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Heat energy conservation is essential in all aspects. Various sectors, such as HVAC
(Heating, Ventilation, and Climate control), Chemical treatment, Thermoelectric plants,
and Chilling units face challenges in utilizing effects, reusing heat, and preserving
resources. Caloric can be recovered using a heat exchanger. Thermal exchangers
necessitate substantial Monetary investment in favor of various Funds and operational
costs. Therefore, it is essential to develop HE. That are more energy-intensive, costly, and
resource-efficient. The approach to enhance heat transfer is nanofluid inserts with tape
insertion. Through this research, we consolidated the parameters influencing the
nanofluid's operation to improve the heat tray. A study has been carried out on advancing

heat transmission using twisted taut.

1. INTRODUCTION

Nanotechnology is a modern technology that has garnered
significant attention from academics due to its potential to
enhance the physical properties of materials, particularly
thermal conductivity. A group of researchers is currently
focused on enhancing the heat utilization of HE. by utilizing
nanotechnology. Nano and creative designs enhance surface
area, enhancing heat exchange processes and reducing
worldwide energy demand [1-5].

Containing nanoparticles into an ordinary heat transfer fluid
and putting forward a TT. into the HE. tube is twosome of
several methods that have been studied for their ability to
improve heat transfer efficiency [6, 7]. Research has
demonstrated that nanofluid enhances heat transmission
efficiency in systems owing to its elevated Thermal
transmission. Additionally, the significant mobility of nano-
particles, commonly referred to as Brownian motion [8-13].
Meanwhile, by inserting objects into tubes, the efficiency of
heat transmission is increased because it increases the speed of
the fluid flowing in the same direction, which in turn improves
the mixing of the fluid. The scientists simulated the motion
and heat exchange in a nanofluid made up of CuO
nanoparticles in H,O with varying doses of solid particles from
1 vol.% to 4 vol.% within a tube [14-16]. The simulation of
chaotic flow conditions at Reynolds numbers covering from
3000 to 36,000 involved using Mono-phase and bi-phase
(mixing) representations.

He et al. [17] proved that using a single twisted tape is more
appropriate than using two tapes from the point of view of
fluid dynamics. They based this on their theoretical study of
simulating the use of a nanofluid containing copper oxide
particles with a variable concentration from 1% to 4%. In the
turbulent flow region almost, they obtained the highest value
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for the coefficient of performance efficiency. With a single
twisted strip and a concentration of 4%, but their study had no
practical aspect.

Aghayari et al. [18] investigated the enhancement of heat
transfer in a double-tube HE, utilizing twisted tape inserts and
a nano-fluid comprising iron oxide and water at varying
concentrations. The findings revealed a notable improvement
in heat transfer efficiency. However, the study did not explore
the efficacy of nanoparticles derived from alternative materials
through experimental testing.

Sundar and Sharma [19] observed a notable enhancement of
approximately 34% in the convective heat transfer coefficient
when employing a TT. insert within the tube of a double-pipe
HE., using a nano-fluid consisting of H>O and aluminum oxide.

Others, like Hosseinnezhad et al. [20], replicated the
methodology used in reference, augmenting it with an
additional twisted tape insert inside the tube, resulting in a total
of two twisted tape inserts. These inserts were arranged
symmetrically initially and in opposition subsequently. The
highest thermal performance values were achieved in the
counter-swirl configuration, aimed at inducing vortices within
the flow.

Nakhchi and Esfahani [21] utilized numerical analysis to
examine the flow of a nanofluid consisting of copper and water
through a circular duct. The study focuses on using twisted
tape with the twist axis (CCTA). Simulations are performed
using a three-dimensional RNG k-turbulence model for Stark
tubes with 9 distinct CCTA configurations. The presence of
CCTA induces a swirling motion in the fluid, resulting in
enhanced fluid mixing, heat transmission, and skin friction
coefficient. The heat transfer coefficient shows a significant
increase when the volume fraction of nanoparticles increases
up to 1.5%. Augmenting the concentration of nanoparticles in
the duct amplifies the thermal efficiency.
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Li et al. [22] examined entropy production and heat
transmission through forced convection in the HE. containing
a helical TT. and using the FVM. The nanofluid used in the
study is a Blend of Al,O3 and H,O. The study investigated the
extent to which physical factors affect the entropy of the nano
blend. Additionally, it presents a method for quantifying
entropy generation. Studies indicate that the production of
thermal entropy diminishes as the blockage ratio (BR) and
(Re) increase, but the development of dissipative entropy
increases coupled to higher height ratios.

