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H I G H L I G H T S

• The impact of a lobed swirl generator over a circular tube on heat transfer and friction factor is discussed.
• The effect of a lobed swirl generator using GO-CuO/water nanohybrid on thermal performance is also investigated.
• The outcome demonstrated that the lobed swirl generator remarkably affects thermal performance improvement.
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A B S T R A C T

Enhancing heat transfer efficiency is a key focus in thermal applications. Smooth channels often 
suffer from poor fluid mixing, limiting their performance. Swirl flow techniques have been 
introduced to improve heat exchanger efficiency by altering flow direction and inducing turbu
lence. However, integrating nanofluids with swirl techniques presents challenges such as 
increased pressure loss and nanoparticle sedimentation. The four-lobed swirl generator is a 
promising solution, delivering high swirl intensity with manageable pressure loss. This study 
explores the impact of GO-CuO/water hybrid nanofluid and Reynolds numbers on the thermal 
performance of a four-lobed swirl generator. The system parameters include a twisted angle (θ =
360◦), β-transition type, transition multiplier (n = 0.5 mm), and a variable helix (t = 1). The 
hybrid nanofluid, synthesized with a 20 % GO to 80 % CuO ratio, has volume concentrations of 
0.15%–0.75 % wt., with Reynolds numbers from 15,000 to 35,000. Results indicate a significant 
heat transfer enhancement (1.26–1.72 times) with a moderate friction factor increase 
(1.27–1.53). The highest thermal performance (1.511) occurs at 0.75 % nanofluid concentration 
and Re = 25,000. This study confirms the four-lobed swirl generator’s effectiveness in improving 
heat exchanger efficiency while maintaining an acceptable pressure drop.
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Nomenclature
A area (m2) α alpha transition
ṁ mass flow rate (kg/s) n transition multiplier (mm)
h heat transfer coefficient (W/m2. K) Lt length of transition (mm)
Q heat transfer (W) f&f1 variables to facilitate y calculation
Nu Nusselt number y variable length from transition core origin (mm)
Pr Prandtl number (μ.Cp/k) Creek letter
K thermal conductivity (W/m. K)
Re Reynolds number (=uinD/ν) ρ density (kg/m3)
ΔP pressure drop (Pa) μ viscosity (Pa.s)
ΔT temperature different (K) φ solid volume concentration (%)
L test section length (m) θ twisted angle (degree)
u velocity (m/s) Sup/Superscripts
f friction factor
R test section radius (m) s surface
T temperature (K) p plane tube
Cp Specific heat (J.kg/K) ave average
Lobed swirl notation in inlet

cs circle inscribe
A4L area of four segments (mm2) FD fully developed
rlobe lobe swirl radius (mm) i intermediate
Rcs swirl core radius (mm) Abbreviations
LAi intermediate area (mm2) PEC Performance Evaluation Criteria
LAFD fully developed area (mm2) DSC Differential Scanning Calorimetry
β beta transition SEM Scanning Electron Microscope

1. Introduction

Technologies and thermal science advancements have led to severe challenges in energy imbalance. This predicament required the 
development of novel cooling systems capable of meeting industrial demands and improving thermoregulation effectiveness [1]. In 
recent years, various alternative techniques have been explored to enhance the thermal performance of heat exchangers, particularly 
in power plant applications. [2], chemical engineering [3], the cooling system in different areas [4], waste heat recovery [5] etc. 
According to several studies, over 60 % of the energy consumed across various industries is lost as waste heat. Consequently, the 
development of efficient waste heat recovery technologies has become imperative to enhance both energy sustainability and envi
ronmental security [6]. Flow separation is vital in designing various technical applications that need heating or cooling [7]. Nowadays, 
the trend for higher speeds in many innovations has resulted in excessive heating. Consequently, cooling them down has become a 
significant challenge for many researchers [8].

The mechanism of applying helical pipe in the field of heat transfer is represented in (i) the characteristics of its curvature ge
ometry, which results in inducing the velocity and secondary flow, and (ii) creating the mixing flow between the core and the wall [9]. 
The features of the swirling flow of intensive secondary flow, a reduction in the thermal boundary layer, and mixing fluid close to the 
wall play the leading role in promoting a higher heat transfer rate over single-phase as multiphase flows [10]. One of the three 
well-known methods listed below can be used to generate the swirling flow: (i) fluid flow attains tangential velocity and enters the pipe 
as a swirl flow after passing through a rotating segment, (ii) enabling the fluid flow to enter the pipe via fixed blades (vanes) placed 
within the pipe at a certain angle, and (iii) the working fluid enters the pipe as a tangential inlet to gain rotational velocity and enter the 
pipe as a swirling flow [11]. Extended surfaces are widely employed as a thermal management strategy for heat transfer enhancement 
due to their capability to increase the effective surface area, thereby improving overall heat dissipation [12]. The impact of three types 
of ribbed tubes on heat transfer using TiO2 nanofluid as a working fluid has been conducted by AlKumait et al., [13]. The configu
rations of longitudinal, helical, and circumferential tubes were analyzed under varying pitch distances of 5.89 mm, 7.86 mm, and 
11.79 mm. Among all the investigated tube designs, the helical tube exhibited the highest turbulent kinetic energy, achieving a 
performance evaluation criterion (PEC) of 2.0 % at a pitch distance of 5.89 mm. The result demonstrated that the helical shape induces 
a swirling motion in the fluid, which increases the fluid’s turbulence. This swirl can enhance both mixing and heat transfer by dis
rupting the boundary layer near the tube surface and improving the overall contact between the fluid and the surface. The quantity of 
heat transfer in any system or process can be evaluated through thermodynamic analysis. In thermodynamic studies, heat transfer is 
examined concerning a system undergoing a transition from one equilibrium state to another. This process requires a heat-transferring 
device, known as a heat exchanger, which effectively dissipates heat from the heat source to a region with a lower temperature [14]. A 
comparison between the impact of perforated fins and non-perforated on thermal-hydraulic characteristics has been conducted by 
Ibrahim et al. [15]. In general, the result proved that the augmentation of perforation numbers led to a higher heat transfer rate. It can 
be explained by the increase in turbulence flow level and reduce the thermal resistance.

