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This study aims to improve the efficiency of heat exchangers and explore the enhancement mechanism 
of the thermal performance characteristics of heat exchange tubes by I-rib twisted tapes and twisted 
winglets (I-RTTW) through experimental research and numerical simulation. The I-RTTW structure 
consists of a central I-type rib and an edge twisted winglet. The key geometric parameters of the 
edge twisted winglet include the wing depth ratio (d/W = 0.096, 0.13, 0.16), the wing width ratio 
(w/W = 0.096, 0.13, 0.16), and a fixed twist angle of 45°. The study uses air as the working fluid to 
systematically analyze the heat transfer performance of the I-RTTW over a range of Reynolds numbers 
(Re) of 6,000–20,000. The experimental results reveal that the I-RTTW significantly improves heat 
transfer through a dual mechanism. First, the edge twisted winglet effectively disrupts the fluid 
boundary layer by inducing secondary flows. Second, the central I-type rib can promote radial mixing 
of the fluid. Further in-depth analysis of the experimental data revealed that a greater winglet 
depth ratio (d/W) increases the longitudinal size of the cutting winglet, thereby disturbing the fluid 
more deeply and increasing boundary layer disruption. An increased winglet width ratio (w/W) 
significantly enhances the fluid mixing effect by expanding the lateral coverage, thereby reducing 
thermal resistance and enhancing heat transfer between the pipe wall and the fluid. In terms of flow 
resistance characteristics, a greater winglet depth ratio directly leads to an increased longitudinal 
size of the cutting winglet. This strengthens the disturbance of fluid, resulting in increased boundary 
layer separation and greater eddy losses. Similarly, an increased winglet width ratio leads to greater 
lateral flow resistance, so that the fluid needs to overcome a larger shear force and higher collision 
losses. This leads to an increased friction coefficient (f). In the current study, the heat transfer rate of 
a pipe equipped with I-RTTWs is about 7 to 26% and 68 to 99% higher than that of a pipe equipped 
with typical tape (TT) and the plain tube, respectively. The friction coefficient is 1.15–1.37 times and 
3.46–4.12 times that of a TT and plain tube, respectively. The comprehensive thermal performance 
index of the pipe with an I-RTTW is as high as 1.29.
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List of symbols
A	� Heat transfer area inside tube surface m2

Cp	� Specific heat, J/kg K
D	� Diameter of test section, m
f	� Friction factor, dimensionless
h	� Convection heat transfer coefficient, W/ m2 K
k	�  Conduction heat transfer coefficient, W/ m K
ṁ 	� Mass flow rate, kg/s
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Nu	� Nusselt number, dimensionless
P	� Pressure, Pa
Pr	� Prandtl number, dimensionless
Q	� Heat transfer, W
Re	� Reynolds number, (ρUD/μ) dimensionless
T	� Temperature, K
T̃  	� Average fluid temperature, K
W	� Tape width, m
y	� Twist length, m
U	� Air velocity, m/s
Greek letters
 α 	� Twist winglet angle, º
µ 	� Dynamic viscosity, kg/m3

ρ 	� Density, kg/ m3

Subscripts
b	� Bulk
conv	� Convection
i	� Inlet
o	� Outlet
w	� Wall
Abbreviations
I-RTTW	� I-rib twisted tape and twisted winglets
TPI	� Thermal performance index
TT	� Typical/Conventional twisted tape

 Tube heat exchangers play a key role in energy-intensive industries such as power generation, chemical 
processing, and HVAC systems1,2. The International Energy Agency (IEA) predicts that global energy 
demand will increase 50% by 20503, which has led to a renewed focus on passive heat transfer enhancement 
technologies as cost-effective solutions for optimizing thermal systems. They can enhance thermal performance 
while effectively controlling pumping power losses. Among numerous passive enhancement strategies, swirl 
generators, particularly twisted tape inserts, have demonstrated unique advantages in enhancing heat transfer 
performance through flow pattern regulation4. These helical structures enhance heat transfer through two 
mechanisms: (1) generating longitudinal vortices that disrupt the development of boundary layers5,6, and (2) 
increasing the tortuosity of fluid mixing paths7. Both mechanisms play a vital role in heat transfer enhancement.