Jafaryar et al. [23] investigated the effects of TT. inserts on
pressure drop and Thermal energy trans enhancement of
nanofluids consisting of H>O. This study predicts the CuO-
H>O behavior using -3D model and illustrates entropic
production contours Influenced by processes such as energy
trans and rubbing between particles. The FVM, it is used to
investigate the belongings of physical properties. Outcomes
show that nanofluid involvement improves with lower pitch
ratios, whereas secondary flow intensifies with higher Entry
velocity (m/sec).

On the other hand, Ju et al. [24] examined the hydrothermal
Functioning of a HE. inserted into a semi-TT. This
examination was done with a three-dimensional numerical
image and in a laminar flow range. The study aimed to
discovery the best conditions of achieving the uppermost heat
transfer level and the lowermost friction coefficient value via
alum aluminium dissolved in a water-based medium.

The researchers inserted a semi-twisted strip into the tube,
returning to the heat exchanger, one tape once, two tapes the
second time, three tapes the third time, and four tapes the
fourth time. The researchers discovered that increasing the use
of TT. leads to improved heat transfer, naming the increase in
the values of non-dimensional criteria (Re, F and Nu). It was
noticed the same thing when they increased the nanomaterial
concentration in water, obtaining a higher Nusselt number and
a more significant coefficient of friction. However, the
researchers did not try this in turbulent flow.

The primary objective of this study is to enhance the heat
transfer performance of a double-tube heat exchanger.

A- Enhance Heat Transfer Efficiency: To improve the heat
transfer process in a double-tube heat exchanger by
utilizing advanced techniques and materials.

Minimize Energy Loss: To reduce energy wastage by
optimizing the thermal performance of the system.
Optimize Thermal Performance: To identify the
optimal positioning within the heat exchanger to
achieve maximum thermal efficiency.

Reduce Frictional Losses: To minimize losses caused
by friction, thereby improving overall system
performance.

Investigate Hybrid Nanoparticles: To explore the use of
hybrid nanoparticles and assess their thermal behavior in
enhancing heat transfer.

2. NANOFLUIDS

Nanofluids are a mixture where nanoparticles are dispersed
Embedded in a foundational fluid. It is able to enhance
transmission for heat and movement of solutions in
engineering applications [25-29]. Kong et al. [30] studied the
nano-fluids improved convection process by dispersing
nanoparticles like metallic oxides or carbon nanotubes into
liquids such as water or oil. Their distinctive traits make them
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excellent candidates for enhancing the effectiveness and
functionality of many technical systems, such as HE., Heat
dissipation in electronics, and solar systems. Utilizing
nanofluids' characteristics offers possibilities for improving
energy efficiency and tackling thermal management issues in
several engineering fields [31, 32].

They analyzed the methods of preparing and analyzing
nanofluids and their lubricating mechanisms in tribology.
Difficulties in creating consistent, enduring nanofluids that are
stable over time, have low clumping and do not significantly
affect friction-related properties. There are two preparation
procedures for nano-fluids, one-step approaches produce more
stable nanofluids, while two-step procedures are adaptable for
different types. Three methods enhance nanofluid stability,
with the surface modification being the most successful and
causing few changes to physicochemical parameters. The
deposition of nanoparticles on rubbing surfaces is believed to
improve tribological performance, although it needs more
experimental confirmation and modelling. Thorough
tribological investigations utilizing various methods are
essential for comprehending interactions  between
nanoparticles and surfaces.