The lobed swirl generator is one of the recent innovations that faced the energy crisis. The advantage of a lobed swirl generator is 
represented in its ability to produce tangential velocity adjacent to the wall, axial velocity noticeable at the core, and reduce pressure 
losses [16]. Recently, many researchers have addressed the effect of swirl generators with pure working fluid on heat transfer 
improvement [17]. Jafari et al. [18] studied numerically and experimentally the impact of the three-lobe swirl generator on the fluid 
flow field and heat transfer enhancement. The author also examined the effect of four-lobe [10] and five-lobed [19]. Among all lobed 
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swirl generators investigated, a four-lobe swirl generator at the angle of 360◦ and the length of 400 mm presented the highest heat 
transfer enhancement at Nusselt number (Nu) of the range from 1.4 to 1.9 and thermal performance from 1.30 to 1.65 with an 
acceptance of pressure drop from 1.22 to 1.48. Diabis et al. [20] considered the effect of a four-lobed swirl generator and its transition 
part on thermal performance enhancement numerically using different types of nanofluid. Using SiO2 at a Re of 15,000, the study 
showed the most significant improvement in thermal performance by a factor of 1.67. The effect of tri-lobe and twisted oval tubes on 
thermal performance and fluid flow field was experimentally and numerically investigated by Tang et al. [9]. The study was performed 
at different cross-sections, lobed numbers and different directions twisted. The study revealed that the tri-lobed promotes heat transfer 
enhancement at 5.4 % more than the oval tube. The effect of short twisted oval and three-lobed twisted tubes on the improvement of 
heat transfer and pressure drop was explored by Indurain et al. [21]. The study demonstrated that the twisted three-lobe ST3L produces 
greater swirl intensity than the oval tube, especially at an aspect ratio of c = 0.6 with a noticeable increase in pressure drop. The author 
recommended a short-twisted length to address the pressure drop penalty. The effect of a three-lobe swirl generator combined with a 
Y-tape insert on heat transfer promoting and turbulent flow characteristics was numerically investigated by Omidi et al. [22]. The 
study employed a working fluid of pure water and Al2O3-water nanofluid at different volume concentrations from (1 %–3 % wt.). The 
study proved that the Y-tape technique combined with a twisted tube led to increased heat transfer and decreased thermal performance 
due to the dramatic increase in pressure drop. Therefore, adding nanoparticles to the lobe swirl generator is more practical with an 
empty tube.

Omidi and Farhadi [16] investigated the effect of the double pipe heat exchanger at different inner and outer geometrical 
cross-sections and lobe numbers on thermal performance and fluid flow characteristics. Among all cases, the study identified the 3-lobe 
inner and outer cross-sections as the most beneficial configuration, demonstrating a 3.13-fold improvement in thermal performance. 
The impact of the lobe swirl generator under different lobes number (n) and pitch to diameter (P:D) on the characteristics of the fluid 
flow field was carried out by Yan et al. [23]. The study confirmed that a four-lobed swirl generator associated with a pitch-to-diameter 
(8) provided the highest swirl effectiveness with an applicable pressure drop. Li et al. [24] investigated the effect of the four-lobe swirl 
generator at the fixed transition length of 100 mm and different swirl device lengths at 200 mm and 400 mm on tangential velocity, 
pressure drop and overall swirl effectiveness. The study confirmed that the short four-lobe swirl generator of 100 + 200+100 pre
sented more incredible tangential velocity and less pressure drop leading to inducing better swirl effectiveness than the lobe swirl of 
100 + 400+100. The unique transition part of swirl-inducing pipes has been designed with remarkable beneficial impact by Ariyaratne 
and Jones [25]. Based on the observed lobe growth along the tube, an optimized entrance and exit transition shape was developed. The 
study demonstrated that these transition sections contributed to a reduction in pressure losses. Additionally, the entry transition 
enhanced swirl intensity, while the exit transition mitigated swirl decay, thereby improving overall flow dynamics.

The dispersion of two or more types of nanoparticles within a base fluid is referred to as a hybrid nanofluid. Due to their signif
icantly larger relative surface area compared to the base fluid, hybrid nanoparticles enhance key transport properties, including 

Table 1 
Previous studies of Graphene oxide characteristics after its incorporation with several types of oxide nanoparticles under different effective 
parameters.

Ref. Hybrid Nanomaterial 
volume ratio

Base fluid Nanoparticles 
Diameter (nm)

Volume fraction 
percentage (%)

Temperature 
range (◦C)

Maximum Thermal conductivity improvement

[32] GO/CuO (50:50) & 
(20:80)

Water GO (N-A) 
CuO (13)

0.1 to 1 wt% 30-60 ◦C GO/CuO (50:50) presented 41 %, at 60 ◦C for 1 
vol%,

[33] GO/Al2O3(50:50) Water GO (3.3–7), AL2O3 

(20)
0.1 to 1 wt% 25-50 ◦C 33.9 % at 1 vol % & 50 ◦C

[34] GO/CuO (50:50) Water-EG 
(50:50)

GO (3.3–7), CuO 
(40)

0 to 1.6 wt% 25-50 ◦C 43.4 % at 1.6 vol%

[35] RM/GO (50:50) Water RM (29), GO (21.5) 0.1–0.75 vol% ​ ​
[36] GO/TiO2 Water GO (3.3–7), TiO2 

(20)
0.05 to 1 wt% 20-50 ◦C 32.8 % at 1 vol1 % 50 ◦C

[37] GO/CuO (20:80) Distilled 
water

GO (1–4), CuO 
(20)

0.03, 0.1 & 0.2 
wt%

30 ◦C, 45 ◦C & 
60 ◦C

30 % at vol.0.3 % & 60 ◦C

[38] GO/MgO Water-EG 
(80:20)

GO (3.3–7), MgO 
(20)

0.025 to 0.2 wt% 20-60 ◦C 8.8 % at vol.0.2 %

[39] Al2O3/GO (50:50) & 
Al2O3/GO (80:20)

Water Al2O3 (30) 
GO (N-A)

0.1 to 0.5 wt% 30-60 ◦C Al2O3/GO (50:50) presented 
32.1 %, at 60 ◦C for 0.5 vol%,

[40] SiO2/Graphene 
(70:30)

Water SiO2 (50), GO 
(28.21–40.79)

0.05 to 1 wt% 25-50 ◦C 36.12 % at vol.1 %

[41] GO/Ag EG SiO2 (50) GO (− ), 
Ag (4–7)

0.1 to 0.3 wt% 20-50 ◦C 22 % at vol.0.3 % & 45 ◦C

[42] TiO2-graphene Water TiO2 (10–25), 
Graphene (2–18)

0.005 to 0.5 wt% 25 to 75 ◦C 27.84 % at vol.0.5 % & 75 ◦C

[43] GO/Al2O3 (50:50) & 
(20:80)