Researchers have optimized the spiral structure parameters and geometric shape, strengthened the boundary 
layer disturbance, and promoted fluid mixing, significantly improving heat transfer performance. Different 
working fluids (water, nanofluids, air) were combined to enable enhanced heat transfer under various scenarios. 
Thejaraju et al.1 designed airfoils of assorted sizes to induce multi-scale vortices that enhance fluid mixing. They 
showed excellent comprehensive performance in the high Reynolds number region. Experiments show that 
when Re = 30,000, a new airfoil strip (Para-Winglet Tape) has a 407% increased Nu compared to a plain tube, an 
846% increased friction coefficient, and a comprehensive performance coefficient (POI) of 2.69. Altun et al.2 
introduced a sinusoidal waveform structure. At Re = 5,000, the twisted wavy tape with an amplitude of D/8 and 
a wave number of 3 had a 37% increased Nu and a 48% greater friction coefficient compared with a typical tape. 
It also had a comprehensive performance factor of 1.43. The design of this waveform significantly improves the 
heat transfer efficiency at low Reynolds numbers by enhancing fluid disturbance and secondary flow. Rubbi et 
al.4 experimentally induced additional vortices through surface structures, significantly enhancing boundary 
layer disturbances and achieving performance optimization while maintaining high heat transfer. Numerical 
simulations showed that a twisted tape with a hemispherical extrusion surface (HES) increased the Nusselt 
number (Nu) by 69.4%. The friction coefficient increased by 149–188% compared with a plain tube at Re = 
4,000–10,000, and the comprehensive performance coefficient reached 1.23. Samutpraphut et al.5 found that a 
serrated structure formed local vortices through periodic flow resistance, further enhancing boundary layer 
disruption. The experimental results showed that when Re = 6,000, the Nu of the sawtooth twisted tape with a 
serration angle of 70° was 186.2% higher than that of a plain tube. The friction coefficient reached 0.135, and the 
comprehensive performance coefficient rose to 1.33. Abdulhamed et al.6 experimentally demonstrated that fluid 
penetrates large pores to form additional mixed flows, significantly reducing resistance while enhancing heat 
transfer, breaking through the performance bottleneck of traditional twisted ribbons. The experiment found that 
twisted tapes with large pores (porosities of 1.3 and 2.7%) performed well under turbulent conditions (Re = 
4,800–9,500). The Nusselt number increased by 87–97% compared to a plain tube, the friction coefficient was 
reduced by 70–94%, and the comprehensive performance coefficient reached 89%. Sedaghat et al.8 found that 
adding a perforated structure to the traditional twisted tape not only maintained the vortex intensity but also 
effectively reduced pressure losses. The experimental results show that the Nusselt number of a 6-blade perforated 
twisted tape in the range of Re = 200–1,000 is 15.24% higher than that of a typical tape. The friction coefficient 
is reduced by 22.26%, and the comprehensive performance coefficient is increased by 18.07%. This design forms 
an additional mixed flow by penetrating the perforations, balancing heat transfer and flow resistance. 
Chuwattanakul et al.9 found through experimental comparison that the fin structure superimposed a longitudinal 
vortex that significantly improved fluid mixing. At Re = 6,000, the Nusselt number of the forward-arranged 45° 
V-shaped rib broken V-ribbed twisted tape was 227% higher than that of a plain tube. Its friction coefficient was 
4.4, and the comprehensive performance coefficient reached 1.38. Fetug et al.10 experimentally demonstrated 
that superposition of a periodic alternating axis structure and baffle-induced longitudinal vortex significantly 
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improved the boundary layer distribution. Experimental results show that the combination of semi-alternating 
twisted tapes and cylindrical baffles performs well under laminar conditions (Re = 500–2,000). When the pitch 
ratio decreases from 5.77 to 1.77, the Nusselt number increases by 35–107% compared with a plain tube. The 
friction coefficient increases from 0.26 to 3.5 Pa, and the comprehensive performance coefficient is improved by 
1.35–1.67 times. Heeraman et al.11 induced additional vortices through a dimple structure, significantly 
enhancing the boundary layer disturbance, and achieved performance optimization while maintaining high heat 
transfer. Experiments have shown that when a twisted tape with a dimple diameter of 4.0 mm and D/H = 3.0 is 
used in a double-tube heat exchanger at Re = 13,987, the Nusselt number is increased by 111% compared with a 
bare tube. Its friction coefficient is 0.1033, and the comprehensive performance coefficient reaches 1.08. Thapa 
et al.12 significantly enhanced the fluid mixing efficiency and optimized heat transfer improvement and flow 
resistance by inducing secondary flow boundary layer disturbance through perforations and an airfoil. Through 
MATLAB simulation, it was found that the composite structure with a twist ratio of 3.0, perforation ratio of 0.05, 
and airfoil ratio of 0.1, had a thermal efficiency of 84.27% at Re = 6,000. This was 29.27% ​​higher than that of a 
plain tube. Thote et al.13 significantly enhanced fluid mixing by inducing a working fluid to pass through a 
trapezoidal cutout to generate additional vortices and disturb boundary layers. This broke through the 
performance limitations of typical tape in low Reynolds number scenarios. Experiments have shown that the 
trapezoidal cutout twisted tape performs well under laminar conditions (Re = 830–1,990). When the twist ratio 
is 3.0, the Nusselt number is increased by 112–356% compared with a plain tube, the friction coefficient is 
0.3126–0.4126, and the comprehensive performance coefficient reaches 1.55–3.56. Smaisim et al.14 compared 
the performance differences between rotating and fixed twisted tapes. They found that the clockwise rotation 
increased Nusselt number by 20.2% compared with the fixed tape at Re = 1,000. A counterclockwise rotation 
further reduced the local thermal resistance by enhancing a reverse vortex. Eiamsa-ard et al.15 significantly 
improved the boundary layer distribution by designing a multiple twisted tape structure to induce vortices. Their 
experiments showed that the Nusselt number of a 6-blade co-directional/counter-directional twisted tape bundle 
increased by 70.6% and the friction coefficient rose by 172.7% compared with a typical tape at Re = 6,000. Its 
comprehensive performance coefficient reached 1.33. The reverse arrangement further improved Nusselt 
number by 1.4–4.1% compared with the co-directional arrangement by enhancing fluid mixing and turbulence 
intensity, while the friction coefficient increased by only 3.0–7.6%. Promvonge et al.16 reduced the pressure drop 
while maintaining high heat transfer by combining the turbulence of the airfoil and vortices generated by a 
twisted tape. The study found that by combining a 30° V-wing with a twin counter-twisted tape, the Nusselt 
number increased by 1.56–2.3 times compared to a bare tube in the range of Re = 5,300–24,000. The friction 
coefficient increased by 2.63–5.76 times, and the best comprehensive performance coefficient reached 1.76. Luo 
et al.17 proposed an asymmetric two-co-twisting oval twisted tube structure. This design enhances the secondary 
flow intensity by periodically changing the flow channel cross-section. It exhibits excellent comprehensive 
performance in the laminar flow region. When the inner and outer tube twist ratio is 1.5, the Nusselt number is 
increased by 97% compared with a straight tube. The friction coefficient only increases by 43.7%, and the 
comprehensive performance coefficient reaches 1.75. Eiamsa-ard et al.18 found that a twin delta-winged twisted-
tape significantly improved the heat transfer of a heat exchanger tube. Compared with a traditional twisted tape, 
the traditional twisted tape-up achieves a better overall performance while maintaining high heat transfer by 
inducing stronger fluid collisions and longitudinal vortices. A smaller wingtip angle produces a more significant 
heat transfer enhancement. Eiamsa-ard et al.19 designed a periodic alternating axis structure, which induces 
additional vortices and significantly improves the boundary layer distribution. The performance of twisted tape 
with uniform alternate length with a shorter alternating length is more significantly improved than that of 
conventional twisted tapes. Samruaisin et al.20 experimentally designed a twisted tube surface that induced 
secondary flow and enhanced twisted band vortices, achieving compact structure optimization while maintaining 
high heat transfer. When the trapezoidal twisted tube and twisted band are combined at Re = 4,500–16,000, the 
Nusselt number is increased by 126–172% compared with a plain tube. The friction coefficient is increased by 
8–12 times, and the comprehensive performance coefficient reaches 1.28. Chang et al.21 experimentally achieved 
a balance between efficient heat transfer and pressure drop in a square tube by promoting fluid mixing through 
longitudinal vortices induced by ribs and grooves. Through numerical simulation and experiments, it was found 
that when Re = 10,000–50,000, the Nusselt number of the twisted belt with inclined ribs and grooves was 
improved by 3.8–4.2 times compared with a smooth tube. The friction coefficient increased by 32.5–40.2 times, 
and the comprehensive performance coefficient reached 1.31. Yu et al.22 experimentally showed that a central 
hollow twisted tape performed best in a twisted elliptical tube. This design significantly reduced the flow 
resistance while maintaining high heat transfer by reducing the fluid blockage area. Its performance was 
improved by 10.06% compared with a traditional twisted tape. Abidi et al.23 found that a combination of CuO 
nanofluid and perforated twisted tape increased the Nusselt number by 70% compared with pure water at Re = 
10,000, and the pressure drop was only 3.5 Pa. Concurrently, the perforated structure significantly improved the 
performance coefficient by 1.6 through reduction of the flow blockage area. Ghasemian et al.24 found that twisted 
tapes disrupt the boundary layer by enhancing swirl flow, achieving compact structural optimization while 
maintaining high heat recovery efficiency. Chen et al.25 designed a method to form an additional mixed flow by 
penetrating a porous structure, which showed an excellent synergistic strengthening effect in the laminar flow 
region. Through two-phase flow simulation, it was found that when Re = 6,000, the Nu of the porous triple 
twisted tape was improved by 15–24% compared with the plain tube. The friction coefficient increased by only 
12–22%, and the comprehensive performance coefficient reached 1.38. Chompookham et al.26 designed a 
sawtooth structure to induce local eddy currents, balancing the heat transfer and pressure drop trade off in low 
Reynolds number scenarios. Experiments show that when Re = 5,114, the Nu of the sawtooth coil is 1.75 times 
higher than that of a plain tube. The friction coefficient is increased by 3.31 times. Hong et al.27 designed a 
corrugated structure to induce the lateral vortex and superimpose swirls generated by the wire coil, which 
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significantly enhanced fluid mixing efficiency. Chithra et al.28 found through numerical simulation that when a 
variable pitch twisted tape is used in a twisted square tube, at a Reynolds number of Re = 1,000, the Nusselt 
number is improved by 82% compared with a smooth tube. The friction coefficient is 3.01 times higher, and the 
comprehensive performance factor reaches 1.32. This design induces additional vortices through a periodic 
alternating axis structure, significantly improving the boundary layer distribution and performance by 15.7% 
compared with a traditional fixed pitch twisted tape. Nuntadusit et al.29studied the heat transfer and flow 
characteristics in several types of transverse perforated rib channels. Through experiments and numerical 
simulations, it was found that inclined perforated ribs significantly improved heat transfer downstream of the 
ribs. Compared with straight perforated ribs and solid ribs, their overall heat transfer performance was better. 
Larger inclination angles produced greater heat transfer enhancement. Eiamsa-ard et al.30 studied the effects of 
inserting tandem wire coil elements in a square pipe on the heat transfer and friction characteristics under 
turbulent flow. The results showed that the coil can improve corner flow by inducing swirl to improve heat 
transfer. The thermal enhancement factor can reach 1.33 at low Reynolds numbers. Samruaisin et al.20studied 
the effect of combining a twisted tube and twisted tape on heat transfer, pressure drop, and thermal performance 
was studied, using a trapezoidal twisted tube and twisted tapes with different twist ratios. Pazarlıoğlu et al.31 
numerically analyzed expansion tubes with varying expansion angles combined with capsule-shaped dimple 
fins. Their results indicated a substantial increase in the average Nusselt number, accompanied by reduced 
entropy and enhanced exergy output. In a separate study, Pazarlıoğlu et al.32 numerically investigated the anti-
icing performance of a NACA0015 airfoil by varying jet-to-surface distance, jet angle, and slot jet aspect ratio. 
Simulations were carried out in ANSYS Fluent using the SST k–ω turbulence model with low-Re corrections. 
Results showed that an aspect ratio of 4.0 at H/d = 4.0 and α = 90° increased the average Nusselt number by 
85.5% compared to a circular jet, albeit with a 307.9% rise in pressure drop. Despite this, the performance 
evaluation criterion remained constant at 1.14. The Nusselt number, friction factor, and thermal performance 
factor of the combined device are higher than those of a single twisted tube and a plain tube. As the twist ratio 
decreases, the heat transfer, friction loss, and thermal performance are enhanced.