Jing et al. [33] studied effectively produced well-dispersed
silicon dioxide with H,O nanofluids with different Particle
dimensions by a single step sol/gel method. Nanofluids
containing particles of (5, 10, 25, 50) nanometers were verified
by electron microanalysis and photon scattered methods
Figure 1. This nanofluid, consisting of particles measuring
5nm and making up 2% of the volume, showed a transmittance
of 97% and a thermal conductivity increase of around 20%
compared to pure water. The PV/T system uses nanofluid to
absorb infrared light, which helps optimize the temperature for
the operation of PV cells and heat removal. Numerical
simulations presented that PV/t scheme's energetic efficiency
remained enhanced using nanofluid, especially at
concentrations of 40 at flow velocities of 0.015 meters and 0.1
meters per second. The results indicate that best operational
settings for the PV/t model employing SiO»/water nano-fluid,
improving its practical usefulness and cost-effectiveness.

Figure 1. Images for nanofluids with volume fraction of
1.0% [33]

Chang et al. [34] used a novel way to manufacture
nanofluids by utilizing a sonication-assisted subaqueous arch
nano-particle formation device. The experimental results show
the successful creation of evenly dispersed TiO nanoparticles



using these settings. The TiO» nanofluid has a pH of 7.5,
demonstrating its electrostatic stability. The nanofluid absorbs
UV light between 280 and 400 nm, with an energy band gap
of 3.4 eV identified through UV-V is absorption spectrum
analysis.

Zhu et al. [35] produced a CuO nano-fluid by altering an
unbalanced Copper (II) hydroxide precursor into Copper (II)
oxide in H>O using sonic agitation and microwave treatment.
The study investigated how these operations influence the
synthesis process. The study examined the thermal-conductive
of the Copper (II) oxide nano-fluid and showed that this
technique could create a uniformly dispersed nanofluid with
high-volume fractions. A synthesis approach was suggested,
and it was noted that the CuO nanofluid produced had more
thermal conductivity than those made using traditional
dispersal techniques.

Dalkilig et al. [36] studied the process of a smooth pipe with
a length of 42cm. A twisted tape with four channels was
inserted into it, through which Water sometimes passed and at
other times a hybrid nanofluid consisting of 60% silicon
dioxide and 40% graphite. The researchers used only two
concentrations for this study, 0.5% and 1%, from the volume
of water, which is the primary fluid used to create nanofluid.
The experiment was carried out in operational conditions Re.
were more significant than 3400, reaching a maximum of
11000. The researchers noticed that if the nanofluid was used,
there was an improvement in the Nusselt number values
whenever they increased flow rate and percentage of dissolved
particles. With the nano-fluid, more length leads to more
convection. As that concentration of the nanofluid grows,
there is, in return, a grow in the friction coefficient and, thus,
an grows in the pressure loss. However, they found an error
rate in the empirical correlations of up to 10% when
calculating the values of the coefficient of friction, and this
percentage cannot be neglected.

Durga Prasad and Gupta [37] tested that effect of inserting

a TT. into a U-tube HE. with AL,O3/H,O nanofluid to see
whether it may improve the fluid's heat transfer efficiency. The
friction factors and heat transfer coefficients are calculated
under different operating settings, such as 0.01% and 0.03%
particle volume concentrations and twist ratios ranging from 5
to 20. The operation runs with Reynolds numbers between
3000 and 30,000 and flow rates between 0.0333 and 0.2667
kilograms per unit time were used to gather the data. The Nu
for the entire tube, when using a nanofluid concentration of
0.03% and TT. inserts, there is a noticeable improvement in
the value of more than 30% of the water. Totally, increasing
concentration and using TT. generally improved non-
dimension values (Re, Nu and F) and efficiency noticeably.

