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ABSTRACT:

The efficiency of industrial heat exchangers is limited by the heat transfer coefficient when using traditional fluids.
This study introduces a novel sustainable approach for synthesizing copper oxide nanoparticles (CuO NPs), utilizing
an eco-friendly route with Populus Euphratica leaf extract, a method has never reported before. This work represents
the first reported application of green-synthesized CuO nanoparticles in a heat exchanger, marking a novel
contribution to sustainable thermal management. The synthesis was optimized at pH of 7, 9, and 11. FTIR, XRD,
UV-Vis spectroscopy, and SEM analyses were employed to characterize the CuO NPs to confirm their chemical
composition, crystallinity, and morphology. The optimized CuO NPs were dispersed into a different ratio of the base
fluid of EG-W at different concentration of CuO NPs ranging from 0.02 % to 0.1 % for enhancing thermal
performance. The findings showed that, relative to the base fluid, the overall heat transfer coefficient improved by
40% while the convective heat transfer coefficient in terms of nanofluid increased by about 36 %. The rise in
convective heat transfer is attributed not only to the static presence of the nanoparticles but also to Brownian motion
and the formation of a liquid nanolayer around the particles. A consistent rise in thermal conductivity as well as the
Nusselt number is consistently observed with increasing nanoparticle concentration. These findings confirm the
thermal performance benefits of green-synthesized CuO nanofluids and support their potential for industrial heat
exchanger applications. Conclusively, the study highlights the viability of green nanotechnology as an
environmentally responsible alternative to conventional synthesis for energy-efficient thermal management systems.

Keywords: Green synthesis, CuO nanoparticles, Heat exchanger, Convective heat transfer, Thermal
conductivity.

1 INTRODUCTION

Efficient heat transfer is critical in many energy-intensive industries, including power generation, petroleum refining,
and chemical processing, where large amounts of heat must be effectively managed to ensure safety, operational
reliability, and energy efficiency [1-4]. Conventional heat transfer fluids like water, ethylene glycol, and their mixtures
are commonly employed in industrial heat exchangers, because they are widely available and reasonably priced. Their
intrinsically low thermal conductivity, which is 0.6 W m™ K™! for water and 0.35 W m™ K™! for 50:50 EG-W at 25°C,
restricts heat transfer performance and frequently leads to larger equipment and higher energy usage [5-7].

Nanofluids, developed by dispersing nanoparticles into conventional base fluids, have attracted widespread interest as a
promising approach to overcoming these challenges. Extensive research demonstrates that the addition of metal and metal
oxide nanoparticles, including Al:Os, TiO2, ZnO, and CuO, can markedly enhance thermal conductivity, convective heat
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transfer coefficients, and the overall energy efficiency of heat exchangers [8-11]. Among the different nanoparticle
materials, copper oxide has drawn significant interest owing to its relatively high thermal conductivity, excellent chemical
stability, cost-effectiveness, and demonstrated efficiency in diverse heat transfer applications [12-15]. For instance, the
application of a 0.5 vol% CuO/water nanofluid in combination with single-strip helical screw tape inserts resulted in up
to a 32% increase in the Nusselt number, with only a slight increase in the friction factor [16], while 0.2-0.8 vol% in a
horizontal ground heat exchanger improved the overall heat transfer rate by 5.3-14.7% [17]. In a shell-and-tube exchanger
at 25°C, 0.05 vol% CuO/water enhanced the convective and overall heat transfer coefficients by 11.39% and 7.08%,
respectively [18]. CuO/water—EG (60:40) nanofluid at 0.2 vol% and 70°C increased thermal conductivity by 36%,
enhancing heat transfer performance in an indirect heater [19]. Comparative studies further confirm CuO’s advantage
over other oxides: at volume fraction equal to 2.5%, CuO/EG achieved 20% higher heat transfer coefficient versus 14%
for A-Os/EG [20]; in EG-based systems, 0.06 vol% CuO improved thermal conductivity by 21% compared to 13% for
Ti02, with consistently higher Nusselt numbers [21]; and in water-based systems, CuO outperformed ZnO by up to
12.58% in Nusselt number and 2.61% in thermal performance factor at equal concentration [22]. Furthermore,
nanoparticle volume fractions reported in the literature vary widely. For example, some studies have used very low
concentrations such as 0.003% [23] or incremental ranges of 0.01%, 0.02%, 0.07%, 0.10%, 0.20%, and 0.40% [24], while
others applied narrower intervals of 0.02-0.04-0.06% [21]. Higher loadings have also been examined, including 1.5%,
2%, and 2.5% [25]. This indicates that the nanoparticle concentrations selected in the present work fall within the broad
spectrum of values previously explored for CuO-based nanofluids. Despite their advantages, the majority of reported
CuO nanoparticle synthesis methods depend on chemical routes that employ hazardous reducing agents or solvents,
thereby posing challenges to environmental sustainability and operational safety [26-28]. In recent years, green synthesis
methods have gained increasing interest as safer, eco-friendly alternatives for nanoparticle preparation. These approaches
utilize plant extracts or other natural agents as reducing and stabilizing agents, eliminating the need for hazardous
chemicals while improving nanoparticle stability and dispersion in fluids [29-31]. Reported examples include the use of
banana peel extract resulting in particles 60 nm [32], Aloe vera leaf extract yielding particles of 5-20 nm at pH 11.5 [33],
Morinda citrifolia leaf extract yielding particles of 20-50 nm at pH 7 [34], and Catha edulis leaf extract resulting in
particles 18-28 nm at pH 8 [35]. These studies demonstrate controlled particle size distribution, morphology tuning, and
improved stability, which are advantageous for subsequent nanofluid applications. The pH of the synthesis solution is a
key parameter influencing the nucleation rate, particle size, and phase purity of CuO nanoparticles [36]. Acidic conditions
can lead to incomplete reduction and larger, irregular particles, whereas alkaline pH (9-11) accelerates hydrolysis,
producing smaller, highly crystalline, and well-dispersed nanoparticles with improved stability, which is essential for

