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Abstract

In this study, a custom-designed shell-and-tube heat exchanger (STHE) system was developed and initially modeled via
simulation under nanoparticle-free conditions to establish baseline heat transfer parameters. Flow regimes were identified
through Reynolds number calculations at different flow rates, and the corresponding convective heat transfer coefficients
(hi, ho), overall heat transfer coefficient (U), and heat duty (Q) values were determined. Following simulation calibration,
experimental investigations were conducted using CuO—water nanofluids with two distinct particle sizes (38 nm and 20
um) and three concentrations (0.25%, 0.5%, and 0.75%). The impact of these parameters on the thermal performance of
the STHE was evaluated under varying inlet temperature conditions. Experimental results revealed that cold fluid outlet
temperatures increased significantly with the addition of nanoparticles, while hot fluid outlet temperatures decreased,
indicating enhanced heat absorption. For 38 nm particles, the cold-side enhancement (AT) ranged from 1.0 °C to 2.2 °C,
corresponding to approximately 5-12% improvement relative to the baseline. In contrast, 20 pm particles exhibited AT
values of 1.5-2.7 °C, equating to a 6—14% increase depending on concentration and inlet temperature. The most pronounced
enhancements were observed at 0.5% and 0.75% concentrations, particularly at higher temperature gradients,
demonstrating that both particle size and concentration play critical roles in nanofluid-mediated heat transfer enhancement.
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1. Introduction

Rapid technological developments and increasing
population have led to a continuous rise in energy
demand. This situation promotes the use of fossil fuels
in energy production, consequently increasing CO:
emissions and intensifying environmental issues. In
order to minimize the effects of global warming and
establish a sustainable energy framework, researchers
have sought innovative solutions aimed at improving
energy efficiency. In this context, green chemistry
practices and advanced heat transfer technologies
have become significant areas of research [1-3].

The primary objective in heat transfer processes is to
achieve maximum efficiency with minimum possible
energy losses. However, traditional fluids possess
certain physical and thermal limitations, necessitating
the development of alternative solutions capable of
providing more efficient heat conduction. Due to
recent advances in nanotechnology, the use of
nanoparticle-enhanced fluids, known as nano fluids,
has come into focus to improve thermal properties of
heat transfer fluids [4]. Nanofluids, which have a
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higher heat conduction capacity compared to
conventional fluids, enhance the efficiency of heat
transfer processes, significantly contributing to energy
savings.

Common oxide nanoparticles in heat transfer studies
include Zinc Oxide (ZnO), Copper Oxide (CuO),
Aluminum Oxide (Al:Os), and Titanium Oxide
(TiO2), whereas metal nanoparticles include Gold
(Au), Silver (Ag), and Copper (Cu) [5-8].Metal
nanoparticles generally exhibit higher thermal
conductivity compared to oxide nanoparticles. Metals
like silver and copper particularly provide high
performance in heat transfer applications [9, 10].

The synthesis of nanomaterials through hydrothermal
methods can be performed over a wide temperature
range, from ambient to extremely high temperatures.
This method has several advantages compared to other
synthesis methods. For instance, size control can be
achieved by employing either low or high-pressure
conditions, and the shape development of materials
can be adjusted depending on the vapor pressure of the
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primary  reaction.  Furthermore, hydrothermal
synthesis enables the production of nanomaterials
with precisely controlled compositions and can be
carried out through liquid-phase or multi-step
chemical process [11]. The hydrothermal method also
allows for the synthesis of nanomaterials that are
unstable at high temperatures. This method facilitates
the production of nanomaterials under high vapor
pressures, minimizing material loss during synthesis
[12]. This method stands out as a suitable approach for
the synthesis of copper oxide. The hydrothermal
method provides nanoparticles with exceptional
dispersibility, characterized by strong crystallinity,
high purity, and various morphologies in different
sizes [13, 14]. Recently, extensive studies have been
conducted on the controlled shaping of various
nanostructures. The physical and chemical properties
of nanocrystals can significantly vary depending on
their size, shape, composition, and structure.

Recent research has further shown that nanofluids,
particularly those containing CuO, ALQOs, or TiO2
particles, can substantially improve convective heat
transfer in complex exchanger geometries such as
shell-and-tube, twisted plate, or helically coiled
systems [15-17]. In a study, conducted CFD analysis
showed that Al-Os and CuO nanofluids enhanced heat
transfer in curved tubes, with up to 48.8%
improvement at 5% concentration. Helical coils and
circular sections performed best, with minimal
pressure loss [18].

