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Abstract
The alternate oval tube heat exchanger (AOTHe) showcases a groundbreaking approach in chemical processing, focusing
on enhancing heat transfer efficiency while reducing pressure loss. This design is evaluated through a numerical analysis of
hybrid nanofluids known for their exceptional thermal conductivity and stability. The AOTHe functions effectively within a
Reynolds number spectrum of 200–2200, typical of industrial heat exchangers, highlighting the study’s relevance. The hybrid
nanofluid is also kept at 35 °C, 45 °C and 55 °C. The concentrations of water-based Al2O3 + CuO and Al2O3 + MWCNT
are used to create hybrid nanofluids: 0.01vol%, 0.02vol%, and 0.03vol%. The analysis indicates that transition length and
inlet temperature significantly influence performance in a parallel flow system. The presence of secondary flows caused by
oval tube axial vortices improves heat transfer efficiency. The results show that the overall heat transfer coefficient is higher
with Al2O3 + MWCNT hybrid nanofluids than with Al2O3 + CuO hybrid nanofluids. Also, the heat transfer enhancement
factor (ηhnf ) is observed for Al2O3 + CuO and Al2O3 + MWCNTs, ranging from 1.68–2.09 and 1.79–2.92, respectively.
Al2O3 + CuO performs better at lower temperatures due to its metallic properties, while Al2O3 + MWCNT exhibits superior
performance due to its high aspect ratio and thermal conductivity.
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1 Introduction

Recent studies have focused on how active and passive
components might enhance heat transfer in heat exchang-
ers, especially when elliptical oval tubes are employed in
alternating orientations. Also, applications in sectors like oil
and gas have resulted from these investigations. Experimen-
tal and computational approaches have been investigated to
improve heat transfer efficiency and performance. The study
focuses on engineering applications, specifically the design
of concentric tubes with porous substrates to evaluate heat
exchanger performance in counter and parallel flow config-
urations. It finds that incorporating a porous substrate sig-
nificantly improves heat exchanger efficiency. Additionally,
the research analyzes the impact of the Reynolds number,
which indicates the flow regime within the tube, on relevant
transient components while varying the flow arrangements
of the heat exchanger (Estel et al. 2000). The tube-in-tube
heat exchanger shows improved effectiveness, ranging from
40 to 100% better than traditional designs, despite experienc-
ing significant pressure drops. This improvement is due to the
innovative oval tubedesign arranged in alternatingdirections.
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(Chen et al. 2004, 2006). It is perceived from the experimen-
tal studies that elliptical tubes with the passive technique
known as a swirl flow generator have shown a substantial
improvement of 130% in terms of Nusselt number and a sig-
nificant drop in pressure drop (Akpinar andBicer 2005;Wang
et al. 2006). The thermal efficiency of shell and tube heat
exchangers utilizing CuO-ZnO/water hybrid nanofluid and
various tube geometries has been studied. It is perceived that
the hexagonal tubes enhanced heat transfer rates by 22.11%
over round tubes and 18.42% over elliptical tubes, with coef-
ficients rising alongside fluid velocity (Behera et al. 2024).
The performance of a tube-in-tube heat exchanger, utilising
a semi-circular plate insert to enhance turbulence, is intri-
cately linked to its overall heat transfer efficiency (Kumar
et al. 2006).

Green synthesising hybrid nanofluids prepared using
graphene have been explored to enhance thermal perfor-
mance in flat-plate solar collectors. Utilizing clove-treated
carbon nanotubes and titanium dioxide, the research demon-
strates significant improvements in energy and exergy effi-
ciency, achieving optimal results at specific concentrations
and flow rates, while reducing solar collector size (Alfel-
lag et al. 2024). Research has focused on the dispersion of
nanoparticles like graphene and multi-walled carbon nan-
otubes (MWCNTs) in base fluids and oils. Studies on oval
tube designs and heat transfer indicate that corrugated tubes
improve heat transfer in turbulent flow,whereas smooth tubes
are less effective. These findings have significant practical
implications for the design and operation of heat exchang-
ers, particularly in industries where heat transfer efficiency
is a critical factor. Researchers are focusing on enhancing
the performance and cost-effectiveness of heat exchangers
by analyzing alternating flattened tube flow, which shows
promising economic advantages over traditional circular
tubes. While this approach offers potential benefits, it is
crucial to recognize the limitations of oval pipe designs,
particularly concerning higher pressure drops compared to
circular tubes. Understanding these challenges can aid pro-
fessionals in mechanical engineering and thermal sciences
in their future work (Sajadi et al. 2016, 2017; Vaezi et al.
2017; Rennie and Raghavan 2006). The key findings are that
altering pitch length and aspect ratio can enhance perfor-
mance, while new designs, such as oval tubes, demonstrate
lower pressure drops than traditional round tubes. However, a
significant research gap exists in the long-term performance
analysis of these innovative designs, particularly regard-
ing their durability and efficiency over extended periods.
Additionally, while various techniques have been explored
to optimize hybrid solutions and mixed reaction processes,
there is a need for further investigation into the stability and
effectiveness of these approaches in practical applications

