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Abstract 

This study investigates the effects of graphene nanoplatelet-based nanofluids, modified with various surfactant types and 
concentrations, on the thermal performance of solar thermal systems. The nanofluids were synthesized and characterized in terms 
of structural, thermophysical, rheological, and dispersion properties. These data were integrated into computational simulations of a 
photovoltaic-thermal heat exchanger. Among all formulations, the nanofluid containing 0.1 wt% polyvinylpyrrolidone exhibited the 
highest thermal efficiency, increasing from 40.21% (water) to 45.26%. This enhancement is attributed to its superior thermal 
conductivity, higher specific heat capacity, low viscosity at elevated shear rates, and stable dispersion. Rheological testing confirmed 
shear-thinning, non-Newtonian behavior that facilitates convective heat transfer. In contrast, nanofluids without surfactants or with 
anionic surfactants showed higher viscosity and reduced stability, resulting in lower thermal efficiency. The integrated experimental 
computational approach offers a comprehensive understanding of the mechanisms governing nanofluid-enhanced heat transfer in 
photovoltaic-thermal systems. Enhancing the heat exchanger directly improves overall system performance. The proposed nanofluid 
formulation presents a viable pathway toward scalable, efficient solar thermal applications. Future work should focus on long-term 
stability and techno-economic validation under real-world operating conditions.
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Introduction
Solar energy is widely regarded as a leading renewable source, 
playing a key role in the global transition to sustainable energy 

systems [1]. Among the emerging technologies that maximize so

lar energy utilization is the photovoltaic-thermal (PVT) system, 

which allows for the simultaneous generation of electricity and 

thermal energy [2]. However, a key limitation in PVT systems is 

the temperature rise in photovoltaic (PV) modules, which reduces 

electrical conversion efficiency by approximately 0.40%–0.50% 

per 1°C increase [3]. This underscores the urgent need for effective 

thermal management to maintain energy conversion efficiency.
To address this challenge, nanofluids suspensions of nanopar

ticles in base fluids have been widely explored for PVT cooling sys
tems [4]. Nanofluids offer enhanced thermophysical properties 
particularly thermal conductivity and specific heat compared to 
conventional working fluids. Among the various nanoparticle 
candidates, graphene nanoplatelets (GNP) stand out due to their 
high surface area and excellent thermal conductivity [5]. 
However, surface cooling with nanofluids has been reported to 
cause uneven flow distribution, fouling, and long-term mainten
ance issues, limiting its large-scale deployment [6]. Their two- 
dimensional morphology improves phonon transport, enhancing 
thermal performance in PVT applications [7]. However, realizing 
these benefits in practice is contingent upon maintaining nano
fluid stability over time.

Stable nanoparticle dispersion is essential for maintaining con
sistent heat transfer performance [8]. Agglomeration and sedimen
tation can impair thermal conductivity, increase pressure drop, and 
potentially block fluid flow [9]. To mitigate this, surfactants such as 
sodium dodecyl sulfate (SDS) and polyvinylpyrrolidone (PVP) are 
commonly used. These agents reduce surface tension and form elec
trostatic or steric barriers that hinder nanoparticle aggregation. 
Mechanical dispersion with surfactants like sodium dodecylben
zene sulfonate has been proposed to enhance nanoparticle stability 
[10]. However, their inclusion also alters the fluid’s viscosity and 
density, affecting the overall heat transfer characteristics [11–13]. 
For instance, while GNP-PVP nanofluids demonstrate improved dis
persion stability, they often exhibit increased viscosity and 
non-Newtonian behavior depending on temperature and shear 
rate [12]. PVP, in particular, demonstrates superior long-term disper
sion stability under thermal cycling, an essential feature for solar 
thermal applications. However, their practical implementation in 
PVT systems has not been fully explored, especially in computation
al fluid dynamic (CFD) models that overlook experimentally derived 
thermophysical properties [14–16].

Although nanofluids have been widely studied in both experi
mental and numerical domains, only a few have integrated empir
ical data such as viscosity, density, and stability into CFD 
simulations of PVT systems [14]. Recent literature emphasizes 
the need to consider multivariable interactions in thermal system 
modeling [15 ]. Recent reviews underline growing interest in ad
vanced PVT configurations such as integration with vortex gener
ators for flow enhancement, spectral splitters with nanofluid 
filters, and hybrid PVT-TEG systems [17, 18]. Nevertheless, these 
studies seldom combine experimental nanofluid characterization 
with system-level CFD validation, leaving a gap in translating 
material-level improvements to practical system gains. This gap 
often limits the practical relevance and optimization of nanofluid- 
based cooling strategies. Moreover, most existing research iso
lates variables like nanoparticle type or surfactant effect without 
considering their combined behavior under dynamic thermal con
ditions. While GNP-based and hybrid nanofluids are gaining 

research interest, they remain underrepresented in PVT system 
optimization [17–19]. As a result, translating material level en
hancements into system level performance improvements re
mains a critical challenge.

To bridge this gap, this study introduces a novel experimental 
simulation framework integrating the combined effects of surfac
tant type (SDS, PVP, and no surfactant) and GNP concentration 
(0.1, 0.3, and 0.6 wt%) on the thermophysical, rheological, and sta
bility characteristics of nanofluids to address real-world applica
tion needs. Bridging this methodological disconnect requires a 
more integrated approach combining experimental validation 
with performance modeling [20, 21]. To the best of our knowledge, 
no previous study has systematically validated surfactant- 
modified GNP nanofluid formulations through both experimental 
testing and system-level CFD analysis in a single framework. This 
framework allows better alignment with real-world operational 
conditions in solar thermal systems, particularly those incorpor
ating reflective, spectral, or thermoelectric modules, as high
lighted in recent hybrid PVT research [17, 18, 22]. This dual 
approach not only offers a comprehensive understanding of 
surfactant-modified GNP nanofluid behavior. It also provides 
practical insight into identifying optimal formulations for thermal 
efficiency in PVT heat exchangers [23].

Novelty
While previous studies have evaluated the use of nanofluids or 
surfactants separately in PVT systems such as employing bio- 
based or GNP-based formulations to enhance PV cooling few 
have integrated both variables into a unified analysis [24, 25]. 
This study introduces a novel experimental CFD framework that 
systematically examines the combined influence of GNP concen
tration (0.1, 0.3, 0.6 wt%) and surfactant type (SDS, PVP, and no 
surfactant) on nanofluid thermophysical, rheological, and stabil
ity characteristics. By incorporating empirically measured param
eters directly into a system level PVT heat exchanger simulation, 
this work enables a more accurate and realistic selection of nano
fluid formulations, offering new insight into optimizing thermal 
performance under actual operating conditions.

Materials and methods
Material
This study utilizes distilled water (aquades) as the base fluid, GNP 
as the dispersed phase, and surfactants PVP and SDS to enhance 
dispersion stability. The details of the materials used are pre
sented in Table 1 [25].

