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Thermal efficiency is a fundamental criterion in the design and operation of heat exchangers because it provides a clear
view of the thermal behaviour and reliability of the system. Integrating vortex generators (VGs) with heat exchangers often

Ahmed Rahmani

increases turbulence and enhances the heat transfer rate but at the cost of increased pressure drops. This study aims to eense
maximise the thermal enhancement factor (TEF) in fin-tube heat exchangers by optimising the radial distance, hole width z::erm’: is “C‘:;:j:
and angular position of curved winglet vortex (CRW-VGs). C ral fluid dynamics analysis Commons  Attrbution-
is utilised to investigate how variations in radial distance and hole width influence CRW-VG performance. Parameters such NonCommercial 40
as TEF, Nusselt number ratio, friction factor ratio and flow regime were examined. The results show that smaller radial International License.
distances suppress mixing vortices and enhance TEF, while larger hole widths generate strong jet flows and increase heat

transfer rates. The highest TEF of 1.075 is achieved at an angular position of 120° a hole width of 0.5 H and a radial

distance of 1.25. The study reveals that optimising the geometric parameters of VGs is proven satisfactory for enhancing

heat transfer performance and minimising pressure drop. Keywords
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Dear editors and reviewers,
Thank you for your essential suggestions regarding our manuscript. We attach the revised
manuscript through this journal system. We have marked the revised manuscript with yellow color

for reviewer #A, blue color for reviewer #B, blue color for All reviewer.

REVIEWER A

1) Many studies have been conducted in this field. Specifically, what distinguishes the current work from
other manuscript? The novelty of the manuscript has not been adequately articulated.

2) The introduction requires fundamental revision. The presented literature review is extremely weak.
3) The manuscript requires a comprehensive revision in terms of both stylistic and literary quality.

4) Please express the boundary conditions in mathematical form.

5) For the convergence assessment of the numerical solution, have only the residuals been checked?

6) An in-depth discussion about the results should be provided.

7) The Conclusions section needs to be improved, presenting a better discussion based on results.

8) In the manuscript, merely describing the trends of the figures is insufficient; a physical interpretation
and analysis of the figures must be provided.

9) Including figures depicting flow streamlines could be beneficial.

10) The numerical solution methodology should be clearly presented.

11) Is a thermal enhancement factor of 1.075 cost-effective? Is it economically feasible considering the

manufacturing costs of the vortex generator?

Our Response

1) We sincerely thank the reviewer for this important comment. We acknowledge that the novelty and
distinguishing contributions of the manuscript were not sufficiently emphasized in the previous version.
In the revised manuscript, we have carefully clarified and explicitly articulated the unique contributions
of this study.

Specifically, the novelty of the present work lies in:

1. The integrated parametric investigation of both geometric perforation (hole width) and positional
configuration (radial distance), which have predominantly been examined independently in
previous studies.

2. The development of a performance-based geometric optimization framework that evaluates the
coupled thermal-hydraulic effects of these two design variables.

3. The application of this framework to Circular Ring Winglet Vortex Generators (CRWVGs), for

which systematic optimization studies remain limited.



In addition, we have revised the Introduction (line 28 Page 3 to line 10 page 4) to clearly define the research
gap and added a dedicated paragraph explicitly stating the novelty and main contributions of the study. We

believe these revisions now clearly distinguish our work from existing literature.

2) Thank you for this valuable comment. We fully acknowledge that the previous version of the
Introduction did not sufficiently establish the scientific background and research gap. In the revised
manuscript, we have fundamentally restructured the Introduction section.

Specifically, we have:

1. Expanded the literature review by incorporating recent and high-impact studies published in the
last 5-7 years and synthesizing them into a coherent and well-structured narrative that provides a
stronger theoretical foundation for the study.

2. Clearly identified the research gap and limitations in prior studies.

3. Explicitly highlighted the novelty and contribution of our work.

These revisions can be found in Pages 2—4 of the revised manuscript. We believe that the Introduction is

now significantly improved and provides a stronger theoretical and contextual foundation for the study.

3) We sincerely thank the reviewer for this constructive comment. In response, the manuscript has
undergone a comprehensive language revision to improve clarity, coherence, and overall academic style.
The entire text has been carefully proofread and professionally edited by a native English speaker (or
professional language editing service) to ensure grammatical accuracy, consistency in terminology, and
improved readability.

