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With the growing adoption of Evacuated Tube Solar Collectors
(ETSCs), enhancing their thermal performance remains a critical
challenge. Nanofluids have shown strong potential to enhance heat
transfer, yet the optimal nanoparticle input parameters for maximizing
collector efficiency remain poorly understood. This study investigates
the use of Cu0/50:50 ethylene glycol-water (EG—water) nanofluids to
improve heat transfer and thermal efficiency in ETSCs through a novel
and comprehensive experimental, computational and parametric
optimization approach. Baseline experiments with 50:50 EG-water
provide validation for a Computational Fluid Dynamics (CFD) model,
which is then simulated with CuO nanofluids to investigate how
variations in Reynolds number, nanoparticle volume concentration and
irradiance affect ETSC thermal performance. The results demonstrate
that a 5% CuO nanoparticle volume concentration enhances the Nusselt
number by 34% and improves collector thermal efficiency by 13.5%,
albeit with a 21% increase in skin friction coefficient. The optimal
operating conditions occur at Re = 850, ¢ = 5%, I = 1000 W/m? and T}
=268 K, yielding a high Nusselt number of 62.6 and a low skin friction
coefficient of 0.0359. These findings demonstrate the strong potential of
employing CuO nanofluids in ETSCs to enhance their thermal
performance.

Nomenclature
Aol Absorber Area (m?) T; Fluid Inlet Temperature (°C)
c Specific Heat (J kg™) T, Fluid Outlet Temperature (°C)
9y Gravity in the y-Direction (ms~2) T Mean Fluid Temperature (°C)
1 Irradiance (Wm™2) Tamp Ambient Temperature (°C)
k Thermal Conductivity (Wm™1K™1) Uy Velocity in the x-Direction (ms™1)
v Volumetric Flow Rate (m3s™1) u, Velocity in the y-Direction (ms™!)
P Pressure (Pa) u, Velocity in the z-Direction (ms™1)
Oin Heat Input (W)

Qu Useful Heat (W)
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Introduction

The growing concerns over energy sustainability and environmental impact have accelerated the global
adoption of renewable energy technologies worldwide, with recent decades showing a clear rise in
renewable energy consumption (Raimi et al., 2023; Solangi et al., 2011). Among these technologies, solar
energy stands out as a clean, abundant, and reliable energy source, with solar collectors playing a central
role in converting solar radiation into usable thermal energy (Aggarwal et al., 2023; Kannan & Vakeesan,
2016). Among solar collectors, Evacuated Tube Solar Collectors (ETSCs) are widely regarded as having
the best thermal performance due to their superior thermal efficiency and reduced heat losses (Ayompe &
Duffy, 2013; Mangal et al., 2010; Zubriski & Dick, 2012). Despite these advantages, their performance
remains constrained by the thermal properties of conventional heat transfer fluids, such as water and oil-
based fluids, which possess relatively low thermal conductivity (Cheng et al., 2013; Nie et al., 2020). This
limitation restricts the collector’s ability to achieve optimal thermal efficiency (Kalogirou, 2004; Morrison
etal., 2004). Advancements in nanotechnology have introduced nanofluids as potential solutions to enhance
the heat transfer characteristics of the collector working fluid due to their superior thermal conductivity
(Olfian et al., 2020). A review of the simulation studies investigating the use of nanofluids in ETSCs
revealed that there are three main factors affecting the thermal performance of the collector: nanoparticle
volume concentration, nanoparticle type and mass flow rate. Table 1 summarizes 12 simulation studies that
vary these parameters to evaluate their effects on collector efficiency and overall heat transfer enhancement.

Table 1. Summary review of simulation studies investigating nanofluids in ETSCs

Author & Year Nanofluid Mass Flow Volume . Finding
Rate Concentration
(Kimetal., 2016) MWCNT, 0.001 kg/sto 1% to 3% Thermal efficiency enhancement in order of greatest to
Al,O3, CuO, 0.01 kg/s 0.1% to 0.2% least: MWCNT, CuO, ALOs, TiO,, SiO,
TiO,, SiO; (MWCNT)
(Yanetal., 2017)  SiO, - 1%, 3%, 5% Highest thermal conductivity increase of the working
fluid was 45%.
(Sadeghi et al., Cu20 - 0.04% and Maximum efficiency of the collector was 78% at 0.08
2019) 0.08% vol% compared to 74% without nanofluid.
(Kaya & Arslan, Ag,ZnOand  0.001 kg/s 1% to 4% Maximum collector efficiency was 68.6% for 4 vol% of
2019) MgO and 0.003 Ag/water, which is 26.7% higher than without
kg/s nanofluids.
(Mercan & CuO and 0.025 kg/s to 1%, 3%, 5% Greatest heat transfer enhancement was 6.8% for
Yurddas, 2019) ALO3 0.075 kg/s CuO/water at 5 vol%.
(Yurddas, 2020) MWCNT, 0.05 kg/s 0.5% to 5% Highest increase in heat transfer was 14.1% for
Cu, TiO», Cu/water at 5 vol%.
and SiO,
(Peng et al., AL O;, CuO, 0.005 kg/s 0.1% to 4% CuO/water has the highest thermal efficiency increase
2020) TiO, compared to water of 13.8%.
(Hasan et al., SiO, - 1% to 4% Maximum enhancement of the average Nusselt number
2022) was 42% at 4 vol% and Re =30000 compared to without
nanofluids.
(Tabarhoseini & MWCNT - 1%, 3%, 5% Thermal efficiency of the collector was enhanced by 2%
Sheikholeslami, and Cu and 2.73% by the Cu and MWOCNT particles
2022) respectively at 5 vol%.

https://doi.org/10.24191/jmeche.v23i3.9739

©Kashif Waseem et al., 2026



72 Kashif Waseem et al. / Journal of Mechanical Engineering (2026) Vol. 23, No. 3

(Lépez-Nuilez et TiO, 0.02475kg/s  0.5% Highest collector efficiency (90%) achieved at 0.1188

al., 2022) t0 0.1188 kg/s using TiO, /water - compared to 86% without
kg/s nanofluids.

