17, 27,
37, and 47 cm from the inlet of the test section in the area through which the hot fluid passes. Their purpose is
to measure the bulk temperature of the fluid at these specific locations. In addition, a heat flux sensor from
FluxTeq LLC (model VA24060-6370, Blacksburg, VA, United States (USA), Blacksburg) [28] is mounted
on the inner wall surface of the test section to measure both the surface temperature and the local heat flux per
unit area between the sensor and the adjacent fluid. A heater (produced by HTS/Amptek Company, Stafford,
TX, USA) is used to heat the test section surface through the sensor.

As depicted in Fig. 5, the experimental setup using FluxTeq’s PHFS heat flux and integrated temperature
sensors. These sensors were linked to the ComPAQ Heat Flux and Thermocouple Data Acquisition
Instrument (FluxTeq LLC, COMPAQ DAQ, VA24060-6370, Blacksburg, VA, USA). This data
acquisition system, based on Arduino, is equipped with eight differential channels that can accommodate
up to four complete sensors. The connections for both the heat flux and thermocouple sensors were
consistently upheld throughout the experiment.

From Eq. (6), the total heat transfer coefficient is determined [29].

h ¼ q

Ts � Tbð Þ (6)

where h: convective heat transfer coefficient W=m2:k; q: the heat flux W/m2, Ts: surface temperature �C, and
Tb: bulk temperature �C.

Figure 4: Sectional view of the experimental test section

Figure 5: (a) Heat flux sensor, (b) ComPAQ Heat Flux and Thermocouple Data Acquisition device
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Tb ¼ Tb1 þ Tb2 þ Tb3 þ Tb4 þ Tb5
5

(7)

The Reynolds number is defined as Eq. (8).

Re ¼ qud
l

(8)

The velocity is determined by dividing the flow rate by the cross-sectional area of the channel. The
Nuslet number can be calculated from Eq. (9).

Nu ¼ hd

k
(9)

The Darcy friction factor can be determined by using Eq. (10) [30].

f ¼ 2� DP � D

L� q� u2
(10)

3 Result and Discussion

3.1 Scanning Electron Microscope (SEM)
The morphology of (TiO2, CuO, and GNT) nanoparticles was analyzed using the high resolution

of the FE-SEM device. Fig. 6 shows the nanoparticles’ size distribution and surface shape because of
their high surface energy—a consequence of their high surface-to-volume ratio—CuO and
TiO2 nanoparticles aggregate. It is evident from this image that the morphologies of the CuO and
TiO2 particles are entirely different from one another. CuO nanoparticles are asymmetrical and non-
circular, whilst TiO2 nanoparticles are circular in shape. The particle sizes of these two samples also
varied from one another.

Fig. 6 indicates that the CuO and TiO2 samples had particle sizes of about 30 and 50 nm, respectively.
Demonstrates that the size distribution of the TiO2 nanoparticle sample is more reasonable than that of the
CuO sample. These results are similar to those obtained by [8,31]. The structure and morphology of GNPs
were demonstrated in Fig. 6c (SEM image), which shows that they have a flaky sheet structure with a width
of at least 10 μm.

3.2 Thermophysical Properties of Nanofluid
Density, specific heat capacity, dynamic viscosity, and thermal conductivity are thermophysical

properties that affect the convective heat transfer coefficient in nanofluids. Assuming that the
nanoparticles give a uniform dispersion in the base fluid, the nanoparticle concentration can be regarded
as consistent across the tube. While this assumption may not hold in real-world systems due to factors
like particle migration, it remains a valuable method for assessing the physical characteristics of a
nanofluid [32].