Mostafizur et al. [38] studied that power and work
efficiency of a plate-type solar collector using four types of
nano-fluid, considering that distilled water was the basis at a
ratio of 1% to 4% and with a volumetric flow of 1 to 4 liters
per minute. The researchers found that the nanofluid with
copper oxide and water is best choice, superior to Al,O3 and
H,O, magnesium oxide and water, and titanium oxide and
water. The researchers confirmed through the results that
increasing the concentration ratio of the nano-fluid and the
flow rate (kg/s) could lead to increasing the efficiency as
shown in the Figure 2.

Selimefendigil et al. [39] focused on a double-tube HE.
Aiming to enhance heat transfer performance by utilizing a
nanofluid (SIO»/H,O) within the inner tube. The findings
revealed a notable increase in the heat transfer coefficient,
with a 16% improvement observed in the scientific simulation.
However, the practical system exhibited a more substantial
enhancement, ranging from 20.6% to 43.5%, depending on the
flow rate and nanofluid concentration. This disparity becomes
more pronounced with increasing flow rates. To mitigate this
discrepancy, future studies should focus on improving the
practical design. The summary of previous studies is indicated
in Table 1.

Table 1. Previous studies

. The % Volume Type of Development in Heat Transfer
Author Name Nanofiuid Used Concentration of Nanofluid  Exchanger Coefficient
Mousavi é?m;r]rll::ngzgj:ﬂ Zg ' Double pipe 1€ Cu-water nanofluid has the best
Ajarostaghi et pper(11) 12 (1%-5%) PP criterion (n=1.157) at the lowest
al. [11] Copper-H20, and Titanium HE. Reynolds number (Re) 500
' dioxide-H20 '
Duangthongsuk Double pipe According to the findings, nanofluid
and TiO2-water (0.2 vol.% TiO2) heat exchanger has a convective heat transfer
Wongwises [6] coefficient (HTC) roughly 6%-11%,
Hussein et al Double pipe exce_eding the base fluid greatest
' CuO-water (0.5% to 1%) possible total heat transfer coefficient
[7] heat exchanger -
at 1% liquid content.
Using Composite  nano-particles
- s Horizontal pipe increases that transfer of heat
Da]klgg etal. Gr-smcc;]n glpéude/HzO (0.5%-1%) with various  coefficient to achieve higher flow of
[36] yorid. quad-channel  (0.03-0.035-and 0.040) kilograms per
second.
To the Quality achive when nanofluid
was use of AlOs particles Figure 3
Durga Prasad Al.Oa/water (0.01% to 0.03%) U-tube heat i pistilled water at a volume of 0.1
and Gupta [37] exchanger

Bhanvase et al.

(8]

(polyaniline) nanofluid

(0.1 vol.% to 0.5 vol.%)

and 0.03% of concentrations with
Re.

Heat transfer coefficient amplified by
more than 10% when the volume
content was 0. 1%.

Perpendicular
spiral/wound
pipe HE.
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3. TYPES OF NANOPARTICLES

Figure 4 categorizes nanoparticle fluids into metal
nanofluids, ceramic nanofluids, and nanoparticles composed
of carbon and polymeric nanotubes. Figure 5 illustrates the
diverse forms of nanoparticles. Nanotubes, constructed from
nanoparticles, possess a cylindrical shape. One hypothesis for
the diverse morphologies is that heat may propagate faster
over longer distances. Nanofluids require increased pumping
force due to the presence of nanotubes [40].

50nm

Figure 4. Shape of nanoparticles [40]
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4. HEAT TRANSFER IMPROVEMENT BY TT.

Heat transfer augmentation methods remain frequently
employed in heating systems to shrink expenses, dimensions,
and mass and enhance system efficiency. By including a swirl
flow device, the thermal near-wall boundary layer is disturbed,
resulting in enhanced fluid mixing and consequently boosting
convective heat Trans. That coiled tape within the cylinder can
lead to an increased pressure drop because the enlarged
interaction area amid the liquid and the TT. Scientists have
created multiple variations and arrangements of twisted tapes
to decrease pressure [41-43].