(Lopez-Nuez et TiO, and 0.04818 kg/s  0.5% Highest thermal efficiency of the collector was 86%

al., 2024) SiO, t0 0.1188 using TiO, /water at 0.1188 kg/s compared to 80%
keg/s without nanofluids.

(Aytag et al., Quartz 0.008 kg/sto 2% At mass flow rate of 0.05 kg/s the greatest thermal

2024) /water 0.050 kg/s efficiency of 75.63% was recorded compared to using

water (58.55%).

Yan et al. (2017) designed and simulated an ETSC using water/SiO, nanofluids for volume
concentrations of 1%, 3% and 5% to determine the heat transfer improvement. Their results showed that
the highest thermal conductivity increase was 45% at 5 vol%. Sadeghi et al. (2019) numerically investigated
how nanoparticle volume concentration affects the performance of an ETSC equipped with a parabolic
reflector, employing Cu,O/DW nanofluids. They reported a maximum collector efficiency of 78% at 0.08
vol%, compared to 74% for pure water. Hasan et al. (2022) examined the influence of nanoparticle volume
concentration and particle diameter on the Nusselt number and skin friction factor using water/SiO,
nanofluids. They found that higher concentrations and smaller nanoparticle diameters significantly
increased heat transfer, with a maximum average Nusselt number enhancement of 42% at 4 vol% and Re
= 30,000. Tabarhoseini & Sheikholeslami (2022) scrutinized the effect of water-based MWCNT and Cu
nanoparticles on the efficiency of the collector at different volume concentrations. They determined that
the thermal efficiency of the collector was enhanced by 2% and 2.73% by the Cu and MWCNT particles
respectively at 5 vol%. Taken together, these four studies demonstrate that increasing nanoparticle volume
concentration consistently improves ETSC thermal performance. Most studies limited the concentration to
5% due to stability concerns, establishing this as a practical upper threshold for nanofluid applications.

Kaya & Arslan (2019) designed and simulated an ETSC using Ag, ZnO, and MgO nanofluids with
ethylene-glycol/water as the base fluid. They reported the highest efficiency of 68.6% using 4 vol% Ag
nanofluids, corresponding to a 26.7% improvement over the base fluid. Yurddas (2020) modelled ETSC
performance using water-based MWCNT, Cu, TiO, and SiO, nanofluids at concentrations from 1%—5%.
The study found that Cu nanofluids produced the highest heat transfer enhancement of 14.1% at 5 vol%.
Peng et al. (2020) dedicated their research to studying the effects of water based ALOs3, CuO, TiO,
nanofluids on the thermal performance of the collector. At 0.005 kg/s, CuO/water yielded the highest
efficiency increase of 13.8%, outperforming TiO»/water by 1.5% and Al,Os/water by 1.3%. Kim et al.
(2016) numerically investigated hybrid MWCNT, Al,O3, CuO, TiO,, SiO; nanofluids using a 20% PG-
water base fluid. They found that the collector thermal efficiency increased in the following sequential
order from greatest to least: MWCNT, CuO, AL,Os, TiO,, SiO». The highest thermal collector efficiency
increases of 10.5% was reported for 0.2 vol% MWCNT. Across these four studies, copper-based
nanoparticles outperformed Al,O3, TiO; and SiO; at equivalent concentrations, indicating that they are the
most effective at enhancing the thermal efficiency of the collector. However, more research is required to
compare Copper nanoparticles with MWCNTs, which also demonstrated significant potential.

Mercan & Yurddas (2019) examined the effects of CuO and Al,Os3 nanofluids on ETSC heat transfer
at various mass flow rates, identifying the optimal flow rate as 0.025 kg/s. Their maximum enhancement
was 6.8% for 5 vol% CuO/water. Lopez-Nuiez et al. (2022) numerically analysed TiO»/water nanofluids
across a flow-rate range of 0.02475 to 0.1188 kg/s. They achieved a maximum collector efficiency of 90%
using TiOy/water at 0.1188 kg/s, compared to 86% for water. In a follow-up study (Lopez-Nuiiez et al.,
2024), they compared SiO> and TiO, nanofluids under similar conditions and again observed superior
performance using TiO»/water, reaching a collector thermal efficiency of 86% at 0.1188 kg/s versus 80%
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for pure water. Aytag et al. (2024) conducted numerical and experimental investigations using Quartz/water
nanofluids to determine the effect of mass flow rate on ETSC thermal performance. They found that higher
mass flow rates consistently increased collector thermal efficiency, with Quartz/water achieving an
efficiency of 75.63% at 0.05 kg/s compared to 58.55% for water. Collectively, these four studies confirm
that increasing mass flow rate enhances ETSC thermal efficiency due to improved convective heat transfer.
This trend is consistent across nanofluids and pure water, establishing flow rate as a key operational
parameter for performance optimisation.