achieving enhanced thermal conductivity and stable nanofluid performance in heat transfer applications [37-39].

However, a critical examination of existing studies reveals two main limitations: (i) very few studies have investigated
how synthesis parameters, particularly pH, affect the properties and performance of green-synthesized CuO NPs, despite
known evidence that pH strongly influences particle size, crystallinity, and surface characteristics; and (ii) Although the
synthesis of CuO NPs using plants has been widely studied, the potential of Populus Euphratica leaf extract remains
unexplored. Moreover, its integration into nanofluids to enhance the efficiency of heat exchangers represents a unique
research direction explored in this study. Unlike prior heat exchanger studies that exclusively employed chemically
synthesized CuO, the present study demonstrates, for the first time, the thermal performance of a green-synthesized CuO
nanofluid in a shell-and-tube heat exchanger, offering a sustainable and energy-efficient pathway for industrial cooling
applications. This work addresses these gaps by introducing a novel, eco-friendly synthesis route for CuO NPs via
Populus Euphratica extract and by validating their application as a green nanofluid coolant in practical heat exchanger
systems.

2 MATERIALS AND METHODS
2.1 MATERIALS

Copper acetate monohydrate [Cu(CHsCOO).'H.0O, EMPLURA, >98% purity, Merck, Germany], sodium hydroxide
(NaOH, pellets, extra pure, assay 97—100.5%, Scharlau, Spain), ethanol (>99.5% purity, analytical grade, local supplier)
and distilled water were purchased and used as received. For nanofluid formulation, reverse osmosis (RO) water and
ethylene glycol (EG) (industrial grade, approx. 95-99% purity, local supplier) were used as base fluids. Fresh Populus
Euphratica leaves were collected from the Haftaghar—Daqwq region in Iraq and served as the green reducing agent. All
experiments were conducted at an ambient laboratory of 23°C and 40% relative humidity.

2.2 PREPARATION OF PLANT EXTRACT

Fresh Populus Euphratica leaves were carefully cleaned to remove surface contaminants and dust, and subsequently
dried in the shade at ambient temperature for about two weeks until a constant mass was reached. The dried leaves were
finely ground using a high-speed multifunctional comminutor (Model RRH-350A, 28000 rpm). Following the extraction
conditions reported in previous green nanoparticle synthesis studies [40, 41], 5 g of the powdered leaves was combined
with 100 mL of distilled water in a 250 mL beaker and heated at 70°C for 1 h under continuous stirring at 500 rpm using
a 3G LAB digital magnetic hotplate stirrer. After reaching room temperature, the solution was passed through Whatman
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No. 1 filter paper to eliminate residual organic matter, resulting in a clear aqueous extract. The initial pH of the extract
was measured between 4 and 5, and the prepared extract was stored at 4°C until subsequent use in experimental
procedures.