Fig. 7 illustrates the measured density of the base fluid and the different concentrations of nanofluid at
test temperatures 25°C to 45°C, nanofluids with nanoparticle volume concentrations of 0.03% see an increase
in density of 9%, 16% and 3% for TiO2, CuO, and GNP compared to the distilled water, respectively. The
increase varies according to the type of added particles. This is due to the density of each type of these
particles, as the highest density obtained was for (CuO/water) the nanofluid due to its high density, and
the lowest density was (GNP/water) nanofluid due to its low density. In addition, shows that when
temperature increases the density of nanofluids decreases.
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Fig. 8 illustrates the specific heat capacity measurement for nanofluids as a function of temperature and
nanoparticle volume concentration. It is apparent from the figure that the specific heat capacity of nanofluids
decreases with an increase in the volume fraction of nanoparticles in the nanofluids. The results show that the

Figure 6: SEM images of the nanoparticles (a) TiO2, (b) CuO, and (c) GNP

FDMP, 2025, vol.21, no.2 359



reduction in specific heat of nanofluids at 0.01, 0.02, and 0.03 volume concentrations are 3.5%, 7%, and
10%, respectively, for TiO2, compared to the base fluid. For CuO are 5%, 11%, and 17%, respectively,
and for GNP it was 1.6%, 3%, and 5%, respectively. This proves that as the nanoparticle concentration
increment, the specific heat capacity value decreases. Furthermore, as temperatures rise, specific heat has
been seen to tend to increase These results are similar to the conclusions obtained by Ha et al. [33].

Fig. 9 demonstrates how the temperature and volume concentration of the nanoparticles affect the
viscosity of the nanofluids. It is evident that as the volume concentration of nanoparticles increases, the
dynamic viscosity of the nanofluid increases noticeably in comparison to the base fluid. At 45°C, for
nanofluids containing 0.01%, 0.02%, and 0.03% volume concentration of nanoparticles the increase in the
dynamic viscosity is 2.5%, 5%, and 7.5%, for (TiO2/water), respectively, in contrast to the base fluid.
Moreover, for (CuO/water) is 3.12%, 6.8%, and 8.7%, additionally, the increase in the dynamic viscosity
for (GNP/water) is 3.7%, 8.1% and 13%. The increase varies according to the type of added particles.
The results also indicate that the nanofluid viscosity decreases as the temperature increases. These results
are similar to the conclusions obtained by both Ebrahimnia-Bajestan et al. [34]. They showed that the
viscosity of the nanofluid increases as the concentration of particles increases and reduces as the
temperature rises.
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In Fig. 10, thermal conductivity measurements for different nanofluids TiO2/water, CuO/water, and
GNP/water are presented at four distinct temperatures. The findings unequivocally indicate that the
addition of minute quantities of nanoparticles results in a substantial enhancement in thermal conductivity
compared to the base fluid. Furthermore, the data underscore that the choice of nanoparticles employed
markedly influences the thermal conductivity of nanofluids. The results suggest that elevating the
concentration of nano-additives with increasing temperature will further enhance the thermal conductivity
in line with the observed trends [8].

The nanofluids containing 0.01%, 0.02% and 0.03% volume concentration TiO2 nanoparticles showed
an increase in heat conductivity of 8%, 12%, and 18%, respectively, in comparison with the water basic fluid.
Moreover, for CuO the enhancement was 21%, 24% and 28%, respectively. Additionally, for GNP/water
nanofluid the improvement in thermal conductivity was 33%, 39% and 43%, respectively.

The results showed that the highest thermal conductivity was for the GNP/water nanofluid with
0.03 vol.% concentration, reaching 44% at 25 degrees Celsius.

3.3 The Samples’ Heat Transfer Coefficient

3.3.1 Validation of Experimental Test
Before commencing systematic experiments on the base fluid and nanofluid, the reliability and accuracy

of the experimental measurements were validated using deionized (DI) water exclusively. The experimental
results obtained from the DI water tests were compared with the predictions derived from Eq. (11) [33]. To
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ensure the accuracy of the measurements, the experimental setup was carefully calibrated and verified the
following relation:

Nu ¼ 0:023 Re0:8pr0:3 (11)

The properties were assessed under bulk-temperature conditions throughout the study. Fig. 11 illustrates
that an increase in the Reynolds number leads to an increase in the Nusselt number. The experimental data
exhibited a strong agreement with the results obtained from the correlation used in the analysis. The
maximum deviation observed between the experimental and theoretical data was found to be 9.6%, which
is below the acceptable threshold of 10%. This finding confirms the reliability and accuracy of the test rig
and instrumentation employed in the study.