Instrument and apparatus
Beaker glass, glass funnel, measuring cylinder, and pycnometer 
were purchased from Iwaki Glass, Indonesia. The Ultrasonic 
Horn Labocon LUH-103 from Labocon Scientific Limited, UK. The 
hotplate magnetic stirrer is from Thermo Fisher Scientific, USA. 
Digital Weighing Balance Model 2204H with an accuracy of 
0.1 mg from WANT Balance Instrument Company, China.

Preparation of GNP nanofluids
The preparation of GNP nanofluids in this study followed a two- 
step method. As illustrated in Fig. 1. This method involves disper
sing presynthesized GNP into a base fluid to create a stable 
suspension.
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The dispersion process began with magnetic stirring at a speed 
of 1500 rpm for 15 min to ensure an even distribution of nanopar
ticles within the fluid [26]. Following this, the mixture underwent 
sonication for 40 min in 4 sessions 10 min of operation followed by 
a 5-min break using an ultrasonic device to break down remaining 
agglomerates and achieve a homogeneous suspension [27]. The 
combination of magnetic stirring and sonication is essential to 
achieve optimal dispersion and to prevent sedimentation over 
time. After preparation, the nanofluid was stored in a sealed con
tainer at room temperature to maintain its stability and minimize 
the risk of agglomeration [28].

The GNP nanoparticles were prepared in three different con
centrations (0.1%, 0.3%, and 0.6% by weight) and mixed with dis
tilled water as the base fluid. To enhance the stability of the 
nanofluids, the surfactants SDS and PVP were added. The surfac
tant weight percentage used was 40% of the corresponding GNP 
weight percentage, as shown in Table 2 [26].

Characterization of GNP

Test for phase and crystallite size of GNP
The phase composition and crystallite size of the GNP were ana
lyzed using X-ray diffraction (XRD) [29]. The test was performed 
at the Laboratory of Minerals and Advanced Materials, 
Universitas Negeri Malang, employing a PANalytical Expert Pro 
X-ray diffractometer.

Test for particle size distribution of GNP
The particle size distribution was also measured using a particle 
size analyzer (PSA) which provided volumetric distribution data 
of GNP, including the mean particle diameter [30]. This analysis 
was carried out at the Laboratory Terpadu, Universitas Negeri 
Malang, employing Size Analyzer Horiba SZ-100.

Test for morphology of GNP
The surface morphology of the GNP was observed using a scan
ning electron microscope (SEM) [31]. This analysis was carried 
out at the Laboratory of Minerals and Advanced Materials, 

Universitas Negeri Malang, with the aid of an FEI Japan 
Inspect-S50 instrument.

Test for functional groups of GNP
The identification of functional groups in the GNP was performed 
using Fourier transform infrared (FTIR) spectroscopy. The ana
lysis took place at the Laboratory of Minerals and Advanced 
Materials, Universitas Negeri Malang, employing a Shimadzu IR 
Prestige 21 spectrometer [32].

Properties measurement of GNP nanofluid

Test for density of GNP nanofluid
The density measurement was carried out at a standard test tem
perature of 30°C, 40 °C, and 50°C. The mass was determined using 
a digital analytical balance, and the volume was measured with a 
25 ml pycnometer [33].

The density of nanofluids was estimated using Equation (1) [34].

ρ = m/v (1) 

Test for thermal conductivity of GNP nanofluid
Thermal conductivity testing was conducted to evaluate the abil
ity of GNP to enhance heat transfer in the nanofluid. 
Measurements were performed at a standard temperature of 
40°C using a thermal conductivity analyzer (KD2 Pro from 
Decagon Devices, USA) [35]. To ensure measurement accuracy, 
each nanofluid sample was tested three times, and the results 
were averaged.

Test for dynamic viscosity of GNP nanofluid
The viscosity of a fluid is a fundamental property that character
izes its resistance to flow under shear. The dynamic viscosity of 
the nanofluid was carried out using an NDJ-8S rotary viscometer 
with rotor 1 (spindle LV-1 61) at 6, 12, 30, and 60 rpm and temper
atures from 30°C to 80°C.

Table 1. Materials used in the study.

Name Category Function Supplier/product code Molecular weight (g/mol)

Aquades Dispersion medium Base fluid — 18.015

GNP Dispersed phase Nanoparticle KNano KNG-150 12.01

PVP Dispersed phase Surfactant Merck 5295-100GM 114.4

SDS Dispersed phase Surfactant Future Chemical CAS:151-21-3 288.38

Figure 1. Schematic of nanofluids preparation using GNP. Created in BioRender. Pramono, D. (2025) https://BioRender.com/qsffzvk.
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Test for stability of GNP nanofluid
The stability of GNP in the nanofluid was evaluated using both 
visual and quantitative methods based on sedimentation levels 
to assess the homogeneity of GNP dispersion over time. In the 
visual method, nanofluid samples were placed in transparent 
test tubes and kept at room temperature for 30 days [36]. 
Observations were conducted every 5 days to monitor any sedi
mentation or color changes. For the quantitative method, the 
sedimentation ratio (SR%) was calculated by measuring the 
height of the sediment (H ) relative to the total height of 
the 1nanofluid in the tube (Ho), providing a numerical indication 
of sediment stability. The sedimentation, is examined using 
Equation (2) [37].

SR(%) =
H

Ho

􏼒 􏼓

× 100% (2) 

SR% is used to assess the stability level of the nanofluid. If the SR 
value approaches 0%, it means that almost all particles have set
tled, indicating poor stability. If the SR value approaches 100%, it 
means the nanofluid remains stable without significant sedi
mentation [9].

Test for rheology of GNP nanofluid
The rheological behavior of GNP-based nanofluids to understand 
their flow characteristics under different concentrations and sur
factant conditions. To provide deeper insight into the flow behav
ior, rheological analysis was carried out using the power law 
model, which is widely applied to describe non-Newtonian fluids. 
The relationship between shear stress (τ) and shear rate (γ̇) as de
scribed by Equation (3) and shown in Fig. 3, where variations in 
shear rate (γ) were applied to evaluate the changes in viscosity 
relative to shear stress [38].

τ = K . γn
˙

(3) 

Which is suitable for the Couette configuration of the viscometer 
used, where ω is the angular velocity (rad/s), is the container ra
dius, and Rb is the spindle radius, as illustrated in Fig. 2 [39].

The shear rate (γ̇) was determined based on the Couette geom
etry of the viscometer using Equation (4) [25].

γ =
2ωR2

cR2
b

R2
b(R2

c − R2
b)

˙

(4) 

Once shear rate was obtained, shear stress (τ) can be calculated 
using Equation (5), where η is the dynamic viscosity [25, 38].