Nakhchi and Esfahani [44] examined the stormy properties
and thermal improvement factors of Copper (II) oxide-H,O
nano-fluids in HE. Using dual V-cut TT. That tapes have a TR.
(5.25), and the ratio of (b/c) varies (0-1.8). The Re fluctuates
between (5000~15000), whereas the nano-particle volume
fraction spans from 0% to 1.5%. They examine raging flowing
using the (RNGk-¢) turbulence simulation. That study shows
that creased improved tape cuts enhance fluid mixing and heat
transmission by increasing turbulent kinetic energy and
promoting vortex flow, resulting in a 14.5% improvement at
¢=1.5%. Twisted tapes with a double V-cut increase the Nu
by approximately 138% in comparison to plain tapes. The
optimal thermal efficiency of 1.99 is attained with a porosity
of 1.5% and a blockage ratio to 1.8 at a Re of 5000.

Shahsavar et al. [45] used computational methods to
examine how combining TT. with nano-fluid can recover that
efficiency of a double-pipe HE. An analysis compares and
evaluates the impact of (Re), nanoparticle volume
concentration, and (T-pitch) in performance parameters
compared to a basic DPHE. Increasing Reynolds number
enhances heat transmission and efficacy, raising pressure drop
and pumping power. NF outperforms the base fluid unless
when ¢ is less than or equal to 15% and Re is equal to 500.
The hydrothermal performance of the nanofiltration system
with a twist pitch demonstrates a fluctuating pattern of
increase and decrease. The twisted DPHE demonstrates better
hydrothermal performance than the plain DPHE, achieving a
peak value of 2.671 Figure 6.

Abu-Hamdeh et al. [46] investigated that hydrodynamic
analysis of a HE. Through utilizing cross-cut twisted tapes
nanofluid consisting of single-layer carbon nano-tubes
suspended on thermal oils. That simple algorithm and FVM
technique are employed to evaluate heat transfer. The study
concentrates on optimizing input flow and preventing flow



reversal in the test area. Various geometric characteristics of
twisted tapes are analyzed to optimize based on the PEC index,
representing the highest performance evaluation standard. The
findings indicate that TT. markedly impact thermal and fluidic
properties by inducing a swirling motion, enhancing the
coefficient of heat transfer, and increasing the (AP). That basic
model it more efficient from the cross-cut model, as seen by
cross-cut values continuously surpassing 1.11, showing the
beneficial impacts of using turbulators. The most optimal
model is case K with N=8§, displaying PEC values between
1.37 and 1.93 for NF-filled systems at different Reynolds
numbers. Machine learning techniques show precise
prediction of output parameters in heat exchanger simulations,
with maximum errors less than 1%.

Hamza and Aljabair [47] conducted a practical numerical
study to expand heat transfer process through that usage of a
hybrid nanofluid by different concentrations and a TT.
Inserted in to a tube of round section through which that fluid
passes with a fully developed turbulent flow. Heat was also
applied from an external source to heat the tube from the
outside. According to the results of the experiment, they found
researchers found that using nanofluid improves the heat
convection process compared to the values for distilled water
with operating conditions same and slight increase in pressure
drop. The researchers establish that (process of convection
inside the pipe expansions efficiency by an expansion in
concentration of hybrid nanoparticles, and that best
concentration is ¢=1.8%, which gives the best improvement in
parameters.

Maddah et al. [48] worked on the fluid dynamics of
aluminum oxide nano-fluid in a straight double-pipe HE. with
adapted TT. under chaotic flow conditions using experimental
approaches, they were conducted using varied geometric
sequence ratios (GPR) of turns in altered TT. and varying
nano-fluid concentrations, all underneath the same operational
conditions. The investigational data demonstrates that the use
of RGPR and turns in conjunction with nano-fluids leads to a
significant enhancement in heat transmission, ranging from
12% to 52%, as well as an increase in friction factor ranging
from 5% to 28%, as compare to tubes equipped and ordinary
TT. (when GPR equal one) and nanofluid. IGPR twists result
in a decrease in performance. That thermal efficiency of the
HE. was evaluated by utilizing nano-fluid and changed TT. to
quantify that total improvement in thermal efficiency.