(Tan et al. 2013; Taler and Ocłoń 2014; Liu et al. 2020;
Ghasemi et al. 2021; Nagaraju et al. 2024; Insiat Islam et al.
2023). Moreover, comprehensive numerical investigations
related to passive techniques and oval tube heat exchangers
are represented in Table 1.

1.1 Objective of the work

The need for further study on non-circular tube heat exchang-
ers, specifically AOTHe, is underscored by the promis-
ing thermal performance improvements observed in recent
research involving oval and elliptical geometries. However,
a significant research gap exists in the exploration of hybrid
nanofluids within these complex geometrical systems, as
most existing studies have focused on single phase nanoflu-
ids, often relying on simplified hydraulic diameter assump-
tions thatmaynot accurately reflect the unique characteristics
of AOTHe. This limitation raises potential problems in eval-
uating heat transfer enhancement and system performance,
as current assessments frequently overlook critical factors
such as pumping power requirements and comprehensive
system-level metrics. This innovative research could signifi-
cantly advance the understanding and optimization of hybrid
nanofluids in advanced heat transfer applications.

The research highlights the importance of the design
parameters, such as spacing, arrangement, aspect ratio,
and enhancement ratio, in optimizing the performance of
AOTHe. However, it identifies a gap in the existing liter-
ature regarding the reliance on experimental evidence for
design, which is labour-intensive. The proposed numeri-
cal model aims to fill this gap by facilitating parametric
research, suggesting a need to explore further its effective-
ness in streamlining the design process and improving heat
exchanger performance. The novelty of the present work
is that the transition length in alternating oval tube heat
exchangers affects flow dynamics, boundary layer develop-
ment, and heat transfer efficiency, affecting hybrid nanofluid
thermal performance. Maximizing heat exchange and min-
imizing pressure decreases requires optimizing this length.
Thermally active hybrid nanofluids interact with the transi-
tion area to increase heat transfer coefficients and Nusselt
numbers, lowering thermal resistance. A shorter transition
length may thin boundary layers and increase heat flow, but
it may cause localized overheating. A longer duration may
increase pressure decreases. Key relationships between tran-
sition length and thermal characteristics guide optimization.
To achieve this, the present work is to analyze the effect
of oval tube transition lengths (4 mm, 5 mm, 6 mm) in a
double-pipe heat exchanger on the performance of hybrid
nanofluids (Al2O3 in CuO and MWCNT) at varying con-
centrations. The study will first validate experimental results
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Table 1 Various heat exchangers reveal significant findings

Refs. Analysis Re range Review aspect

Chen (2007) Num Rei � 100–2000, ReO � 10–40 The wall temperature in a heat exchanger
changes along both axial and circumferential
pipe directions, contrasting with the previous
studies’ distribution

Chen and Dung (2008) Num Re � 100–2000 It is suggested that an oval tube as an inner pipe in
a double-pipe heat exchanger can significantly
enhance performance by forming axial vortices

Cheng et al. (2017) Exp Re � 4000–30000 At higher flow rates, twisted oval tube heat
exchangers perform better

Vaezi et al. (2017) Num Re � 100–1600 Regardless of the aspect ratio and Reynolds
number, heat transfer is greatly improved when
an oval alternating tube is used as the inner pipe
in a double-pipe heat exchanger

Unger et al. (2020) Exp Re � 1800–7800 The fin-tube heat exchanger was tested at various
tilt angles to enhance conduction and
convection modes, revealing the optimal range
as 0° to 40° horizontal

