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Abstract

The integration of nanotechnology offers a promising pathway to improve legacy heat-exchange systems by addressing
the fundamental limitation of conventional fluids: their poor thermal conductivity. This experimental work examines
the thermal and hydraulic behaviour of Copper-Water (Cu-W) and Graphene-Water (Gr-W) nanofluids in a horizontal
tube-in-tube heat exchanger operated in the transitional turbulent range at a Reynolds number of about 4000. The
nanofluids, stabilized using Sodium Lauryl Sulfate (SLS), were tested over a nanoparticle mass concentration range of
0-2.5 % and hot-fluid inlet temperatures between 60°C to 90 °C. The results show that increasing both nanoparticle
concentration and operating temperature raises the overall heat transfer coefficient, U, and effectiveness, while Gr-W
consistently delivers better thermal performance than Cu-W under identical test conditions. The thermal gains are
accompanied by distinct hydraulic behaviour: Gr-W shows a monotonic increase in friction factor due to its higher
effective viscosity, whereas Cu-W can exhibit a modest reduction in friction factor under the tested conditions, linked
to the combined influence of density and viscosity on the Reynolds number at fixed volumetric flow rates. For both
fluids, the counter-flow configuration outperforms parallel flow by maintaining a higher logarithmic mean temperature
difference. Across all tested conditions, the PEC remains above unity, showing that the heat-transfer gain exceeds the
corresponding pumping-power penalty. At 2.5 % mass concentration, the maximum PEC values of approximately 1.32
for Cu-W and 1.36 for Gr-W correspond to net efficiency gains of 32-36 % relative to the base fluid. Considering the
measurement uncertainty, Gr-W nanofluid appears to be the more promising working fluid.

Keywords: Copper-Water (Cu-W), Graphene-Water (Gr-W), Heat Transfer Enhancement, Nanofluids, Performance
Evaluation Criterion (PEC).

Introduction

The growing demand for energy-efficient thermal
systems in power generation, automotive, and
process industries has increased interest in
advanced heat-transfer techniques and materials.
Traditionally, water and ethylene glycol have been
widely used as heat-transfer fluids in thermal
systems, but their thermal
conductivity
performance. Nanofluids are colloidal mixtures in

relatively low
restricts  further gains in
which nanosized solid particles, usually in the 1-
100 nm range, are dispersed within a base fluid
such as water, oil, or ethylene glycol (1). Relative to
conventional base fluids, nanofluids generally
provide improved thermal performance because
the suspended particles have higher conductivity, a
larger surface area, and can induce micro-
convection through Brownian motion (2). In
practical operation, nanofluids may suffer from
particle aggregation and settling, particularly
because the particles are denser than the base
fluid. Achieving long-term stability is therefore
critical for obtaining reproducible experimental

results. To improve dispersion stability, Sodium
Lauryl Sulfate (SLS) was added as an anionic
surfactant to generate electrostatic repulsion and
suppress agglomeration. Figure 1 provides a visual
check of the nanofluid stability after mixing,
showing that no obvious phase separation was
observed within the first 2 hours. Recent research
in this area has placed considerable attention on
metallic nanoparticles, particularly copper, owing
to their high thermal conductivity and relatively
low cost (3). For example, studies have reported
that Cu-W nanofluids flowing through double-pipe
heat exchangers can improve the Nusselt number
and overall heat-transfer rate compared with
water, primarily because copper nanoparticles
increase the effective thermal conductivity and
strengthen convective transport. However, metallic
particles often have high density, which can lead to
sedimentation and higher

penalties. In comparison,
nanomaterials such as graphene have emerged as
a strong alternative because graphene nanosheets

pumping-power
carbon-based
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possess extremely high thermal conductivity and a
high aspect ratio, which promote thermal
percolation networks even at low concentrations.
Graphene-based nanofluids have shown notable
thermal gains in shell-and-tube exchangers while
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maintaining a much lower pressure-drop penalty
than metal oxides (4). Graphene-based fluids
exhibit superior thermal behaviour, particularly
under turbulent flow conditions (5-7).