We believe that these revisions have substantially enhanced the stylistic and literary quality of the

manuscript. A professional English editing certificate has been obtained and can be provided upon request.

4) We thank the Reviewer for this constructive comment. In the revised manuscript (Section 2.3), the
boundary conditions have been explicitly expressed in mathematical form, with all symbols clearly
defined, to improve clarity and numerical reproducibility. The applied boundary conditions are
summarized as follows:
Inlet (velocity inlet)

u = (U, 0,0), T =T,
where u is the velocity vector, u;,is the uniform inlet velocity, and T;,is the inlet air temperature.

Outlet (pressure outlet)

D = Pout



c')u_ oT
on_ on

where p,,: is the reference outlet pressure and ndenotes the outward normal direction at the outlet

=0

boundary.
Solid walls (tube, fins, and vortex generators)

u=20

T=T,
where T,,is the constant wall temperature imposed on the tube surface.
Periodic boundaries (transverse/spanwise direction)

$(x,y,z) = dp(x,y,z+P)

where ¢represents the dependent flow variables (velocity components, pressure, and temperature), and Pis

the periodic pitch length, as shown in pages 6 — 7.

5) We thank the Reviewer for this important comment. The convergence of the numerical solution was not
evaluated solely based on residual reduction. A comprehensive convergence assessment combining
residual-based, physical-based, and grid-independence criteria was employed to ensure numerical accuracy
and physical reliability, in page 8.

First, the normalized residuals of the governing equations were monitored throughout the iterative
process. Convergence was assumed when the residuals of continuity and momentum equations decreased
below 10, while a stricter criterion of 10~8was imposed for the energy equation, due to the heat-transfer-
focused nature of the present study.

Second, in addition to residual monitoring, several global physical quantities were tracked to
confirm solution stability. These quantities include the average Nusselt number (Nug,,4), friction factor (f),
and outlet bulk temperature (T,,;). The solution was considered physically converged only when the
relative variation of these parameters over 500 successive iterations satisfied:

d)(n) _ ¢(n—500)
™

| < 0.1%

where ¢represents Nug,g, f, Or Toye, and ndenotes the current iteration.
Furthermore, a grid independence study was performed using four progressively refined grids,
ranging from 600,641 to 915,422 elements. The relative differences in both Nu,,gzand fbetween the two

finest grids were found to be less than 0.1%, confirming that the numerical results are independent of mesh

resolution. Details of the grid independence test are provided in Table 1 of the revised manuscript.



6) We sincerely thank the Reviewer for this valuable comment. In the revised manuscript, the Results and
Discussion section has been substantially expanded to provide a deeper quantitative and physical
interpretation of the numerical findings rather than merely describing observed trends. The revisions have
been incorporated in the revised manuscript (Pages 11-18).

Specifically, the enhancement in heat transfer is now analyzed in relation to the vortex generation
mechanism induced by the CRW-VGs. The results show that the maximum normalized Nusselt number
(Nu/Nuygy) occurs at an angular position of 120°, reaching 1.140 for the 0.25H hole width and 1.19 for the
0.5H hole width. These correspond to heat transfer enhancements of approximately 14% and 19%,
respectively, compared to the baseline configuration. This improvement is attributed to stronger
longitudinal vortices and intensified jet-induced mixing, which thin the thermal boundary layer and increase
the local temperature gradient at the tube surface.

The friction characteristics were also analyzed quantitatively. At « = 120°and r/R = 1.25, the
normalized friction factor (f/f,) reaches 1.193 for the 0.25H hole width and 1.165 for the 0.5H hole width,
indicating increased momentum dissipation due to stronger vortex formation and flow separation. However,
at moderate angular positions (60°—90°), the friction factor decreases, demonstrating a more favorable
balance between mixing intensity and flow resistance.

Furthermore, the influence of radial placement was clarified. Increasing the radial distance from r/R =
1.25to 1.5 reduces the friction factor while slightly decreasing heat transfer enhancement, indicating that
vortex—wake interaction weakens as the CRW-VGs move farther from the tube surface.