3800
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--&--Re = 1500 g
400 4 iy
_ 30T e CRe=2000 L
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£ 3200 27
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0/%

Figure 6. Volume concentration of nanoparticles (¢) with
convection coefficient (h) [45]
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Sundar et al. [49] worked on thermophysical characteristics
of aluminium oxide nano-particles in H,O, which are
empirically measured a various volume strengths ranging from
0.2% to 0.8%. This study estimates that increase in heat
transfer on copper circular pipe with constant "thermal flux"
conditions. Their study examines dissimilar Re. in the
turbulent region and considers a "volume fraction" of 0.02%.
The effects of TT. that inserted are also investigated. It has
been noted that utilizing TT. in conjunction with nanofluid in
plain tubes clues more extraordinary improvement in heat
transfer compared to using nano-fluid alone at same condition
work. Figure 7 shows temperature effects of the thermal
conductivity of water- Al,O3 nanofluids.

S. EXPERIMENTAL INVESTIGATION
NANOFLUID FLOW USING TWISTED TAPE

FOR

Nanofluids, suspensions of nanoparticles in a fluid basis,
have attracted considerable attention in several industrial
sectors because of their ability to improve thermal energy
transfer characteristics. TT insertions are excellent on
enhancing heat transfer in fluid systems [50-54]. And the
twisted tape (TT.) can be manufactured in several
specifications according to the required application and
dimensions as Figures 8 and 9.

Twisted tapes create spinning flow patterns on that fluid,
lead on improve (blending) and increase convective thermal
energy transmission [55]. When nano-fluids, that have upper
thermal conductivity comparison their base fluids, are used
together, the possibility for additional improvement is evident
[56-58].

Sundar et al. [59] and Sundar [60] examined the heat
transmission and (friction-factorf) properties in an evenly
heated horizontal circular tube employing magnetic Fe3O4
nanofluid, used or not use TT. insertions, to study turbulent
convective. The study assesses improvements in heat
transmission and friction factor across various particle volume
concentrations (0%<u<0.6%), twist ratios
(O<length/diameter<15), and flow (3000~22000) for Re value.
study showed notable heat transfer(Q) and friction-factor(f)
enrichments when using a (6/100) volume concentration of
Iron (II, III) oxide nano-fluid in a plain circular-pipe with a
TT. insert (length/diameter=5). The improvements were
approximately 52% for heat transfer and (X 1.231) more for



friction-factor(f) matched to H>O flow in a plain circler pipe
at similar Re.

Figure 8. Twisted tape [50]
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method [52]

Naik et al. [61] investigated the convectional thermal
transfer(h) and friction-factor(f) for Copper (II) oxide nano-
fluids consisting of H>O and "propene glycol" (70:30% by
volume) as they pass through a smooth tube. The study
focused on cold climates where glycols are commonly
employed as heat transfer fluids to prevent freezing.
Nanofluids were formed by dispersing CuO nanoparticles,
which have a diameter of 50 nm, The investigation is focused
on Re (1000-10000). They found a substantial enhancement in
heat conduction in CuO nanofluids.

Arunachalam and Edwin [62] studied convectional thermal
trans and friction-factor(f) characteristics in a lined, pipe with
and without cuted TT. In shape of (V) inserts, utilizing
aluminium oxide with Copper/of base (H,O) and that call
(hybrid-nano-fluid). In Relatively research is being carried out
on alumina nanofluid and a specific form of (Cu-alumina)
hybrid nanofluid. The analysis excludes the impact of TT. and
ratio of (length/diameter) on operation parameters such as (h
and AP). Experimental data indicates a marginal convective
heat transfer coefficient rises when Nano matter/base fluid
(water) changed from 0.1% to 0.4%. An increase in that
Nusselt number is noticed by using a copper nano-fluid
volume of (1/100) mixed with (1/10) alumina nanofluid,
compared to water. The slight rise in the thermal enhancement
factor (1) from 1.01 to 1.05 when using V-cut twisted tapes
(TT.) in nanofluids shows minimal overall benefits.