τ = η . γ (5) 

To determine the flow behavior index (n) and consistency index 
(K ), the values of log(τ) were plotted against log (γ̇). The slope of 
the resulting linear curve corresponds to n, and the intercept gives 
the value of K [40]. This analysis is performed to classify the nano
fluid as either Newtonian or non-Newtonian fluid based on the 
viscosity characteristics relative to shear rate, as conducted in 
this study. This combined approach enables classification of the 
nanofluid as Newtonian (n ≈ 1) or non-Newtonian (n ≠ 1), while 
also explaining how surfactant type and GNP concentration affect 
viscosity behavior under applied shear [41].

Computational fluid dynamic modeling and 
simulation for thermal efficiency

Geometric dimension of heat exchanger
The CFD analysis in this study was conducted using computer-aided 
design with Ansys Fluent 2024 R1 software. The heat exchanger de
sign adopts research by Behera et al. [42] and is simulated using the 
same boundary condition parameters. The heat exchanger design 
includes the addition of five baffles to modify the flow, allowing 
the fluid to have a longer residence time and to induce turbulence 
within the shell. The shell section uses aluminum material, and 
the tube uses copper material. To ensure realistic thermal perform
ance, the operating temperature range was set between 40°C and 
85°C, reflecting actual working conditions [25]. In this study, a 
counter-flow configuration was exclusively applied within the shell 
and tube heat exchanger, where nanofluid flows through the shell 
side and nanofluid through the tube side. A tube and shell type 
heat exchanger has been designed and the requirements are de
scribed below in Table 3 and geometry 3D shown in Fig. 2.

Meshing
A fully mesh using poly-hexacore elements was applied to capture 
the complex geometry of the shell and tube heat exchanger 
(shown in Fig. 3a). Inflation layers were added near solid boundar
ies to resolve the boundary layer accurately. Mesh quality was en
sured with skewness below 0.9 and orthogonal quality above 0.1, 
meeting CFD standards for numerical stability [42, 43]. The grid in
dependence test was confirmed with a final mesh consisting of 3 
488 117 cells, where no significant changes were observed in the 
heat transfer rate, ensuring the stability of numerical results 
[43]. Mesh quality validation was performed not only through 
skewness and orthogonality metrics, but also via near-wall reso
lution assessment using the non-dimensional wall distance (Y⁺). 
The Y⁺ distribution ranged from 1.7 to 29.7, with most wall regions 
falling within the transitional range (5 < Y⁺ < 30), approaching the 
lower boundary of the log-law region consistent with the k-ω shear 
stress transport turbulence model [44]. Figure 3b illustrates the Y⁺ 
distribution on the shell surface, demonstrating representative 
coverage of fluid-wall interactions. This configuration ensures 
that the simulation domain accurately captures velocity and tem
perature gradients while maintaining computational efficiency.

Boundary condition
The boundary conditions in the simulation were defined to accur
ately represent the experimental setup and ensure a realistic heat 
transfer process, as described below in Fig. 3c and Table 4. All heat 
exchanger wall surfaces were assigned a no-slip condition.

The fluid domain was modeled using the experimentally tested 
nanofluids with various surfactant types, whose thermophysical 
properties (density, viscosity, thermal conductivity, and specific 
heat) are provided in Table 9. For the solid domain, materials 
were assigned as copper and aluminum based on the component 

Table 2. Weight composition of nanofluid concentrations.

Sample name Aquades (g) GNP (g) Surfactant

Type Mass (g)

0.1 wt%-NS 250 0.25 — —

0.3 wt%-NS 250 0.75 — —

0.6 wt%-NS 250 1.5 — —

0.1 wt%-SDS 250 0.25 SDS 0.10

0.3 wt%-SDS 250 0.75 SDS 0.30

0.6 wt%-SDS 250 1.5 SDS 0.60

0.1 wt%-PVP 250 0.25 PVP 0.10

0.3 wt%-PVP 250 0.75 PVP 0.30

0.6 wt%-PVP 250 1.5 PVP 0.60
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structure and their respective thermal conductivities. 
Additionally, the energy equation was activated to accurately 
model the heat transfer process throughout the system.

Computational fluid dynamic solver configuration
During the solving stage, the simulation was carried out under 
steady-state conditions. The momentum equations for velocity 
and pressure were solved using the SIMPLE algorithm (semi- 
implicit method for pressure linked equations). The simulation 

used a Second Order Upwind scheme with residual criterion of 
10−5 was set for all variables, the simulation steps run until resid
uals reached a steady state [42].

Result contour temperature set up
Temperature distribution was visualized using temperature con
tour plots sliced along an XY plane through the model [42]. 
This visual analysis helped evaluate heat transfer effectiveness 
and compare nanofluid performance. Temperature data at inlets 

Figure 2. Geometry 3 dimension shell and tube heat exchanger.

Figure 3. (a) The mesh using poly-hexacore elements, (b) validation of mesh quality based on wall Y⁺ distribution, and (c) movement of hot and cold fluid.
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and outlets were extracted using surface integral tools with area- 
weighted average settings. These values formed the basis for 
calculating thermal effectiveness and were validated against 
experimental results [45].

Data processing for efficiency
Thermal efficiency calculations are performed to evaluate the 
heat transfer performance of the shell and tube heat exchanger 
simulation data obtained. Calculate cross-sectional area of the 
tube using Equation (6) [46], as follow:

A =
πD2

4
(6) 

It is known that D is the inside diameter of the tube (m) and A is the 
cross-sectional area (m²).

ṁ = ρ . A . V
˙

(7) 

Mass flow rate represents how much mass of fluid passes 
per second (Equation 7). It is a critical variable because heat 
transfer is proportional to the amount of mass moving through 
the system. This equation combines density (ρ) of the fluid 
(kg/m3), A (m²), V (flow velocity, m/s), and ṁ (mass flow rate, 
kg/s) [47].

Qabsorbed = ṁc × Cp, c × (Tout,cold − Tin,cold) (8) 

The variable ṁc represents the mass flow rate of the cold fluid 
in Equation (8), indicating how much mass passes through the 
system per unit time. Cp,cold is the specific heat capacity of the 

cold fluid, measured in joules per kilogram per kelvin (J/kg·K), 
and it reflects the fluid’s ability to store thermal energy. 
Tout,cold and Tin,cold denote the inlet and outlet temperatures of 

the cold fluid, respectively, showing the temperature before en
tering and after leaving the heat exchanger [48]. These 

parameters together are used to calculate the amount of heat 
absorbed by the cold fluid during the heat exchange process.