Gholami et al. (2019) Num Re � 500–5000 The study reveals that corrugated profiles with
fins improve heat transfer efficiency in finned
tube heat exchangers (FTCHEs) compared to
traditional fins and oval tubes, with η-factor
improvements

Gholami et al. (2017) Num Re � 200–900 According to case studies, an oval tube compact
heat exchanger with one or three corrugated
fins shows an improvement between 5 and 15%

Du et al. (2014) Exp Re � 1300–13000 Its angle and design greatly influence the heat
transfer efficiency of an oval-tube heat
exchanger with two fins

Chu et al. (2009) Num Re � 500–2500 An oval tube heat exchanger with a longitudinal
vortex generator and three-row fins has a
noticeably higher Nusselt number

Tan et al. (2013) Num Re � 5000–25000 To identify the best model for evaluating pertinent
parameters, the research examines how
different turbulence models affect heat transfer
and adds a heat transfer enhancement factor

Taler and Ocłoń (2014) Num Re � [150–400] and [4000–12000] Higher aspect ratios positively impact the Nusselt
number in heat exchangers, although numerical
data may underestimate its value by 13

Tiwari et al. (2003) Num Re � 1000 The study found that using oval tubes and delta
winglet-type vortex generators in rectangular
channels significantly improves heat transfer by
43.86% when arranged in staggered mode

Herpe et al. (2009) Num Re � 300 The analysis indicates that fin efficiency
increases constantly in the fluid field as entropy
generation decreases

(Nagaraju et al. 2023) from existing literature with a numeri-
calmodel, whichwill then be used to predict the performance
of the heat exchanger under parallel flow arrangements and
varying temperatures (35–55 °C) of the hybrid nanofluid.Key
metrics such as overall heat transfer coefficient, heat transfer
enhancement factor, and performance index are analysed.

2 Methodology

2.1 Properties of nanofluid

The analysis is pertinent to verify the influence of TL of
AOTHe on the performance of different hybrid nanofluids.
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Table 2 Thermophysical
properties of nanoparticles
(Mohammad et al. 2022;
Elshazly et al. 2023)

Properties Water Al2O3 CuO MWCNT

ρ (kg/m3) 997.05 3970 6350 2100

k (W/m K) 0.606 40 69 3000

Cp (J/kg K) 4181.3 765 535.6 519

V (Ns/m2) 0.00089 – –

The water-based hybrid nanofluids are proposed by dispers-
ing Al2O3 in CuO andMWCNT separately at concentrations
of 0.01%, 0.02%and0.03%.The inlet temperature toAOTHe
is considered from 35 °C to 55 °C by treating a single-phase
mixture at a steady state. The properties of thesematerials are
referred to in the literature and presented in Table 2. Even-
tually, the thermophysical properties of the hybrid nanofluid
are calculated using correlations available in the literature
(Sahu et al. 2020) i.e., Eq. (1–6).

The present work uses Al2O3 + MWCNT and Al2O3 +
CuO hybrid nanofluids as the working fluids, consisting of
a suspension of these nanoparticles in the base fluid accord-
ing to the mixture rules. The current thermal hydrodynamic
study involves two distinct mixtures: Al2O3 combined with
MWCNT and Al2O3 combined with CuO nanoparticles,
referred to as hybrid nanoparticles. The thermal and elec-
trical conductivity of Al2O3 is generally lower than that of
MWCNT. Al2O3 exhibits lower conductivities in compari-
son to MWCNT. The hybrid preparation of MWCNT and
Al2O3 nanoparticles results in enhanced conductivities that
significantly exceed those of the base liquid. The flow of
hybrid nanofluids in heat exchanger devices represents a rel-
atively new study area. Consequently, additional research is
necessary to enhance understanding, which is essential for
practical applications [45]. The selection of Al2O3 as a dis-
persion material in MWCNT and the incorporation of Al2O3

provide superior chemical stability and oxidation resistance,
thereby safeguarding MWCNTs in corrosive environments
found in heat exchangers.Also,Al2O3 nanoparticles enhance
wettability and dispersion in base fluids, thereby improv-
ing thermal performance. Similarly, combining CuO and
Al2O3 results in a hybrid nanofluid that exhibits improved
thermal conductivity properties. CuO exhibits a higher den-
sity, which may present challenges regarding stability in
fluid environments. The incorporation of Al2O3 enhances
the overall density of the nanofluid, thereby improving its
stability. Additionally, Al2O3 nanoparticles possess a high
surface area, facilitating enhanced interaction with the fluid
and improving heat transfer efficiency. Therefore, the moti-
vation behind using Al2O3-water hybrid nanofluid as the
working fluid for this study was driven by this motivation.
The following correlations, Eq. (1–6), are referred from lit-
erature (Sahu et al. 2020; Khanafer and Vafai 2011; Abed
et al. 2020).