The literature has shown that Al,O3; and CuO are the most used nanoparticles in ETSC simulation
studies (Kim et al.,, 2016; Mercan & Yurddas, 2019; Peng et al., 2020). Figs. 1 and 2 present the
corresponding thermal efficiency enhancements at various volume concentrations across three
representative studies. For both nanofluids, thermal efficiency increases linearly with concentration.
Differences in collector geometry influenced performance as Peng et al. (2020) reported the largest
efficiency gains, likely due to simulating a 94 mm diameter collector compared to the 37 mm configuration
used by Mercan & Yurddas (2019). Across all studies, CuO demonstrated consistently higher efficiency
enhancement than Al,Os. Peng et al. (2020) reported the highest improvements, with maximum thermal
efficiency increases of 13.8% for CuO and 9.3% for Al,O3 under comparable conditions. These findings
collectively indicate that CuO is not only one of the most widely used nanoparticles but also the most
effective in improving ETSC thermal performance.

18
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12

10

Efficiency Enhancement (%)

0 1 2 3 4 5 6
Volume Concentration (%)

Mercan and Yurddas ———Kimetal. Pengetal.

Fig. 1. Thermal efficiency enhancement of ETSC using CuO nanofluids at various volume concentrations reported by
different authors.
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Fig. 2. Thermal efficiency enhancement of ETSC using Al2O3 nanofluids at various volume concentrations reported
by different authors.

Current experimental studies on ETSCs lack detailed insight into key heat transfer mechanisms, such
as nanoparticle conductivity and internal temperature distribution (Pawar & Sobhansarbandi, 2020). While
computational studies have advanced the understanding of nanofluid behaviour, they largely focus on
isolated parameter variations and lack a systematic, multi-variable optimization framework to identify
optimal operating conditions (Aggarwal et al., 2023; Olfian et al., 2020). Moreover, the integration of
parametric optimization techniques remains largely unexplored, representing a critical gap in the practical
application of nanofluids in ETSCs (Jaiswal et al., 2023; Sood et al., 2026). To address these limitations,
this study employs parametric optimization using Design of Experiments (DOE) to develop predictive
second-order models and facilitate the optimization of multiple interacting parameters, including
nanoparticle concentration and operating conditions. Unlike prior studies, this methodology allows for the
identification of global optimal nanoparticle parameters rather than localized trends. Additionally, CFD is
employed to analyze nanofluid thermal and flow behaviour in ETSCs, providing detailed insights such as
temperature fields and flow patterns which are not easily attainable experimentally. In doing so, the study
bridges the gap between theoretical developments in nanofluid technology and their practical application
in enhancing the thermal performance of ETSCs.

The main objectives of this study are (1) To develop and experimentally validate a CFD model of the
ETSC in ANSYS Fluent. (2) To investigate the thermal performance enhancement of the ETSC by
simulating the CFD model with nanofluids by varying key parameters such as the Reynolds number,
nanoparticle volume concentration and irradiance. (3) To optimize the model according to different
operating parameters such as Reynolds number, nanoparticle volume concentration, irradiance and fluid
inlet temperature.

Methodology

Experimental setup

The first objective of the study requires the collection of experimental data with the ETSC. The
collector’s performance was investigated at flow rates of 16 I/h, 28 1/h and 41.5 1/h and collector tilt angles
https://doi.org/10.24191/jmeche.v23i3.9739
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of 30°, 40° and 50° across three different days during the summer between 10 am to 2 pm to ensure
consistent solar irradiation. The copper heat pipes in the glass tubes absorb the incoming solar irradiation
and transmit this energy to the working fluid (50:50 EG-Water) in the manifold pipe. The working fluid is
then pumped to the heat exchanger where it heats water in the secondary circuit before returning to the

collector.

Table 2 presents the ETSC’s specifications, while Fig. 3 shows a schematic of its components. As
depicted, TS4 and TS1 are the measured inlet and outlet fluid temperatures respectively, and these values
are displayed by the UVR67 controller. The controller also displays the volumetric flow rate (RS5) and the
illuminance (FS6). These parameters are then recorded by the data logger using Winsol software. The
ambient temperature, TS, and the system pressure, P1, are recorded manually from their respective gauges

as seen in Figs. 3 and 4.

1 Tube collector Collector inlet thermometer

2 Heat exchanger Collector outlet thermometer

3 Expansion vessel Return thermometer

4 Pressure relief valve T4 Inlet thermometer

5  Storage tank 5 Ambient air thermometer

6 Controller P1 Pressure

7 Data logger

8  llluminance sensor 51-86 Sensors connected to controller
P1  Solar circuit pump R llluminance

P2  Secondary circuit pump F Flow rate

Fig. 3. Schematic of the investigated ETSC.

Table 2. Specification of the investigated ETSC

il
AN

Fig. 4. Image of the ETSC analyzed in this study.

Manifold Pipe Length (mm) 1200
Manifold Pipe Outer Diameter (mm) 42
Manifold Pipe Inner Diameter (mm) 40
Manifold Pipe Material Copper
Number of Heat Pipes 15
Heat Pipe Diameter (mm) 8
Heat Pipe Condenser Diameter (mm) 24
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Simulation setup

Mathematical formulae and assumptions

The second objective of the study involves the investigation of the thermal performance of the ETSC
using CuO nanofluids through CFD analysis and is conducted under specific assumptions to simplify the
simulation procedure. Heat transfer between the ethanol within the evacuated tubes and the working fluid
in the manifold pipe is modelled with heat losses, consistent with the experimental setup. These losses are
incorporated through an appropriate heat loss factor within the governing energy equations in both the
experimental analysis and CFD model.