2.3 GREEN SYNTHESIS AND CHARACTERIZATION OF CUO NANOPARTICLES

A 0.183 M solution of copper acetate monohydrate was obtained by dissolving 1 g of the salt in 30 mL of distilled water.
In a separate step, 25 mL of the filtered plant extract was diluted with 50 mL of distilled water and subsequently
introduced dropwise into the copper solution under continuous stirring. As PH is a key factor affecting size, morphology,
and stability in plant-mediated nanoparticle synthesis, the pH of the resulting mixture was adjusted to 7, 9, and 11 using
1 M NaOH to study the effect of pH on nanoparticle formation. The resulting mixture was heated at 80 °C for 1 h, during
which a gradual color transition from blue to dark brown occurred, confirming the formation of CuO NPs. This
transformation is understood to proceed via precipitation of Cu(OH),, followed by thermal decomposition into CuO, as
represented by the following reactions:

Cu(CH;C00),.H,0 + 2NaOH + plant Extract (PE) - Cu(OH), + 2CH;COONa
Cu(OH), — CuO (NPs) + H,0

Here, PE refers to the Populus FEuphratica leaf extract, which contains phytochemicals such as polyphenolic and
flavonoid. The —OH and C=0O functional groups in these compounds act as reducing agents for Cu?** and as stabilizing
ligands to cap and stabilize the nanoparticles, preventing agglomeration during synthesis. The suspension was left
overnight to settle and then centrifugation at 8500 rpm for 3 minutes using a laboratory centrifuge (Model H-1600A).
The resulting solid was purified by two successive washes with distilled water followed by a single rinse with ethanol,
with each washing step subjected to ultrasonication for approximately 1 minute using a Backer vVCLEAN ultrasonic
cleaner to ensure efficient removal of residual impurities. The washed product was subsequently dried at 80 °C in a
LabTech electric drying oven (maximum 250 °C) and calcined at 400 °C for 1 hour in a MFLC-1.6/12 muffle furnace
(maximum 1200 °C) to yield black CuO nano powder. The synthesis procedure is illustrated in Figure 1.

The synthesized CuO nanoparticle were characterized using SEM (Quanta 450, 30 kV, magnification of 20,000x), XRD
(20 range:10°-70°, Cu ka radiation, A= 1.5406 A), FTIR (400-4000 cm "), and UV-Vis spectroscopy (200-700 nm) to
confirm their structural, chemical, and optical properties.

4- Adding 25ml of
extractto
Cu(CH,COO0)2'H:0

1-Washing, dryin,
& SV Precursor dropwise

and grinding
| - with stirring
b ;‘ e ———
& 2-Heating at 65-70°C
for1 hour in 100 ml 2
Y .9 Bl distilled water _—
ISR 3- Filtering TS St
Populus Populus Euphratica Cu(CH;CO0)'H,0
Euphratica plant leaf extract Precursor |
o /

it 7-Centrifuging,
' washingand drying S-Color changing
after adding extract

6-Adding NaOH
dropwise and
heating at 80°C

—~CEm————————n .

8- Calcination at

‘ 400°C for 1 hour
-

Final CuO powder Color change during CuO synthesis

FIGURE 1. Green synthesis route of CuO NPs using Populus euphratica leaf extract.