Besides, in the experimental study of Huseen et al.,
(2025) the influence of various nanomaterials
specifically AlOs, CuO, TiO:, and their hybrid
combinations on the thermal behavior of heat
exchangers were explored [19]. The authors assessed
changes in heat transfer efficiency by monitoring
temperature drops and thermal conductivity in both
conventional and nanomaterial-enhanced systems.
Without any nanomaterials, a steady decline in
temperature from 40 °C to 38.2 °C over 10 minutes
was observed. However, systems incorporating TiO-
and ALOs—CuO hybrids exhibited significantly
improved cooling performance, with outlet
temperatures reduced to as low as 34.8 °C, depending
on the composition. Among these, hybrid nanofluids
containing Al:Os and CuO offered superior thermal
conductivity and enhanced heat removal due to their
synergistic interaction, resulting in a more efficient
heat exchange process. In another study Norouzi et al.,
(2023), authors demonstrates that CuO/water and
AlOs/water nanofluids significantly improve the
thermal output of abandoned oil wells repurposed for
seawater desalination [20]. Using a coaxial borehole
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heat exchanger and advanced thermal insulation, the
system achieved a 14% and 12.9% increase in fluid
temperature, respectively, over pure water.

The heat transfer performance of AlLOs; and CuO
nanofluids in helical coil heat exchangers were
investigated in a recent study. Results show that
increasing nanoparticle concentration significantly
improves thermal conductivity and convective heat
transfer, leading to a 38.8% enhancement in
exchanger efficiency compared to water [19]. The
thermal performance of U-type tubular heat
exchangers (HEXs) using CuO-AlOs/water hybrid
nanofluids through both experimental and numerical
analyses were also explored in another study.
Compared to single nanofluids and water, hybrid
nanofluids enhanced the overall heat transfer
coefficient by up to 12%, demonstrating their
effectiveness in improving HEX efficiency [20]. In the
study of Naseema, et al., (2018) thermal performance
of ALOs and CuO nanofluids at varying volume
concentrations (0.1%, 0.25%, and 0.4%) in turbulent
flow regimes was investigated the. Results show that
incorporating these nanoparticles into conventional
fluids enhances heat transfer significantly,
highlighting their potential for use in compact heat
exchangers and advanced thermal systems [21].

The most important element in heat exchanger
systems is the working fluid. In these systems, to
enhance efficiency, it is desirable that the heat transfer
coefficient of the secondary fluid, used for heating or
cooling the primary fluid, is high [22]. A low heat
transfer coefficient decreases overall efficiency. For
this purpose, obtaining novel and economically
feasible fluids is a significant and contemporary topic.

In this study, the thermal performance of nanofluids
containing CuO (Copper (1) Oxide) nanoparticles at
different particle sizes (38 nm and 20 pum) and
concentrations (0.25%, 0.5%, and 0.75%) were
experimentally investigated in a 2-pass shell-and-tube
heat exchanger. The study aims to clarify how
nanoparticle dimensions and temperature affect the
heat transfer efficiency [16, 23].

2. Material and Method

A shell-and-tube heat exchanger was custom-designed
and installed in our laboratory (Figure 1). This device
consists of 32 stainless steel tubes (§S-304), each with
an 8x10 mm cross-section and a length of 1 meter,
arranged in a U-type configuration with 16 forward
and 16 return passes. The tubes are positioned with a
60° angular layout and a 12.5 mm spacing between
them to promote uniform flow and turbulence. The
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outer shell is constructed from stainless steel with an
internal diameter of 100 mm. To enhance thermal
performance and control flow direction, the shell
includes 10 baffle plates, each with a 32% cut-out
ratio.