Based on the effectiveness verification of twisted tapes as core elements for heat transfer enhancement 
in previous studies, this study innovatively constructed a composite structure of an I-rib twisted tape and 
twisted winglets. Experimental and numerical simulations explored the synergistic heat transfer enhancement 
mechanism. The composite structure achieves heat transfer enhancement through a dual action, as shown in 
Fig. 1: Swirling vortices and turbulence induced by the winglets on the pipe wall effectively disrupt boundary 
layer development and guide the fluid to the central area. Additionally, the I-ribs located in the middle of the 
pipe promote momentum exchange between the wall fluid and the core flow area by generating secondary 
swirling flows, forming a more uniform mixed flow field. The research variables include varying winglet depth 
ratios (d/W = 0.096, 0.13, and 0.16), wing width ratios (w/W = 0.096, 0.13, and 0.16), and a fixed twisted angle 
(45°). Normal air pressure was selected as the experimental working fluid. Systematic tests were conducted in the 
range of Re = 6,000–20,000, keeping other operating parameters consistent.

Experimental design
Continuous I-ribs with twisted tape winglets
A new heat transfer enhancement element used in this experimental, the I-rib twisted tape and twisted winglet 
(I-RTTW) composite structure is shown in Fig. 2. This structure achieves multi-scale control of the flow field 
in the tube to enhance the heat transfer performance through the coordinated design of edge cutting winglets, 
central I-ribs, and twisted spiral structures.

Fig. 1.  Tube fitted with I-rib twisted tape and twisted winglets (I-RTTW).
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The preparation process of an I-RTTW is shown in Fig. 3. First, a continuous I-rib structure is formed in the 
central area of a rectangular aluminum plate (original size, 1200 mm×62 mm×0.8 mm) by mechanical pressing. 
The rib body and edge of the plate are inclined at an α = 75° angle. Then, the prefabricated plate is placed in 
a torsion forming device and subjected to an overall spiral twist ratio (y/W) of 4.0. After twisting, cutting is 
performed along the edge of the plate, and the angle between the cut blade and the edge is controlled at θ = 75° 
to form regularly arranged edge winglets. Finally, each winglet is subjected to a local twist of β = 45° to construct 
a microscale vortex-inducing structure. The geometric parameters of the winglets include winglet depth ratios 
(d/W, the ratio of the winglet expansion depth to the plate width) of 0.096, 0.13, and 0.16, and winglet width 
ratios (w/W, the ratio of the winglet width to the plate width) of 0.096, 0.13, and 0.16. The enhanced heat 
transfer mechanism of this composite structure is as follows. The edge winglets induce micro-scale vortices near 
the tube wall, effectively disrupting boundary layer development and guiding the fluid to the central flow area. 
Concurrently, the I-type ribs in the central area promote momentum exchange between the wall boundary layer 
fluid and the core flow area by generating secondary swirl flow, forming a more uniform mixed flow field. This 
achieves a significant improvement in the convective heat transfer coefficient.