ρhn f � (1 − ∅1 − ∅2)ρb f + ∅1ρ1 + ∅2ρ2 (1)

(2)

(ρCp)hn f � (1 − ∅1 − ∅2)
(
ρCp

)
b f + ∅1

+ (ρCp)1 + ∅2(ρCp)2

ksn f � 0.25[(3∅ − 1)kp + (2 − 3∅)kbf +
√

� (3)

where, � � [(3∅ − 1)knp + (2 − 3∅)kbf ]2 + 8knpkbf

khn f � 1

∅

n∑

i�1

(∅i kn f , i)where
n∑

i�1

∅i (4)

μsn f � μb f

(
1 + 7.3∅ + 123∅2

)
(5)

μhn f � 1

∅

n∑

i�1

(∅iμn f , i)where
n∑

i�1

∅i (6)

The present considers a binary hybrid nanofluid, i.e., n �
2.

2.2 Modelling andmeshing of AOTHe

The computational domain is an alternative oval tube as an
inner tube, and the outer tube is circularly oriented axially.
The schematic representation of the geometry modelled in
Space claim TL-1, TL-2, and TL-3 represents TL values of
4 mm, 5 mm and 6 mm, respectively. The dimensions are
presented in Table 3; the inner tube, i.e., AOTHe, receives
a hybrid nanofluid at different inlet temperatures, and the
outer tube receives water at 30 °C. The heat exchanger mode
is parallel in both inner and outer fluid directions. Subse-
quently, themodel is imported into ICEM-CFD togenerate an
unstructured mesh of AOTHe for various TLs. The 3D com-
putational domain’s mesh generation utilizes ICEM CFD’s
unique features, generatinghigh-quality unstructuredmeshes
for complex geometries and highlighting alternate oval tubes.
Figure 1 shows the computational domain of AOTHe with
TL-5 mm and its mesh. A systematic approach for mesh gen-
eration includes surface and volumemeshing, boundary layer
refinement, and quality assessment. The procedure guaran-
tees superior mesh quality, thereby improving computational
accuracy and efficiency. The unstructured and hybrid meshes
allow for the development of hexahedral, tetrahedral, and
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Table 3 Dimensional parameters of AOTHe

Alternate direction oval tube Dimensions

Circular pipe diameter (di) 16.5 mm

Oval tube major axis (lj) 25 mm

Oval tube minor axis (lm) 13.5 mm

Length of oval tube (L) 25 mm

Outer tube diameter (do) 33 mm

Length of heat exchanger 1060 mm

Transition length (TL) 5 mm

Pipe material Copper

Thermal conductivity of copper 380 W/m K

Density of copper 8960 kg/m3

prism-based control volumes designed explicitly for complex
geometries. The generated mesh can be efficiently exported
to CFD solvers, establishing control volumes for Finite Vol-
umeMethod (FVM) computations, as shown in Fig. 1. Local
refinement and quality control measures, such as skewness
and aspect ratio checks, improve the accuracy and stability of
numerical simulations by enhancing control volume quality.

The mesh quality is verified in terms of skewness. Firstly, a
default mesh is generated, and a high-quality unstructured
surface mesh utilises triangular or quadrilateral elements,
incorporating global and local refinements. Delaunay trian-
gulation generates tetrahedral elements, and prism layers are
incorporated adjacent to walls to resolve boundary layers
effectively. The final computational mesh for the analysis is
obtained by conducting a grid independence study.

The objective of the numerical investigation is to ana-
lyze the performance of anAOTHe using different nanofluids
under steady-state conditions, focusing on the effects of vary-
ing Reynolds numbers (200–2200) and mass flow rates of
hybrid nanofluids while keeping the outer tube fluid (water)
at a constant Reynolds number of 1000 and temperature of
28 °C. The inlet temperature of the inner fluid varies from 35
to 55 °C.