For nanofluid modelling, a single-phase approach is employed, assuming homogeneous dispersion of
CuO nanoparticles within the base fluid. This approach has been widely reported to yield accurate
computational results, particularly at low nanoparticle volume concentrations (Mercan & Yurddas, 2019;
Peng et al., 2020). This assumption is justified by the negligible effects of slip velocity and particle
migration effects under such conditions. The effective thermophysical properties of the nanofluid are
calculated using established correlations, which have been extensively validated and are commonly applied
in CFD-based nanofluid studies (Brinkman, 1952; Khanafer et al., 2003; Maxwell, 1873). Furthermore, the
thermophysical properties of the working fluid are assumed to be constant over the investigated temperature
range, which is relatively narrow. This assumption is consistent with prior studies and has been shown to
provide reliable results (Aytac et al., 2024; Sadeghi et al., 2019; Yurddas, 2020). In addition, the Boussinesq
approximation is employed, whereby density variations are considered only in the buoyancy term, while
all other fluid properties remain constant.

The limitation of nanoparticle concentration to 5% has been justified based on previous studies in
literature as higher concentrations may lead to stability issues such as agglomeration and sedimentation
(Tabarhoseini & Sheikholeslami, 2022; Yan et al., 2017). The study solely examines the simulation
procedure of using CuO nanofluids to enhance the thermal performance of the ETSC, excluding
experimental setups using nanofluids. Furthermore, aspects related to simulation settings, such as residual
behaviour, discretization techniques, and numerical stability, fall outside the scope of this study.

With these assumptions, the efficiency of the collector can be calculated by considering the power input
to the collector and the useful power output. The rate of thermal energy transferred to the collector is:

Qin = IACol (1)

The useful power output of the collector is:

Qu = Vpcp (TZ - Tl) (2)

Thus, the efficiency of the collector is denoted as:

_ & _ VPCp(Tz -T)

" Qin [Aco )

As the Reynolds number for the 50:50 EG-Water solution is less than 2000, laminar flow is chosen for
the CFD model. Thus, the equations for the conservation of continuity, momentum and energy are shown
below.
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Continuity Equation:

ou, + ou,, + Ju,\
P\ "ox dy 0z )

Momentum Equations:

X-Component:

(')ux+ aux+ Ou, —10P  pps (0%uy azux+62ux
gy Ty dy Y275, C Pny0x  pns\0x2 9y 9z

Y-Component:

ou ou ou Unr (0%u, 0%u, 0%u
y y y nf y y y
x v y Y275, Gybns ) Pnf ( 0x2  0y? = 0z2

Z-Component:

ou, N ou, N du, —10P Y 0%u, 0%u, N 0%u,
Y ox Ty T ez T 0z ' pa\0x2 ¢ ay? | 022

Energy Equation:

aT aT oT d°T 0°*T 9°T
pnfcnf<uxa+uy@+u25)= Tlf ﬁ*‘ﬁ"l’ﬁ

The change in density is expressed using the Boussinesq Approximation:

Pny = pnfo[l - an(T - TO)]

Nanofluid Density:

pny = (1 — @)ps + @ps

Nanofluid Heat Capacity:

(1 - (p)pfcp(f) + (ppscp(s)
pnf

Cpnp) =
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Nanofluid Viscosity (Brinkman, 1952):

u
Hns =(1_—f(p)2_5 (12)

Nanofluid Thermal Conductivity (Maxwell, 1873):

— = 13
ke ks + 2ke + (ks — k) (13)
Nanofluid Thermal Expansion Coefficient (Khanafer et al., 2003):
Bry _ 1A L
Br A=)prBr 1 4+-—PPs__ (14)
1+ PP (1 - (P)pf

The thermophysical properties of water and CuO nanoparticles are summarized in Table 3. Using
Equations 10 to 14, these properties were calculated for CuO/50:50 EG—water nanofluids at volume
concentrations ranging from 1% to 5% and are summarized in Table 4.

Table 3. Thermophysical properties of water and CuO nanoparticles

p (kg/m®) ¢p (J/kgK) k (W/mK) u (kg/ms) B (/K)
50% EG-Water 1073 3450 0.3736 0.0028 0.00063
CuO 6500 533 76.5 - 0.000018

Table 4. Thermophysical properties of CuO/50:50 EG-water nanofluids at different volume concentrations

(p (%) p (kg/mS) Cp (J/kgK) k (W/l’l’lK) U (kg/ms) ﬁ (/K)
1 1127.27 3281.80 0.3848 0.002871 0.000595
2 1181.54 3129.05 0.3961 0.002945 0.000563
3 1235.81 2989.72 0.4077 0.003022 0.000533
4 1290.08 2862.11 0.4196 0.003101 0.000507
5 1344.35 2744.81 0.4317 0.003183 0.000482

Computational domain

The computational domain is displayed in Fig. 5 and boundary conditions are applied to perform the
simulation. The solid surfaces of the manifold pipe are designated as walls including the inner surfaces
connected to the collector tubes. A uniform heat flux corresponding to the irradiance is applied to the inner
surfaces of the collector tubes. For each simulation the fluid volumetric flow rate, inlet temperature,
pressure and the irradiance were specified according to the collected experimental data. Simulations were
performed for the same three test days as the experiment, enabling a direct comparison between the CFD
model and the measured collector performance.
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Collector Tube

Fig. 5. Computational domain of the manifold pipe.