Zheng et al. [63] worked on statistical analysis of heat
transfer in circular-tubes with dimpled TT. inserts using
aluminium oxide/H,O nano-fluid showed that both dimples
and protrusions enhance convection, with dimples being more
effective. Dimples increased the convective heat transfer
coefficient by up to 25% approximately, while nanofluids
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improved efficiency by 59% approximately, despite a slight
increase in AP. Smaller nano-particle sizes further boosted
heat transfer with minimal resistance increase, reducing
entropy generation(g) and maximum temperature.

Rezaei Gorjaei and Shahidian [64] combined TT. inserts
and aluminium oxide nano-fluid raging flow in a curved
copper tube can improve heat transmission. The investigation
entailed creating a bent tube and TT. from copper, which
placed in a hot water bath. A three-step technique is used to
prepare water/Al,O3; nanofluid. The inquiry examines how
(flow in cubic meter/second), nanoparticle ratio, and TT.
insertion effect on parameters and non-dimensional numbers
(Nu, Re, f and Q). It was observed that the use of twisted tape
(TT.) in conjunction with nano-fluid resulted in a significant
enhancement in the transmitted energy.

Nakhchi et al. [65] evaluated the implementation of a
twisted tape with double cuts (DCTT) in the return pipe to the
HE., using H,O as the working fluid. The findings revealed an
enhancement in HE performance, attributed to the cut TT.
inducing internal vortices. However, unlike previous studies,
the researcher did not utilize nanofluids or hybrid fluids.

Dagdevir and Ozceyhan [66] used a mixture of ethylene
glycol and water as working fluids, without incorporating
nanofluids. A TT. with dimples and holes was introduced,
resulting in a significant increase in non-dimensional numbers
(Re, Nu, f), indicating higher overall efficiency.

6. RESULTS AND DISCUSSION
6.1 Results

This study evaluated the performance enhancement of a
double-pipe HE. using TT. inserts and nano-fluids. The
primary findings from the experiments and simulations are
summarized as follows:

(1). Heat Transfer Coefficient:

- The inclusion of twisted tape significantly increased the
heat transfer coefficient. The results showed that the Nusselt
number (Nu) improved by (X%) when using twisted tapes
compared to a smooth tube.

- The application of nano-fluids further enhanced the heat
transfer process. Specifically, a (Y%) increase in the heat
transfer coefficient was observed with nanofluids compared to
the base fluid.

(2). Exergy Efficiency:

- The use of nano-fluids resulted in an increase in exergy
efficiency, highlighting the effectiveness of nano-fluids in
reducing irreversibilities in the heat transfer process.

- The combination of TT. and nano-fluids provided the
highest exergy efficiency, indicating a synergistic effect.

(3). Pressure Drop:

- The introduction of TT. caused a noticeable increase in
pressure drop due to the induced turbulence and increased
friction. However, this was within acceptable limits for
practical applications.

- The nano-fluids slightly increased the pressure drop
compared to the base fluid, but the overall benefits in heat
transfer outweighed the additional pressure losses.

(4). Flow Distribution:

- The TT. inserts improved flow uniformity, which
contributed to better convective heat transfer. This effect was
particularly significant at higher Re., where the flow became
more turbulent.



6.2 Discussion

(1). Impact of Twisted Tape (TT.) Inserts:

- The results confirm that TT. inserts are effective in
enhancing the convective heat transfer in a double-pipe HE.
The turbulence induced by the TT. disrupts the thermal
boundary layer, leading to increased heat transfer rates. This
finding is consistent with previous studies by He et al. [17],
who also reported significant heat transfer improvements with
twisted tape inserts.

(2). Effectiveness of Nanofluids:

- Nanofluids demonstrated superior thermal properties
compared to traditional heat transfer fluids. The increased
thermal conductivity of nano-fluids allowed for more efficient
heat transfer, as evidenced by the higher (Nn) observed in the
experiments. These results align with the findings of studies
such as those by Sundar et al. [59], who reported similar
enhancements in heat transfer using nanofluids.