Fig. 2.  Details of I-rib twisted tape and twisted winglets (I-RTTW): (a) Top view of I-RTTW; (b): (1) Side 
View; (2) Cut winglet dimensions wing width (w) wing length (d), I-type rib angle(α); (3) Twist the winglet 
angle(β). (a) picture view, (b) model of I-RTTW.
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Experimental details
As shown in Fig. 4, this experimental system has four parts: a heating section, a flow control section, a temperature 
and pressure measurement section, and a data acquisition system. In the design of the heating section, a copper 
tube with an inner diameter of 62 mm, a wall thickness of 2.0 mm, and a length of 1,500 mm is selected as the 
heating channel. The outer wall of the copper tube is tightly wound with a resistance wire heating element. The 
heating power is precisely controlled with a variable transformer to create a constant heat flux boundary condition 
at the tube wall and ensure the stability of the heat load during the experiment. The air source of the flow control 
section is compressed air. The air flow output by the compressor is adjusted with an orifice flowmeter. Through 
reasonable control, the experimental working conditions cover the turbulent flow range of Reynolds numbers 
(Re) 6,000 ~ 20,000. Additionally, a rectifier is set at the front end of the heating tube inlet. This can effectively 
reduce the unevenness of the incoming flow and ensure that the airflow entering the heating section has good 
stability and uniformity. The temperature and pressure measurement section uses several high-precision sensors 
to measure temperature and pressure parameters. The arrangement of temperature detection is shown in Fig. 5. 
T-type thermocouples are used to measure the temperature. The measuring points are arranged at intervals of 
100 mm along the axial direction of the heating area. A total of 15 temperature measurement sections are set up 
to achieve refined measurement of the fluid temperature distribution. A thermal resistance detector (RTD) is 
installed at the inlet of the heating tube to monitor the inlet temperature, and 4 RTDs are arranged to accurately 
measure the outlet temperature to obtain complete temperature field information. Pressure measurement is 
achieved by installing pressure sensors at the inlet and outlet of the heating tube to obtain flow pressure drop 
data during the experiment. This provided a basis for subsequent flow resistance characteristic analysis. The data 
acquisition system consists of a data acquisition card and a computer, which work together to achieve real-time 
synchronous acquisition of experimental temperature and pressure data. The system has the characteristics of 
high precision and stability, which can effectively ensure the accuracy and integrity of experimental data and 
provide dependable support for subsequent experimental data analysis.

The new enhanced heat transfer element is a twisted tape with pressed I- Ribs on the surface. It is made of 
0.8 mm-thick aluminum sheet and has a width consistent with the inner diameter of the heating tube (62 mm). 
The edge of the twisted tape is designed with a cutting winglet having a torsion angle of 45°. During installation, 
it is fixed by tightly fitting the inner wall of the tube to ensure that there is no significant gap between the tube 
wall and avoid fluid leakage and flow state interference. The twist ratio of the twisted tape is set to 4.0 to explore 
the heat transfer enhancement effect under this structural parameter. During the experiments, the heat flux of 
the tube is maintained, and the Reynolds number is changed by adjusting the air flow rate. The heat transfer 
and flow resistance characteristics of this new twisted tape under turbulent flow conditions are systematically 
studied.

Data summary
Comparison of experimental data with correlation
First, the Nusselt numbers and friction coefficients for the plain tube in this study were evaluated against 
standard correlations for validation. The Dittus–Boelter, Gnielinski, and Blasius correlations35 were employed 
as reference standards.

The Dittus-Boelter correlation is:

Fig. 3.  I-RTTW production process.
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Fig. 5.  Schematic diagram of the temperature measurement section.

 

Fig. 4.  Schematic diagram of the experimental equipment.
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	 Nu = 0.023Re0.8P r
0.4 � (1)

where the validity of Pr and Re is 0.6 ≪ P r ≪ 160, Re > 10, 000.
The Gnielinski correlation is:

	

Nu = (f/8)(Re−1,000)P r

1+12.7
(

f
8

) 1
2

(
P r

2
3 −1

)
� (2)

where the validity of Pr and Re is 0.5 ≪ P r ≪ 2000, 3, 000 ≪ Re ≪ 5 × 106 and f is the Darcy friction 
factor.

The Blasius equation for turbulent flow in tubes for 3, 000 ≪ Re ≪ 5 × 104is:

	 f = 0.316Re−0.25 � (3)

The comparison in Fig. 6(a) shows that within the full range of measured Reynolds numbers, the maximum 
deviations of the experimental Nusselt number data from the Dittus-Boelter and the Gnielinski equations are 
9.82% and 6.61%, respectively. Figure 6(b) compares the experimentally measured friction coefficients with those 
calculated using the Blasius formula. The results show a maximum deviation of 1.21%, with all errors remaining 
below 10%, demonstrating the reliability of the experimental setup and the accuracy of the measurements.

Experimental calculations
In the experiments, the inner wall of the heating tube was set to a constant heat flux boundary condition. The 
inlet air temperature (Ti) was maintained at 25 °C. Heat generated by the heating wire was conducted to the 
inner surface through the tube wall, and then transferred to the air flowing in the tube by convection. Based on 
the principle of energy conservation, the heat absorbed by the air (Qair) is equal to the heat transferred by wall 
convection (Qconv), satisfying the thermal equilibrium relationship.