Mesh and mesh independence

A mesh independence test was conducted to optimize the computational efficiency for calculating the
thermal performance of the ETSC. A tetrahedral mesh structure was employed, as illustrated in Fig. 6. The
number of elements was varied from 0.2 million to 2.3 million across 5 tests as displayed in Fig. 7. It was
observed that for element counts higher than 1.2 million, the outlet temperature of the collector exhibited
behaviour independent of the mesh. Thus, 1.2 million elements were used for all subsequent simulations.
Each simulation was performed with 500 iterations until convergence was achieved.

200000 320000 850000 1200000 2300000
Number of Elements

53
52.5

(<
N

51.5

50.5

Outlet Fluid Temperature (°C)
o o
S =

49.5

49

Fig. 6. Image of the mesh structure. Fig. 7. Mesh independence test.

Simulation procedure

In the simulations, a finite volume approach was used to scrutinize the fluid flow in the ETSC. The
SIMPLE approach was used to obtain velocity and temperature distributions, and the discretization of
equations was performed using second order upwind. The Green Gauss Node method was selected for the
gradient setting. The fluid was modelled as single-phase, incompressible, laminar flow while the
Boussinesq Approximation was used to model the fluid density.
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Parametric optimization procedure

To achieve the third objective, the optimal operating conditions of the ETSC were determined through
a structured parametric optimization framework based on DOE and Response Surface Methodology (RSM).
The validated CFD model was simulated over a range of operating conditions defined by four input
parameters, and the resulting output parameters were recorded. The selected input parameters were
Reynolds number, Re, nanoparticle volume concentration, ¢, irradiance, I, and collector inlet temperature,
T,. The output parameters are Nusselt number, Nu, and skin friction coefficient, Cf which are selected to
characterize thermal performance and frictional losses, respectively.

A Central Composite Design (CCD) was implemented using Minitab to systematically generate the
experimental design matrix. This resulted in a total of 31 simulation runs, including factorial points, axial
points, and replicated center points. The inclusion of 6 repeated runs at the center of the design space, as
shown in Table 7, serves to evaluate experimental repeatability and estimate pure error, thereby improving
the statistical reliability of the model. For each input parameter, the minimum and maximum values were
determined as shown in Table 5. For each of the 31 design points, the CFD model was simulated to obtain
the corresponding values of Nu and Cf. Subsequently, second-order polynomial regression models were
developed using RSM to capture both the individual and interaction effects of the input variables on the
output responses. The adequacy and significance of the models were assessed using analysis of variance
(ANOVA), including p-values at a 95% confidence level and the coefficient of determination (R2).
Sensitivity analysis was performed to identify the most influential input parameters affecting Nu and Cf.
Finally, a composite desirability approach was employed to determine the optimal combination of input
parameters that simultaneously maximized thermal performance while minimizing frictional losses.

Table 5. Minimum, mean and maximum values of the input parameters

Min Mean Max
Re 85 467.5 850

© (%) 0 2.5 5
I (W/m?) 300 650 1000
T, (K) 283 298 313

Results and Discussion

Model validation

Figs. 8 and 9 present the comparison between the experimental and CFD-simulated outlet fluid
temperatures and thermal efficiencies for the three test days. Additionally, the percentage errors for T, and
71 were calculated to assess the accuracy of the CFD model as summarized in Table 6.

Fig. 8 compares the outlet fluid temperatures of the experiment and the simulation model. It is evident
that T, g is very close to Ty ., across all 3 days, with the maximum percentage error being 2.33% for
Day 1 and the minimum percentage error being 1.05% for Day 2. This consistently low error range strongly
validates the simulation model, confirming its accurate T, g, values. Likewise, Fig. 9 compares the
collector’s thermal efficiency for the experiment and CFD model. It is clear that 15, is close to 1.y, for
each of the three days with the lowest and highest percentage error being 2.94% and 9.19% for Days 2 and
3 respectively. These low error values in 7 further validate the CFD model demonstrating its accurate
thermal efficiency values.
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Fig. 8. Comparison of experimental and simulated outlet temperatures.
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Fig. 9. Comparison of experimental and simulated collector efficiency.

Table 6. Comparison of experimental and CFD simulation results

Day TZ,exp Tss5im %.ETT‘OT ATexp ATgim nexp nSim % Error
) ) inT, 0 §9) (%) (%) in7
Day 1 58 57 1.72% 28 27 43.7 42.1 3.66%
Day 2 56.9 56.3 1.05% 20.6 20 47.7 46.3 2.94%
Day 3 51.6 50.4 2.33% 14.6 13.4 56.5 51.9 9.19%
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Simulation with CuO nanofluids

The CFD model on Day 2 yielded the lowest percentage error of 1.05% and was therefore selected for
simulation with CuO nanofluids. The simulations were performed across a range of volumetric flow rates
and nanoparticle volume concentrations to evaluate their influence on the collector’s thermal performance.