Water Al2O3 (30) 
GO (N-A)

0.1 to 1 wt% 30-60 ◦C GO NF is 5.8, 12.8 and 43.9 % greater than GO/ 
Al2O3 (50:50), GO/Al2O3 (20:80) and Al2O3 NFs 
at 60 ◦C for a concentration of 1 vol%,

[44] GO/Al2O3 water- EG N-A 0.1 to 1.6 wt% 20 ◦C to 55 ◦C 20 % at vol.1.6 % & 55 ◦C
[45] Cu/GO (30:70 & 

70:30)
Water GO (<2), Cu 

(30–50)
0.01 % and 0.02. 
wt.%

Room 
Temperature

32.31 % at vol. 0.02 % & 30:70 (GO/Cu)
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thermal conductivity and heat transfer coefficient. This improvement makes hybrid nanofluids highly attractive for various thermal 
applications [26]. Many studies have revealed that hybrid nanoparticles play a vital step in terms of thermal performance improve
ment. Hybrid nanofluids have been shown to exhibit superior thermophysical properties compared to mono nanofluids [27]. Brownian 
motion appears to be more pronounced in hybrid nanofluids compared to mono nanofluids [28]. The concept of constructing thermal 
bridges to minimize heat flow resistance is indeed an interesting approach, especially in the context of hybrid nanofluids [28]. The 
main goal of dispersing nanoparticles into a base fluid is to significantly enhance the heat transfer properties of the fluid, making it 
more efficient for applications in thermal management systems. This idea is foundational to the development of nanofluids and hybrid 
nanofluids, where the combination of base fluids and nanoparticles creates a material with superior thermal conductivity, viscosity, 
and other thermo-physical properties compared to the base fluid alone [29]. Hybrid nanofluids indeed represent an advanced and 
more efficient class of thermal fluids compared to mono-nanofluids. By dispersing two or more different types of nanoparticles into a 
base fluid, hybrid nanofluids can provide significantly enhanced thermophysical properties, such as thermal conductivity, stability, 
and overall performance. This dual-particle approach leverages the distinct properties of each type of nanoparticle to improve the 
overall characteristics of the fluid [30]. One of the main reasons for adopting hybrid nanofluids is to achieve enhanced thermal 
conductivity while maintaining a balance between cost-effectiveness and stability [31]. Table 1 summarises the results of incorpo
rating graphene oxide (GO) with various nanomaterials under different parameters.

It can be concluded that the GO/CuO presented the highest thermal conductivity among all hybrid nanofluids investigated by 
different researchers. Studies indicate that graphene nanoparticles offer several benefits, including increased stability, less corrosion, a 
larger surface area to volume ratio, decreased erosion and clogging, a diminished requirement for pumping power, increased thermal 
conductivity, and notable energy savings [46]. According to copper oxide, not only can CuO nanofluids have a high thermal con
ductivity, it is also have good compatibility with basic liquids and are reasonably priced [47]. Therefore, GO/CuO hybrid nanofluid has 
been adopted in the current study.

From the literature review and other comprehensive studies, it can be proved that applying a lobe swirl generator in the field of 
thermal application can improve thermal performance with a practical level of pressure loss. Despite extensive research on swirl flow 
techniques and nanofluid applications in heat transfer enhancement, insufficient attention has been given to the thermal performance 
of lobed swirl generators in conjunction with GO-CuO/water hybrid nanofluids. Furthermore, while graphene oxide (GO) and copper 
oxide (CuO) nanofluids have been individually explored for their thermal properties, their combined effect in a hybrid nanofluid, 
particularly within a lobed swirl flow environment, still needs to be examined. This research, therefore, addresses a critical knowledge 
gap by experimentally investigating the effects of a four-lobed swirl generator and GO-CuO/water hybrid nanofluids on heat transfer, 
pressure loss, and overall thermal performance.

Also, the interplay between heat transfer enhancement and pressure loss in advanced swirl generators has yet to be comprehen
sively analyzed under varying Reynolds numbers. The most significant recent development is the lobed swirl generator, which pro
duces considerable swirl intensity with an applicable pressure loss. Therefore, the motivation behind this study is to investigate and 
acquire a deeper understanding of the lobed swirl generator’s thermal characteristics under various effective parameters. The study 
also aims to address a unique research gap by leveraging the significant advantages of lobed swirl generators, as highlighted in the 
literature, particularly their ability to maintain particle suspensions due to the inclusion of specialized entry and exit transition parts. 
While swirl flow techniques have demonstrated their effectiveness in heat transfer enhancement, the optimization of lobed swirl 

Fig. 1. Main radii in lobe swirl device (rlobe and Rcs).
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generators in combination with nanofluids remains an area requiring further exploration. Limited studies have investigated the impact 
of GO-CuO/water hybrid nanofluid in conjunction with lobed swirl generators, particularly under varying operating conditions. 
Understanding how different geometrical parameters, nanofluid compositions, and Reynolds numbers influence thermal performance 
is crucial to advancing the applicability of these techniques in real-world heat exchange systems. This study aims to fill this gap by 
experimentally analysing the thermal properties of a four-lobed swirl generator under different effectiveness parameters. Therefore, 
the objective of the current study is to investigate experimentally the thermal performance of a lobed swirl generator at its optimal 
parameters such as four-lobed number, twisted angle of θ = 360◦, β-transition type, transition multiplier of n = 0.5 mm, and variable 
helix of t = 1 mm. To determine and understand the thermal characteristics and the mechanism of lobed swirl generators under hybrid 
nanofluid of 20 % GO to 80 % CuO/water as a working fluid at different volume concentrations (0.15 %–0.75 % wt.) for different 
Reynolds numbers in The range of 15,000 to 35,000.

2. Model in physical form

2.1. Four-lobe swirl device

Swirl flow is characterized as a mixture of a vortex and axial movements with spiral streamlines [48]. The present study adopted the 
Reference Geometry Plane method and Left Boss/Base feature using Solidworks software to obtain the geometrical cross-section. 
According to the literature review, a lobe swirl device at 200 mm length and an equivalent diameter of 0.5 m were proved to be 
effective parameters. During the creation of the swirl device, key parameters such as the lobe radius (rlobe), polygonal cross-sectional 
radius (Rcs), tube radius (R), and twist angle (θ) are considered. Fig. 1 depicts the primary radii adopted to evaluate the four-lobe swirl 
device.