2.3 Numerical modelling

The governing equations of the computational domain,
which operate under steady flow conditions, are solved
using the finite volume approach implemented in FLU-
ENT software. The equations encompass mass, momentum,

Fig. 1 a Geometry of AOTHe with different TL 5 mm b Meshing of AOTHe with TL 5 mm c Geometry model of TL-5 mm AOTHe
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and energy variables. The second-order upwind approach
balances numerical stability and accuracy in advection-
dominated simulations. SIMPLE algorithm is employed to
tackle the continuity and momentum equations. A tech-
nique that uses pressure and consistent conditions tackles the
governing equations. In order to investigate numerical simu-
lations, a boundary condition on themass flow rate at a certain
input temperature for the nanofluid must be implemented.
The computational grid’s unstructured form is discretised and
developed along the inner alternative oval tube. The enhanced
wall treatment accurately depicts the near-wall boundary
layer during the simulations. The leading governing and tur-
bulence modelling equations are from Eq. (7–11).

∂ρ

∂t
+

(
ρu j

)

X j
� 0 (7)

ρ
∂ui
∂t

+ ρu j
∂ui
∂x j

� − ∂P

∂xi
+ μ

∂

∂x j

(
∂ui
∂x j

+
∂u j

∂xi

)
(8)

ρ
∂T

∂t
+ ρ

∂ui T

∂t
� −P

∂ui
∂xi

+ k
∂

∂x j

(
∂ui
∂x j

+
∂u j

∂xi

)
(9)

The k-εmodel has been used for simulating turbulent flow,
and the associated equations are given below.

∂

∂t
(k) +

∂

∂xi
(kui ) � ∂

∂xi

(
v +

vt

σk

)
∂k

∂x j
+ Pk− ∈ (10)

(11)

∂

∂t
(∈) + ∂

∂xi
(∈ ui ) � ∂

∂x j

(
v +

vt

σ∈

)
∂ ∈
∂x j

+ C1∈
∈
k
(Pk) − C2∈

∈2

k

where: μt � ρCμ
k2
ε
, Pk � −ρuiu j

∂u j
∂xi

, C1ε � 1.44, C2ε �
1.92, Cμ � 0.09, σk � 1, σε � 1.3

Also, Uo is calculated using Eq. (11).

Uo � Qoverallheattrans f er

Atotal, sur f ace�Tm
(12)

where ΔTm is the logarithmic mean temperature difference
(LMTD) for parallel flow heat exchanger.

�Tm � �T1 − �T2

ln�T1
�T2

(13)

Mean temperatures at the inlet and outlet are determined
through numerical simulations, while LMTD differences
for parallel flow are expressed using conventional methods.
Where, ΔT1 (Thi-Tci) and ΔT2 (Tho -Tco).

The oval tube geometry is designed to minimize boundary
layer thickness and improve flow distribution across the tube
surface, which enhances convective heat transfer efficiency.

The enhancement factor is a key metric that compares heat
transfer performance between oval tube heat exchangers and
conventional round tube designs under equivalent operating
conditions. This factor quantifies the ratio of heat transfer
in the modified oval design to that of the standard design,
serving as a critical measure for engineers to evaluate the
feasibility of alternative geometries in design applications.
Understanding the enhancement factor (ηhnf ) is essential for
optimizing designs to balance heat transfer efficiency and
minimise pressure drops. With compact profiles, oval tubes
can potentially maintain or improve heat transfer perfor-
mance while addressing space and weight constraints. This
makes them a viable option for applicationswhere traditional
designs may not suffice.

The heat transfer enhancement factor (ηhnf ) of hybrid
nanofluid is estimated using (Chen and Dung 2008),

ηhn f � UAOT He

UCircular
(14)

The pumping power (Phnf ) of the hybrid nanofluids can
be estimated using correlation (Saleh and Sundar 2021),

Phn f �
(
ṁhn f

ρhn f

)
× �phn f (15)

Similarly, the friction factor of hybrid nanofluid is calcu-
lated using Eq. (16) (Syam Sundar et al. 2020),

fn f � �pn f(
L p
Dh

)(
ρn f υ

2

2

) (16)

Moreover, the performance index ratio(ηPI ) is predicted
using correlation (Tiwari et al. 2013),

ηP I �

[
Q̇avg
Phn f

]

hn f[
Q̇avg
Pbf

]

b f

(17)