Effect on Nusselt number and skin friction coefficient

Fig. 10 displays the relationship between the Nusselt number and Reynolds number for 50:50 EG-water
and 5% Cu0/50:50 EG-water nanofluid. For both fluids, Nusselt number increases at higher Reynolds
number, consistent with the stronger influence of forced convection at higher flow rates. At any given Re,
however, the nanofluid consistently exhibits higher values of Nu compared to the base fluid confirming its
superior heat transfer properties. This enhancement is primarily attributed to the higher thermal
conductivity of the CuO-based nanofluid, as well as to collisions between the nanoparticles and the
manifold pipe wall, which results in additional heat transfer (Sarkar et al., 2024; Tian et al., 2023). Notably,
the enhancement in Nu becomes more pronounced at higher Re. For example, at Re = 85, the enhancement
in Nu achieved using 5% CuO/50:50 EG—Water is 5% compared to the base fluid, while at Re = 850 the
improvement is 34%. These findings indicate that utilization of nanofluids is particularly advantageous at
high flow rates where convective heat transfer is enhanced and ETSC thermal performance can be
maximized.

Fig. 11 shows the influence of nanoparticle volume concentration (¢=1%-5%) on Nu as a function of
Re. It is evident that higher nanoparticle concentrations result in increased Nu, thereby improving the
thermal performance of the ETSC. The maximum enhancement occurs at ¢=5% where the superior thermal
conductivity of the nanofluid yields the greatest improvement in heat transfer. At Re=85, the Nusselt
number for ¢=5% is 4.4% higher than for ¢=1%, while at Re=850 the corresponding enhancement is
25.9%. This further underlines that nanoparticle concentration has a stronger effect under high Reynolds
number, highlighting the importance of optimizing both flow regime and concentration to maximize
thermal performance.

Fig. 12 illustrates the variation of skin friction coefficient against Reynolds number for the base fluid
and 5% Cu0O/50:50 EG-Water. For both fluids, It is observed that Cf decreases with increasing Re,
confirming the reduced relative shear stress at higher flow rates. Nevertheless, the nanofluid exhibits
consistently higher Cf values due to its higher viscosity, which leads to increased frictional losses.
Additionally, collisions between the nanoparticles and manifold pipe wall result in increased shear stress,
thereby further contributing to higher Cfvalues for the nanofluid. At Re=850, the skin friction coefficient
of the 5% nanofluid is 21.4% greater than that of the base fluid, reflecting the increase in thermal losses
associated with nanoparticle addition.

Fig. 13 presents Cf as a function of Re for varying nanoparticle volume concentrations (¢=1%-5%).
For any given Re value, Cf increases with increasing volume concentration, with the 5% nanofluid
exhibiting the highest values. At Re=850, the Cf of the 5% nanofluid is 15.8% higher than that of the 1%
nanofluid, demonstrating that viscosity rise with concentration directly impacts frictional losses. These
findings highlight the trade-off between enhanced heat transfer and increased frictional losses, underscoring
the importance of optimizing nanoparticle concentration to balance thermal benefits with hydraulic
penalties.

These results are consistent with those reported by Hasan et al. (2022), who observed similar trends for
the Nusselt number and skin friction coefficient with respect to the Reynolds number. In their study, the
maximum Nu enhancement was 42% at Re=30000 using SiO; nanofluids (¢=4%) compared to water. The
higher degree of Nu enhancement reported in their work can be attributed to the significantly larger
Reynolds numbers investigated relative to those considered in the present study. Similarly, their findings
for Cf confirmed that the use of nanofluids consistently increased frictional losses due to elevated viscosity,
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which is in agreement with the present results. The consistency with existing literature supports the

reliability of the CFD model and the accuracy of the results.
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Fig. 10. Nusselt Number vs Reynolds Number using 50:50 EG-Water and 5% CuO/50:50 EG-Water.
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Fig. 13. Variation of skin friction coefficient with Reynolds Number for different volume concentrations of
Cu0/50:50 EG-Water.

Effect on ETSC thermal efficiency

Fig. 14 illustrates the variation of collector efficiency with reduced temperature at different
nanoparticle volume concentrations. As the reduced temperature increases, 1 decreases almost linearly.
This trend arises from greater heat losses to the surroundings at higher mean fluid temperatures, which

reduce the overall collector efficiency. At @ = 0, the collector thermal efficiency with 5% Cu0O/50:50

EG-Water is 58.8% representing a 13.1% enhancement compared to using the base fluid (52%). It is also
evident that higher nanoparticle concentrations yield greater n values, confirming that the thermal
performance of the ETSC improves as ¢ increases.

This is further supported by Fig. 15 which presents thermal efficiency of the ETSC as a function of
solar irradiance for different ¢ values. At low irradiance values, 1 increases sharply for all volume
concentrations. Beyond I = 200 W/m?, however, the rate of growth of 7 diminishes and eventually
approaches a near-constant slope as the collector approaches its thermal performance limit. As a result,
although the useful heat gain continues to rise with irradiance, it does so at a diminishing rate compared to
the increase in the heat input, causing the efficiency curve to flatten. Across all irradiance levels, the 5%
nanofluid achieves the highest efficiency, showing enhancements of 10.8% at [ = 100 W/m? and 13.5% at
I = 1000 W/m? compared to the base fluid. These findings reinforce that both higher nanoparticle
concentrations and increased irradiance significantly improve ETSC thermal performance.
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Fig. 14. Collector thermal efficiency vs reduced temperature for different volume concentrations of CuO/50:50 EG-
Water.
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Fig. 15. Collector thermal efficiency vs irradiance using various volume concentrations of CuO/50:50 EG-Water.