As shown in Fig. 2(a), 21 planes were divided and allocated parallel to create the lobe swirl device. The distance between every two 
adjacent at 10 mm (x/L = 0.05) to avoid the steeper and ensure the constant twisted angle over the geometrical cross-section is also 
taken into account. Therefore, based on the suggested swirl angle of (360◦), each adjacent plane would have a slope of 18◦ [49]. 
Several studies proved that the remarkable effectiveness of a four-lobe swirl generator could be obtained under an equivalent diameter 
of 0.5 m and pitch to a diameter of P:D = 8 [50]. Therefore, the values of the lobed swirl radius at rlobe = 13.81 mm and the lobed swirl 
core radius at Rcs = 19.54 mm as a fully developed cross-section using Eqs. (1) and (2) were evaluated [23]. As shown in Fig. 2(b), the 
swirl device at 3 mm in thickness and ABS material was manufactured by a plus 3D printer using Cubicreator software. 

rlobe =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2π tan
(

360
8

)

R2

8 + 4π tan
(

360
8

)

√
√
√
√
√
√
√

(1) 

RCS =
rlobe

sin
(

360
8

) (2) 

The cross-sectional area, the perimeter and the hydraulic diameter are evaluated using Eqs. (3)–(5) as follows: The four lobes area 
(A4L) = the polygon area at the centre (Ap) + the area of four segments on the sides (A4s) [10,23]. Therefore, 

Fig. 2. (a) Development of lobed swirl device under 21 planes, (b) Lobe swirl device manufactured.
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A4L =
r2
lobe

tan
(

360
2n

)× n+
πr2

lobe
2

× n (3) 

P4L = n ×
2πrlobe

2
(4) 

Dh4L =
4A4L

P4L
(5) 

2.2. Transition parts

The transition section is considered an indispensable parameter to increase the efficacy of the lobed swirl intensity and reduce the 
pressure losses of swirl flow downstream [51]. To the best of our knowledge and based on past studies, a sudden change in geometry 
during fluid flow causes an increase in pressure losses [25]. Therefore, it is noticeable that the development of the transition part 
progressively from a circular cross-section to a lobe shape and vice versa led to a reduction in pressure drop as well as a significant 
increase in the effectiveness of the lobed swirl. As a result, the transition part cross-section was created using SolidWorks 2015 
software, with the reference geometry plane and lofted boss/base features. Based on the twisted degree, which was calculated using Eq. 
(6), the length of the transition part was determined using Eq. (7). The transition part was turned quarter (1/4) or an angle of (90◦) to 
ensure the gradual change of the geometrical cross-section and avoid an augmentation in pressure losses [25]. Two essential variables 
(f&f1) based on trigonometric function have been introduced using Eqs. (8) and (9) to facilitate (R & y) calculation. During the 
development of the transition part from one stage to another, the core radius (R) was evaluated using Eq. (10). As implied in Eq. (11), 
the variable (y) was used to keep the cross-section of the lobe area equal at each step. After implementing all the parameters mentioned 
above, the area at the intermediate (LAi) and fully developed stage (LAFD) becomes accessible to calculate using Eqs. (12) and (13).

The cosine function has been applied using Eq. (14) to avoid discontinuity development during the expansion of the transition part, 
particularly at the start and end regions [51]. To specify the twisting and its direction at the intermediate region, Eq. (15) is utilized. To 
control the area development along the transition pipe, two essential variables known as the Beta transition (α) and Alpha transition (β) 
should be considered. Ariyaratne & Jones [25] revealed that the Beta transition (β) was more effective in swirl induction than the 
Alpha transition, with a swirl productivity value of 5 % higher. Therefore, the Beta transition (β) was adopted in the current exper
imental study. Therefore, Eq. (16) was used to evaluate the Beta transition at the transition multiplier (n = 0.5 mm), which was also 
introduced by Ariyaratne & Jones [25] as an essential factor that directly affected the curvature of the transition part in each stage. The 
lobed swirl transition part from different sides and under 18 planes is illustrated clearly in Fig. 3(a). Finally, the transition parts have 
been fabricated at 3 mm of thickness using ABS material, as shown in Fig. 3(b). All the equations used to create transition parts are 
evaluated [49] as follows: 

twist (degree /m)=
360

(P : Dratio) × de
(6) 

Where P:D refers to pitch to diameter while de refers to hydraulic diameter 

Lt =
1000mm

Twisted(degree/m)
× 90◦ (7) 

f =
(

γ −
1
2

sin 2 γ
)

(8) 

f1 =
1̅
̅̅
2

√

⌈

1 −
1

tan γ

⌉

(9) 

Fig. 3. (a) Transition part with 17 planes, (b) transition parts fabricated.
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R=R1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
π

4f + 4ff2
1 − 4

̅̅̅
2

√
ff1 + 2

√

(10) 

y= f1 × R (11) 

LAi =4fr2
lobe − R2(π − 2) (12) 

LAFD = r2
lobe(4+ 2π) − πR2

CS (13) 

X
L
= cos− 1

(
1 − 2(α or β)

π (14) 

Twist[0,90◦] =
X
L
×90◦ × twisted diraction (15) 

β=

⎡

⎢
⎢
⎣

LAi
πR2 − LAi

LAFD
πR2 − LAFD

⎤

⎥
⎥
⎦

n

(16) 

3. Experimental study

3.1. Experimental setup

The current study considered the impact of the four-lobe swirl generator and its transition parts, placed at the entrance of a circular 
stainless-steel tube, on thermal performance and flow field. Fig. 4 provides a photographic overview of the geometrical cross-section 
and details the experimental equipment utilized in this study. The four-lobed swirl device length is 200 mm, the twisted angle is 360◦, 
and the equivalent diameter is 0.5 m. The lobed swirl device combined with two essential entry and exit transition parts at a length of 
100 mm and their angle was gradually rotated from (45◦ to 90◦) with an equivalent diameter of 0.5 m [25]. The entry section was 
extended enough to 800 mm in length to ensure the turbulent entrance flow at fully developed behaviour.