2.4 NANOFLUID PREPARATION

CuO nanofluids were prepared by dispersing the synthesized nanoparticles into a base fluid of RO water and ethylene
glycol at different mixing ratio. A total of five nanofluid samples were prepared with CuO NPs volume fraction of 0.02,
0.04, 0.06, 0.08 and 0.1%, which fall within the concentration range frequently reported in earlier CuO nanofluid research.
The nanoparticle volume fraction (¢p) was determined using the following equation:

)= — "™/Pp
¢(AJ) mp/pp+ Mps/Pbf * 100 (1)
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Where @ is the volume fraction, m,, and m, represents the masses of CuO NPs and base fluid respectively, and p,, and
Py denotes their corresponding densities. Each formulation was ultrasonicated using an ultrasonic bath (Model UC-
30AL, 6 L tank capacity, 40 kHz frequency) at 25 °C for 1 hour to ensure uniform dispersion and minimize agglomeration.
Ultrasonication is widely demonstrated to enhance nanofluid stability and improve nanoparticle distribution. Stability of
the prepared nanofluids was monitored by visual sedimentation tests over a period of 3 days, were all samples remained
well-dispersed without noticeable settling during this period, indicating sufficient short-term stability for experimental
use.

The volume fractions out of the above range were not considered in this study. Concentrations below 0.02% results in
negligible thermal performance enhancement, while concentrations above 0.1% led to visible nanoparticle agglomeration
and sedimentation, causing unstable flow behavior and unreliable heat transfer measurements during testing.

3 EXPERIMENTAL SETUP

The thermal performance of CuO nanofluids was evaluated using a co-current shell-and-tube heat exchanger equipped
with stainless steel tubes measuring 500 mm in length, 0.013 m in inner diameter, and 0.016 m in outer diameter. They
were configured in a two-pass flow arrangement with two baffles installed in the shell to enhance fluid mixing and heat
transfer. Lubricating oil, which serves as the hot fluid to keep the temperature outside the tube constant, is heated to 90
°C in a thermostat-controlled insulated bath and then circulated through the exchanger's shell side at 200 L/h flow rate to
keep the tube side's thermal boundary stable.

The nanofluid flow rate was initially adjusted to target a Reynolds number of 2000 based on nominal thermophysical
properties. However, as the experiment progressed, temperature-dependent changes in viscosity and density caused the
actual Reynolds number to vary between 2935 to 3084. This positioned the flow within the transitional regime. Therefore,
the Gnielinski correlation was selected for theoretical modeling, as it is valid for 2300 < Re < 5 X 10° and 0.5 < Pr <
2000 making it suitable for both transitional and turbulent flow regimes [42-44]. The volume flow rate was varied and
monitored using a rotameter calibrated via the volumetric collection method, ensuring an accuracy of +5%.

Temperature variations were recorded using Four PT-100 resistance temperature detectors type (RTDs) connected to a
digital data display which were calibrated against a certified laboratory thermometer at 25°C, 50°C, and 90°C, showing
a maximum deviation of 0.2°C (accuracy <0.5%). The inlet and outlet temperatures of the nanofluid on the tube side
were measured using thermocouples T1 and T2, while T3 and T4 were employed to record the temperatures of the
lubricating oil on the shell side.

Flow schematic is presented in Figure 2 and the main thermophysical properties of the working fluids are presented in
Table 1. The nanofluids prepared for the experiments had a measured pH of 11, which ensured stable dispersion of the
nanoparticles and prevented agglomeration during testing. Six experiments were conducted in total using CuO nanofluids
at volume fractions of 0.02, 0.04, 0.06, 0.08, 0.1%. Each test used an 8-litter nanofluid batch and lasted approximately
one hour. Thermal steady state was established once the outlet temperatures became stable. Based on the resulting
temperature differences, the heat transfer coefficient was calculated to assess the cooling efficiency of the nanofluid. To
further ensure reliability, selected runs were repeated under identical conditions, and the results showed close agreement.
The reported values represent averages of steady-state measurements, thereby minimizing random fluctuations and
enhancing reproducibility of the data.
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FIGURE 2. Schematic flow diagram showing the working fluid paths and sensor layout (T1-T4).
Table 1. Physicochemical properties of the working fluids used in this study: heavy lubricating oil (ASIA Co.,
Tanjero — Sulaymaniyah, Iraq), reverse osmosis (RO) water (Fers Co., Arbet — Sulaymaniyah, Iraq) and ethylene
glycol (Gagro Co., Erbil, Iraq).

Property Heavy Lubricating Oil Reverse Osmosis (RO)Water Ethylene Glycol
Viscosity 28 cp (at 50°C) 0.88 16.04 cp

Density / Specific 0.887 (Sp.Gr.at 15.6°C) 0.997 1.114 g/cm?