3 Results and discussions

3.1 Validation

The comparison of heat transfer enhancement using alter-
nate oval tube heat exchanger has been done by analysing
experimental data (Nagaraju et al. 2023) and numerical pre-
dictions of the Nusselt number at various Reynolds numbers.
The numerical simulations analysed three fluids considered
in the experimental investigation: water and water/graphene
nanofluids, i.e., G0.1% and G0.2%. Experimental data
were validated through comparison with CFD simulations,
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Fig. 2 Validation of alternate oval tube performance using
water/graphene nanofluids

where deviations were quantified, and trends were analysed.
Figure 2 illustrates the relationship between the averageNus-
selt number and the inlet velocity of heat transfer fluid.
The results strongly agree with the current body of litera-
ture, indicating a mean percentage error of 7.09%, 7.28%,
and 5.63% for water, G0.1%, and G0.2%, respectively. The
error is anticipated to fluctuate concerning Reynolds number
and nanoparticle concentration. The quantification of these
errors offers a detailed understanding ofmodel accuracy. The
observed trends indicate that CFD is an effective tool for
modelling heat transfer phenomena; however, discrepancies
may occur due to idealised boundary conditions or assump-
tions inherent in the numerical model.

The grid independence test creates three distinct unstruc-
tured meshes with skewness values of 0.65, 0.82, and 0.84,
respectively, and corresponding mesh elements range from
912,890 to 997,304. The corresponding outlet temperature
of nanofluid is 32.05 °C, 31.65 °C and 31.92 °C, respec-
tively. To maintain a Reynolds number of 1000 for the inner
and outer tubes, numerical simulations are performed using
an inner fluid input temperature of 35 °C and an outer tube
temperature. The analysis yields the mass-weighted average
outlet temperature, and furthermesh refinement is considered
minimal significance.

3.2 Effect of hybrid nanofluid inlet temperature

The effect of the inlet temperature of the inner tube on the
overall heat transfer coefficient of AOTHe is presented for
TL-5 mm in Fig. 3. The inner tube inlet temperature plays a
significant role in influencing theUo while employing hybrid
nanofluids, such as Al2O3 + CuO (AC0.01%, AC0.02% and
AC0.03%) and Al2O3 + MWCNT (AM0.01%, AM0.02%

and AM0.03%), at various volume concentrations. Hybrid
nanofluids enhance thermal properties due to the synergistic
effects of their components, offering higher thermal conduc-
tivity and heat transfer performance compared to base fluids
or single nanofluids. Figure 3a illustrates that the total heat
transfer coefficient slightly increases at an input temperature
of 35 °C because of reduced thermal agitation.

Heat transfer performance shows a noticeable improve-
ment as the concentration increases from 0.01% to 0.03%.
Al2O3 + CuO performs slightly better at lower temperatures
due to itsmetallic properties,which enhance heat conduction.
At 45 °C, the heat transfer coefficient increases significantly
compared to performance at 35 °C, as depicted in Fig. 3b.
The temperature rise intensifies hybrid nanofluids’ Brown-
ian motion and thermophysical properties, leading to better
convective heat transfer. Al2O3 + MWCNT, owing to its
high aspect ratio and thermal conductivity, exhibits supe-
rior performance compared to Al2O3 + CuO, especially at
higher concentrations. The enhanced dispersion of hybrid
nanoparticles, which results in better thermal conductiv-
ity, causes higher thermal performance at 55 °C, as shown
in Fig. 3c. The temperature difference between the inner
tube and the fluid enhances convective heat transfer. How-
ever, excessive temperature can lead to minor instability
in nanoparticle suspension, slightly affecting performance.
Al2O3 + MWCNT continues to demonstrate better results
at all concentrations, attributed to its unique tubular struc-
ture and ability to form thermally conductive networks. Both
nanofluids show a direct relationship between inlet tempera-
ture and heat transfer coefficient, improving performance at
higher concentrations and temperatures. Al2O3 + MWCNT
exhibits superior heat transfer capability due to its advanced
thermal properties and structural advantages.

The heat transfer enhancement factor (ηhnf ) quantifies the
improvement in heat transfer performance compared to the
base fluid, highlighting the combined influence of nanoparti-
cle properties and operational conditions.As shown in Fig. 4a
for TL-5 mm AOTHe, the ηhnf is comparatively low at an
input temperature of 35 °C because there is less thermal
energy available for nanoparticle activity.