The overall experimental setup, including the heating
and cooling subsystems, fluid circulation components,
and measurement instruments, is illustrated in Figure
2. This flow schematic outlines the closed-loop system
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comprising nanofluid and water circuits, equipped
with flowmeters, temperature indicators, pumps, a
heating tank, and a nanofluid reservoir. Reflux lines
are incorporated to regulate flow stability, and precise
temperature monitoring at four critical points (T1-T4)
ensures accurate data collection. This configuration
enables  comprehensive  thermal  performance
evaluation under varying operational conditions and
nanoparticle concentrations.
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Figure 1. Experimental flow schematic of the nanofluid-based shell-and-tube heat exchanger test system including
heating, cooling, and circulation loops
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In this study, CuO nanoparticles with varying particle
sizes were synthesized by altering reaction
temperature and duration [24]. The particle
dimensions within the samples were analyzed using a
JEOL JEM-1400 transmission electron microscope
(TEM). To obtain high-quality TEM micrographs, the
synthesized nanoparticles were thoroughly purified
through repeated washing with ethanol and distilled
water. The particles were then manually ground with
a mortar to achieve a finer size suitable for imaging.
Due to the intrinsic conductivity of CuO
nanoparticles, no additional conductive coating was
required. Particle size distributions at the nanoscale
were determined by analyzing the TEM micrographs.

As shown in the TEM image (Figure 3), the
nanoparticles predominantly exhibit spherical or
slightly irregular shapes. The particles display well-
defined crystalline structures, with sizes ranging from
approximately 32 nm to 40 nm, and an average size of
around 38 nm. These values are consistent with

3. Results and Discussion
In line with the technical data of the described shell-
and-tube heat exchanger, a simulation model was

Figure 3. TEM images of CuO nanoparticles -
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previously reported results for CuO nanoparticles
synthesized through similar methods [25, 26]. Some
degree of agglomeration was observed, which is
commonly attributed to the high surface energy of
nanoparticles, often leading to clustering during
synthesis or drying [27]. Nevertheless, the overall
particle size distribution remained relatively uniform,
indicating effective control over synthesis conditions.

In addition to the spherical particles, a few rod-like or
sheet-like structures were occasionally identified.

These may result from anisotropic growth
mechanisms influenced by specific synthesis
parameters. However, such morphologies were

infrequent and did not represent the dominant particle
population. The results confirm the successful
synthesis of CuO nanoparticles with controlled
morphology and size. These nanoparticles with
different sizes were subsequently tested in the heat
exchanger to investigate the effect of nanoparticle
diameter and concentration on thermal conductivity.

Lengih 30,44 nn

created, and the performance analysis of the system
was conducted. Within the simulation scope, flow
characteristics were specifically examined for various
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flow rates on the tube side, the Reynolds number was
calculated accordingly, and convection coefficients
were determined (Table 1). As observed in Table 1,
when operated at volumetric flow rates between 5-
15 L/min, convection coefficients ranged from 1050 to
3600, indicating a transition from laminar (Re = 1960)
to turbulent flow conditions (Re = 5723).
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Simulation studies without nanoparticles were
conducted to determine appropriate flow regimes and
baseline thermal performance parameters such as heat
transfer rate (Q) and overall heat transfer coefficient
(U). These baseline results were then used as a
reference to evaluate the enhancement effects of
nanofluids by comparing them with experimental data
obtained using CuO based nanofluids under similar
operating conditions.

Table 1. Simulation study results of shell-and-tube heat exchanger in the absence of nanofluid

S TV O R
Run 1 25/50 (15/7) 29.1/41.2 5632/ 350 3605/ 928 527 4.24 18.32
Run 2 25/50 (20/7) 30.6/41.8 3813/ 353 2484 | 948 493 3.85 18.17
Run 3 25/50 (717) 31.7/42.9 2702/ 340 1405/ 951 414 3.28 18.14
Run 4 25/50 (5/7) 33.3/44.0 1960/ 343 1051 /960 374 2.864 17.81
Run 5 25/50 (15/15) 30.7/44.3 5723/ 817 3633/ 1606 695 5.92 19.3
Run 6 25/50 (10/5) 30/40.0 2470/ 237 3795/ 829 458 3.47 17.43
Run 7 25/50 (7/15) 33.6/46.0 2752/ 830 1448/ 1646 515 421 18.6
Run 8 25/50 (5/15) 35.1/46.6 1996/ 835 1075/ 1661 447 3.54 18