The test section is stainless steel with 800 mm length, 0.05 m diameter and 1 mm thickness. The test section was surrounded by an 
electrical helical coil connected to a multimeter and power regulator to ensure a constant heat flux. The electronic circuit of the heater 
was connected to a digital multimeter (BK PRECISION, 2831E), which was used to determine the voltage and current provided to the 
heater with a basic output power DC at a precision of 0.03 %. To recognize the rotational flow characteristics induced within the lobed 
swirl generator, measuring the surface temperature by inserting twelve thermocouples type K around the test section at three places 
(each place has four thermocouples) has been considered. Thermocouples (Type-K) as shown in Fig. 5 are considered to measure the 
temperature of fluid flow and the surface temperature of the test section. Three places along the tube test section to insert thermo
couples have been adopted as seen in Fig. 5 (b). Four thermocouples were positioned in each place to investigate the characteristics of 
swirl flow. No thermocouples were immersed in the fluid to avoid the water being disturbed and to ensure an accurate result. To 
measure the fluid temperature, two calibrated thermocouples have been inserted at 1 mm depth at the inlet and the outlet of the 
system. The disturbance of the water at the inlet position is negligible due to the small depth of the thermocouple inserted and the 
existence of a fully developed turbulent flow. Each thermocouple used in the experiment has a uniform diameter of 0.5 mm. All 
thermocouples were securely fixed using OT-201-16-USA high-temperature conductive paste to ensure measurement accuracy. All 

Fig. 4. Photo representation of the experimental setup.
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thermocouples are calibrated using a Temperature Calibrator Model (CL3512A). All thermocouples were connected with a data logger 
(SIMEX, CMC-99 MultiCon) to monitor the variation of the temperature change.

To avoid heat loss, the test tube is surrounded by a 1260 ◦C ceramic fibre blanket insulator. The experimental setup also contained a 
commercial water chiller (SPH20N) with a reservoir tank, temperature controller, water pump, and shut-off valves. The chiller offers a 
cooling capacity of 2400 kcal/h and ensures precise control of the working fluid temperature with an accuracy of ±0.2 ◦C. A flow 
meter (FCSD70-R50, TOFCO) with a ±0.5 % precision measurement range was installed at the inlet of the entry section to accurately 
measure the flow rate. A differential pressure gauge is mounted between two ends of the test section to determine the pressure dif
ference over the channel. The average time value of all measurements and steady-state conditions are considered to assess the accuracy 
of observations. Once the reading of the measurements reached a steady state condition, the data were gathered. A steady state is 
achieved whenever the pressure and temperature measurements are stable for at least 5 min.

3.2. Preparation of hybrid nanofluid

Graphene oxide (GO) and Copper oxide (CuO) nanoparticles with average diameters of 3.9 nm and 40 nm, respectively, were used 
in the current experimental work. A scanning electron microscope (SEM) image of GO and CuO nanoparticles is depicted in Fig. 6. Due 
to the lower cost, production on a large scale, and dealing with oxide nanoparticles, a two-step method is adopted [52]. Pure water is 
utilized as the base fluid to synthesize the GO-CuO/water nanofluid.

The nanoparticles are weighed using a compassionate balance (Sartorius, M-pact AX224) with an accuracy of ±0.001 g. According 
to several volume concentrations form (0.15–0.75 %) using Eq. (17), the solid volume fraction was evaluated [53]. The hybrid 
nanoparticles were synthesized at different percentages, such as 80 % CuO and 20 % GO. A magnetic hotplate is employed to stir the 
water and nanoparticle mixtures for 1 h. To avoid the accumulation and sedimentation of hybrid nanoparticles, suspensions were 
treated for 10 h in a hot bath sonication (Benchtop Ultrasonic Cleaner SOO347181). The solid volume concentration measurement is 
listed in Table 2. 

φ=

(
m
ρ

)

GO
+
(

m
ρ

)

CuO(
m
ρ

)

GO
+
(

m
ρ

)

CuO
+
(

m
ρ

)

Mixture

(17) 

Fig. 5. a) Thermocouples type-K, b) Thermocouples distribution along the test section using high thermal conductive paste.

Fig. 6. SEM image of CuO and GO nanoparticles.
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where φ, m and ρ refer respectively to volume concentration, mass (kg) and density (kg/m3)

3.3. Measuring thermophysical properties

At volume concentrations of 0.15, 0.30, 0.45, 0.60, and 0.75 %, the thermophysical properties of the GO-CuO/water hybrid 
nanofluid were experimentally measured. The density has been calculated based on the known volume and the mass of the hybrid 
nanofluid. The viscosity was measured using a Vibro viscometer (AND SV-100-Japan) of a range (0.3–10,000 mPa s) and an accuracy 
of 0.1 %. The KD2-pro device with an accuracy of 5 % W/m.K and a thermal conductivity ranging between 0.2 and 2 W/m.K was used 
to evaluate the thermal conductivity of the hybrid nanofluid. At the temperature range between − 100 and +450, differential scanning 
calorimetry (DSC) was used to measure the specific heat. The average time value is considered to ensure the accuracy of the ther
mophysical properties measurement result. The hybrid nanofluid GO-CuO/water thermophysical properties obtained are illustrated in 
Table 3.

4. Data reduction

4.1. Data analysis approach

The entry section was extended enough to ensure the fully developed turbulent flow using the following formula [23]: 

Le =4.4D × (Re)1/6 (18) 

The constant heat flux generated by the electrical power via the plate heater can be calculated using the simplified steps as follows 
[19]: 

Qe =V × I (19) 

The heat transfer generated by the working fluid is defined as [18]: 

Qf = ṁCp(Tout − Tin) (20) 

It can simply calculate the mass flow rate as a function of the Re, working fluid viscosity and the diameter of the geometrical cross- 
section using the following equation [54]: 

ṁ=
ReμπD

4
(21) 

For more accuracy, Eq. (22) was used to determine the average value between the heat flux provided by electrical power (Qe) and 
the heat transfer generated by the working fluid (Qf) [9]. 

Q=
Qe + Qf

2
(22) 

The heat transfer between the test section and the internal flow is considered by convection. Therefore, the following equation was 
adopted to determine the convection heat transfer coefficient: 

Table 2 
The volume concentrations of nanoparticles used to make 100 ml of hybrid nanofluid.

Volume concentration (%) Mass [±0.001] (g)

GO CuO

0.15 0.03 0.757
0.30 0.06 1.517
0.45 0.09 2.278
0.60 0.121 3.042
0.75 0.151 3.809

Table 3 
Thermophysical properties measured of GO-CuO/water.