	 Qair = Qconv � (4)

where Qair is:

	 Qair = ṁCp,air (To − Ti) � (5)

The internal convection thermal performance is determined using the average heat gain in the air:

	
Qconv = hA

(∼
T W − Tb

)
� (6)

where Tb is the average temperature of the bulk flow:

	 Tb = To+Ti
2 � (7)

The average surface temperature (Tw) is determined by measuring the temperature data between the system inlet 
and outlet using thermocouple probes as:

	 Tw =
∑

Tw
15 � (8)

The convective heat transfer coefficient (h) between the air and the test tube wall is defined as:

	

h = ṁCp,air(To−Ti)

A

(
∼
T W −Tb

)
� (9)

where A is the inner surface area of heat transfer and is determined by:

	 A = π DL � (10)

in which D is inner diameter of the test tube.
The Nusselt number (Nu) is determined by:

	 Nu = hD
k � (11)

where k is the air heat conduction coefficient.
µ  represents the viscosity of air. Calculation of the Reynolds number in a circular tube is as follows:

	 Re = ρ UD
µ � (12)

The friction coefficient (f) is calculated from the experimentally measured pressure drop data:
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Fig. 6.  Correlation between plain tube experimental data and standards: (a) Nu and (b) f.
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f = ∆ P

( L
D )

(
ρ U2

2

) � (13)

In thermal performance evaluation, the constant pumping power is usually used as a constraint and expressed 
as TPI33,34, which is calculated as follows:

	 V̇p∆ P p = V̇t∆ P t � (14)

Where V̇p and V̇t represent the volume flow rate through the tube; ∆ P pis the pressure drop without 
turbulators, and ∆ P t is the pressure drop with twisted tapes. Using the Darcy equation to calculate the pressure 
drop and the Reynolds number (Re) under various geometric shapes, the pumping power is proportional to 
fRe3, and Eq. (14) can be rewritten as:

	 fpRe3
p = ftRe3

t � (15)

It is generally accepted in the literature that the friction coefficient of both pipes and pipes with turbulators is 
related to the Reynolds number and follows the following equation:

	 f = aReb � (16)

Under the constraint of constant pumping power, there must be a difference in the mass flow rate (or Reynolds 
number) flowing through the internal enhanced channel and the reference plain tube. This is because, to 
maintain a constant fluid pumping power, the mass flow rate in the smooth channel needs to be increased. Based 
on this, using Eqs. (15) and (16), the Reynolds number Rep of the smooth tube can be expressed as:

	
Rep =

(
at
ap

) 1
3+bp

Re
3+bt
3+bp

t
� (17)

The correlation formula of Nup and fp obtained from the present plain tube in this experiment is as follows35,36:

	 Nup = 0.0027Re1.031
p P r0.4 � (18)

	 fp = 0.3023Re−0.244
p � (19)

Combining Eqs. (15), (19) and (24), the Reynolds number ( Rep) of a plain tube can be expressed as a function 
of the Reynolds number ( Ret) of the I-RTTW:

	 Rep = 2.846Re0.965
t (d/W )0.081(w/W )0.047 � (20)

Under constant pump power conditions, the thermal performance index can be expressed as:

	 T P I = ht
hp

= Nut
Nup

� (21)

Combining Eqs. (18), (23), (20) and (21), the heat transfer efficiency expression of the I-RTTW turbulator can 
be obtained:

	 T P I = 5.8Re−0.156
t (d/W )0.0804(w/W )0.0428 � (22)

Uncertainty calculation
To ensure the reliability of the experimental results, an uncertainty analysis was performed for key parameters, 
including the Reynolds number (Re), Nusselt number (Nu), and friction factor (f). Since both Nu and pressure 
drop measurements inherently contain some degree of uncertainty, the ranges were determined in strict 
accordance with established guidelines37,38. Table 1 presents a comprehensive summary of uncertainties for all 
test parameters, serving as a clear reference for interpreting the results and verifying the findings.

Variables (%) Uncertainties device/Method used

Kinematic viscosity, µ ± 2.11 Curve-fitting formula

Differential pressure, ΔP ± 1.3 Dwyer MS2

Air velocity, U ± 2.41 Hot-wire Anemometer

Thermal conductivity, k ± 3.1 Curve-fitting formula

Air temperature, T ± 0.1 RTD Pt100

Density, ρ ± 2.17 Curve-fitting formula

Power input ± 0.5% Digital Power Meter

Table 1.  Specifications of experimental uncertainties.
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Throughout all test runs, the I-RTTW twist ratio was kept constant at 4.0. The twist ratio (y/W) is defined as 
the axial distance between two corresponding points on a coplanar surface perpendicular to the tape axis when 
the tape is twisted by 180°, divided by the tape width. This dimensionless parameter characterizes the geometric 
configuration of the twisted tape.

Nusselt Number (Nu)

	

∆ Nu

Nu
= 1

Nu

[{
∂

∂ h
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}2
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}2
+
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}2
]0.5

=
{(

∆ h

h

)2
+

(
∆ D

D

)}0.5 � (23)

Where h = q′ ′
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Where q′ ′ = 0.5
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. .

Friction factor (f).
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Where ∆ (∆ P )
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= ∆ h
h

and ∆ Re
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The variability for Re, Nu, and f, were ± 3.39%, ± 3.46%, and ± 5.12%, respectively.

Mathematical model and numerical method
Procedure for resolution
In this study, the finite volume method is used to carry out three-dimensional numerical simulation of the 
periodic flow and thermal characteristics of incompressible air in a circular tube equipped with a continuous 
I-rib twisted tape and twisted winglets (I-RTTW). In order to clarify the research boundaries and simplify 
the analysis process, the following basic assumptions are made: (1) the flow state is steady and the fluid is 
incompressible; (2) the flow form of the fluid flowing through the I-RTTW is turbulent; (3) the effects of natural 
convection and thermal radiation on the flow and heat transfer process are ignored; (4) the thermophysical 
properties of the fluid do not change with temperature. Based on the above assumptions, this study constructs 
a set of governing differential equations to describe the flow and heat transfer behavior of the fluid in a circular 
tube equipped with an I-RTTW. The flow and heat transfer phenomena are jointly governed by the steady-
state three-dimensional forms of the continuity equation, momentum equation, and energy equation. In the 
numerical calculation process, the computational domain is discretized using conventional Cartesian grid cells. 
For the steady-state flow case, the time-averaged incompressible Navier-Stokes equations expressed in Cartesian 
tensor notation can be expressed as follows:

Continuity equation:

	
∂

∂ xi
(ρ ui) = 0 � (26)

Momentum equation:
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Energy equation:
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)
, E = h − p

ρ
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Furthermore, an enhanced wall treatment model was selected for near-wall modeling. Its key advantage lies in its 
ability to adapt to the fine near-wall mesh required for resolving the viscous sublayer, thus laying the foundation 
for accurate simulation of the near-wall flow field. To optimize the I-RTTW mesh size, the Richardson 
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extrapolation technique was used to verify mesh independence for computational meshes with varying mesh 
sizes. During the meshing process, GAMBIT 2.1 software was used to generate triangular meshes for the pipe 
wall and insert surfaces. Local mesh refinement was performed in the boundary layer region, and adaptive mesh 
refinement was also performed during the preliminary calculation phase to ensure mesh accuracy in critical 
areas. The mesh independence scheme was evaluated by comparing the results at different mesh levels (using the 
Nusselt number and friction factor as key indicators).