Figure 1: Visual Inspection of SLS-Stabilized Nanofluids After 2 Hours

The performance of different nanofluids in pipe-in-
pipe and double-pipe heat exchangers has been
thoroughly studied by many researchers. Metal-
oxide fluids have been extensively studied for their
thermal and flow characteristics (8, 9). Cu-W
nanofluids have also attracted considerable
attention because of their improved thermal
performance (10, 11). More recently, hybrid and
carbon-based nanofluids have gained interest for
their potential energy-saving benefits (12, 13). In
addition, the role of surfactants in improving
nanofluid stability has been critically reviewed,
and their influence on dispersion stability and
thermophysical properties has been widely
discussed (14, 15).

In recent years, both experimental and numerical
investigations have explored graphene-based and
hybrid nanofluids in double-pipe and shell-and-
tube heat exchangers under practical operating
conditions (16). For graphene
nanoplatelet-water nanofluids have been tested in
double-tube and concentric-tube heat exchangers,
where adding nanoparticles led to notable
increases in Nusselt number, overall heat-transfer
coefficient, and across wide
Reynolds-number range (17, 18). Graphene oxide-
based hybrid nanofluids combined with metallic
nanoparticles have also been reported to improve
the efficiency of double-pipe heat exchangers while
keeping pressure drop and pumping-power
requirements within acceptable limits (19, 20).

example,

effectiveness

Taken together, these studies highlight the strong
promise of carbon-based nanofluids for compact
heat-exchange systems (5, 13, 16).
However, even in these recent contributions, the
focus is often limited to either a single nanofluid
formulation or a single flow configuration, and the
performance is usually expressed only in terms of
local or average Nusselt numbers. System-level
performance indicators that simultaneously
account for heat-transfer enhancement and
hydraulic penalties, such as the performance
evaluation criterion (PEC), are less frequently
reported, especially  for  graphene-based
suspensions in conventional tube-in-tube geome-
tries. There is still a need for systematic
experimental data that compare a metal-based
nanofluid such as Cu-W with a carbon-based
counterpart such as Gr-W under identical
hydrodynamic conditions, for both parallel- and
counter-flow arrangements, and over a practical
range of operating temperatures.
The present study addresses these gaps by
experimentally investigating the thermophysical
properties, thermal behaviour, and hydraulic
performance of Cu-W and Gr-W nanofluids. The
specific objectives of this study are:
a) To study the thermophysical behaviour of the
nanofluids at mass concentrations up to 2.5%.
b) To analyse system performance using U,
effectiveness, and NTU for both nanofluids
under parallel and counter-flow arrangements.
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c) To investigate the influence of operating
temperature (60°C-90°C) on heat-transfer
enhancement.

d) To perform a comparative efficiency analysis
using the PEC to identify the optimal working
fluid.

Methodology

Preparation of Nanofluids

In this study, Cu-W and Gr-W nanofluids were
prepared using the conventional two-step
approach. Copper and graphene nanoparticles
were directly dispersed in water at mass
concentrations from 0 to 2.5%, and the density of
copper nanoparticles was taken as 8960 kg/m?
based on standard material-property data and
recent nanofluid studies. For graphene nanopar-
ticles, the density value was considered as 2300
kg/m?* according to manufacturer specifications
and recent characterization studies (4, 5).
Establishing a stable baseline for density and
viscosity is essential for obtaining reliable thermal
data, and the thermophysical properties were
validated prior to testing following standard
experimental protocols reported in the literature
(21). This is consistent with broader findings that
the high surface area of graphene contributes to
improved energy efficiency and can exceed the
thermodynamic performance of conventional
metal oxides (22). For the copper-based samples,
maintaining uniform dispersion remained a
significant challenge, as minimizing sedimentation
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requires careful optimization of the dispersion
process (23). Because strong Van der Waals forces
tend to promote particle agglomeration,
mechanical mixing alone is often inadequate. To
improve dispersion stability, Sodium Lauryl Sulfate
(SLS) was used as an anionic surfactant. For each
nanofluid sample, SLS was added at the same mass
percentage as the nanoparticles, corresponding to
an approximate SLS-to-nanoparticle mass ratio of
1:1. This ratio was maintained for all Cu-W and Gr-
W samples so that the surfactant effect remained
comparable across the full test matrix. Separate
measurements on SLS-water solutions without
nanoparticles confirmed that, within this range,
SLS introduced only a marginal change in the base
fluid’s viscosity and thermal conductivity of the
base fluid; therefore, the dominant changes in
thermophysical properties reported in this work
can be attributed primarily to the nanoparticles
rather than to the surfactant itself (24).