To provide a comprehensive thermo-hydraulic evaluation, the Thermal Enhancement Factor (TEF)
was analyzed. The maximum TEF values of 1.075 (0.25H) and 1.064 (0.5H) were obtained at « = 120°and
r/R = 1.25. These values indicate overall performance improvements of approximately 7.5% and 6.4%,
respectively, when both heat transfer augmentation and pressure drop penalties are considered
simultaneously.

Additionally, the velocity, pressure, and temperature contours were reinterpreted to explain the
physical mechanisms governing these trends. The jet flow emerging from the perforated CRW-VGs
mitigates wake recirculation behind the tube, weakens stagnation regions, and promotes longitudinal vortex
development. At moderate angular positions, coherent vortices enhance convective transport efficiently. At
larger angles, excessive flow separation increases pressure loss, explaining the observed thermo-hydraulic
trade-off.

The variation of Nu/Nuo with angle demonstrates a strong dependence on vortex stability and secondary
flow development generated by the CRW-VGs. At lower angles (30°-60°), the winglets induce relatively
weak longitudinal vortices, resulting in moderate boundary layer disruption and limited heat transfer

enhancement. As the angle approaches 75°-90°, the vortex structure becomes less coherent, and partial



flow recirculation reduces mixing efficiency, leading to the observed minimum in Nu/Nuo. The maximum
enhancement occurring near 120° indicates the formation of stable and well-developed longitudinal
vortices that intensify cross-stream mixing and effectively thin the thermal boundary layer, thereby
maximizing heat transfer. Beyond this angle (135°-150°), excessive flow separation and vortex
breakdown reduce vortex coherence, diminishing thermal performance despite increased flow
disturbance.

The influence of hole width further clarifies the underlying flow mechanisms. A smaller hole width
(0.25H) generates more concentrated and energetic vortices, producing sharper peaks in Nu/Nuo due to
stronger shear layer interaction and localized boundary layer thinning around the tube surface. In contrast,
a larger hole width (0.5H) allows partial flow penetration through the perforation, which weakens the
vortex core strength but promotes more stable and distributed secondary flows, resulting in smoother
performance trends. Additionally, increasing the radial distance to r/R = 1.5 enhances the interaction
between the induced vortices and the tube wake region, improving momentum and thermal energy
exchange. These combined effects confirm that the heat transfer enhancement is governed by the balance
between vortex strength, flow stability, and boundary layer disruption, with 120° representing the most

effective configuration for vortex-induced thermal augmentation.

7) Thank you for your valuable comment. We agree that the previous version of the Conclusions section
was relatively concise and did not sufficiently elaborate on the interpretation of the results. In the revised
manuscript, the Conclusions section has been substantially improved by:

1. Providing a clearer synthesis of the main findings.

2. Adding a deeper discussion linking the results to the research objectives.

3. Highlighting the scientific contribution and practical implications of the study.
We believe these revisions have strengthened the discussion and improved the overall quality of the

Conclusions section.

8) We sincerely thank the Reviewer for this constructive comment. In the revised manuscript, the
discussion of all figures has been substantially strengthened to provide detailed physical interpretations
rather than merely describing graphical trends.

Specifically, the velocity, pressure, and temperature contours (Figures 7—12) are now analyzed in
terms of vortex generation, jet-induced mixing, boundary layer disruption, wake suppression, and flow
separation behavior. The discussion explicitly links these flow phenomena to the quantitative variations
observed in the normalized Nusselt number (Nu/Nu,), friction factor (f/f,), and Thermal Enhancement
Factor (TEF).



For example, the maximum heat transfer enhancement at « = 120°, where Nu/Nugyreaches 1.140
(0.25H) and 1.19 (0.5H), is now explained by the formation of stronger longitudinal vortices and intensified
jet interaction from the perforated CRW-VGs, which thin the thermal boundary layer and increase the wall
temperature gradient. Similarly, the corresponding rise in friction factor (up to f/f, = 1.193and 1.165) is
interpreted as a consequence of increased momentum dissipation and localized flow separation at higher
angular positions.

Additionally, the reduction of friction factor at moderate angles (60°—90°) is physically explained
by smoother wake behavior and weaker separation zones, as evidenced by the velocity and pressure
contours. The temperature distributions are also interpreted to demonstrate how wake suppression and

vortex—boundary layer interaction contribute to enhanced convective heat transfer.