Properties Water GO-CuO/water 
0.15 %

GO-CuO/water 
0.30 %

GO-CuO/water 
0.45 %

GO-CuO/water 
0.60 %

GO-CuO/water 
0.75 %

Density (kg/m3) 997.31 1005.25 1010.75 1024.51 1038.27 1052.03
Viscosity (Pa.s) 0.001003 0.001016 0.001032 0.001043 0.001054 0.001068
Thermal conductivity 

(W/m.K)
0.66215 0.7074 0.7148 0.7193 0.7235 0.7264

Specific heat (J/kg K) 4182.61 4146.63 4123.37 4066.32 4010.76 3956.7
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have =
Q

ΔT × As
(23) 

ΔT=Tw − Tb (24) 

Where Tw and Tb refer to the temperature of the wall and bulk temperature, respectively, the average temperature of the wall (Tw) and 
fluid (Tb) can be evaluated using Eqs. (24) and (25), respectively. 

Tw =
Sum of surface temperature observation

Total number of observation
(25) 

Tb =
Tin + Tout

2
(26) 

Nuave =
haveDh

k
(27) 

The friction factor can be obtained by measuring the pressure drop along the test section using the following formula [55]: 

f =
ΔP

(L/D)
(

ρu2
i

2

) (28) 

To investigate the applicability of the system in terms of thermal performance, Performance Evaluation Criteria (PEC) take place in 
this study using the following formula [9]: 

PEC=
Nu

/
Nup

(
f
/

fp

)1/3 (29) 

Where Nu and Nup are the Nusselt numbers after enhancement and at the plane tube, respectively, while f and fp are the friction factor 
after enhancement and at the plane tube, respectively.

4.2. Uncertainty analysis

To ensure the accuracy and reliability of the findings, the uncertainty analysis approach of all parameters used in the experimental 
study was considered. It is known that the uncertainty percentage of the parameters measured depends on the type of device used and 
the related equation of each variable. Consequently, the determination of the error utilizing the Kline and McClintock method was 
adopted [56]. Analyses are carried out to calculate the experimental uncertainties of the parameters that were obtained from the data 
reduction, such as Nusselt number (Nu), friction factor (f), and Reynolds number (Re) [52]. The differential approximation approach 
was considered to determine the uncertainty level in a result Rs, which is a function of the independent parameters X1, X2, X3 …, Xn. 
Therefore: 

R=R(X1,X2,X3,………………,Xn) (30) 

Where X1, X2, …. Xn and R are independent and dependent parameters. As a result, the following formula can be used to determine the 
uncertainty (R) [10]: 

WR = ±

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

∂R
∂X1

WX1

)2

+

(
∂R
∂X2

WX2

)2

+,……………….

(
∂R
∂Xn

WXn

)2
√

(31) 

The maximum factor uncertainties were observed for (The Nusselt number, friction factor and Reynolds number using Eqs. (32)– 
(34) [57] respectively 5.6 %, 3.9 % and 6.3 %, while all the other parameters were found to be less than 5 %. Therefore, it is proved that 
the reliability of the experimental work presented a precision level acceptable for the instruments in use. 

UNu = ±

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

∂Nu
∂q

Uq

)2

+

(
∂Nu
∂Dh

UDh

)2

+

(
∂Nu
∂K

WK

)2
√

(32) 

Uf = ±

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

∂f
∂ΔP

UΔP

)2

+

(
∂f

∂Dh
UDh

)2

+

(
∂f
∂ρUρ

)2

+

(
∂f

∂uave
Uuave

)2
√

(33) 

URe = ±

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

∂Re
∂ρ Uρ

)2

+

(
∂Re
∂u

Uu

)2

+

(
∂Re
∂Dh

UDh

)2

+

(
∂Re
∂μ Uμ

)2
√

(34) 

The absolute values are considered to attain the highest level of absolute uncertainty in the WR result since the number of values in 
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the equation above and the errors in the measurement parameters can be positive and negative. Table 4 provides an overview and 
percentage of the range of uncertainty of Re, heat flux, heat transfer coefficient, Nu, and friction factor. In addition, all other pa
rameters were found to be less than 5 %, proving that the experimental work’s reliability presented a precision level acceptable for the 
instruments in use.

5. Results and discussion

5.1. Verification of experimental work

Correlations between the Nusselt number and the friction factor over the plane tube were carried out to assess the validity of the 
current experimental investigation [58]. In terms of Nusselt number, Dittus-Boelter Eq. (35) and Seider-Tate Eq. (36) were considered. 
As depicted in Fig. 7(a), there was a good agreement with a deviation of 3.63 % and 9.83 %, respectively, between the current 
experimental study and the correlations proposed by Dittus-Boelter and Seider-Tate. On the other hand, Fig. 7(b) demonstrates the 
reliability of the current experimental study in terms of the friction factor perspective.

The comparison between the present experimental approach and the correlations suggested by Brkic Eq. (37), Blasius Eq. (38) and 
Petukhov Eq. (39) [18] present a reliable result with acceptable precision of 2.46 %, 22.12 % and 24.12 %, respectively. Consequently, 
it can be proved that the experimental friction factor and heat transfer observations were reliable. 

Nu=0.023Re4/5
b P0.4

r where P0.4
r is for heating (35) 

Nu= 0.027Re4/5
b Pr1/3

b

(
μ
μs

)0.14

(36) 

Where the viscosity of the fluid at bulk temperature and the average wall temperature are written as μ and μs, respectively. 

1
̅̅̅
f

√ = -2 log
(

ε
3.71D

+
2.18S
Reb

)

when 

S= ln

⎛

⎜
⎝

Re
1.816 1.1Re

ln (1+1.1Re)

⎞

⎟
⎠ (37) 

f =0.316Re− 1/4
b (38) 

f =(0.79 ln(Reb) − 1.64)− 2 (39) 

5.2. The performance of thermal conductivity

Developing highly efficient heat transfer fluids using nanofluids offers a cost-effective approach to minimizing heat loss, enhancing 
heat transfer efficiency, and accelerating cooling rates [59]. The thermal conductivity ratio and its enhancement relative to the base 
fluid are key factors in evaluating the performance of hybrid nanofluids. The thermal conductivity ratio is defined as the ratio of the 
thermal conductivity of the nanofluid (Knf) to that of the base fluid (Kbf), expressed as Knf/Kbf. The thermal conductivity ratio (TCR) and 
thermal conductivity enhancement (TCE) can be expressed mathematically as shown in Eqs. (40) and (41): 

Table 4 
Summary of uncertainty analysis.