The mixtures were then ultrasonicated using an
LC-650W ultrasonic homogenizer. Sonication time
was varied between 20 and 60 minutes depending
on mass concentration to ensure proper
suspension quality. Visual inspection confirmed
stable suspension with no visible sedimentation
throughout the experimental period. Since the
stability of the suspension directly influences heat
performance, a systematic
characterization approach was adopted to ensure
complete integration of the nano-additives into the
base fluid (25).

transfer

Table 1: Thermophysical Properties of Copper, Graphene and Water

Property Base Fluid (Water) Copper (Cu) Graphene (Gr)
Physical State Liquid Solid Powder Solid Flakes
Density (p) (kg/m?) 994.4 8960 2300
Thermal Conductivity (k) (W/m.K) 0.613 398 ~4000
Specific Heat (cp) (J/kg.K) 4180 385 710
Particle Size / Thickness - 50-80 nm 5-10 nm

Table 1 presents the principal thermophysical
properties of water and the nanoparticles used in
this study. The substantially higher thermal
conductivity of copper and graphene compared
with water forms the basis for the expected
improvement in heat transfer. In addition,
differences in density and specific heat affect the
effective properties of the resulting nanofluids.
These variations are useful for interpreting the
thermal and hydraulic trends discussed in the
results section.

Experimental Apparatus

Figure 2 illustrates the complete experimental loop
used for the heat-exchanger tests. It includes the
heat exchanger, pump, storage tank, valves, and
measuring instruments required for controlled
operation. This setup enabled parallel-flow and
counter-flow measurements under the same base
conditions.
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Figure 2:

In this tube-in-tube heat exchanger, the tubes were
installed horizontally and were made of stainless
steel (SS). The heat exchanger was arranged in a
double-tube configuration, with the inner tube
having inner and outer diameters of 12 mm and 14
mm, respectively, and the outer tube having inner
and outer diameters of 32 mm and 36 mm,
respectively. The total tube length was 1000 mm.

To improve energy-balance accuracy, the entire
length of the test section was clad with a thick layer

Table 2: Experimental Operating Conditions

of the Experimental Setup

of insulation to negate heat loss to the ambient
environment. For experimental measurement, two
calibrated rotameters were installed in the flow
loop to measure the flow rates, while four
thermocouples (K-type) were mounted at the
respective inlet and outlet locations to
continuously record the bulk fluid
(Thi: Thov Tciv Tco)-

Parameter Value / Range
Nanofluids Cu-W, Gr-W
Base Fluid Water
Surfactant SLS

Mass Concentration (w)
Hot Fluid Inlet Temp (Ty;)
Cold Fluid Inlet Temp (T¢;)
Reynolds Number (Re)
Flow Arrangements

0%, 0.5 %, 1.0 %, 1.5 %, 2.0 %, 2.5 %
60 °C, 70 °C, 80 °C,90 °C

21.8+0.5°C

3900-4400 (Turbulent Transition)
Parallel Flow, Counter Flow

Table 2 defines the operating window used for the
experimental investigation. The selected Reynolds-
number range was kept within the transitional
turbulent regime to achieve a balance between
heat-transfer enhancement and pumping-power
requirement. The nanoparticle concentration
ranges up to 2.5 % was chosen to study practical
loading levels while maintaining suspension
stability. Using an inlet temperature from 60°C to
90°C allows
sensitivity of both nanofluids under identical flow
arrangements. The Reynolds number range of
approximately 3900-4400 was selected inten-
tionally to operate within the turbulent transition
regime of the tube-in-tube heat exchanger. This

evaluation of the temperature

range is practically relevant for compact industrial
heat-exchange equipment, where designers aim to
exploit the onset of turbulence to enhance heat
transfer while avoiding the very high pumping-
power penalties associated with fully developed
turbulent flow.