3.3.2 Flow Rate Impact on Heat Transfer Coefficient for Samples
The convective heat transfer coefficient was evaluated across five sections with distinct flow rates to

minimize experimental setup errors. The variations of the convective heat transfer coefficient as a
function of flow rate are illustrated in Fig. 12.

Fig. 12a–c depicts the influence of nanofluid concentration and temperature on the convective heat
transfer coefficient. During the heat transfer process from the surface to the fluid, the thermal boundary
layer undergoes exponential growth with increasing distance from the test section entrance. It is
anticipated that the heat transfer coefficients of the samples will surpass those of water. This improvement
can be ascribed to various factors such as enhanced thermal conductivity, reduced boundary layer
thickness, particle migration, Brownian motion, and shear induction [35].

All research findings indicate that the convective heat transfer coefficient rises with the flow rate,
indicating that TiO2, CuO, and GNP nanofluids exhibit superior heat transfer capabilities compared to
pure water. This enhanced heat transfer is attributed to a thinner thermal boundary layer, which is
associated with higher flow rates, improved thermal conductivity, and reduced thermal resistance between
the flowing nanofluid and the inner wall surface temperature of the tube. Specifically, at a flow rate of
9 L/min and a temperature of 45°C, the convective heat transfer coefficient increases by up to 23%, 39%,
and 68% for TiO2, CuO, and GNP, respectively.

Furthermore, the convective heat transfer coefficient is significantly influenced by factors like the
Brownian motion of particles, thermo-physical properties, and specific surface area. The improved heat
convection seen in GNP nanofluids is credited to the heightened thermal conductivity of the nanofluid
and the stochastic movement of GNP nanoparticles.
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3.3.3 Impact of Reynolds Number on Samples’ Local Heat Transfer Coefficient
The investigation focused on heat transfer coefficients of TiO2, CuO, and GNP nanofluids under isoflux

thermal conditions at temperatures of 25°C, 35°C, and 45°C for turbulent flow regimes with varying volume
fractions (0.01, 0.02, and 0.03). The variations of heat transfer coefficients with Reynolds numbers are
depicted in Fig. 13 under different experimental conditions. The results reveal that the heat transfer
coefficients increase with rising temperature and nanoparticle concentration. Notably, the highest volume
fraction of GNP nanoparticles, 0.03 vol.%, led to a remarkable 53% improvement in the heat transfer
coefficient at 2579 Reynolds number.
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Figure 12: The changes in the convective heat transfer coefficient for TiO2, CuO, and GNP nanofluids with
varying flow rates at different temperatures: (a) 25°C, (b) 35°C, and (c) 45°C
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3.3.4 Effect of Average Nusselt Number
Fig. 14 depicts a connection between the Nusselt number and Reynolds number for various

concentrations of TiO2/water, CuO/water, GNP/water nanofluids. It’s been noted that when the Reynolds
number rises, so does the Nusselt number. Conversely, an increase in the concentration of nanofluids
leads to a decrease in the Nusselt number. This behavior can be attributed to the fact that while the heat
transfer coefficient increases with higher concentration, the increase in thermal conductivity is relatively
more significant. For instance, for a 0.03% concentration of TiO2-water nanofluid, the thermal
conductivity shows a 14.4% increase compared to the base fluid. However, for the same concentration,
the heat transfer coefficient only exhibits a 12.3% increase over the base fluid at a Reynolds number of
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Figure 13: Heat transfer coefficient variation for TiO2,CuO, and GNP nanofluids with Reynold number for
different temperature (a) 25°C, (b) 35°C, and (c) 45°C
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3538. This trend is also observed for CuO/water and GNP/water nanofluids. This is similar to what Alosious
et al. explained [36]. Accordingly, the results show that the greatest Nusselt number at 45C with 0.03%
volume concentration for nanofluids GNP/warte, CuO/water and TiO2/water, where the values were
17.8%, 11.09%, 8.11%, respectively.