These results are in agreement with those reported in the literature. As shown in Fig. 1, Mercan &
Yurddas (2019) reported a maximum enhancement in thermal efficiency of 6.8% using 5% CuO/Water as
the ETSC working fluid while Kim et al. (2016) achieved a 6.1% increase with 3% Cu0O/20:80 PG—Water.
Peng et al. (2020) reported a higher enhancement of 13.8% using 4% CuO/Water. The higher thermal
efficiency enhancement of 13.5% obtained in the present study exceeds that of Mercan & Yurddas (2019)
https://doi.org/10.24191/jmeche.v23i3.9739
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due to the higher applied irradiance (1000 W/m? compared to 800 W/m?). Similarly, it also surpasses that
of Kim et al. (2016) likely due to their use of a lower nanoparticle concentration (3% vs. 5%). Conversely,
the slightly greater enhancement achieved by Peng et al. (2020) despite a lower nanoparticle concentration
(4%) may be explained by their use of a larger 94 mm diameter collector tube compared to the 42 mm
manifold pipe in this study. A larger diameter reduces flow resistance and associated pressure drop, which
can enhance overall thermal performance. In contrast, smaller diameters typically exhibit a higher area-to-
volume ratio, which promotes increased convective heat transfer due to enhanced surface interaction.
However, this improvement is often offset by higher frictional losses and pressure drops, which can limit
the effective heat transfer enhancement compared to larger diameters. Therefore, the larger diameter tube
used by Peng et al. (2020) may have contributed to improved heat transfer performance of the ETSC
compared to the present study.

Parametric optimization

Regression analysis

In total, 31 simulations were performed and the corresponding values of Nusselt number and skin
friction coefficient were recorded, with the results presented in Table 7. The results were statistically
analysed to generate an equation for calculated Nu and Cfvalues.

Equation for Nusselt Number:

Nu = 17.3 4+ 0.0287Re — 1.367¢ — 0.011 — 0.0209T; + 0.000003Re?
+ 0.002252Req + 0.000021Rel — 0.000002 ReT; + 0.001996¢! (15)
+ 0.000016IT;

For Skin Friction Coefficient:

Cf =0.2108 — 0.000307Re + 0.003704¢ — 0.000057] — 0.000359T;
+ 0.00000017Re? — 0.000004Re@ + 0.0000001 ReT; (16)
+ 0.0000009¢I + 0.00000024IT,

Table 7. Results of parametric optimization

Simulation Re © (%) 1 (W/m?) T, (K) Nu cf
1 85 0 300 283 10.99 0.09499
2 85 0 300 313 10.39 0.08479
3 85 0 1000 283 11.88 0.10321
4 85 0 1000 313 11.81 0.10203
5 85 2.5 650 298 11.71 0.10945
6 85 5 300 283 11.27 0.11490
7 85 5 300 313 10.94 0.10260
8 85 5 1000 283 12.49 0.12453
9 85 5 1000 313 12.43 0.12391
10 467.5 0 650 298 27.83 0.03929
11 467.5 2.5 650 298 30.29 0.04510
12 467.5 2.5 650 298 30.29 0.04510
13 467.5 2.5 650 298 30.29 0.04510
14 467.5 2.5 650 298 30.29 0.04510
15 467.5 2.5 650 298 30.29 0.04510
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Using Equations 15 and 16, regression plots are produced for Nu and Cf as shown in Figs. 16 and 17
respectively. Fig. 16 presents the regression plot for the Nusselt number, where the data points closely align
with the line of best fit, yielding a high R? value of 0.9917, underlining the accuracy and validity of the
simulated Nu values. This is further reflected in Fig. 17 which displays the regression plot for the skin
friction coefficient. The slope of the plot is approximately unity, and the R? value is 0.9816, further
confirming the accuracy of the input parameters and boundary conditions employed in the CFD model. The
close alignment of the calculated and simulated values of Nu and Cf'validates both the accuracy of the CFD
model as well as the reliability of Equations 15 and 16 for predicting Nu and Cf across varying input
conditions.
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Fig. 16. Regression plot for calculated vs simulated Nusselt Number values.
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Fig. 17. Regression plot for calculated vs simulated skin friction coefficient values.

Sensitivity analysis

Sensitivity analysis is performed to quantify the change in output parameters with respect to the input
parameters and their relative significance. This analysis identifies the optimal combination of input
parameters for enhancing ETSC thermal performance by maximizing Nu and minimizing Cf. Equations 15
and 16 can subsequently be partially differentiated with respect to the input parameters (Re, ¢, I, T;), to

determine the sensitivities

For Nusselt Number:

ONu
ORe

ONu

op

ONu
ol
ONu

of Nu and Cf.

= 0.0287 + 0.000006Re + 0.002252¢ + 0.000021/ — 0.000002T;

= —1.367 + 0.002252Re + 0.0019961

= —0.01 + 0.000021Re + 0.001996¢ + 0.000016T;

= —0.0209 — 0.000002Re + 0.0000161

For Skin Friction Coefficient:

acf
ORe

acf
— =0.003704
g

acf

5)|
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= —0.000307 + 0.00000034Re — 0.000004¢ + 0.0000001T;

— 0.000004Re + 0.00000091

= —0.000057 + 0.0000009¢ + 0.00000024T,

amn

(18)

(19)

(20)

@n

(22)

(23)
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ac
G—Tf = —0.000359 + 0.0000001Re + 0.000000241 (24)
1

Equations 17 to 24 present the partial derivatives of Nu and Cf'with respect to the input parameters. By
substituting the input values from Table 5 into these equations, the sensitivities of the output parameters
are obtained, where a positive value indicates that the output increases with an increase in the corresponding
input, and a negative value indicates the opposite. The calculated sensitivities are shown in Tables 8 and 9
for various combinations of the input parameters.