9) Including figures depicting flow streamlines could be beneficial.

10) We sincerely thank the Reviewer for this valuable comment. We agree that the numerical solution
methodology should be presented in a clearer and more structured manner to ensure transparency and
reproducibility. Accordingly, the revised manuscript has been substantially improved in Sections 2.1-2.5 to
explicitly describe the complete numerical procedure, including the physical modeling assumptions,
discretization strategy, turbulence modeling, convergence criteria, grid independence analysis, and
validation process (Pages 9 — 10).
The numerical methodology employed in this study is summarized as follows:
1. Numerical Approach
The three-dimensional steady-state governing equations of mass, momentum, and energy were
solved using the Finite Volume Method (FVM). The airflow was assumed to be incompressible,

Newtonian, and turbulent with constant thermophysical properties.

2. Turbulence Model
Turbulence effects were modeled using the shear stress transport (SST) k—® model. This model
was selected due to its proven capability in accurately predicting adverse pressure gradients and
flow separation phenomena, which are expected in fin-tube heat exchangers equipped with curved

rectangular winglet vortex generators (CRW-VGSs).

3. Discretization Scheme and Pressure—Velocity Coupling



The convective terms of the momentum and energy equations were discretized using a second-
order upwind scheme to improve numerical accuracy. Pressure—velocity coupling was handled

using the SIMPLE algorithm to ensure stable and accurate convergence.

Grid Strategy and Mesh Independence

A non-uniform mesh was generated with refined inflation layers near the tube and vortex generator
surfaces to properly resolve velocity and thermal boundary layers. A grid independence study was
conducted using four progressively refined meshes ranging from 600,641 to 915,422 cells. The
variation in the average Nusselt number and friction factor between the two finest meshes was less
than 0.1%, confirming mesh-independent results. Therefore, the mesh consisting of 822,157 cells

was adopted for all simulations.

Convergence Criteria

Convergence was achieved when the residuals of continuity and momentum equations were
reduced below 107°, and the energy equation residual was reduced below 107 In addition to
residual monitoring, global performance parameters such as the average Nusselt number and

pressure drop were monitored to ensure physical stability of the solution.

Model Validation

The numerical model was validated against the reference data reported by Oh et al. The deviation
of the predicted Nusselt number ranged between 2%-6%, while the deviation in friction factor
ranged between 4%-8%. These deviations fall within acceptable limits, confirming the reliability

of the adopted numerical methodology.

11) We sincerely thank the Reviewer for highlighting the importance of evaluating the economic relevance
of the obtained Thermal Enhancement Factor (TEF).

In the present study, the maximum TEF achieved is approximately 1.075, which corresponds to a 7.5% net

improvement in thermo-hydraulic performance under constant fan power conditions. By definition,

Nu/Nuy,

N TITSTE



A TEF value greater than unity indicates that the enhancement in heat transfer outweighs the
associated increase in flow resistance when evaluated under equal fan power input. Therefore, the obtained
TEF confirms that the perforated CRW-VG configuration provides a thermodynamic advantage without
imposing a disproportionate pressure penalty.

It is important to note that in air-side fin-and-tube heat exchangers, even moderate improvements in overall
performance (5-10%) can be practically significant. A 7.5% enhancement may result in:

e Reduction in required heat transfer surface area for the same cooling capacity,

o Lower fan operating time to reach target thermal conditions,

e Potential reduction in system energy consumption over long-term operation,

e Improved compactness of the heat exchanger core.

Regarding manufacturing feasibility, the proposed curved rectangular winglet vortex generators (CRW-
VGs) are passive devices fabricated from thin sheet material and integrated directly into the fin structure.
The addition of perforations can be achieved using standard stamping or punching processes that are already
common in fin production lines. Consequently, the incremental manufacturing cost is expected to be
minimal, particularly in large-scale production.

Furthermore, the perforated configuration contributes to mitigating excessive pressure rise compared
to solid vortex generators, thereby reducing the burden on the fan system. This balance between heat

transfer enhancement and controlled pressure penalty supports the economic viability of the design.