Periodic boundary conditions were applied to the inlet and outlet boundaries of the flow domain, and the 
velocity profiles were consistent. To simplify the calculations, the physical properties of the air were assumed to 
be constant at the bulk average temperature. Impermeable boundary conditions and no-slip wall conditions were 
applied to the surface and walls of tube I-RTTW. Notably, the dimensionless temperatures at the inlet and outlet 
were identical. The time-independent, incompressible Navier-Stokes equations were discretized using the finite 
volume method. The convection terms were discretized using QUICK (a convective dynamics difference scheme 
with quadratic upstream interpolation), while the diffusion terms were discretized using a central difference 
scheme. The discretized nonlinear equations were solved implicitly, and the pressure field was calculated using 
SIMPLE (a semi-implicit method for pressure-velocity coupling). A fully developed velocity profile was applied 
at the inlet boundary, along with an impermeable boundary condition. Unless otherwise specified, the turbulence 
intensity at the inlet was fixed at 10%. In this study, the RNG k-ε model was used to simulate the turbulent flow 
regime. The calculation continues until the normalized residuals of the algebraic equations meet the convergence 
criteria by a predetermined value—specifically, the residual of the energy equation must be less than 10⁻⁹, and 
the residuals of all other variables must be less than 10⁻⁵. Based on the inlet conditions, a Reynolds number of 
10,000 was used in this calculation.

Numerical calculation results
To better understand the effect of the number of I-RTTW on heat transfer and friction loss characteristics, Figs. 7, 
8, 9 and 10 present streamlines, velocity vectors, turbulent kinetic energy (TKE), fluid temperature, and Nusselt 
number distribution (Nu) at a Reynolds number of 10,000. The streamline contours in Fig. 7 clearly demonstrate 
that the shearing effect of the winglet on the fluid causes significant flow separation and reattachment as the fluid 
flows over the winglet. Notably, this reattachment process induces longitudinal vortices in the wall region, which 
effectively destabilize the boundary layer and enhance heat transfer. Further observation reveals that the flow 
rate between the winglets increases significantly when the winglet depth-to-width ratio is at its maximum. This 
increase in flow significantly enhances the perturbation of the boundary layer, doubling the degree of boundary 
layer disruption. Consequently, this parameter combination significantly improves heat transfer.

Figure 8 shows the distribution of turbulence kinetic energy (TKE) and flow field vectors across the duct 
cross section for different relative winglet sizes (w/W and d/W). Colors from blue to red represent low to high 
turbulence intensity, and arrows represent local velocity vectors. As the winglet size increases, the distribution 
characteristics of the turbulence kinetic energy and its impact on fluid heat transfer show significant changes. 
Under the conditions of w/W = 0.096 and d/W = 0.096, the high turbulence kinetic energy region is primarily 
concentrated near the turbulent element, while the core and some near-wall regions maintain relatively low 
turbulence levels, indicating that the disturbance has limited impact on radial mixing. At this condition, radial 
heat transfer is slow, the thermal boundary layer is less disrupted, and the improvement in convective heat 
transfer is relatively small. When the size increases to w/W = 0.13 and d/W = 0.13, the high turbulence region 
significantly expands, the vortex coverage increases, and the secondary flow intensity increases, resulting in more 
efficient heat exchange between the core flow and the near-wall flow. The thickness of the thermal boundary 
layer decreases, effectively weakening the radial temperature gradient, significantly improving heat transfer 
efficiency. Under the conditions of w/W = 0.16 and d/W = 0.16, the turbulent kinetic energy reaches its highest 
level, the high turbulence region covers almost the entire cross-section, the vortex structure is strong, and the 
disturbance near the wall is particularly significant. The thermal boundary layer is extensively destroyed, and 
the heat transfer capacity reaches its peak. At this point, the secondary flow structure is significantly enhanced, 
the exchange between the core flow and the near-wall flow becomes more frequent, and the radial mixing effect 
is greatly improved. The strong near-wall turbulence effectively weakens the thermal boundary layer, reduces 
the radial temperature gradient, and significantly enhances the heat transfer process. The high turbulent kinetic 
energy and strong secondary flow work together to promote rapid and frequent heat exchange between the 
high-temperature fluid in the core area and the low-temperature fluid on the wall. The thickness of the thermal 
boundary layer is significantly reduced, and the local heat transfer coefficient is significantly improved.

The combined temperature field (Fig. 9) and the surface Nusselt number distribution (Fig. 10) show that with 
increasing the I-RTTW geometric parameters w/W and d/W, the flow disturbance and turbulence within the pipe 
significantly increase, the local Nusselt number on the wall improves overall, and the high heat transfer region 
(red stripe area) expands in both area and intensity, indicating that the overall convective heat transfer capacity is 
enhanced. However, increasing the I-RTTW geometric parameters also leads to increased temperature field non-
uniformity, with the low-velocity recirculation zone and central cold zone behind the torsional band expanding. 
These areas experience slow fluid turnover and weak convective heat transfer, relying primarily on conductive 
heat transfer, resulting in distinct low-temperature and low Nu regions. High Nu stripes spatially correspond to 
regions with large temperature gradients, indicating that vortex scouring of the wall is the primary mechanism 
for local heat transfer enhancement; the low Nu regions between the stripes correspond to areas of relatively 
smooth flow. Overall, d/W = 0.096, w/W = 0.096 maintained good temperature uniformity, but the heat transfer 
enhancement was limited; d/W = 0.13, w/W = 0.13 achieved a good balance between enhancing heat transfer and 
maintaining uniformity; and d/W = 0.16, w/W = 0.16 achieved the highest heat transfer enhancement.
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Experimental results
Effect of cutting winglets on heat transfer
Introduction of cut winglets can significantly improve heat transfer of a pipe by disrupting the laminar boundary 
layer at the tube wall. The enhancement is related to the winglet depth ratio and winglet width ratio parameters.