The simulation study was conducted for a shell-and-
tube heat exchanger in the absence of nanofluids
(Table 1), where the cold fluid flows through the tubes
and the hot fluid flows through the shell side. As
observed in the table, various combinations of cold
and hot fluid flow rates were tested while maintaining
a constant inlet temperature difference of 25°C (25°C
for cold inlet and 50°C for hot inlet). The performance
parameters such as overall heat transfer coefficient
(U), heat transfer rate (Q), and logarithmic mean
temperature difference (LMTD) were evaluated.
Among the trials, Run 5 (with equal flow rates of 15
L/min on both sides) exhibited the highest heat
transfer rate (Q = 5.92 kJ/s) and the maximum overall
heat transfer coefficient (U= 695 W/m?-K), indicating
an optimal balance between convective heat transfer
and flow rate. Conversely, Run 8 showed the lowest
thermal performance, associated with a lower cold
fluid flow rate (5 L/min), despite having a high
LMTD. The results demonstrate that increasing cold
fluid flow rate in the tube side significantly enhances
the thermal performance of the heat exchanger under
these specific operating conditions.

The data presented in Table 1 represent the baseline
calibration results of the system under conditions
without any nanofluid present. These findings were
then used with experimental results to better
understand the effect of nanofluids on heat transfer
performance and to evaluate overall system efficiency
(Table 2).

Table 2 includes experiments designed for various
nanofluid diameters and concentrations (especially
hot and cold fluid inlet temperatures are also variable
here).

A comprehensive experimental design  was
implemented to evaluate the combined effects of
nanoparticle  size, concentration, and inlet
temperatures on the thermal performance of a shell-
and-tube heat exchanger. The study employed CuO
nanofluids with two particle sizes (38 nm and 20 um)
and three concentration levels (0.25%, 0.5%, and
0.75% vol.). In addition to nanoparticle parameters,
the inlet temperatures of both hot (Thi = 40-60°C) and
cold (Tci) streams were systematically varied. This
multi-variable design allowed for the examination of
not only the individual effects of nanoparticle features
but also their interaction with temperature gradients.

The comparison of experimental and simulation outlet
temperature data for cold and hot flows at different
particle sizes is presented in Figures 4-7. Figure 4
shows the outlet temperature of the cold fluid obtained
from both simulation (Tco/S) and experimental
(Tco/E) data using 38 nm CuO nanoparticles at
different inlet temperatures and concentrations.

The effect of 38 nm nanoparticles on the thermal
performance of the heat exchanger was evaluated by
comparing experimental results, obtained using
nanofluids at various concentrations, with baseline
simulation data representing conditions without
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nanoparticles. As illustrated in Figure 4a, the outlet
temperature of the cold fluid (Tco) consistently
increased in the presence of nanoparticles across all
test runs, indicating enhanced heat absorption. The
difference between experimental and simulated outlet
temperatures (Figure 4b) further quantifies this
improvement, with temperature gains ranging from
approximately 1.0°C to 2.2°C. These enhancements
are attributed to the increased thermal conductivity

Volume 15(1), June 2026, pp 77-87

and improved convective heat transfer properties
introduced by the suspended nanoparticles. The
highest temperature rise was observed in Run 6 and
Run 9, suggesting that both nanoparticle concentration
and inlet temperature significantly influence the
thermal performance. Overall, the results confirm the
effectiveness of nanofluids in boosting the heat
transfer capability of conventional systems under
varying operational conditions.

Table 2. Experimental conditions for nanofluid-based heat transfer experiments

Run Nano  Cons. (%) Thi(°C) Tci(°C)
1 38nm 0.25 40 34.4
2 38nm 0.25 50 42.2
3 38nm 0.25 60 49.6
4 38nm 0.5 40 33
5 38nm 0.5 50 39.9
6 38nm 0.5 60 46.6
7 38nm 0.75 40 33
8 38nm 0.75 50 40.3
9 38nm 0.75 60 47.2
10 20um 0.25 40 335
11 20um 0.25 50 40.7
12 20um 0.25 60 46.7
13 20pum 0.5 40 33.2
14 20pum 0.5 50 40.1
15 20pum 0.5 60 47.3
16 20pum 0.75 40 34.4
17 20pum 0.75 50 42
18 20pum 0.75 60 50.1
60 [
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Figure 4. Change in the outlet temperature of the cold fluid under different inlet temperature conditions when using 38
nm nanoparticles at different concentrations a) simulation vs. experimental results b) difference graph
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The influence of nanoparticle concentration on the
enhancement of cold fluid outlet temperature was
evident across the experimental runs. As the
nanoparticle concentration increased from 0.25% to
0.75%, the temperature gain (AT = Tco/E — Tco/S)
also increased, confirming the role of nanoparticles in
improving heat transfer. Runs with 0.25%
concentration showed a modest temperature increase
(approximately 1.0-1.5°C), while those with 0.75%
concentration demonstrated the most significant
enhancement (up to 2.2°C). However, the relationship
between concentration and thermal improvement was
not strictly linear. The results suggest that beyond a
certain point, additional concentration yields
diminishing returns, possibly due to increased
viscosity and particle agglomeration. Furthermore, the
combined effects of inlet temperature and
concentration appear to synergistically influence
performance, as the highest gains occurred in runs
with both elevated concentrations and inlet
temperatures.