REVIEWER B

1. The manuscript requires professional English proofreading. Several sentences contain
grammatical errors and awkward phrasing that affect clarity and readability. A thorough language
revision is strongly recommended before further consideration.

2. Some paragraphs throughout the manuscript are too short and fragmented, which disrupts the
logical flow of the discussion. The authors are advised to merge related short paragraphs where
appropriate to improve coherence and readability.

3. Symbols such as Nu/Nuo, f/fo, and 1/R are not consistently formatted in terms of subscripts and
notation. The manuscript would benefit from a dedicated Nomenclature section that clearly
defines all symbols and ensures consistency throughout the paper.

4. The statement “While studies like that of Oh et al.,” is incomplete and not properly cited. Please
revise the sentence structure and ensure that the citation is formatted correctly and clearly linked

to the corresponding reference.



10.

11.

The quality of Figure 1 needs improvement. Some text and dimensional labels are not clearly
visible, which makes it difficult to interpret the geometry and parameters. Please provide a
higher-resolution figure with clearly readable annotations.

Figure 1 appears to contain three different illustrations. However, the manuscript does not clearly
explain the differences between these subfigures. Please clarify in detail what each subfigure
represents and how they differ from one another.

Please carefully re-examine the governing equations section. The equations are not clearly
presented and appear incomplete. All conservation equations should be explicitly written and
consistent with the stated assumptions and turbulence model.

After conducting the Grid Independence Test (GIT), which mesh configuration was ultimately
selected for the final simulations? Please clearly state the selected number of elements and justify
the choice.

There is a serious inconsistency in Section 3.2. The manuscript reports maximum TEF values of
1.075 and 1.064, but later states that TEF exceeds 1.5 at o = 120°. This numerical inconsistency
raises concerns about data reliability. The authors must verify the results, re-check Figure 13, and
correct the reported maximum TEF values.

References [7] and [23] appear to be identical. Similarly, references [18] and [21], as well as [20]
and [22], seem to be duplicated. Please carefully review and correct the reference list to eliminate
redundancy.

The reported maximum TEF value of approximately 1.07 represents only about a 7%
improvement. In the heat exchanger enhancement literature, TEF improvements typically range
from 1.2 to 1.5. The authors should justify the engineering significance of this relatively modest
enhancement, particularly considering the added manufacturing complexity of perforated vortex

generators.

Our Response

L.

Thank you for the constructive suggestion. The manuscript has been carefully proofread and edited
by a professional English language editing service to enhance clarity, grammatical accuracy, and
readability. All identified language issues have been corrected in the revised manuscript.

Thank you for the insightful comment. The manuscript has been carefully revised to improve
logical flow and coherence. Short and fragmented paragraphs have been merged where appropriate
to enhance readability and ensure smoother transitions between related ideas. We believe the overall

structure and discussion are now more cohesive in the revised version.



Thank you for the valuable suggestion. All symbols and notations have been carefully standardized
throughout the manuscript to ensure consistency in subscripts and formatting. In addition, a
dedicated Nomenclature section has been added on Page 24 to clearly define all symbols and
parameters used in the study.

Thank you for the careful observation. The citation has also been corrected and properly formatted
to clearly correspond to the appropriate reference in the reference list. The revised sentence now
provides a complete and coherent comparison within the context of related studies.

Thank you for your thoughtful comment. We sincerely appreciate your attention to detail. In
response, we have carefully revised Figure 1 to enhance both its visual quality and readability. We
are pleased to provide a higher-resolution version, with all dimensional labels, symbols, and
annotations enlarged and reformatted for better clarity.

Thank you for this valuable comment. We have revised the description of Figure 1 to clearly explain
the content and differences of each subfigure. The revised manuscript now explicitly describes the
purpose of each subfigure in the figure caption and within the main text to ensure that readers can
clearly distinguish between the global domain, the vortex generator geometry, and the perforation-
related parameters. This clarification has been incorporated in the revised version of the manuscript.
Thank you for the careful observation. The Governing Equations section has been thoroughly
revised to ensure clarity and completeness. All conservation equations, including continuity,
momentum, and energy equations, are now explicitly written and properly formatted. The equations
have also been aligned with the stated assumptions of steady-state, incompressible, and turbulent
flow conditions. In addition, the description of the SST turbulence model has been clarified to
ensure consistency with the numerical methodology. The revised equations are now clearly
presented in Section 2.2 of the manuscript.