Measurement of Thermophysical

Properties

We focused this phase of the experiment on

accurately quantifying the fluids' defining

thermophysical traits, specifically measuring their

density, viscosity, and thermal conductivity.

a) Thermal Conductivity: Measured using a
digital conductivity meter.
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b) Viscosity: Measured using a Brookfield visco- relative density method, where the weight of
meter. the nanofluid was compared to that of an equal

c) Density: Determined using a standard specific volume of water using a high-precision
gravity bottle (pycnometer) based on the electronic balance.

Since the nanofluids were prepared based on mass concentration (w), these values were converted to
volume fraction using Equation [1], which is based on the fundamental density relation reported in the
literature (26).

w

¢ = imw [1]

Pnp Pbf

Here, w denotes the mass fraction, p,, denotes the nanoparticle density, and pyr denotes the base-fluid

density.

d) Specific Heat: In contrast to the transport properties, the specific heat capacity of the nanofluids (Cp »r)
was calculated using Equation [2]. This correlation is well established for dilute suspensions (19).

Cp,nf = q)cp,np + (1 - q))cp,bf [2]

Where, C,np, and Cypr denotes the specific heat capacities of the nanoparticles and the base fluid,
respectively.

Data Reduction

The performance of the heat exchanger; in terms of heat transfer and hydraulics, was determined using the
relations below.

Flow Velocity and Mass Flow Rate

The thermal and hydraulic performance of the heat exchanger was assessed using the heat-transfer rate
(Q), the overall heat transfer coefficient (U), and the dimensionless parameters Re and Pr (27).

The calculation process began by determining the mass flow rate () from the measured volumetric flow
rate (V) and fluid density using Equation [3]:

m=pxV [3]
The mean flow velocities for both fluids were obtained using Equations [4, 5].
Cold Fluid Velocity (V.):
\4 \4
Ve = Ac:,i = %Tciz [4]
Hot Fluid Velocity (V,):
Vh= b=t [5]

= 7T -
Acso  3(Df-d3)

Here, d; and d,, denote the inside and outside diameters of the inner tube, respectively, whereas D; denotes
the inner diameter of the outer shell.

Heat Transfer Parameters

The rate of heat transfer for the hot and cold streams was determined using the energy balance Equations
[6,7]:

Qn = MyCpn(Thin — Thout) (6]
Qe = mcCpe(Tooue = Tein) [7]
The average rate of heat transfer was denoted in Equation [8],
Qavg = (Qn + Qc)/2 (8]
Using these values, the experimental overall heat transfer coefficient (U) was obtained using Equation [9]:
i g
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The effective driving temperature difference, represented by AT, ytp, for counter-flow and parallel-flow
arrangements, was calculated using Equations [10, 11].
For Counter Flow:

Thin=T —(T =T¢j
ATLMTD — ( h,m1 C'?I‘l::i)n—(T:f:: cin) [10]
n (Th,out‘Tc,in
For Parallel Flow:
ATLMTD — (Th,in_Tc,ir’;‘)hjifl'r_l;cc)’?;_rrc,out) [11]

In
(Th,out—Tc.uut

Dimensionless Numbers and Validation

The flow characteristics were analysed by calculating the Reynolds and Prandtl numbers from the bulk
mean properties using Equations [12, 13]. Thermal conductivity, density, specific heat, and viscosity were
obtained from standard property tables, while the governing expressions were used in the form given in
another study (27).

Re = T [12]
Pr="2 [13]

For experimental validation, the theoretical Nusselt number for the base fluid (water) was calculated using
Equation [14], based on Dittus-Boelter correlation (28).