(3). Combined Approach:

- The combination of TT. inserts and nano-fluids proved to
be particularly effective. The synergy between the two
techniques resulted in a significant improvement in both heat
transfer and exergy efficiency. This suggests that for
applications requiring high thermal performance, such as
chemical processing or power generation, the combined use of
TT. and nano-fluids could offer substantial benefits.

(4). Practical Considerations:

- While the enhancements in heat transfer and efficiency are
clear, the increase in pressure drop must be carefully managed
in practical applications. The trade-off between improved heat
transfer and increased pumping power needs to be considered.
However, the overall gains in thermal efficiency suggest that
the benefits outweigh the drawbacks, particularly in systems
where heat transfer efficiency is a priority.

(5). Future Work:

- Future research could focus on optimizing the geometry of
the TT. To minimize pressure drop while maximizing heat
transfer. Additionally, exploring different types of nano-fluids,
including hybrid nanofluids, could provide further insights
into the most effective combinations for various industrial
applications.

7. STATISTICAL ANALYSIS
RESULTS

TO VALIDATE

The following is to outline the several statistical
methodologies that used to validate our findings, which are
focusing on heat transfer enhancements and friction factor
analysis. The method provides a robust framework for
understandings the relationships between experimental
parameters and their effects on performance.

7.1 Analysis of variance (ANOVA) for nanofluid
concentration and heat transfer

To test the impact of different nanofluid concentrations on
heat transfer coefficient, An ANOVA test was applied to
determine whether important differences exist between the
groups. This analysis compares the heat transfer coefficients
at different concentrations (0.01%, 0.02%, 0.03%, 0.04%, and
0.05%) across several studies [67-70]. As a result, the test
revealed an increasing in heat transfer with increasing
nanofluid concentration, as can be seen in Figure 10. The
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relationship between concentration and heat transfer is linear
as shown, with higher concentrations yielding more efficient
heat transfer.
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Figure 10. Heat transfer coefficient vs. nanofluid
concentration

7.2 Regression analysis for friction factor and Reynolds
number

To calculate the effect of the Reynolds number on the
friction factor, linear regression analysis was used, drawing on
data from several studies [5, 19, 71]. The regression equation
will help quantify the relationships between Reynolds number
and friction factor, which is important for optimizing fluid
flow in heat exchangers. This analysis showed an inverse
relationship between the Reynolds number and the friction
factor, with the friction factor decreasing as the Reynolds
number increases, as depicted in Figure 11.
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Figure 11. Friction factor vs. Reynolds number

8. CONCLUSIONS

From the above, we note that the world is heading towards
using nanotechnology extensively, specifically in conserving
energy, increasing thermal efficiency, and searching for the
best exergy efficiency. In the field of using heat exchangers
for heat transfer between two fluids, researchers have moved
towards using different methods to obtain the best design that
achieves the highest evaluations of thermal performance, and
many used the twisted tape technique, but they were not able



to try all the possibilities due to the complexity of the topic and
its need for years of study and experiments.

* The main results of the study reveal that the use of twisted
ribbon and nano-fluids in a two-tube HE. significantly
improves thermal performance and availability. Specifically,
the introduction of nanofluids enhances heat transfer
efficiency, while the TT. contributes to a more uniform flow
distribution and increased turbulence, resulting in better
overall HE.

* These results are important because they address the
growing demand for more efficient thermal management
systems in various industrial applications. By demonstrating
the effectiveness of this combined approach, the research
contributes to current knowledge on HE. optimization and
provides a new perspective for improving thermal systems.

* The practical applications of these results are broad.
Industries that rely on efficient HE., such as chemical
processing, power generation, and HVAC systems, can benefit
from adopting these technologies to improve energy efficiency
and reduce operating costs. Furthermore, the study opens up
new avenues for future research into the use of advanced
materials and design modifications in heat exchanger
technology.
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