Thank you for the important comment. A grid independence test was conducted using four
progressively refined meshes ranging from 600,641 to 915,422 elements. The relative deviations
of Nu_avg and f between the two finest meshes were below 0.1%, confirming mesh independence.
Based on this analysis, the mesh with 822,157 elements was selected for all final simulations, as it
provides an optimal balance between numerical accuracy and computational efficiency. This
clarification has been clearly stated in Section 2.4 of the revised manuscript.

Thank you for identifying this inconsistency. The TEF values have been carefully re-verified
against Figure 13. The correct maximum TEF values are 1.075 (0.25H) and 1.064 (0.5H), and the
previous erroneous statement has been removed. The revised Section 3.3 is now fully consistent

with the graphical data, and all numerical values have been thoroughly checked to ensure reliability.



10.

11.

Thank you for carefully reviewing the reference list. We have thoroughly re-examined all cited
works to ensure accuracy and eliminate any potential redundancy. Unintended duplicate entry was
identified and has now been removed. The reference list has been corrected, and the numbering has
been updated accordingly throughout the manuscript. We confirm that all remaining references are
distinct and correctly cited.

Thank you for this important comment. We acknowledge that the maximum TEF value obtained in
the present study (=1.075) represents a moderate enhancement compared to some studies reporting
TEF values in the range of 1.2-1.5. However, it is important to note that many of those higher TEF
values are achieved under conditions involving significantly increased pressure penalties or more
aggressive geometric modifications.

In the present work, the objective was not to maximize vortex intensity alone, but to achieve a
balanced thermo-hydraulic optimization under practical air-side operating conditions. For fin-and-
tube heat exchangers operating with low-density air, even a 5-10% improvement under constant
fan power conditions is considered practically meaningful, as it can reduce required heat transfer
surface area, improve compactness, or lower long-term energy consumption.

Furthermore, the proposed perforated CRW-VGs are integrated into the fin structure and can be
manufactured using conventional stamping or punching processes, resulting in minimal additional
manufacturing complexity. Therefore, the moderate TEF enhancement obtained represents a
realistic and economically viable performance improvement rather than an over-optimized
configuration with excessive pressure penalties.

This clarification has been emphasized in Section 3.4 of the revised manuscript.
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Abstract

Thermal efficiency is a fundamental criterion in the design and operation of heat exchangers
because it provides a clear view of the thermal behaviour and reliability of the system. Integrating
vortex generators (VGs) with heat exchangers often increases turbulence and enhances the heat
transfer rate but at the cost of increased pressure drops. This study aims to maximise the thermal
enhancement factor (TEF) in fin—tube heat exchangers by optimising the radial distance, hole width and
angular position of curved rectangular winglet vortex generators (CRW-VGs). Computational fluid
dynamics analysis is utilised to investigate how variations in radial distance and hole width
influence CRW-VG performance. Parameters such as TEF, Nusselt number ratio, friction factor ratio
and flow regime were examined. The results show that smaller radial distances suppress mixing
vortices and enhance TEF, while larger hole widths generate strong jet flows and increase heat
transfer rates. The highest TEF of 1.075 is achieved at an angular position of 120°, a hole width of 0.5
H and a radial distance of 1.25. The study reveals that optimising the geometric parameters of VGs
is proven satisfactory for enhancing heat transfer performance and minimising pressure drop.
Keywords: curved rectangular winglet, heat transfer enhancement, hole width, radial distance,

vortex generator
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Improving the Thermal Efficiency of Fin-tube Heat Exchangers by
Optimizing Geometric Parameters of Curved Rectangular Winglet Vortex

Generators

1. Introduction

Thermal efficiency is a crucial aspect in the design and operation of heat exchanger systems,
playing an essential role in various industrial applications, such as power generation, cooling and
chemical processing [1]. The need for better heat exchange in these systems with more compact
designs has resulted in much research on this topic.