The contribution of Brownian motion and particle–fluid
interactions is minimal at this temperature. As the volume
concentration increases, the ηhnf improves, with Al2O3 +
CuO showing better performance due to its metallic nanopar-
ticles’ higher thermal conductivity, which dominates under
lower thermal gradients. At 45 °C, the ηhnf increases substan-
tially for both hybrid nanofluids, as presented in Fig. 4b. The
elevated temperature enhances nanoparticle dispersion and
thermal energy transfer, improving convective heat transfer
rates. At this intermediate temperature, Al2O3 + MWCNT
begins to outperform Al2O3 + CuO due to the superior
thermal conductivity of MWCNTs and the ability to form
effective thermal networks. Higher concentrations (0.02%
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Fig. 3 Variation of overall heat
transfer coefficient for different
hybrid nanofluid volume
concentrations at a 35 °C
b 45 °C c 55 °C temperature

and0.03%)yield greater enhancements, highlighting the syn-
ergistic effect of temperature and concentration.At 55 °C, the
ηhnf attains its maximum value. Increased inlet temperature
intensifies Brownian motion and decreases fluid viscosity,
improving heat transfer efficiency.

Al2O3 combined with MWCNT exhibits the highest heat
transfer efficiency (ηhnf ) at a concentration of 0.03%, owing
toMWCNTs’ superior thermal conductivity and surface area.
While Al2O3 + CuO shows satisfactory performance, it is
less effective than Al2O3 + MWCNT due to inferior heat
transport mechanisms. Both hybrid nanofluids demonstrate
increased ηhnf with higher inlet temperatures and concentra-
tions. The inlet temperature affects the performance index
(ηPI), showing moderate enhancement at 35 °C and improv-
ing with lower viscosity. Al2O3 + CuO benefits from lower
concentrations, while Al2O3 + MWCNT performs better at
45 °C.

3.3 Effect of TL

The transition length (TL) in an alternative elliptical axis
oval tube heat exchanger significantly influences the overall
heat transfer coefficient (Uo) when hybrid nanofluids such
as Al2O3 + CuO and Al2O3 + MWCNT are used at vari-
ous volume concentrations (0.01%, 0.02%, 0.03%). The TL
affects flow behaviour, turbulence generation, and heat trans-
fer area, impacting the overall heat transfer coefficient, as
shown in Figure. For TL-4 mm, the shorter transition length
leads to enhanced turbulence near the tube walls, improving
convective heat transfer. This configuration maximises local
heat transfer but may slightly increase pressure drop. Both
nanofluids exhibit a notable rise in Uo, with Al2O3 + CuO
showing better performance at lower concentrations due to
its metallic properties that enhance conduction, as shown in
Fig. 5a. However, the shorter TL restricts the development
of fully turbulent flow, limiting the maximum achievable
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Fig. 4 Variation of heat transfer
enhancement factor (ηhnf ) at
various inlet temperatures of
hybrid nanofluid a 35 °C b 45 °C
c 55 °C

heat transfer enhancement. At TL-5 mm, the heat trans-
fer coefficient improves further due to an optimal balance
between turbulence generation and flow stabilisation. The
increased transition length allows a more uniform distribu-
tion of nanoparticles and greater heat exchange. Al2O3 +
MWCNT outperforms Al2O3 + CuO in this case, partic-
ularly at higher concentrations (0.02% and 0.03%), as the
MWCNTs’ high thermal conductivity and network forma-
tion further amplify heat transfer. The longer transition length
for TL-6 mm provides a smoother flow transition, reducing
pressure drop and enhancing particle suspension.