Nug, = 0.023Re®8Pro+ [14]

Using the inner convective heat-transfer coefficient (h;), the experimental Nusselt number (Nugy,) was

determined using Equation [15]:
hid;

Nug,, = Tor
n

[15]

Effectiveness-NTU Method

Heat-exchanger effectiveness was assessed using the NTU method, and the equations for both parallel-flow
and counter-flow arrangements were taken from established literature sources (29).

The effectiveness was then calculated using the NTU approach. First, the heat-capacity rates (C = mcp)

computed to determine C,;, and C,.x, and the capacity ratio was obtained by Equation [16].

Cr = Ciin/Crax [16]
The NTU was calculated using Equation [17]:

UXAi

NTU = [17]

Crmin
Heat-exchanger effectiveness was evaluated using the NTU method, and the expressions for counter-flow
and parallel-flow arrangements wer4e applied from Equations [18, 19], respectively.

For Counter Flow:
_ 1-exp(-NTU(1-Cy))
T 1-Crexp(-NTU(1-Cy))

(18]

For Parallel Flow:
_ 1-exp(=NTU(1+Cy))
€= 1+Cy

[19]

Hydraulic and Performance Evaluation
The hydraulic penalty was evaluated using the friction factor (f) using Equation [20]. The Blasius equation
was used for turbulent flow transition regime (30).

f=0.3164 Re 025 [20]
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Finally, to assess the net energy efficiency, the performance evaluation criterion (PEC) was calculated using

Equation [21], as given in past study (31).

(Unf/Ubf)
PEC = ——=—=
(fuf/fop) /3

[21]

Table 3: Specifications and Uncertainty of Experimental Instruments

Parameter Measured Instrument Range Accuracy / Uncertainty
Temperature K-Type Thermocouples 0-200°C +0.1°C

Flow Rate Rotameter 0-10LPM £2%

Viscosity Brookfield Viscometer 1-100 mPa.s 1%

Thermal Conductivity Conductivity Meter 0.2-2.0W/mK +5%

Weight (Mass) Digital Electronic Balance 0-200g +0.001g
Uncertainty Analysis typically 3-6 % for both the overall heat transfer

Table 3 lists the major instruments used for
temperature, flow rate, viscosity,
conductivity, and mass measurement. The selected
devices were sufficiently accurate for the present
low-temperature-gradient experiments. Their
uncertainties directly affected the reliability of the
energy-balance check, thermophysical-property
measurement, and performance calculations. This
instrument summary supports the uncertainty
analysis reported in the methodology section.

The uncertainty levels were assigned according to
the measured quantity: 5 % for the energy-balance
validation line (Qn = Q.), up to 5 % for thermal
conductivity, below 1 % for viscosity, and 3% for
effectiveness and friction factor.

Stability and Repeatability

In addition to the initial visual inspections shown
in Figure 1, the nanofluid samples were monitored
over the full experimental period for signs of
sedimentation or phase separation.

thermal

No visible settling was observed within the time
window corresponding to a complete set of
heat-transfer measurements for a given test
condition. Each operating point reported in this
work represents the average of three repeated runs
performed after a fresh mixing cycle. The
maximum deviation between the three repeats was

coefficient and the friction factor. Because in-house
zeta-potential facilities were unavailable, the
stability assessment was limited to these extended
visual observations and repeatability checks;
future work will incorporate quantitative
electro-kinetic characterisation to strengthen the
stability analysis.