Effect of wing depth ratio (d/W)
At a fixed wing width ratio, a larger wing depth ratio can achieve better heat transfer. As shown in Figs. 11(a-
b), when the wing depth ratio increases from (d/W) 0.096 to 0.16 with a 0.16 wing width ratio (w/W), the heat 
transfer rate increases from 177 to 199% that of a plain tube, and from 112 to 126% compared with a typical 
tape. Under a 0.13 wing width ratio (w/W), the heat transfer rate in the corresponding wing depth ratio (d/W) 
range increases from 172 to 195% (plain tube), and 109–124% (TT). With a 0.096 wing width ratio (w/W), the 

Fig. 7.  Streamline cloud diagrams under different wing width ratios and wing depth ratios.
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heat transfer rate in the corresponding wing depth ratio range increases from 168 to 185% (plain tube) and 
107–115% (TT). The increased wing depth ratio (d/W) means that the longitudinal size of the cutting winglet 
increases, which can disturb the fluid more deeply and aggravate the boundary layer. In addition, an increased 
wing depth ratio (d/W) further intensifies the generation of streamwise vortices. This intensification increases 

Fig. 10.  Effect of the local Nusselt number for I-RTTW at Re = 10,000.

 

Fig. 9.  The influence of I-RTTW on the temperature field at Re = 10,000.

 

Fig. 8.  Effect of flow field and turbulent kinetic energy on I-RTTW at Re = 10,000.
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Fig. 11.  Effect of I-RTTW on the Nusselt number: (a) Nu and (b) Nu/NuP.
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fluctuations in the near-wall velocity and temperature fields, further disrupting the viscous sublayer. The optimal 
heat transfer effect is achieved when the wing width ratio (w/W) is 0.16, and the Nusselt number (Nu) is maximal 
in each group of experiments under this parameter.

Effect of wing width ratio (w/W)
It can be seen from Figs. 12(a-b) that when the wing depth ratio is fixed, a larger wing width ratio improves the 
mixing efficiency by expanding the fluid movement area. At a wing depth ratio (d/W) of 0.16, when the wing 
width ratio (w/W) increases from 0.096 to 0.16, the heat transfer rate increases from 181 to 199% compared 
with a plain tube, and from 115 to 126% compared with a TT. With a wing depth ratio (d/W) of 0.13, the 
heat transfer rate in the corresponding wing width ratio (w/W) range increases by 185–192% (plain tube) and 
117–122% (TT), both of which increase at greater wing width ratios (w/W). At a wing depth ratio (d/W) of 0.096, 
the heat transfer rate in the corresponding wing width ratio (w/W) range increases by 168–177% (plain tube) 
and 107–112% (TT), both increasing with greater wing width ratios (w/W). The enhancement mechanisms are 
closely related to the interaction between the increased winglet span and the boundary layer dynamics. A larger 
wing width ratio (w/W) extends the disturbance region further along the tube circumference, engaging a greater 
portion of the near-wall flow. This expanded disturbance region induces stronger cross-stream mixing, which 
promotes the exchange of fluid from the tube core with fluid in the near-wall region. As a result, the thermal 
boundary layer is thinned over a larger circumferential area, reducing the overall thermal resistance between the 
wall and the bulk fluid.

Effect of cutting winglets on the friction factor
The experiments analyze the variation of the friction coefficient of an I-RTTW (I-rib twisted tape and twisted 
winglet) tube with Reynolds number, revealing the quantitative effects of wing depth ratio (d/W) and wing width 
ratio (w/W) on fluid resistance characteristics.

Effect of wing depth ratio (d/W)
As shown in Figs. 13(a-b), at a fixed width ratio (w/W), the friction coefficient increases monotonically with the 
increased wing depth ratio (d/W). When the width ratio (w/W) is 0.16, the friction losses increase from 366 to 
412% compared with a plain tube, and from 122 to 137% over that of a TT when the wing depth ratio (d/W) 
increases from 0.096 to 0.16. At a width ratio (w/W) of 0.13, the increased friction losses in the corresponding 
wing depth ratio (d/W) range are 356–403% (plain tube) and 119–134% (TT). When the width ratio (w/W) 
is 0.096, the increased friction losses in the corresponding wing depth ratio range are 346–372% (plain tube) 
and 115–127% (TT), both of which significantly increase with greater wing depth ratios (w/W). As the wing 
depth ratio (d/W) increases, the longitudinal size of the cutting wing increases directly, which enhances the 
disturbance resistance to the fluid, resulting in intensified boundary layer separation, increased eddy loss, and 
uneven fluid density on the same cross section, causing strong friction loss. Therefore, when the wing depth ratio 
(d/W) is 0.16, the friction coefficient reaches the experimental maximum value.

Effect of wing width ratio (w/W)
As shown in Figs. 14(a-b), when the wing depth ratio (d/W) is fixed, a larger wing width ratio further increases 
the friction losses by expanding the fluid action area. When the wing depth ratio (d/W) is 0.16, and the wing 
width ratio increases (w/W) from 0.096 to 0.16, the friction losses compared with a plain tube increase by 372–
412%, and by 124–137% compared to a TT. With a 0.13 wing depth ratio (d/W), the friction losses increase 
in the corresponding wing width ratio range by 381–394% (plain tube) and 127–131% (TT). At a wing depth 
ratio (d/W) of 0.096, the friction losses increase over the corresponding wing width ratio range by 346–366% 
(plain tube) and 115–122% (TT), which generally shows an increase with greater wing width ratios (w/W). The 
data show that wider winglets produce larger vortices in the radial direction. The increase in radial vortices is 
accompanied by an increase in flow resistance. The fluid must overcome greater radial shear forces and collision 
losses, especially when the winglet width ratio reaches 0.16, the friction coefficient reaches the experimental 
maximum value.

Effect of cutting winglets on the thermal performance index
Effect of wing width ratio (w/W)
A larger wing width ratio can improve heat transfer by expanding the lateral coverage of the wing, enhancing 
the lateral mixing effect of the fluid, and thereby reducing thermal resistance at the wall. As shown in Fig. 15(a), 
when the wing depth ratio is fixed, the TPI value increases monotonically at greater wing width ratios. When 
the wing depth ratio (d/W) is 0.16, the wing width ratio increases from 0.096 to 0.16, and the TPI increases 
from about 1.03 to 1.29. At high Reynolds numbers (Re = 20,000), the effect of the wing width ratio tends to be 
minimal. However, at low Reynolds numbers, wide winglets can more effectively promote mixing, significantly 
increasing the TPI. The increased wing width ratio (w/W) improves heat transfer by enlarging the mixing 
area. Although the resistance increases, the greater Nusselt number exceeds the increased friction factor, so 
the TPI continues to rise. At a 0.16 wing width ratio (d/W), the lateral mixing effect is optimal, and the overall 
performance is the highest.