Figure 5 presents the outlet temperature of the hot
fluid using 38 nm CuO nanoparticles, comparing
simulation (Tho/S) and experimental (Tho/E) results.
Similarly, on the hot fluid side (Figure 5), a consistent
decrease in outlet temperature was observed in the
presence of nanoparticles compared to the base case.
This confirms enhanced heat extraction by the
nanofluid, aligning well with the increased outlet
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temperatures of the cold fluid. The largest differences
were again observed in Runs 6 and 9, reinforcing the
combined influence of nanoparticle concentration and
thermal gradient on overall heat transfer efficiency.

The influence of nanoparticle concentration on heat
transfer enhancement was further examined using 20
um particles across Runs 10-18 (Figure 6). A clear
trend emerged in which increasing particle
concentration led to higher cold fluid outlet
temperatures, with the temperature difference (Tco/E
— Tco/S) ranging from approximately 1.5°C at 0.25%
concentration to 2.7°C at 0.75%. This suggests that
even relatively large particles can significantly
improve thermal performance when properly
suspended and distributed in the fluid. The highest
improvements were observed in Runs 12 and 15, both
corresponding to the highest concentration level,
indicating that concentration is a dominant factor in
enhancing convective heat transfer. Notably, despite
their lower surface-area-to-volume ratio compared to
nanoscale particles, the 20 um particles demonstrated
comparable or superior thermal effects under these
conditions. This can be attributed to reduced
interfacial resistance and favorable flow dynamics,
particularly in systems where sedimentation and
aggregation are minimized. Overall, the results
confirm that optimizing particle size and
concentration in tandem can yield substantial gains in
heat exchanger efficiency.

[ ThelE
N Tho/s

| I (Tho/S)-(Tho/E) |

Figure 5. Change in the outlet temperature of the hot fluid under different inlet temperature conditions when using 38 nm
nanoparticles at different concentrations a) simulation vs. experimental results b) difference graph
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Figure 6. Change in the outlet temperature of the cold fluid under different inlet temperature conditions when using 20
pum nanoparticles at different concentrations a) simulation vs. experimental results b) temperature difference graph
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Figure 7. Change in the outlet temperature of the hot fluid under different inlet temperature conditions when using 20 um
nanoparticles at different concentrations a) simulation vs. experimental results b) temperature difference graph
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Figure 6 shows simulation (Tco/S) and experimental
(Tco/E) outlet temperatures for the cold fluid with
20 pm CuO particles.

Figure 7 compares the outlet temperature of the hot
fluid for 20 pm CuO nanofluids, as obtained from
simulation (Tho/S) and experimental (Tho/E) data.

The thermal response of the hot fluid under the
influence of 20 pm particles is presented in Figure 7.
Inall runs, the outlet temperature of the hot fluid (Tho)
was lower in the presence of microparticles compared
to the simulation baseline, indicating effective heat
removal by the nanofluid. The temperature difference
(Tho/S — Tho/E) ranged from approximately 0.2°C to
1.1°C, with the greatest reductions observed in Runs
15 and 18. These findings align with the
corresponding increases in cold fluid outlet
temperature reported in Figure 6, confirming the
overall enhancement in heat transfer. The parallel
behavior between hot and cold sides again highlights
the significant role of particle concentration, with the
largest thermal effects appearing at 0.75% loading.
Although the heat extraction effect was slightly lower
than that observed with 38 nm particles, the
performance of 20 pum particles remained notable,
particularly under optimized flow conditions. These
results suggest that microscale particles, when
stabilized and well-dispersed, can serve as viable
alternatives in heat exchanger systems, balancing
thermal performance with cost and handling
advantages.