Parameters Value/Range Uncertainty type Uncertainty (%)

Nanoparticle weight (Sartorius) Precision: 0.001 g Absolute error ±0.001 g
Viscosity (AND SV-100) 0.3 to 10,000 mPa s Relative error ±0.1 % of the reading
Thermal Conductivity 0.2–2 W/m. K Relative error ±5 %
Specific Heat (DSC) (-100 to +450 ◦C) Relative error ±2 %
Voltage/Current to Heater DC Output Power Relative error ±0.03 % of the reading
Thermocouple Temperature Various Absolute error ±1.1 ◦C (above 100 ◦C)
Water Chiller Temperature 2 ◦C Accuracy Absolute error ±0.2 ◦C
Differential Pressure Pressure drop Relative error ±0.5 %
Flow Rate (Tofco FC-SD85L-L200) 20-200 LPM Relative error ±0.5 % FS
Reynolds number, Re – Derived 2.030 %
Heat flux, q – Derived 2.003 %
Heat transfer coefficient, h – Derived 0.232 %
Nusselt number, Nu – Derived 7.787 %
Friction factor, f – Derived 2.441 %
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Thermal conductivivty=
Knf

Kbf
(40) 

Thermal conductivity enhancement (%)=
Knf − Kbf

Kbf
(41) 

The thermal conductivity ratio (TCR) is analyzed across different volume concentrations and temperatures to evaluate its 
variation and influence on heat transfer performance. Fig. 8(a) illustrates the variation of the thermal conductivity ratio (TCR) as a 
function of the solid volume fraction, highlighting the impact of different temperatures on thermal conductivity enhancement. In 
contrast, Fig. 8(b) depicts the thermal conductivity ratio (TCR) as a function of temperature, evaluated at different nanoparticle 
volume concentrations. The results revealed varying slope trends with a generally consistent increase in the thermal conductivity ratio 
(TCR) across different conditions. The TCR increased from 1.062 at 25 ◦C with a 0.15 % volume concentration to 1.097 at 50 ◦C with a 
0.75 % volume concentration, confirming the influence of nanoparticle volume fraction and temperature on enhancing relative 
thermal conductivity. The findings demonstrated that TCR increased with the addition of solid volume fraction and the selected 
temperature range. However, no consistent slope pattern was observed for different mass fractions and temperatures. For instance, for 
the GO-CuO/water hybrid nanofluid at 0.15 % volume concentration, TCR increased from 1.0625 at 25 ◦C to 1.07 at 50 ◦C, repre
senting a 0.943 % improvement. Similarly, for the 0.75 % volume fraction, TCR increased from 1.081 at 25 ◦C to 1.0965 at 50 ◦C, 
reflecting a 1.53 % improvement. This enhancement in TCR can be attributed to the increased nanoparticle interactions due to higher 
suspension levels and elevated temperatures, leading to a rise in the surface-to-volume ratio and improved heat transfer character
istics. According to the thermal conductivity enhancement (TCE) results, as illustrated in Fig. 9, the findings highlight the influence of 
temperature and nanoparticle volume concentration on improving thermal conductivity. The results indicate that higher temperatures 
and volume concentrations contribute to greater enhancement. The maximum thermal conductivity enhancement of 8.8 % was 
observed at 50 ◦C with a 0.75 % volume concentration, demonstrating the significant impact of these parameters on the thermal 
performance of the hybrid nanofluid.

5.3. Heat transfer

5.3.1. Compression between the lobed swirl and plan tube
Fig. 10 depicted a comparison between a lobed swirl generator and a plain tube under water as working fluid. The result revealed 

Fig. 7. Verification of current experimental work versus different correlation over plane tube (a) Nusselt number (b) Friction factor.

Fig. 8. Experimental study of the variation of thermal conductivity ratio by (a) a different temperature at the impact of solid volume fraction and 
(b) a different solid volume fraction at the impact of temperature.
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that the lobed swirl generator presented a significant advantage in heat transfer enhancement due to its ability to induce swirl flow, 
increase turbulence, and disrupt thermal boundary layers, leading to higher Nusselt numbers and better heat transfer efficiency. On the 
other hand, the plain tube offers a lower pressure drop and simpler design but lacks the necessary turbulence generation for effective 
heat transfer enhancement, particularly at lower Reynolds numbers. Therefore, the choice between these two configurations depends 
on the specific application requirements, balancing thermal performance, energy efficiency, and operational constraints.

5.3.2. Heat transfer of lobed swirl generator using GO/CuO hybrid nanofluid under different volume concentration
The main target of the current experimental study is to examine the thermal performance of lobe swirl generators under different 

working fluids (water & Graphene-CuO/water nanohybrid). It is expected that the benefit lobe swirl generator of induced tangential 
velocity near the wall and enhanced thermal conductivity of working fluid by adding a hybrid nanofluid will have considerably 
increased thermal performance. The effect of the lobe swirl generator at different working fluids under the variations of nanoparticle 
volume concentration and Re on heat transfer enhancement is shown in Fig. 11. The optimal parameters for the lobed swirl generator 
were a twisted angle of the twisted angle of (θ = 360◦), twisted length of (Ɩ = 0.4 m), beta transition at a transition multiplier of (n =
0.25 mm), and variable helix of (t = 1) [20]. The impact of the concentration of hybrid nanofluid volume fraction on heat transfer was 
observed at all amounts of volume fraction adopted. In other words, the increase in nanoparticle volume concentration led to an 
increase in Nusselt number due to the proportional relationship between the amount of volume fraction and thermal conductivity. 

Fig. 9. Experimental study of the variation of thermal conductivity enhancement by a different volume concentration at various temperatures.

Fig. 10. Heat transfer characteristics at the impact of lobed swirl and plane tube using water as working fluid.
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Additionally, the feature of lobed swirl generators to keep the nanoparticles in suspension [51] and the stirring character of a high 
Reynolds number have a considerable impact on avoiding the agglomeration of nanoparticles, which helps prevent pipeline blockage. 
Fig. 12 demonstrates the characteristics of the value of the Nusselt number versus different Reynolds numbers at the variation of hybrid 
nanoparticle volume fractions. The outcome exhibited a 1.76-factor increase in heat transfer value at a Re of 25,000. It can be 
explained by the feature of the lobed swirl generator, which is represented by its ability to distribute the particles of the working fluid 
at low flow velocity [51]. In general, the result demonstrates the capability of a lobe swirl generator to improve heat transfer under 
various factors.