Results and Discussion

Validation of Experimental Setup

To verify the experimental system, water was first
used as the working fluid, and an energy-balance
comparison was made between the heat rejected
by the hot fluid (Q}) and the heat absorbed by the
cold fluid (Q.) over the full temperature range.
Figure 3 shows that the experimental data points
lie reasonably close to the ideal diagonal line (Q;, =
Q. ). A consistent and nearly uniform trend is
observed, as expected, and the calculated Q. values
were marginally lower than Q;, because of minor
thermal leakage despite the insulation. Overall, the
average energy-balance deviation remained within
permissible limits and was consistent with
uncertainties reported in similar low-temperature-
gradient studies. This agreement supports the
reliability of the thermocouple readings and flow
measurements before testing the nanofluids.
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Figure 3: Energy-Balance Validation of Heat Transfer Rates with Experimental Uncertainty Bars
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Figure 4: Thermal Conductivity of Cu-W and Gr-W Nanofluids with Experimental Uncertainty Bars

Thermophysical Properties of

Nanofluids

Thermal Conductivity

Thermal conductivity is an essential parameter in
judging the heat-transfer potential of the working
fluid.

Figure 4 shows the experimental thermal-
conductivity trends for both Cu-W and Gr-W
nanofluids. The results indicate that incorporating
nanoparticles increases conductivity relative to the
base fluid. This enhancement is linked to the high
thermal conductivity of the dispersed phase and
the formation of an ordered nanolayer at the solid-
liquid interface, which together facilitate heat
transfer (14).

The Gr-W nanofluid exhibited higher conductivity
than the Cu-W nanofluid over the tested
concentration range, with the maximum value
obtained at 2.5% graphene concentration. The
error bars in the figure represent the estimated
experimental uncertainty associated with each
measurement. The observed difference is mainly
due to the much higher conductivity of graphene
compared with copper,; along with the large surface
area of the 2D graphene structure, which favours
stronger surface interaction and more effective
thermal-network formation in the base fluid.
Viscosity

Even though nanoparticles improve thermal
conductivity, the viscosity increase controls the
pumping power needed during operation.
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Figure 5: Dynamic Viscosity of Cu-W and Gr-W Nanofluids with Experimental Uncertainty Bars

Figure 5 shows measured viscosity increased with
increasing nanoparticle mass concentration for
both nanofluids. However, the Gr-W nanofluid
showed a steeper increase than the Cu-W
nanofluid. This behaviour is consistent with
rheological studies, where the high-aspect-ratio
planar structure of graphene sheets produces
higher hydrodynamic resistance than relatively
spherical copper nanoparticles (16). Even with

these increases, the viscosity values across all
tested concentrations remained within feasible
pumping limits.

Effectiveness

The effectiveness was used as the primary
performance metric to evaluate how the Cu-W and
Gr-W nanofluids responded to the change from
parallel flow to counter-flow.
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Figure 6: Effectiveness of Cu-W and Gr-W Nanofluids under Parallel and Counter Flow with +3%
Uncertainty Bars

6
effectiveness with nanoparticle concentration for

Figure shows a consistent increase in
both fluids, which can be linked to improved
thermal conductivity and intensified wall heat
transfer. The distinct advantage of graphene over
copper in our tests mirrors the recent exergy

analysis, which showed that graphene-based

1601

blends typically generate less entropy and
outperform standard oxides like CuO and Al,03
(32).

The results also show that the counter-flow
arrangement consistently produced higher
effectiveness than the parallel-flow configuration

at all concentrations.
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This is in line with conventional heat-exchanger
behaviour, as counter-flow arrangement maintains
a stronger temperature gradient throughout the
exchanger length. At the maximum tested loading
of 2.5%, the Gr-W suspension gave the highest
effectiveness, about 0.28, which was higher than
that of the Cu-W nanofluid under the same
conditions.

Vol 7 | Issue 3

Operating Temperature

The effect of temperature on heat-exchanger
performance was assessed by comparing the
overall heat-transfer coefficient (U) at different
hot-fluid 2.5%
nanofluids.

inlet temperatures for the
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Figure 7: Overall Variation of Overall Heat-Transfer Coefficient for Water and Nanofluids at Different
Inlet Temperatures

Figure 7 shows that the overall heat-transfer
coefficient increased with hot-fluid temperature
for all tested fluids. For the Gr-W nanofluid, it rose
from 471 W/m?K at 60°C to 660 W/m?K at 90°C.
This trend can be explained by two main effects:
lower viscosity at higher temperatures, which
reduces the thermal boundary-layer resistance
near the wall, and stronger Brownian motion of the

which  enhances microscale
convective transport (2, 17).