The inlet temperature of the hot fluid was found to
play a significant role in determining the extent of heat
transfer enhancement achieved with nanofluids. Runs
conducted under higher inlet temperature conditions,
such as Run 6 and Run 9, exhibited the greatest
increase in cold fluid outlet temperature compared to
the baseline (up to 2.2°C), indicating a stronger
nanoparticle-induced enhancement. This can be
attributed to the fact that a greater temperature
gradient between hot and cold fluids facilitates more
effective heat exchange, thereby amplifying the
influence of the nanoparticles' superior thermal
conductivity. Additionally, higher temperatures may
improve the dispersion and mobility of nanoparticles,
further boosting convective heat transfer. In contrast,
lower inlet temperatures (e.g., Run 1 and Run 7)
resulted in modest improvements (~1.0-1.3°C),
reinforcing the importance of thermal driving force in
maximizing the benefit of nanofluid applications.
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A comparative analysis of average temperature
differences for both cold and hot fluids reveal distinct
performance trends based on particle size and
concentration. For 38 nm particles, the cold-side heat
transfer improvement increased with concentration up
to 0.50%, after which a slight decline was observed
suggesting an optimal concentration threshold. In
contrast, 20 pm particles exhibited the highest cold-
side enhancement at the lowest concentration (2.10°C
at 0.25%), with decreasing effectiveness at higher
loadings. This behavior may be attributed to
sedimentation and flow resistance effects that become
significant at elevated concentrations for larger
particles. When comparing particle sizes at equal
concentrations, microparticles outperformed
nanoparticles at low and moderate concentrations but
fell behind at 0.75%. These results highlight the
complex interplay  between particle  size,
concentration, and flow behavior, underscoring the
need for tailored optimization in nanofluid-based heat
exchanger applications.

4. Conclusions

In this study, the thermal performance of a custom-
built shell-and-tube heat exchanger (STHE) was
investigated  through  both  simulation  and
experimental methods, with a focus on the influence
of CuO nanoparticle size and concentration. The
baseline performance of the STHE system was first
established via simulations without nanoparticles,
enabling the determination of flow regimes,
convective heat transfer coefficients, and overall heat
transfer coefficients (U). These simulations revealed
that increasing the flow rate of the cold fluid
significantly improved system performance, with the
highest heat duty and U value recorded at balanced
flow rates on both sides of the exchanger. Following
simulation validation, a series of experimental tests
were conducted using CuO-water nanofluids at two
particle sizes: 38 nm (nanoscale) and 20 pm
(microscale) and three volumetric concentrations
(0.25%, 0.5%, 0.75%). Comparative analysis of cold
and hot fluid outlet temperatures between simulations
and experiments demonstrated that the introduction of
nanoparticles substantially enhanced heat transfer. For
38 nm particles, temperature gains on the cold side
ranged from 1.0 °C to 2.2 °C, while 20 pm particles
yielded even higher improvements in some cases,
ranging from 1.5°C to 2.7 °C. These correspond to
average thermal enhancements of approximately 5-
14% over the nanoparticle-free baseline, depending on
concentration and inlet temperature. Notably, the
highest gains were observed at elevated inlet
temperatures (Thi = 60°C), where thermal gradients
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were maximized. This confirmed that the
effectiveness of nanofluids is further amplified under
conditions of high driving force. For 38 nm particles,
performance increased with concentration up to 0.5%,
after which a slight decline was observed likely due to
increased viscosity and potential nanoparticle
agglomeration. On the other hand, 20 pm particles
exhibited peak performance at 0.25% concentration,
with diminishing returns at higher concentrations,
possibly due to sedimentation and reduced stability.

From a design perspective, the findings underscore the
importance of optimizing both nanoparticle size and
concentration based on specific thermal and flow
conditions. While nanoscale particles provide more
predictable enhancement trends, microscale particles
may offer comparable or superior performance under
certain flow regimes, with advantages in cost and
handling. Overall, this study highlights the potential
of CuO-based nanofluids to significantly improve the
heat transfer efficiency of shell-and-tube heat
exchangers and provides valuable insight into the
operational parameters necessary to maximize such
benefits.
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