5.4. Friction factor

The average temperature between the input and output is considered to assess all thermal flow properties [55]. To evaluate the 
friction factor of the nanohybrids over the test section, Eq. (28) is used. Fig. 13 illustrates the friction factor that occurs by the lobe swirl 
generator under the variation of working fluids (water & hybrid nanofluids), nanoparticles volume fraction and Re. The overall trend 
shows that the friction factor decreases with an increase in Re and vice versa. Additionally, the friction factor gradually increases as the 
nanoparticle volume concentration increases, which can be explained by the perturbation (disturbance), flow blockage caused by the 
added hybrid nanoparticles, the centrifugal force of the lobe swirl, and turbulent flow fluctuations. The ratio between the friction 
factor at different volume concentrations and the friction factor at the plane tube is illustrated in Fig. 14. The result indicated that the 
maximum difference in friction factor value is 1.53, which is associated with high volume fraction and Re. The result revealed a 
proportional relationship between the friction factor and the increase of nanoparticle volume fraction and high Reynolds number.

5.5. Performance evaluation criteria

To evaluate the Performance Evaluation Criterion (PEC), Eq. (29) has been adopted, which is typically used to quantify the trade-off 
between heat transfer enhancement and the associated pressure loss. The PEC provides a comprehensive measure of thermal per
formance, enabling comparison of different heat exchanger configurations or fluid combinations. According to the experimental data 
implied in A performance evaluation criterion (PEC) greater than one indicates that the enhancement in heat transfer surpasses the 
impact of the friction factor, as observed in previous studies [52]. The result revealed that the highest values of PEC recorded at the Re 
of 25,000 are 1.309, 1.372, 1.41, 1.457 and 1.511 at a volume concentration of 0.15 %, 30 %, 0.45 %, 0.60 % and 0.75 % respectively 
as shown in Fig. 15. Therefore, the improvement in this value of the Re can be attributable to the dramatic augmentation of the friction 
factor at a high Re together with the curvature surface of the lobe swirl generator cross-section. On the other hand, the enhancement of 
the thermal conductivity of hybrid nanoparticles at high concentrations led to overcoming the pressure drop penalty by improving the 
heat transfer. The lobed swirl generator in this study offers a distinctive mechanism that enhances heat transfer, stabilizes particle 
suspension, and optimizes pressure loss, positioning it as a viable solution for advanced thermal control systems. These combined 
features make it a compelling alternative for various applications, especially in sectors where efficient heat exchange and precise fluid 
flow management are critical to overall system performance. The lobe swirl generator plays a crucial role in enhancing thermal 
performance and optimizing fluid flow characteristics. Its primary functions include; (i) increasing swirl intensity, leading to improved 
fluid mixing and heat transfer enhancement [50]. (ii) Due to its advantage of transition parts (entry and exit) [51], it helps sustain the 
uniform dispersion of GO/CuO hybrid nanofluid particles, reducing particle settling. This ensures consistent thermal conductivity and 

Fig. 11. Effect of lobe swirl generator under different volume concentrations and Re on heat transfer.
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prevents sedimentation [60], which is a common challenge in nanofluid applications. (iii) Unlike conventional swirl generators that 
cause excessive pressure drops, the lobed design balances swirl generation and pressure loss, making it more efficient for practical 
applications. This study presents a novel investigation into the thermal performance of a lobed swirl generator in conjunction with a 
GO-CuO/water hybrid nanofluid, addressing critical gaps in heat transfer enhancement techniques. Unlike conventional swirl flow 
devices, the four-lobed swirl generator introduces enhanced flow mixing and turbulence, significantly improving heat transfer effi
ciency while maintaining an acceptable pressure loss. This phenomenon can be attributed to the increase in tangential velocity 
resulting from a decrease in the multiplier (n), as demonstrated by Ariyaratne [51]. A high-performance evaluation criterion 
(PEC) value signifies an enhanced heat transfer rate, as observed in the study [61]. The result also presented a polynomial relation 
between a PEC and a given value of Reynolds number. The outcome is also highly consistent with the result given by Jafari et al. [10].

A key innovation lies in the synthesis and application of the GO-CuO/water nanohybrid at varying volume concentrations (0.15%– 
0.75 % wt.), presenting a unique combination of graphene oxide (GO) and copper oxide (CuO) nanoparticles to optimize thermal 
conductivity and viscosity. The experimental findings demonstrate a notable heat transfer enhancement of up to 1.76, with the highest 
thermal performance factor of 1.51 observed at a high nanoparticle concentration (0.75 %) and a moderate Reynolds number (Re =
25,000). This study provides new insights into the interplay between swirl-induced turbulence, hybrid nanofluid thermophysical 
properties, and flow dynamics, contributing to the advancement of next-generation heat exchanger technologies. The findings hold 
significant implications for energy-efficient thermal management systems, including applications in HVAC, automotive cooling, and 

Fig. 12. Effect of lobe swirl generator under different volume concentrations and Re on heat transfer ratio.

Fig. 13. Effect of lobe swirl generator under different volume concentrations and Re on friction factor.
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industrial heat exchangers.

6. Conclusion

This study investigated the thermal performance of a lobed swirl generator using GO-CuO/water hybrid nanofluid at varying 
volume concentrations (0.15 %–0.75 %) and Reynolds numbers (15,000 to 35,000). The employed geometry consists of two primary 
sections: (1) a lobed swirl device with a length of 200 mm, a twist angle of 360◦, and a pitch-to-diameter ratio of 8 as key influencing 
parameters, and (2) a transition section with a length of 100 mm, which gradually transforms from a circular to a lobed cross-section 
between angles of 45◦ to 90◦ and vice versa. All the physical properties of the hybrid nanofluid are experimentally measured. The 
experimental results demonstrated that the lobed swirl generator significantly enhanced heat transfer from 1.26 to 1.72, with a slight 
increment in friction factor between 1.27 and 1.53. The Performance Evaluation Criterion (PEC) of 1.51 at an optimal volume con
centration of 0.75 % and a Reynolds number of 25,000 has been obtained. The findings highlight the potential of the lobed swirl 
generator to improve heat exchanger efficiency while maintaining an acceptable pressure drop. Despite these promising results, 
further research is required to optimize the design parameters and assess long-term stability. Future studies could explore the impact of 
different swirl geometries, nanofluid compositions, and operating conditions to maximize thermal performance. Additionally, nu
merical simulations combined with experimental validation can provide deeper insights into the underlying flow dynamics and heat 

Fig. 14. Effect of lobe swirl generator under different volume concentrations and Re on friction factor ratio.

Fig. 15. Effect of lobe swirl generator under different volume concentrations and Re on thermal performance.
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transfer mechanisms. Expanding this research to include higher Reynolds numbers and varying working fluids would further establish 
the effectiveness of lobed swirl generators in real-world thermal applications such as HVAC systems, automotive cooling, and in
dustrial heat exchangers.
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