Hydraulic Characteristics (Friction Factor)

The addition of nanoparticles improved heat
transfer but also introduced a hydraulic penalty
through viscous drag. The friction factor (f) was

evaluated using the Blasius correlation (30).
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Figure 8: Friction Factor of Cu-W and Gr-W Nanofluids
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The above Figure 8 indicates different hydraulic
characteristics of the two nanofluids. For the Gr-W
nanofluid, the friction factor increased gradually
with concentration, which is the expected trend
because of the viscosity penalty associated with
graphene sheets (33).

The Cu-W nanofluid showed a different trend: the
friction factor decreased slightly with increasing
concentration under the tested conditions. The
observed behaviour results from the combined
influence of higher density and lower viscosity,
leading to a larger Reynolds number for a given
volumetric flow rate. According to the Blasius

correlation, a  higher Reynolds number

Vol 7 | Issue 3

corresponds to a lower friction factor. Similar
density-dominated behaviour has also been
reported for metal-based nanofluids in turbulent
flow (20, 34).

System Performance Evaluation Criterion
(PEC)

Since the performance evaluation criterion was
above unity over the whole operating range, the
thermal improvement was greater than the
associated pumping-power penalty.

Figure 9 compares the performance evaluation
criterion (PEC) of Cu-W and Gr-W nanofluids
across the tested concentration range.

—— Cu-W
—8— Gr-W
"""" Base Fluid|

Performance Evaluation Criterion (PEC)

09 -

0.8

I L L
0.0 0.5 1.0

Mass Concentration of Nanoparticles (%)

! L
1.5 2.0 25

Figure 9: PEC of Cu-W and Gr-W Nanofluids with Nanoparticle Concentration

Figure 9 shows that nearly identical PEC values
were observed at 1% concentration, where the
performance of the two nanofluids converged.
Beyond 1% concentration, the Gr-W nanofluid
showed the stronger thermal enhancement,
despite its higher viscosity. The highest PEC values
were obtained at 2.5% mass concentration, with
approximately 1.32 for Cu-W and 1.36 for Gr-W.
These values correspond to net efficiency gains of
about 32% and 36%, respectively, relative to the
base fluid. Considering the
uncertainty, the small difference between these

experimental

two values should be interpreted cautiously, but
the overall trend indicates that graphene-based
nanofluids provided equal or slightly better
performance than copper-based nanofluids.

Conclusion

This study experimentally examined the thermal
and hydraulic performance of Cu-W and Gr-W

nanofluids in a turbulent double-tube heat
exchanger operated under both parallel-flow and
counter-flow conditions. The results indicate that
increasing nanoparticle concentration up to 2.5%
enhanced thermal conductivity, overall heat-
transfer coefficient, effectiveness, and PEC for both
nanofluids, although it also caused a rise in
viscosity.

Gr-W consistently showed better thermal
performance than Cu-W, especially at higher
concentrations, because of its higher intrinsic
thermal conductivity and favourable particle
morphology. In every case, the counter-flow
arrangement performed better than the parallel-
flow setup, demonstrating the benefit of sustaining
a larger temperature driving force along the
exchanger length.

In the case of Gr-W, the overall heat-transfer
coefficient rose from 471 W/m?K at 60°C to 660
W/m?K at 90°C, demonstrating that elevated
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operating temperature enhances heat-transfer
performance. The PEC remained above unity
throughout the study, indicating that the heat-
transfer improvement outweighed the associated
hydraulic penalty.

At the maximum concentration of 2.5%, the PEC
values reached approximately 1.32 for Cu-W and
1.36 for Gr-W, suggesting that both nanofluids are
energetically viable, with Gr-W providing a slight
performance advantage. Overall, the results
indicate that 2.5% Gr-W in counter-flow mode is
the most favourable condition among the tested
cases for compact heat-exchanger applications.
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