3.3.5 Pressure Drop
Fig. 15 illustrates the pressure drop rates of nanofluids containing three different types of nanoparticles

(TiO2, CuO, and GNP) with varying volume fractions. Observations indicate that the pressure drop of
nanofluids rises with increasing Reynolds number or flow rate. Nanofluids typically demonstrate higher
pressure drops compared to pure water, a phenomenon attributed to the elevated friction factor associated
with nanofluids. The primary reason for the increase in the friction factor is the elevation in the
nanofluid’s viscosity caused by the presence of nanoparticles. As the nanoparticle concentration escalates,
the working fluid’s viscosity increases, resulting in higher friction losses. Furthermore, at higher Reynolds
numbers, the pressure drop of nanofluids is further amplified due to the augmented velocity. A significant
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Figure 14: Nusselt number variation with Reynolds number for various nanofluid concentrations:
(a) TiO2/water, (b) CuO/water, and (c) GNP/water
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correlation exists between the pressure drop and the required pumping power for nanofluids. Notably, there is
a direct relationship between nanoparticle concentration and pressure drop. As the concentration of
nanoparticles in the nanofluid rises, the pressure drop also increases proportionally.

3.3.6 Friction Factor
According to Fig. 16, a friction factor of the nanofluid in turbulent flow regime is depicted. Compared

with a base fluid. It is noted that the nanofluids’ friction factor is observed to have higher values. Moreover, it
increases with increasing concentrations of nanoparticles and decreases with increasing flow rate and
Reynold number. These findings align with the results reported by Alklaibi et al. [26].
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Figure 15: The impact of different flow rates and nanoparticle concentrations on the pressure drop at three
different input temperatures: (a) 25°C, (b) 35°C, and (c) 45°C
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4 Conclusion

In this study, The heat transfer experiments were conducted in a copper tube utilizing three different
kinds of nanofluids (TiO2, CuO, and GNP) under different heat fluxes in the turbulent flow region. These
nanofluids were made in two steps without the use of surfactants at three distinct concentrations (0.01,
0.02, and 0.03) vol.%. The study included measuring the surface temperature as well as the pressure
drop, and the conclusions were summarized as follows:

1. The SEM tests conducted on the three nanoparticles (TiO2, CuO, and GNP) demonstrated that the
particles possessed a uniform structure and high purity, and the average diameter of each of the
particles was 50, 30, and 8 nm, respectively.

2. The thermal performance improvement of nanofluids was found to be 23%, 39%, and 68% for TiO2,
CuO, and GNP, respectively. These improvements are attributed to the augmented thermal
conductivity of the nanofluid, as well as flow rate and heat flux.

3. Temperature had a significant impact on the viscosity of the nanofluids. It decreased at higher
temperatures, which increase of 7.5%, 8.7%, and 13% for TiO2, CuO, and GNP, respectively,
compared to distilled water.

4. As the Reynolds number and heat flux grew, so did the Nusselt number. For TiO2, CuO, and GNP, the
Nusselt number increased by up to 3%, 7%, and 12%, respectively, at 0.03 vol.% concentration with
5 L/min flow rate.

5. At the same conditions, when the concentration was (0.03 vol.%) and the flow rate was (5 L/min), the
nanofluid’s pressure drop rose by 1.5%, 18.7%, and 23.3% for TiO2, CuO, and GNP, respectively,
comparing with a base fluid.

In summary, thermal performance is enhanced by the use of nanofluids in heat transfer applications.

Suggestions for future works:

1. Advances in nanofluid examination can be expanded and enriched by exploring new nanomaterials,
mixing different kinds of nanoparticles, and developing innovative hybrid nanofluids.

2. Combining nanoparticles of higher thermal conductivity with lower thermal conductivity particles
such as TiO2-GNP.

3. Increasing the concentration of nanoparticles leads to a significant improvement in the thermal
properties of nanofluids. Increasing the concentrations leads to a decrease in the stability of the
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dispersion, so it is necessary to conduct an intensive survey of the a stability of nanofluids and find the ideal
concentrations at which they are stable.
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