However, the reduced turbulence compared to shorter TL
values slightly limits the convective heat transfer rate, as
shown inFig. 5c.Al2O3 +MWCNTcontinues to demonstrate

superior performance due to its ability to sustain higher heat
flux under smoother flow conditions. Higher concentrations
(0.03%) are particularly effective at this TL in maintaining
an elevated heat transfer coefficient. Overall, the effect of TL
on U shows that a moderate TL -5 mm offers the best bal-
ance between turbulence and flow stability, maximizing heat
transfer performance. Al2O3 + MWCNT consistently deliv-
ers better results across all TLs and concentrations due to its
advanced thermophysical properties, making it a preferred
choice for high-efficiency heat exchanger applications.
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Fig. 5 Variation of overall heat
transfer coefficient for different
Transition lengths a TL-4 mm
b TL-5 mm c TL-6 mm

3.4 Performance index ratio

At a temperature of 35 °C, the ηPI demonstrates a moderate
enhancement for both hybrid nanofluids, as shown in Fig. 6.
The analysis reveals that at reduced temperatures, the vis-
cosity of nanofluids increases, leading to higher pumping
power requirements. While heat transfer improves, this is
offset by a slight decrease in the performance index due
to increased viscosity. Specifically, Al2O3 + CuO shows
better at lower concentrations (0.01%) due to its metallic
properties that enhance conduction with minimal viscosity
increases. At reduced temperatures, the viscosity of nanoflu-
ids increases, leading to higher pumping power requirements.
While heat transfer improves, the performance index slightly
decreases due to this increased viscosity. The nanofluid
composed of Al2O3 + CuO performs better at lower con-
centrations (0.01%) because its metallic properties enhance
conduction with minimal viscosity increase. At 45 °C, the

performance indicator improves significantly due to bet-
ter heat transfer efficiency and lower viscosity. The higher
temperature boosts nanoparticle mobility through Brownian
motion, enhancing thermal conductivity, especially for the
Al2O3 + MWCNT hybrid nanofluid. This hybrid demon-
strates a superior performance index compared to Al2O3

+ CuO, particularly at higher concentrations (0.02% and
0.03%), as the network-forming characteristics of MWC-
NTs improve thermal conductivity while keeping viscosity
manageable. The study concludes that the combination of
Al2O3 and MWCNT yields the highest performance index
for heat transfer enhancement, particularly at a concentration
of 0.03%, due to improved thermal conductivity and particle
dispersion.

This formulation maintains an acceptable pressure drop
and demonstrates superior thermal performance when com-
pared to Al2O3 combined with CuO, which is less efficient at
elevated temperatures and concentrations. The performance
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Fig. 6 Effect of inner tube inlet
temperature on the performance
index at different hybrid
nanofluid volume concentrations
a 35 °C b 45 °C c 55 °C

index exhibits an upward trend with increasing inlet tem-
peratures for both hybrid nanofluids. Al2O3 and MWCNT
are identified as the optimal selections for high-performance
heat exchanger applications.

4 Conclusions

The study investigates the performance of an alternate oval
tube heat exchanger (AOTHe) operatingwith hybrid nanoflu-
ids from Al2O3, CuO, and MWCNTs at different volumetric
concentrations. Validating experimental data establishes the

numericalmode, and the computational domain has a double-
pipe design. The outside part of this arrangement is a circular
water-transporting pipe, while the inner part is an oval tube
directed in a different direction. The research investigates
how to change the Reynolds number, input temperature, TL
and Uo, and HEf . The inner tube has an inlet temperature
that significantly impacts the overall heat transfer coefficient
of AOTHe when utilising hybrid nanofluids such as Al2O3 +
CuO and Al2O3 + MWCNT.

• Hybrid nanofluids improve thermal properties by pro-
viding increased thermal conductivity and enhanced heat
transfer performance. The combination of Al2O3 and CuO
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demonstrates enhanced performance at reduced tempera-
tures, attributable to itsmetallic characteristics. In contrast,
the Al2O3 and MWCNT composite shows improved per-
formance owing to its elevated aspect ratio and thermal
conductivity.

• The inlet temperature of the inner tube significantly
impacts the overall heat transfer coefficient when using
hybrid nanofluids. Higher temperatures and concen-
trations enhance thermal performance, with Al2O3 +
MWCNT consistently outperforming Al2O3 + CuO. Opti-
mal conditions improve heat transfer efficiency, demon-
strating the importance of selecting appropriate nanofluids
for thermal applications.

• The increase in overall heat transfer coefficient was
approximately 9.15%, 14.48% and 6.04% for TL� 4 mm,
5 mm, and 6 mm, respectively. This trend indicates that
the hybrid nanoparticle composition and transition length
significantly affect heat transfer performance. The con-
figuration with a transition length of 5 mm exhibited the
highest thermal enhancement, indicating an optimal bal-
ance between flow development and thermal boundary
layer growth.
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