Table 8. Nusselt Number sensitivities of input parameters

Re ® I T, ONu onu ONu oNu
Re ) al aT,
850 5 1000 313 0.065434 2.5432 0.022838 -0.0066
850 5 1000 298 0.065464 2.5432 0.022598 -0.0066
850 5 1000 283 0.065494 2.5432 0.022358 -0.0066
467.5 5 1000 283 0.063199 1.6818 0.014326 -0.0058
467.5 25 1000 283 0.057569 1.6818 0.014326 -0.0058

Table 9. Skin friction coefficient sensitivities of input parameters

ac ac
Re 1) I T, % a_(pf % a_T}:
850 5 1000 313 -0.0000067 0.001204 0.00002902 -0.000034
850 5 1000 298 -0.0000082 0.001204 0.00002262 -0.000034
850 5 1000 283 -0.0000097 0.001204 0.00001542 -0.000034
467.5 5 1000 283 -0.0001398 0.002734 0.00001542 -0.000025
467.5 2.5 1000 283 -0.0001298 0.002734 0.00001317 -0.000025

Results indicate that ¢ and I have positive sensitivities, which means that increasing these parameters
increases Nu and Cf. In contrast, T; exhibits negative sensitivity for both outputs, where higher collector
inlet temperatures reduce Nu and Cf. Lastly, the Reynolds number exhibits a positive sensitivity on Nu but
a negative sensitivity on Cf' which means that increasing Re enhances heat transfer while reducing frictional
losses. These results corroborate those obtained from the CFD model, reinforcing the robustness of the
sensitivity analysis. In terms of magnitude, Nu is most sensitive to ¢ and least sensitive to T;. Similarly, Cf
is also most sensitive to ¢ but is least sensitive to Re. Thus, ¢ is the most influential input parameter
affecting the thermal performance of the ETSC.

Optimal input parameters

Table 10 presents the optimal input parameters for maximizing the thermal performance of the ETSC.
The optimal conditions are Re = 850, ¢ = 5%, I = 1000 W/m? and T; = 268 K. It is noted that the optimal
inlet temperature pf T; = 268 K lies below the minimum experimentally tested value of T; = 283 K. This is
because the RSM provides a continuous approximation of the response surface and enables prediction of
optimal conditions within the design space, but beyond the experimentally tested range. As a result, the
optimization process may identify optima slightly beyond the experimentally tested range from Table 5.

This combination of parameters yields superior thermal performance, achieving maximum heat transfer
and minimal frictional losses in the ETSC. Under these conditions, the Nusselt number is 62.6 underscoring
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the enhanced thermophysical properties of 5% CuO/50:50 EG-water, while the skin friction coefficient of
0.0359 is low and highlights minimal energy losses due to friction in the ETSC.

Table 10. Optimal input parameters and corresponding output values

Re @ (%) 1 (W/m?) T; (K) Cffit Nu fit Composite Desirability
850 5 1000 268 0.0359156 62.5767 0.947991
Conclusion

The present study successfully evaluated the thermal performance of the ETSC using CuO/50:50 EG-water
nanofluids through experimental, computational and numerical methods. The experimental results provided
essential data for validating the CFD model. The simulated fluid outlet temperatures aligned closely with
experimental values with minimum and maximum percentage errors of 1.05% and 2.33% respectively.
These low errors affirmed the accuracy and reliability of the CFD model.

Utilizing CuO/50:50 EG-water nanofluids as the collector working fluid at various volume
concentrations (¢=1%-5%) enhanced the heat transfer of the ETSC. At ¢=5%, the Nusselt number
increased by 34% compared to the base fluid, indicating enhanced heat transfer. At the same concentration,
the skin friction coefficient increased by 21.4% representing higher thermal losses when using nanofluids.
Furthermore, increasing ¢ improved the thermal performance of the collector due to the higher thermal
conductivity of the nanofluid. Thus, the thermal efficiency of the ETSC improved with increasing CuO
volume concentration. Using 5% CuO/50:50 EG-Water, the maximum thermal efficiency enhancement was
13.5% compared to 50:50 EG-Water, demonstrating the strong potential of CuO nanofluids to enhance
ETSC thermal performance.

Parametric optimization and sensitivity analysis revealed that increasing nanoparticle volume
concentration and irradiance positively influenced both Nusselt number and skin friction coefficient, while
increasing collector inlet temperature had a negative effect. Reynolds number exhibited a positive impact
on Nu but a negative influence on Cf. The optimal combination of input parameters was determined to occur
at Re = 850, ¢ = 5%, I = 1000 W/m?, and T, = 268 K. Under these conditions, Nu in the ETSC was 62.6
and Cf'was 0.0359, highlighting high thermal performance and minimal energy losses. The study concludes
that incorporating CuO nanofluids into ETSCs significantly improves heat transfer and collector thermal
efficiency, demonstrating their strong potential for enhancing ETSC thermal performance.
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