Qreleased = ṁh × Cp,hot × (Tin,hot − Tout,hot) (9) 

The term Qreleased represents the heat released by the hot fluid 
in the heat exchanger using Equation (9). It is calculated by 
multiplying the mass flow rate of the hot fluid, denoted as ṁh, 
by its specific heat capacity Cp,hot (measured in joules per kilo

gram per kelvin, J/kg·K), and the temperature difference be
tween the hot fluid’s inlet temperature Tin,hot and outlet 

temperature Tout,hot. These parameters quantify how much 

thermal energy the hot fluid loses as it flows through the heat 
exchanger [46].

η =
Qabsorbed

Qreleased
× 100% (10) 

This is the final performance indicator of the heat exchanger is 
efficiency thermal using Equation (10). The result demonstrates 
the efficiency of heat transfer from the hot fluid stream to the 
cold stream in the system [25]. The calculation results of each 
parameter are then compared between nanofluid variations 
based on surfactant type (SDS, PVP, no surfactant) and concen
tration (0.1%, 0.3%, 0.6%) to determine the most optimal condi
tions in increasing thermal efficiency compared to 
conventional fluids (water).

Results and discussion
GNP characterization

Phase and crystallite size of GNP
The XRD analysis of the GNP was conducted to determine the 
phase composition and estimate the crystallite size [49]. The crys
tallite size was evaluated using the Scherrer equation [50], as pre
sented in Equation (11).

d =
k × λ

β cos θ
(11) 

The obtained calculated XRD results are summarized in Table 5
and shown in Fig. 4a.

Figure 4a illustrates the XRD pattern of GNP synthesized. The 
prominent and sharp diffraction peak observed at 2θ = 26.43°cor
responds to the (002) crystallographic plane of graphite, with a 
high intensity of 8198.17 counts, a d-spacing of 3.37 Å, and a nar
row full width-half maximum of 0.2558 rad, indicating a well- 
ordered layered structure with high crystallinity. The calculated 
crystallite size using the Scherrer equation is approximately 
100 nm [51]. In addition to the dominant at 2θ = 42.36°and 
54.53°, likely corresponding to (002) and (004) planes of graphite. 
These peaks may be attributed to interlayer stacking faults, 
oxygen-containing functional groups, or residual amorphous car
bon phases, which are typical in graphene derived from biomate
rials or via incomplete reduction [50, 52]. Notably, low-intensity 
peaks at higher angles (e.g. 77.41°–86.96°) indicate minor crystal 
irregularities or structural defects, which can influence electron 

Table 3. Geometric dimension of heat exchanger [42].

Shell details Dimensions

Outer diameter 182.5 mm

Inner diameter 180 mm

Length of the HE 500 mm

No. of baffles 5

Distance b/n baffles 80 mm

Tube details Dimensions

Outer diameter 34.5 mm

Inner diameter 32 mm

No. of tubes Single

Table 4. Boundary conditions taken into consideration.

Specification Parameter Value Unit

Inlet vin,c 1.5 m/s
vin,h 0.5 m/s
Tin,c 20 °C
Tin,h 85 °C

Outlet Pout,c 0 Pa
Pout,h 0 Pa

Wall TSolid Shell 22 °C
TSolid Tube 22 °C

Table 5. Intensity, FWHM, d-spacing, and crystallite size of GNP.

Sample XRD peak

Intensity 
(counts)

FWHM 
(rad)

d-spacing 
(Å)

Crystallite size 
(nm)

GNP 8198.17 0.2558 3.37189 100
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mobility and surface reactivity beneficial traits in nanofluid appli
cations where interfacial phenomena dominate.

Particle size distribution of GNP
Figure 4b shows the PSA of the GNP with Z-average diameter is ap
proximately 71.4 nm, with a size distribution ranging from 50.53 
to 105.1 nm, reflecting the polydispersity commonly observed in 
top-down exfoliation or chemical synthesis processes. The major
ity of particles fall in the 65–85 nm range, supporting the crystal
lite size estimation from XRD, and confirming the presence of 
multilayer graphene sheets [53]. These sizes are included in the 
category of nanoparticles, namely those that have a size of less 
than 100 nm. One significant aspect of nanoparticle enhancement 
is attributed to Brownian motion, which plays a crucial role de
pending on the size and dispersion stability of the nanoparticles. 
Smaller nanoparticles are generally better at improving thermal 
conductivity due to their higher specific surface area, which pro
vides more contact points for thermal energy transfer [34, 47]. 
However, there are discussions in the literature suggesting that 
while Brownian motion contributes to enhanced thermal per
formance, it is not the sole mechanism; rather, the resultant inter
actions between the base fluid’s molecules can also foster 
localized heat transfer improvements [54].

Morphology of GNP
SEM analysis was carried out to identify the morphology of the 
GNP. The SEM form Fig. 4c illustrates that the particle morphology 
of the GNP the flat (planar) graphene particle structure stacked on 
top of each other, forming thin layers, which is characteristic of 
nanoplatelet morphology [55]. The particle surfaces appear as 

sheets that peel or layer, reinforcing the statement that graphene 
particles have a high surface area-to-volume ratio [56]. This leads 
to van der Waals forces between layers attracting each other to re
duce surface energy, resulting in a thermodynamically more sta
ble structure [57].This stacking structure supports the conclusion 
that graphene morphology significantly influences the enhance
ment of the nanofluids thermal conductivity by providing efficient 
pathways for heat transfer. Although the platelet structure im
proves thermal conductivity, previous studies have shown that 
its conductivity is still lower compared to cylindrical or brick-like 
structures [32]. The order of thermal conductivity from lowest to 
highest is platelets ≈ blades < bricks < cylinder.

Functional groups of GNP
The FTIR characterization was conducted to find the functional 
group of GNP. The results of FTIR are illustrated in Fig. 4d and 
Table 6.

Figure 4d presents the FTIR spectrum of GNP, revealing several 
key functional groups on the particle surface [60]. The broad peak 
observed at 3700 cm⁻¹ corresponds to the O–H stretching vibra
tion, indicating the presence of hydroxyl groups, which may result 
from surface oxidation [58]. The peaks near 3000 cm⁻¹, including 
those at 2904.80 cm⁻¹, 2947.23 cm⁻¹, and 3084.18 cm⁻¹, are attrib
uted to C–H stretching vibrations, suggesting the existence of ali
phatic or aromatic hydrocarbon chains [59]. A distinct band at 
2305 cm⁻¹ is associated with C≡C triple bond stretching, which is 
uncommon but can appear in functionalized graphene [59]. The 
peak at 1720 cm⁻¹ signifies the presence of C = O stretching, indi
cating carbonyl groups such as carboxylic acid or ketone [60]. 
Additionally, the signal at 1500 cm⁻¹ corresponds to C = C 

Figure 4. (a) XRD, (b) PSA, (c) SEM, and (d) FTIR results of GNP.
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stretching vibrations, characteristic of the aromatic structure of 
graphene’s sp² carbon network [61]. The band at 1280 cm⁻¹ is 
linked to C–C–O stretching vibrations, which can be assigned to 
epoxy or ether groups [60]. Lastly, the peak at 965 cm⁻¹ indicates 
C–H out-of-plane bending, further confirming the presence of aro
matic structures [58]. These functional groups suggest partial oxi
dation and confirm that the GNP possess a chemically stable 
structure dominated by single bonds. Table 9 shows that the 
GNP are classified as a single-bond group. A single bond is formed 
when a pair of electrons is divided into two atoms. This bond is 
relatively frail with smaller electron density than the double 
and triple bonds, but it has the most excellent stability due to its 
lower reactivity which results in more minimum electron loss 
[62]. Besides, the platelet morphology in the graphene also reflects 
its stability toward electron beam radiation.