Gravity

Boiling Point °C _ 100 197.3°C

Freezing point / Pour Point (°C) -6°C (Pour Point) 0 -11.2°C (Freezing Point)
Flash Point (°C) 204°C _ _

pH B 6.5 _

Electrical Conductivity B 48 uS 1.07 X 107° mhos/cm (at 20°C)
TDS (ppm) B 24 ppm B

NaCl (%) _ 0.1 % _

Thermal Conductivity 0.13 0.613 0.252

(W/m.K)

Specific Heat Capaciy 2100 4180 2415

(J/kg.K)

4 GOVERNING THERMAL-HYDRAULIC EQUATIONS

To assess the thermal behavior of CuO—EG/W nanofluids within the shell-and-tube heat exchanger, standard heat transfer
and fluid flow relations were applied to determine the Reynolds number, Prandtl number, thermal conductivity,
convective heat transfer coefficient and Nusselt number.

The Reynolds number (Re) can be calculated to characterize the flow regime [45]:

Re =Pnf% @)
Hnf

where p,,r denotes the nanofluid density (kg/m®), d; represents the inner diameter of the tube (m), v
corresponds to the nanofluid velocity (m/s), and p,,5 indicates the nanofluid viscosity (Pa-s).

The Prandtl number (Pr) was calculated as [46]:
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=t
Pr = p 3)

c, denotes the specific heat capacity (J/kg-K), u represents the dynamic viscosity (pa.s), and k corresponds thermal
conductivity (W/m-K) of the nanofluid.

The thermal conductivity of the nanofluid was estimated using the Maxwell model [47]:

kp+ Zkbf+ 2¢( kp_kbf)
kp+ 2kpr— ¢(kp—Kpf)

where k¢, kp,r and ky, represent the thermal conductivities of the nanofluid, base fluid, and nanoparticle respectively,
and ¢ denotes the nanoparticle volume fraction.

The heat transfer rate was computed on both the hot and cold sides using [48]:

Qn = my cpn (Thi — Tho) 5)
Q.= m, Cpc (Tco - Tci) (6)
and the average heat transfer rate was [49]:
QptQ
Qavg = % (7

Where @) denotes the heat lost by the hot fluid and Q. denotes the heat gained by the cold fluid.

The experimental convective heat transfer coefficient was then obtained as [50]:

h = Qavg (8)

Ai(Tw—=Tp)

where A is the internal surface area of the tube, T, is the wall temperature (assumed equal to shell-side temperature), and
T}, is the bulk temperature of the nanofluid.

The Nusselt number (Nu), indicating the enhancement of convective heat transfer, was calculated using [51]:

—hd

N =, ©)
The theoretical Nusselt number was predicted using the Gnielinski correlation [52]:
Nu = (f/8)(Re—10003Pr (10)
1+12.7V(f/8) (Pr3 —1)
with the friction factor f given by [53]:
f = (0.79.InRe — 1.64)7? (11)

S RESULTS AND DISCUSSION
5.1 FTIR ANALYSIS

FTIR analysis was carried out to examine the functional groups associated with CuO NPs formation at different pH
values, with the resulting spectra at pH 7, 9, and 11 illustrated in Figure 3. Strong absorption bands in the 400-650 cm™
range were seen in all samples, which were ascribed to CuO stretching vibrations and verified that copper oxide had
successfully formed. These bands are in good agreement with the previously studied FTIR spectra of CuO,[54]
confirming the correct assignment. O-H stretching is represented by a broad band at about 3400 cm™, most likely as a
result of adsorbed water or hydroxyl groups. Peaks near 1600 cm™* are associated with H-O-H bending or organic residues
from the plant extract. The spectrum at pH 11 showed more defined CuO peaks, indicating enhanced crystallinity and
fewer residual impurities under alkaline conditions. The enhanced spectral definition at pH 11 is consistent with the XRD
results (Section 5.2), which confirmed higher crystallinity, and with the SEM observations (Section 5.4) showing better-
defined particle morphology. Together, these results validate those alkaline conditions facilitate the synthesis of purer and
more crystalline CuO NPs using Populus euphratica extract.
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FIGURE 3. FTIR spectra of CuO nanoparticles synthesized at pH 7, 9, and 11.