Effect of wing depth ratio (d/W)
When the wing depth ratio (d/W) increases, the longitudinal dimension of the wing is greater, which can 
more deeply disturb the fluid, aggravate boundary layer disruption, and induce stronger secondary flow. This 
disturbance promotes momentum exchange between the wall fluid and the core flow area, thereby improving 
heat transfer, but it also increases fluid resistance. As shown in Fig. 15(b), at a fixed wing width ratio (w/W), the 
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Fig. 12.  Effect of I-RTTW on the Nusselt number: (a) Nu and (b) Nu/NuP.
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Fig. 13.  Effect of I-RTTW on the friction factor: (a) f and (b) f/f.
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Fig. 14.  Effect of I-RTTW on the friction factor: (a) f and (b) f/f.
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Fig. 15.  Effect of I-RTTW on the TPI: (a) w/W and (b) d/W.
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TPI value increases monotonically with greater wing depth ratios. At a wing width ratio (w/W) of 0.16, the wing 
depth ratio increases from 0.096 to 0.16, and the TPI increases from 1.0 to 1.29. At low Reynolds numbers (e.g., 
Re = 6,000), the influence of the wing depth ratio is more significant. A larger wing depth ratio can effectively 
disrupt the boundary layer at low flow rates, resulting in a greater increase in TPI. An increased wing depth ratio 
has a greater effect on heat transfer than that of increased flow resistance, so the TPI shows an upward trend.

Fig. 16.  Experimental data versus predicted values: (a) Nu, (b) f, and (c) TPI.
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Correlations
This study uses the least squares regression analysis method to systematically construct experimental correlations 
of Nusselt number (Nu), friction coefficient (f), and thermal performance index (TPI) for heat exchange tubes 
equipped with I-rib twisted tapes and twisted winglets (I-RTTW). Using air as a test fluid, experimental research 
was done under turbulent conditions. The wing depth ratio (d/W), wing width ratio (w/W), and Reynolds number 
(ranging from 6,000 to 20,000) were independent variables. Through in-depth analysis of the experimental data, 
the following empirical correlations were obtained:
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d

W

)0.164(
w
W

)0.091
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As shown in Fig. 16, this study systematically compares experimentally measured data (Nuexp, fexp, and TPIexp) 
with the model predictions (Nupred, fpred, and TPIpred). For the I-rib twisted tape with twisted winglets, the 
deviations between the experimental and predicted values ​​for Nusselt number (Nu), friction coefficient (f), and 
thermal performance index (TPI) are ± 1.29%, ± 1.55%, and ± 0.17%, respectively. Based on the above analysis, 
these correlations can be used to reliably estimate Nu, f, and TPI.

Comparison of present data
As shown in Figs. 17 and 18, and 19, the aerodynamic Nu/Nup, f/fp, and thermal performance index (TPI) data 
of the I-rib twist-tape and twist-tape winglets were compared in this study with those reported in previously 
published literature [5, 9, 19, 26, 27, 30, and, 40–42]. Under turbulent conditions, the TPI value of the I-RTTW 
is significantly higher than that of a Sawtooth twisted tape5, Broken V-ribbed twisted tape9, Twisted tapes with 
non-uniform alternate length19, Serrated wire coil26, Traverse corrugated tube27, Tandem wire coil elements30. 
Continuous V-Rib twisted tapes39, Trapezoidal and twisted trapezoidal tapes40 and Double V-ribbed twisted-
tapes41.

Figure 17 shows that the Nusselt numbers for the tube with I-rib twisted tape and twisted winglets (I-RTTW) 
in the present study are significantly higher than those reported in most previous works. Only the serrated wire 
coil26, traverse corrugated tube27, and tandem wire coil elements30 exhibit comparable Nusselt numbers. Figure 
18 indicates that the friction factors in the current study are close to the average of all cases and remain lower 
than those of the serrated wire coil26, traverse corrugated tube27, and tandem wire coil elements30. Considering 
both Nusselt numbers and friction factors, the resulting thermal performance indices (TPI) of the I-RTTW are 

Fig. 16.  (continued)
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Fig. 18.  Comparison of friction factors with previous works.

 

Fig. 17.  Comparison of Nu/Nup with previous works.
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higher than those of the other configurations. These comparisons suggest that the I-rib twisted tape with twisted 
winglets is the most promising heat transfer enhancement device for energy-efficient applications.

Based on the above research findings, subsequent research will focus on optimization of the I-RTTW 
geometric structure, aiming to further improve its thermal performance index (TPI) and provide a theoretical 
basis and technical support for engineering applications of enhanced heat transfer technology.

Conclusions
The flow structure and heat transfer characteristics of heat exchange tubes equipped with I-rib twisted tape and 
twisted winglets (I-RTTW) were experimentally investigated. The effects of wing depth ratio (d/W = 0.096, 0.13, 
and 0.16) and wing width ratio (w/W = 0.096, 0.13, and 0.16) on heat transfer were investigated under turbulent 
conditions with Re values ranging from 6,000 to 20,000. The main research results are as follows:

	1.	 The I-rib twisted tape with twisted winglets (I-RTTW), having a larger wing depth-to-width ratio, generates 
stronger radial vortices that reduce the thermal boundary layer and radial temperature gradient, thereby 
significantly enhancing heat transfer efficiency.

	2.	 The I-rib generates longitudinal vortices that enhance boundary layer disruption and fluid mixing, thereby 
improving thermal performance.

	3.	 At a given Reynolds number, increasing the wing depth and wing width ratios results in enhanced heat trans-
fer and flow resistance. The Nusselt number (Nu) increases by a factor of 1.78–1.99 compared to a plain tube, 
while the friction factor (f) rises by 3.76–4.11 times.

	4.	 The TPI reaches a maximum value of 1.29 when both the wing depth ratio (d/W) and wing width ratio 
(w/W) are 0.16.

	5.	 The deviations the experimental results from the correlation equations for Nu, f, and TPI and are ± 1.29%, 
± 1.55%, and ± 0.17%, respectively, demonstrating the high accuracy of the correlations.

	6.	 This study did not investigate the effects of varying the central I-rib angle or the twist angles of the winglets 
on heat transfer, friction factor, or thermal performance. Future work will explore these parameters to op-
timize the balance between heat transfer enhancement and flow resistance, improving TPI and guiding the 
design of efficient heat exchange equipment.

Data availability
“The datasets generated during the current study are not publicly available due to the deal with National Science, 
Research and Innovation Fund (NSRF) but are available from the corresponding author on reasonable request.”
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Fig. 19.  Comparison of TPI with previous works.
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