Properties of GNP nanofluid

Density of GNP nanofluid
Based on Fig. 5 and Table 7, density increases with both GNP con
centration and surfactant type, where the highest value 
(1007.91 ± 0.03 kg/m³) was recorded in the 0.6 wt% SDS-based 
sample. This trend is attributed to the high intrinsic density of 
GNP and the enhanced dispersion stability provided by SDS mole
cules, which reduce agglomeration and allow for more uniform 
particle suspension. Nanofluid density significantly influences 
heat transfer performance by affecting Reynolds number (Re), 
pressure drop, and thermal energy storage capacity [63]. 
Mechanistically, the addition of GNP increases the total mass 
per unit volume, thereby improving the nanofluids specific heat 
capacity and thermal inertia. This enhances the fluid’s ability to 
store and transfer thermal energy efficiently [63, 64]. However, 
higher density also increases viscous resistance, which can im
pact pumping requirements [6, 65]. Hence, the balance between 
thermal benefits and hydrodynamic penalties must be considered 
in PVT heat exchanger applications. These findings not only con
firm experimental trends but also offer a physical explanation 
grounded in nanofluid thermophysics, providing a strong basis 
for CFD simulation and system optimization.

Viscosity of GNP nanofluid
The viscosity of nanofluids is a critical parameter affecting heat 
transfer and thermal efficiency in heat exchangers within PVT sys
tems. Based on the data shown in Fig. 6 and Table 7 indicate that 
nanofluid viscosity tends to increase with rising nanoparticle con
centration, as seen in the non-surfactant (NS) samples and those 

with SDS surfactant, reaching average values up to 0.00299 Pa·s at 
0.6 wt%-NS and 0.00219 Pa·s at 0.6 wt%-SDS. In contrast, samples 
with PVP surfactant maintain lower and relatively stable viscosity 
values, ranging from 0.00150 to 0.00195 Pa·s across the concentra
tion range. Additionally, increasing temperature has a significant ef
fect in reducing viscosity, for example at 80°C, viscosity can drop as 
low as 0.0015 Pa·s in the 0.1 wt%-PVP sample. These viscosity varia
tions strongly influence heat transfer mechanisms, as optimal vis
cosity can enhance convection and improve heat transfer 
coefficients. Research by Emmanuel et al. [66] indicates that nano
fluids with controlled viscosity can significantly enhance heat trans
fer efficiency in PVT systems by maximizing thermal contact and 
maintaining stable heat flow. Furthermore, Kadhum and Abed [67] 
emphasize that surfactants not only improve nanofluid stability 
but also play a role in optimizing viscosity, thereby improving heat 
exchanger thermal efficiency without compromising fluid flow. 
The PVP-based nanofluids are attributed to steric stabilization 
mechanisms, where PVP chains form a physical barrier around 
nanoparticles, preventing van der Waals-induced agglomeration. 
SDS, on the other hand, provides electrostatic stabilization through 
repulsion among similarly charged particles, although its effective
ness varies with concentration and ionic strength.

Thermal conductivity of GNP nanofluid
Thermal conductivity is a critical thermophysical property that 
governs the heat transfer behavior of nanofluids, particularly 
in PVT heat exchanger applications. As shown in Fig. 7
and Table 7, the highest thermal conductivity value was observed 
for the 0.3 wt% GNP-PVP sample, reaching 0.696 W/m·K, followed 
by the 0.1 wt%-PVP and 0.6 wt%-SDS samples. Mechanistically, 
thermal conductivity in nanofluids is influenced by several inter
related factors, including particle shape, volume fraction, 
Brownian motion, interfacial thermal resistance, and surfactant 
nanoparticle interactions [16]. This behavior aligns with the 
understanding that nanofluids have an optimal concentration 
range where the balance between nanoparticle dispersion and flu
id dynamics results in maximum thermal conductivity [16].

The performance differences among surfactants also underline 
the importance of their molecular mechanisms: SDS offers electro
static stabilization but is more sensitive to ionic strength, while PVP 
provides more robust steric stability across concentrations, prevent
ing agglomeration and enhancing phonon transport [16]. However, 
at higher concentrations at 0.6 wt%-PVP, thermal conductivity de
creased, likely due to particle clustering, increased viscosity, and dis
rupted thermal continuity, which hinder effective heat transfer [22]. 
The non-linear trend highlights the critical role of surfactant- 
nanoparticle interactions in forming effective thermal conduction 
networks. Moreover, particle morphology such as platelets, as in 
this study, contributes moderately to conductivity improvement 
due to limited interfacial contact compared to cylindrical structures 
[68]. These results indicate that optimizing thermal conductivity 
alone is insufficient for enhancing nanofluid performance. It must 
be evaluated alongside viscosity, specific heat, and stability to 
achieve maximum efficiency. In the context of PVT systems, ther
mal performance is maximized when all thermophysical properties 
are tuned synergistically [22, 69].

Stability of GNP nanofluid
Stability testing showed that PVP at all concentrations, as well as 
the 0.6 wt%-SDS sample, exhibited the highest stability, with no 
sedimentation observed up to Day 30, as presented in Fig. 8 and 
the nanofluid sedimentation observation results shown in 

Table 6. Functional groups of GNP.