5.2 XRD ANALYSIS

The phase structure and crystallinity of CuO NPs prepared at pH values of 7, 9 and 11 were examined using X-ray
diffraction (XRD), as shown in Figure 4. Distinct diffraction peaks were recorded for all samples, corresponding to
monoclinic CuO. The major peaks appeared around 26 = 32.5°, 35.5°, 38.7°, 48.7°, 53.4°, 58.3°, and 61.5°, which
matched the lattice planes (110), (-111), (111), (-202), (020), (202), and (-113) of monoclinic CuO. These results are in

agreement with the JCPDS card No. 48-1548. The absence of additional peaks indicated that the obtained nanoparticles
were phase-pure CuO.

Notably, the CuO NPs synthesized at pH 11 exhibited the sharpest and most intense peaks, indicating improved
crystallinity and better-ordered crystalline domains, which is consistent with previous reports that higher synthesis pH
leads to sharper XRD peaks, reduced FWHM, and enhanced crystallinity in CuO NPs [55-57]. In contrast, broader peaks
at lower pH values suggest less crystalline and potentially larger or more irregular nanoparticles. This trend supports the

understanding that increasing the pH during green synthesis favors enhanced nucleation and crystal growth kinetics,
ultimately leading to finer, more uniform CuO NPs with higher phase purity [58].

The crystallite size of the CuO NPs was estimated using the Debye—Scherrer equation:
KA
- B cos6 (12)

where K is the shape factor (0.9), 4 is the X-ray wavelength (0.15406 nm for Cu Ka), g is the full width at half maximum
(FWHM) of the diffraction peak in radians, and 6 is the Bragg angle. The calculated crystallite sizes were 26, 29, and 42
nm for pH 7, 9, and 11, respectively, indicating enhanced crystal growth at higher alkalinity, which is beneficial for
improving thermal conductivity and thus supports the superior heat transfer performance of the pH 11 nanofluid
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FIGURE 4. X-ray diffraction spectra of CuO NPs synthesized at pH 7, 9, and 11, showing characteristic peaks of
monoclinic CuO (JCPDS 48-1548).

5.3 UV-VIS SPECTROSCOPY

The UV-Vis absorption spectra of CuO NPs synthesized under pH conditions of 7, 9 and 11 are shown in Figure 5. All
samples exhibited broad absorption features in the UV region (200—400 nm), characteristic of nanoscale CuO. The highest
absorbance intensity was observed for the pH 11 sample, likely due to a greater nanoparticle population or enhanced
dispersion. A clear redshift in the absorption edge was noted with increasing pH, and the estimated optical band gaps
were approximately 3.25 eV (pH 7), 1.76 ¢V (pH 9), and 1.44 eV (pH 11).

The observed band gap reduction is typically associated with increased particle size or crystallinity. However, this trend
may also reflect fewer surface states and improved electronic coupling under alkaline synthesis conditions. While XRD
indicates smaller crystallite domains at higher pH, UV-Vis measurements are also sensitive to morphology, surface
defects, and interparticle interactions. Thus, the combined data suggest that pH 11 promotes structurally ordered, optically
active nanoparticles with reduced quantum confinement and fewer defects.

5.4 SCANNING ELECTRON MICROSCOPY (SEM)

SEM analysis was employed to study the surface morphology of CuO NPs formed at pH 7, 9 and 11, with the resulting
micrographs presented in Figure 6. All samples display agglomerated yet distinct nanoparticles, confirming successful
nanoscale formation. At pH 7, the particles appear highly aggregated with poor individual definition. In contrast, the pH
9 sample reveals moderately dispersed grains with emerging uniformity. Notably, the pH 11 sample exhibits more clearly
defined, relatively uniform spherical-like nanoparticles, indicating enhanced growth control and reduced agglomeration
under alkaline conditions.
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FIGURE 5. UV-Vis absorbance spectra of CuO NPs at pH 7, 9, and 11.

The improved morphological regularity at higher pH may be attributed to increased nucleation rates and better
electrostatic stabilization in basic media, which promote more uniform particle growth. While SEM does not measure
crystallite size directly, the apparent increase in particle definition and shape consistency complements XRD results
indicating higher crystallinity. These morphological features especially at pH 11 are favorable for heat transfer and
dispersion in nanofluid systems due to their likely impact on stability and surface area-to-volume ratio. The average
particle sizes derived from SEM analysis were 27.5 + 18.3 nm, 37.6 £ 15 nm, and 35.6 = 22.2 nm for pH 7, 9, and 11,
respectively, as shown in the particle size distribution histograms Figure 7. More uniformly defined nanoparticles at pH
11 indicate reduced agglomeration tendency under alkaline conditions, which is favorable for stable nanofluid formation.
These morphological characteristics correlate with the superior thermal performance observed for the pH 11 nanofluid.

(a) pH 7 (b) pH 9 (c) pH 11

FIGURE 6. SEM images of CuO NPs synthesized at pH 7, 9, and 11.
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FIGURE 7. Particle size distributions of CuO NPs synthesized at (a) pH 7, (b) pH 9, and (c¢) pH 11 based on
SEM analysis.

5.5 THERMAL PERFORMANCE EVALUATION

As illustrated in Figure 8, the CuO-EG/water nanofluids exhibited a marked rise in the convective heat transfer
coefficient as the nanoparticle concentration increased. The experimental results show a steady rise in heat transfer
coefficient from 745.98 W/m*-K to 1011.21 W/m?*-K, corresponding to an improvement of 36% compared with the base
fluid. Beyond the concentration range of 0.02—0.10 vol%, however, the enhancement was negligible (data not shown).
The observed improvement is attributed to higher effective thermal conductivity, intensified micro-convection induced
by Brownian motion, enhanced thermal interaction between the nanofluid and tube surfaces, and the relatively low flow
resistance of the nanofluids.

Theoretical predictions based on the Gnielinski correlation exhibit a similar upward trend, with values ranging from
778.77 to 1048.67 W/m?-K. Although experimental results remain slightly below the theoretical prediction over the tested
range. The overall agreement supports the applicability of the Gnielinski correlation for predicting convective heat
transfer in transition nanofluid flows. An observed gap also highlights the role of real-world factors such as nanoparticle
aggregation, thermal resistance, or imperfect dispersion, which may reduce actual heat transfer efficiency compared to
idealized theoretical assumptions. In addition, the experiments were conducted fully in the transitional regime (Re =
2935-3084). Although the Gnielinski correlation has been extended to this range, its accuracy is strongest in the fully
turbulent region, and flow near the lower boundary (Re < 3000) remains unstable and difficult to model. This regime-
related limitation likely contributes to the observed discrepancy between experimental and predicted values. When
compared with previous reports on CuO nanofluids, the present green-synthesized system demonstrates competitive
performance. A CuO/EG—water (60:40) nanofluid achieved up to 67% enhancement at 0.06 vol% under fully turbulent
flow conditions [59], while another study on CuO/EG—water (80:20) reported 40-45% improvement at 0.2 vol% [60].
Similarly, CuO/EG—water (75:25) applied in a PV/T cooling system yielded 39.6% thermal efficiency enhancement at
2.0 wt% [61]. These values confirm that the enhancement achieved in the present work lies within the range of chemically
synthesized systems, despite being obtained at lower nanoparticle loading, with a more dilute EG—water base fluid, and
under transitional flow conditions. The favorable crystallinity and dispersion stability of the green-synthesized CuO NPs
likely contributed to this competitive performance. The differences in thermal performance reported in other studies may
arise from variations in chemically synthesis method, base fluid composition, or operating conditions all of which can
significantly influence overall efficiency.