Band Main 
peak

Wave 
number

Typical bond 
assignment

Reference

1 3700 3700–3584 O–H stretching alcohol Bello et al., [58]

2 3000 3000–2800 C–H stretching alkene Pang et al., [59]

3 2305 2325–2290 C≡C disubstituted 
alkynes

Pang et al., [59]

4 1720 1720 C = O carboxyl 
stretching

Kartick et al., [60]

5 1500 1500–1450 C = C aromatic rings Tran et al., [61]

6 1280 1310–1250 C–C–O aromatic esters Kartick et al., [60]

7 965 965 C–H vinyl trans- 
disubstituted alkenes

Bello et al. [58]
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Supplementary File 1. The PVP is effective in forming a steric bar
rier that prevents nanoparticle agglomeration [68]. In contrast, 
nanofluids without surfactants experienced a significant decline 
in stability, with the highest sedimentation recorded in the 0.6 
wt%-non-surfactant sample (0.2615% on day 30). The use of SDS 
improved stability but was only optimal at the 0.6 wt% concentra
tion, while lower concentrations still exhibited slight sedimenta
tion. Nanofluid stability is essential for maintaining thermal 
performance because particle sedimentation can reduce heat 
transfer effectiveness [5]. When nanoparticles settle, particle dis
tribution within the fluid becomes uneven, leading to decreased 
thermal conductivity and the formation of stagnant zones in the 
heat exchanger [24]. This not only lowers the efficiency of heat ab
sorption and release but can also disrupt flow rate. Therefore, high 
stability is crucial to ensure that the nanofluid remains 

homogeneous and effective in conducting heat throughout the 
operation of the PV/T system. Hence, a nanofluid with long-term 
colloidal stability not only sustains optimal thermal performance 
but also minimizes maintenance requirements, reduces the risk 
of clogging, and prolongs the operational lifespan of the PVT 
heat exchanger system. This makes PVP-based GNP nanofluids a 
more viable and sustainable choice for real-world solar thermal 
applications.

Rheology of GNP nanofluid
The rheological evaluation revealed that all synthesized nano
fluids exhibited non-Newtonian, shear-thinning (pseudoplastic) 
behavior, characterized by flow behavior index (n) values below 
1 as shown in Table 8. Among all samples, the 0.6 wt% nanofluid 

Figure 5. Results of GNP nanofluids density.

Table 7. Material properties of GNP nanofluids.

Sample Mean density  
(kg/m³) ± SD

Std. unc. Mean viscosity 
(Pa·s) ± SD

Std. unc. Mean thermal conductivity  
(W/m·K)

Std. unc. Specific heat  
(J/kg·K)

Water 997.000 — 0.00080 ± 0.000003 0.00376 0.310 — 4180.000

0.1 wt%-NS 1005.435 ± 0.11 0.0702 0.00192 ± 0.000003 0.00156 0.582 ± 0.024 0.014 4178.572

0.3 wt%-NS 1007.102 ± 0.09 0.0529 0.00188 ± 0.000003 0.00159 0.533 ± 0.028 0.016 4171.747

0.6 wt%-NS 1007.600 ± 0.04 0.0252 0.00299 ± 0.000004 0.00134 0.602 ± 0.021 0.012 4161.579

0.1 wt%-SDS 1005.408 ± 0.07 0.0410 0.00172 ± 0.000002 0.00117 0.595 ± 0.005 0.003 4176.984

0.3 wt%-SDS 1006.012 ± 0.01 0.0058 0.00208 ± 0.000002 0.00096 0.575 ± 0.018 0.010 4167.000

0.6 wt%-SDS 1007.914 ± 0.03 0.0173 0.00219 ± 0.000002 0.00091 0.632 ± 0.031 0.018 4152.116

0.1 wt%-PVP 1004.278 ± 0.06 0.0351 0.00150 ± 0.000003 0.00200 0.633 ± 0.021 0.012 4177.387

0.3 wt%-PVP 1004.988 ± 0.03 0.0208 0.00192 ± 0.000004 0.00208 0.696 ± 0.056 0.032 4168.201

0.6 wt%-PVP 1006.855 ± 0.04 0.0252 0.00195 ± 0.000002 0.00102 0.553 ± 0.007 0.004 4154.518
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without surfactant (NS) consistently demonstrated the lowest n 
and highest consistency index (K ) values as shown in Table 9, in
dicating stronger viscosity and more pronounced shear-thinning 
response. This implies that at low shear regions (e.g. laminar 
zones), the fluid resists flow, while at high shear regions (e.g. 
near heated surfaces), viscosity decreases, allowing enhanced 
convective heat transfer. However, excessive viscosity can also 
lead to higher pumping power requirements and a greater risk 
of sedimentation, which is detrimental for long-term PVT oper
ation [69].

The addition of surfactants, particularly PVP, significantly 
modified the flow behavior by increasing n and reducing K. For in
stance, the 0.1 wt%-PVP sample displayed nearly Newtonian be
havior at elevated temperatures (n ≈ 0.793 at 80°C) with the 
lowest K values, indicating low resistance to flow and excellent 
stability, owing to the steric hindrance provided by PVP chains 
around the nanoplatelets. This contributes to better fluid circula
tion, reduces flow resistance, and minimizes agglomeration, mak
ing it a promising candidate for thermal applications [69].

In contrast, SDS-based nanofluids showed moderate shear- 
thinning with intermediate n and K values. The electrostatic 
stabilization offered by SDS is susceptible to ionic strength and 
concentration variations, leading to less consistent rheological be
havior compared to PVP. Moreover, increasing GNP concentration 
generally lowered n and increased K across all surfactants, sup
porting the notion that higher particle loading intensifies particle- 
particle interactions, increases fluid resistance, and amplifies 
shear-thinning effects [70]. On the other hand, the addition of sur
factants especially PVP significantly increases the n value and 
lowers the K value, resulting in a more stable, easily flowing, 
and homogeneous fluid. The 0.1 wt%-PVP sample consistently 
demonstrates an ideal combination: an n value approaching 1 at 
higher temperatures, indicating nearly Newtonian flow, and a 
low K value, reflecting lower viscosity at low shear rates. This sup
ports better circulation efficiency, reduces pump load, and enhan
ces stability and lifespan of the fluid within the system.

Mechanistically, nanofluid rheology is governed by multiple in
teracting parameters, including particle concentration, interpar
ticle forces, surfactant-polymer dynamics, temperature effects, 
and fluid microstructure evolution under shear stress. While 
this may theoretically enhance heat transfer, it also brings tech
nical challenges, including higher pumping demands and poten
tial clogging risks [71]. These effects influence not only viscosity 

Figure 7. Results of thermal conductivity of nanofluids at various GNP 
concentrations and surfactant types. Error bars represent standard 
deviation (n = 3).

Figure 8. Sedimentation ratio of GNP nanofluids.

Figure 6. Results of GNP nanofluids viscosity with temperature 
variation.
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but also flow stratification, turbulence generation, and heat trans
fer efficiency within heat exchangers. The optimal rheological bal
ance was achieved at 0.1 wt%-PVP, which combines favorable flow 
behavior, system stability, and low energy cost. This is further va
lidated by CFD results as shown in Fig. 9, confirming superior ther
mal efficiency over base fluid under simulated operating 
conditions.