Figure 9 shows that the Nusselt number (Nu) values are significantly greater than 1, confirming that heat transfer is
dominated by convection. A clear upward trend in Nu with increasing CuO NPs concentration demonstrates more
efficient convective transport from the fluid to the tube wall, reflected in the strengthened thermal interaction at the fluid—
solid interface and consistent with the rise in the convective heat transfer coefficient. According to the Gnielinski
correlation, the calculated Nu follows a similar upward trend, with slight overestimation at higher concentrations. Despite
this minor deviation, the consistent alignment between experimental and theoretical results confirms the applicability of
the Gnielinski model in estimating the heat transfer behavior of nanofluids in transitional flow regimes. The observed Nu
enhancement also highlights the role of nanoparticles in disturbing the boundary layer and intensifying micro-convection.
Additionally, the overall heat transfer coefficient exhibited an increase of approximately 40% relative to the base fluid,
further reinforcing the enhanced thermal performance observed across all indicators. To further interpret these
enhancements and the underlying boundary layer behavior, the Prandtl number (Pr) was evaluated as a complementary
parameter.
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FIGURE 8. Experimental and predicted convective heat transfer coefficients of CuO-EG/water (20:80)
nanofluid at varying nanoparticle volume fractions.
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FIGURE 9. Nusselt number of CuO-EG: Water nanofluid at different nanoparticle volume concentrations,
comparing experimental data with theoretical predictions.

As shown in Figure 10, the Prandtl number in this study ranged from 10.61 at 0 % volume fraction to 9.36 at 0.1 %,
remaining well above 1 and confirming that momentum diffusivity is significantly greater than thermal diffusivity. This
condition leads to the development of a thermal boundary layer that is comparatively thinner than the velocity boundary
layer, resulting in a large temperature gradient near the tube wall and enhancing convective heat transfer. The gradual
decrease in Pr with increasing CuO concentration is attributed to the enhancement in thermal conductivity surpassing the
modest increase in dynamic viscosity. This shift means heat diffuses relatively faster at higher nanoparticle loadings,
while the consistently high Pr values preserve the favorable boundary layer structure that supports the observed increases
in Nusselt number and heat transfer coefficient [1, 62-64].
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FIGURE 10. Decreasing Prandtl number with increasing nanoparticle volume fraction for CuO-water/EG
nanofluid.

Figure 11 illustrates that the prediction of Maxwell’s model shows an increase in the nanofluids thermal conductivity
ratio k¢ /Ky s, where k, rand k;f represent the thermal conductivities of the nanofluid and base fluid, respectively, from
1.056 to 1.318 over the tested concentration. This enhancement is results from the high intrinsic conductivity of CuO,
the formation of conductive pathways within the fluid, and intensified nanoparticle Brownian motion, all of which
improve microscopic thermal energy transport [1, 65].
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FIGURE 11. Predicted enhancement ratio of thermal conductivity k, s /ky; for CuO EG: Water (20:80)
nanofluid calculated using the Maxwell model at different nanoparticle volume fractions. The dashed line
indicates the base fluid level (k,,s/kp; = 1.0).

CONCLUSION

In this study, copper oxide nanoparticles were successfully synthesized via an innovative green approach utilizing
Populus Euphratica leaf extract. This specific plant extract has not been previously reported for CuO synthesis, marking
a significant novel contribution to sustainable thermal management research. The synthesis was meticulously optimized
at pH levels of 7, 9, and 11 to ensure desired nanoparticle properties. Characterization via FTIR, XRD, UV-Vis
spectroscopy, and SEM confirmed the nanoparticles' chemical composition, crystallinity, and morphology. Dispersing
the optimized CuO nanoparticles into an ethylene glycol-water (EG-W) base fluid consistently yielded significant
improvements in thermal performance. Relative to the base fluid, the convective heat transfer coefficient increased by
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~36%, and the overall heat transfer coefficient by nearly 40%. In addition, both the thermal conductivity and Nusselt
number of the nanofluid demonstrated measurable gains, confirming the beneficial influence of CuO NPs incorporation.

These enhancements are attributed to a combination of factors:
e Improved effective thermal conductivity of the nanofluid.
e Intensified micro-convection due to nanoparticle movement (e.g., Brownian motion).
e Achieved stable nanoparticle dispersion within the base fluid, facilitated by the green synthesis method.

Overall, these findings strongly confirm the significant potential of green-synthesized nanomaterials for enhancing heat
exchanger performance. This approach not only offers an effective solution for improved thermal management but also
promotes eco-friendly, sustainable synthesis methods by eliminating reliance on hazardous chemicals often used in
conventional nanoparticle production. Upcoming research should emphasize dispersion stability over extended periods,
the practicality of industrial-scale synthesis, and performance under broader operating conditions.
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