Computational fluid dynamic simulation of heat 
exchanger in PVT system

Temperature contour of GNP nanofluids
Table 10 presents the results of outlet temperature values ob
tained from CFD simulations for various nanofluid samples with 
different surfactants and concentrations. In each case, the cold 
and hot fluid inlet temperatures were set at 20°C and 85°C, re
spectively. The simulated outlet temperatures both for the cold 
and hot sides demonstrate the thermal exchange performance 
of each sample. Table 10 provides a comparative summary of 
the inlet and outlet temperatures for both hot and cold fluids. 
The largest temperature gain on the cold side (ΔTc = 0.775°C) 
and the greatest heat release on the hot side (ΔTh = 5.192°C) 
were achieved with the 0.3 wt% GNP + PVP sample, confirming su
perior heat absorption and extraction performance. These values 
surpass those of the base fluid (ΔTc = 0.387°C; ΔTh = 2.888°C), 
illustrating a substantial enhancement in thermal exchange.

Notably, nanofluids with PVP exhibited higher outlet cold tem
peratures, suggesting effective heat pickup from the hot side, 
while the corresponding hot outlet temperatures dropped more 
sharply evidence of efficient thermal dissipation. In comparison, 
the 0.6 wt% NS sample, despite a marginally higher ΔTc than 
base water, showed reduced performance due to the influence 
of sedimentation and inconsistent flow, as inferred from the ex
perimental data. Taken together, the integration of experimental 
thermophysical and stability data with the CFD simulation results 
provides a coherent explanation of how nanofluid formulation 
impacts thermal behavior. The enhanced ΔT values, combined 
with supportive visual evidence from temperature contours, val
idate the practical potential of surfactant-modified GNP nano
fluids particularly with PVP at 0.3 wt% in improving the thermal 
efficiency of PVT heat exchangers.

The CFD contour temperature plots support these numerical 
results shown in Fig. 10 and File S2, visually highlighting tempera
ture gradients and heat distribution across the heat exchanger. 
The CFD temperature contour distribution reveals that the use 

of nanofluids significantly alters heat transfer patterns within 
the heat exchanger compared to the base fluid (water-to-water). 
The 0.3 wt% GNP + PVP sample exhibited the broadest and most 
uniform temperature gradient, indicating enhanced thermal ex
change between hot and cold fluids. This finding is consistent 
with the experimental stability results, which showed that 
PVP-based nanofluids had the highest dispersion stability with 
no sedimentation up to Day 30. In addition, this sample demon
strated moderate viscosity with shear-thinning behavior and the 
highest thermal conductivity during thermophysical testing, 
which collectively contribute to effective convective heat transfer.

In contrast, nanofluids without surfactants or those using SDS 
at lower concentrations displayed limited contour distributions 
and uneven gradients, indicating possible stagnant zones due to 
nanoparticle sedimentation. This is in line with the poor stability 
observed in the sedimentation tests, and the lower thermal con
ductivity recorded during material characterization. The presence 
of these stagnant zones hinders thermal homogeneity and lowers 
heat transfer efficiency. Mechanistically, PVP forms a steric stabil
ization layer around the nanoparticles, preventing agglomeration 
during circulation. Although the addition of PVP increases fluid 
viscosity, its benefits in terms of dispersion stability and thermal 
conductivity outweigh the potential drawbacks of increased re
sistance to flow. These observations are supported by previous 
studies such as Karagiannakis et al. [16] and Al-Waeli et al. [6] 

Table 8. Results of rheological testing for n (flow behavior index) 
values.

Samples N

30°C 40°C 50°C 60°C 70°C 80°C

0.1 wt%-NS 0.250 0.431 0.462 0.583 0.239 0.302

0.3 wt%-NS 0.299 0.297 0.341 0.309 0.293 0.533

0.6 wt%-NS 0.291 0.266 0.190 0.187 0.158 0.266

0.1 wt%-SDS 0.458 0.702 0.503 0.441 0.486 0.422

0.3 wt%-SDS 0.341 0.310 0.353 0.365 0.297 0.347

0.6 wt%-SDS 0.382 0.347 0.342 0.318 0.341 0.346

0.1 wt%-PVP 0.461 0.488 0.482 0.606 0.613 0.793

0.3 wt%-PVP 0.341 0.310 0.353 0.365 0.297 0.347

0.6 wt%-PVP 0.382 0.347 0.342 0.318 0.341 0.346

Table 9. Results of rheological testing of consistency index (K ).

Samples K (Pa·sⁿ)

30°C 40°C 50°C 60°C 70°C 80°C

0.1 wt%-NS 0.0188 0.0088 0.0077 0.0050 0.0172 0.0135

0.3 wt%-NS 0.0149 0.0144 0.0116 0.0128 0.0139 0.0056

0.6 wt%-NS 0.0199 0.0218 0.0280 0.0280 0.0324 0.0207

0.1 wt%-SDS 0.0085 0.0034 0.0062 0.0085 0.0071 0.0095

0.3 wt%-SDS 0.0179 0.0206 0.0104 0.0149 0.0189 0.0107

0.6 wt%-SDS 0.0109 0.0124 0.0124 0.0137 0.0125 0.0122

0.1 wt%-PVP 0.0080 0.0074 0.0069 0.0046 0.0043 0.0021

0.3 wt%-PVP 0.0130 0.0138 0.0121 0.0111 0.0136 0.0112

0.6 wt%-PVP 0.0109 0.0124 0.0124 0.0137 0.0125 0.0122

Figure 9. Rheology graph of 0.1 wt% GNP + PVP Sample.
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which emphasize the dominant role of dispersion stability over 
viscosity in determining nanofluid heat transfer effectiveness.

Thermal efficiency results from the use of GNP 
nanofluids
The thermal efficiency results presented in Fig. 11 show that using 
GNP-based nanofluids significantly enhances heat transfer per
formance compared to the base fluid (water-to-water), which 
achieved only 40.21% efficiency. Among all samples, the 0.1 wt% 
+ PVP nanofluid had the highest thermal efficiency of 45.26%. 
This superior performance is attributed to its high thermal con
ductivity (0.633 W/m·K), specific heat capacity (4177 J/kg·K), low 
viscosity at high shear rate (0.0102 Pa·s), and favorable shear- 
thinning behavior (n = 0.526). The enhancement in thermal 

performance of PVT heat exchangers using GNP-based nanofluids 
is attributed to multiple interrelated mechanisms. First, the two- 
dimensional structure and high intrinsic thermal conductivity of 
GNP facilitate efficient phonon transport, significantly improving 
heat conduction within the fluid [72]. Second, the incorporation of 
the nonionic surfactant PVP improves colloidal stability by pre
venting nanoparticle agglomeration, resulting in more uniform 
dispersion and stable thermal behavior [73]. This combination 
promotes effective convection and uniform heat distribution in 
the heat exchanger [74].

Meanwhile, SDS-based samples also exhibited good and 
consistent thermal efficiencies, ranging between 44.74% 
and 44.78%, with the best result at 0.3 wt%-SDS. 
These samples showed moderate rheological properties (n = 
0.343; K = 0.0153 Pa·sⁿ) and balanced viscosity, which helped 

Table 10. Outlet temperature from CFD simulation.

Sample Tinc Tinh Toutc Touth ΔTc ΔTh Qabsorbed Qreleased

(°C) (°C) (°C) (°C) (°C) (°C) (W) (W)

Water to Water 20 85 20.387 82.112 0.387 2.888 1945.266 4837.358

0.1 wt%-NS 20 85 20.652 80.648 0.652 4.352 3202.642 7351.211

0.3 wt%-NS 20 85 20.687 80.392 0.687 4.608 3485.139 7797.171

0.6 wt%-NS 20 85 20.692 80.359 0.692 4.641 3516.617 7856.407

0.1 wt%-SDS 20 85 20.637 80.745 0.637 4.255 3215.527 7186.382

0.3 wt%-SDS 20 85 20.648 80.669 0.648 4.331 3277.709 7319.881

0.6 wt%-SDS 20 85 20.740 80.038 0.740 4.962 3759.091 8402.433

0.1 wt%-PVP 20 85 20.732 80.150 0.732 4.850 3703.982 8182.985

0.3 wt%-PVP 20 85 20.775 79.808 0.775 5.192 3929.930 8749.771

0.6 wt%-PVP 20 85 20.682 80.427 0.682 4.573 3467.522 7735.325

Figure 10. Temperature contour results for 0.1 wt%-PVP Sample from CFD simulation.
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maintain flow without excessive pressure drops. However, the dis
persion stability offered by SDS was not as strong as PVP, especial
ly at lower concentrations, leading to partial sedimentation and 
potential long-term efficiency decline.

In contrast, NS nanofluids, despite having relatively good ther
mal conductivity (up to 0.602 W/m·K for 0.6 wt%), demonstrated 
lower and less consistent thermal efficiencies, ranging from 
43.57% to 44.76%. This was primarily due to their higher viscosity 
(up to 0.0750 Pa·s) and highly non-Newtonian behavior (very low 
n, averaging 0.214–0.492), which hindered flow and caused the for
mation of stagnant zones in the heat exchanger. The absence of 
dispersing agents further led to nanoparticle agglomeration and 
sedimentation, as confirmed by the poor stability observed in 
the 30-day test.

This is primarily influenced by the increased viscosity of nano
fluids, which can hinder fluid flow within the heat exchanger, 
thereby reducing convective heat transfer efficiency. The viscosity 
depends not only on nanoparticle concentration but also on the 
rheological properties of the nanofluid characterized by the flow 
behavior index (n) and consistency coefficient (K ) from the 
Power Law model [69]. In CFD simulations, the values of n and K 
are incorporated to dynamically model viscosity changes accord
ing to real flow conditions, providing a more accurate representa
tion of nanofluid performance. Nanofluids with n < 1 (shear 
thinning) and moderate K tend to experience decreased viscosity 
at higher shear rates, which helps facilitate flow and improve 
thermal efficiency [75]. Overall, these findings confirm that ther
mal efficiency is not solely dependent on thermal conductivity, 
but also on dispersion stability, flow behavior (n and K ), and dy
namic viscosity characteristics [69]. The best-performing formu
lation was GNP + PVP at 0.1–0.3 wt%, which outperformed water 
and other nanofluids. By integrating detailed rheological and ther
mophysical properties into CFD simulations, this study provides 
more realistic and representative predictions of nanofluid per
formance under actual PVT operating conditions.

Given that the heat exchanger is a core component of PVT sys
tems, its improvement directly enhances both thermal energy 
harvesting and PV panel cooling. Thus, optimizing the heat ex
changer translates into a systemic boost in total energy output. 
For real-world applications, nanofluid formulations must balance 

thermal performance with long-term dispersion and hydro
dynamic stability. Future research should involve field-scale val
idation and techno-economic assessments to ensure the 
scalability and viability of GNP-based nanofluids in solar energy 
systems, particularly in residential and light industrial settings.

Conclusions
This study investigated the effects of GNP nanofluids with various 
surfactants and concentrations on thermophysical properties, 
flow behavior, dispersion stability, and heat exchanger efficiency 
in PVT systems. Experimental measurements and CFD simula
tions confirmed that GNP nanofluids significantly enhance heat 
transfer performance compared to base fluid (water). The highest 
thermal efficiency was observed at 45.26% for the 0.1 wt% GNP + 
PVP nanofluid, compared to 40.21% for water a 12.6% relative 
improvement.

This enhancement is driven by a combination of superior ther
mal conductivity (0.633 W/m·K), high specific heat (4177 J/kg·K), 
low shear-dependent viscosity (0.0102 Pa·s), and favorable rheo
logical behavior (n = 0.526), all supported by strong dispersion 
stability (no sedimentation for 30 days). These findings align 
with previous literature but uniquely contribute by integrating 
rheological measurements into CFD simulations tailored to 
PVT system conditions. Compared to SDS and NS nanofluids, 
PVP-modified GNP nanofluids consistently demonstrated superior 
thermal efficiency and colloidal stability, confirming the critical 
role of surfactant type and concentration in optimizing nanofluid 
performance. Overall, this study validates the 0.1–0.3 wt% 
GNP-PVP formulation as the most effective and scalable nanofluid 
for solar thermal applications and proposes an integrated frame
work for evaluating nanofluid-enhanced heat exchangers in fu
ture renewable energy systems.
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Nomenclature 
Symbol,  meaning;  
vin,c,  inlet velocity of cold fluid (m/s);  
vin,h,  inlet velocity of hot fluid (m/s);  
Pout,c,  outlet pressure of cold fluid (Pa);  
Pout,h,  outlet pressure of hot fluid (Pa);  
TSolid Shell,  temperature of solid shell (°C);  
TSolid Tube,  temperature of solid tube (°C);  
Qabsorbed,  heat absorbed by the cold fluid (W);  
Qreleased,  heat released by the hot fluid (W);  
ṁc,  mass flow rate of cold fluid (kg/s);  
ṁh,  mass flow rate of hot fluid (kg/s);  
Cp,c,  specific heat capacity of cold fluid (J/kg·K);  
Cp,h,  specific heat capacity of hot fluid (J/kg·K);  
Tin,c,  inlet temperature of cold fluid (°C);  
Tout,c,  outlet temperature of cold fluid (°C);  
Tin,h,  inlet temperature of hot fluid (°C);  
Tout,h,  outlet temperature of hot fluid (°C);  
ρ,  density (kg/m³);  
η,  thermal efficiency (%);  
n,  flow behavior index (dimensionless, from 

power law);  
K,  consistency index (Pa·sⁿ, from Power Law);  
μ,  dynamic viscosity (mPa·s);  
γ̇,  shear rate (s⁻¹);  
τ,  shear stress (Pa);  
A,  cross-sectional area (m²);  
D,  diameter of pipe (m);  
SR,  sedimentation ratio (%) 

. 
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