Air is the common working fluid in fin—tube heat exchangers. Similar to all gases, air has relatively
poor thermophysical properties for heat transfer [2]. This limitation prompted researchers to enhance
the effectiveness of heat transfer systems to increase energy efficiency while lowering production
costs. Enhancing the air-side heat transfer of these equipment has been the subject of several
theoretical, numerical and experimental investigations. A proven effective solution is the integration
of vortex generators (VGs). These small devices are designed to enhance aerodynamic performance,
flow control and heat transfer in forced draft cooling towers [3]. VGs improve thermal performance
by inducing subsidiary currents, disrupting interface region development and promoting fluid
dispersion near the walls. The longitudinal vortices generated by VGs allow reduced stagnation
zones behind the tubes [4], increase turbulence intensity and well fluid mixing [5]. Increasing
turbulence often enhances the heat transfer rate but at the cost of increased pressure drops. Therefore,
optimising heat transfer and reducing fluid flow resistance have become the primary focus.

Previous studies have demonstrated that both the placement and geometric configuration of VGs
significantly influence the thermal-hydraulic performance of fin—tube heat exchangers. Positioning
VGs near the centre of the tube has been shown to provide more effective heat transfer enhancement
compared with inlet or outlet placements, primarily due to the stronger interaction between the
generated vortices and the tube wake region [6], [7]. In addition, smaller VG geometries operating at

lower Reynolds numbers have been reported to further improve heat exchange performance [8].
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2. Methodology
2.1 Physics Model

Figure 1 shows the geometric details of a heat exchanger with three rows of staggered tubes. The

The winglet length in the streamwise direction is 2 H, which is twice that of H. The winglet height is

0.9 H, providing a small clearance from the fin surface to prevent excessive blockage. Perforated

IS
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configurations use circular holes with diameters of 0.5 H and 0.25 H, representing the large, medium
and small perforation cases, respectively, examined in the parametric study. All geometric

dimensions are normalised by H for geometric similarity and scalable comparison.
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Fig. 1. Schematic illustration and the main dimensions of the studied VG (a) the overall

configuration of the fin—tube heat exchanger, (b) detailed geometry of the CRW-VG

This model serves as a pivotal component in our experimental setup, aimed at investigating its
effects on enhancing fluid dynamics and heat transfer processes. The geometry of the VGs, as
illustrated in the figure, showcases its distinctive features and potential to induce vortices and modify
the flow field. Due to its efficacy in improving the performance of various thermal systems, such VG

configurations have been widely studied [19], making them ideal candidates for our research
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endeavours. By using this specific design, this study aims to elucidate the VGs” impact on the
efficiency and effectiveness of heat transfer mechanisms within our experimental apparatus.

The main dimensions refer to Oh and Kim’s previous investigation [30]: diameter D = 32 mm,
length L = 6.75, longitudinal pitch P_L =2.25D, transverse pitch (P_T) = 2D, H =7 mm, length of the
section with radius 2 H and corner radius 60°. The hole widths of the CRW-VGs are 0.25 H and 0.5 H,
with a VG height of 0.9 H. The angular position () indicates the angle measured in an anticlockwise
manner from the lengthwise orientation of the tube to the line linking the CRW-VGs to the central
point of the tube, (r) denotes the distance measured radially from this central point, and R represents
the radius of the tube. The investigation of these parameters was carried out using variations in

position angles (a): 30°, 459, 60°, 75°, 90°, 105°, 120°, 135° and 150° with #/R = 1.25 and 1.5.

2.2 Governing Equation

The flow conditions in the system under investigation are assumed to be incompressible,
indicating that changes in density due to pressure variations are negligible and do not significantly
alter the fluid’s behaviour. In the fin tube heat exchanger, a Newtonian fluid with a constant stream

is employed. The conservation equations for mass, momentum and energy are expressed as follows:

V-V=0 1)
p(l7 . V)I7 = —VUp + uv2v (2)
pV -Vh = V- (kVT) 3)

The notation in the equation above equations, namely V, p, p,h,k,u, and T involved are the
velocity vector, air density, static pressure, thermal conductivity of air, dynamic viscosity, and static
temperature, respectively.

The heat transfer performance (TEF) is formulated as follows [31],

TEF = (Nu/Nuo)/(f/f0)1/3 (4)

where the Nusselt number (Nu) and friction factor (f) are formulated as follows.
Nu = hL./k ®)

f = 28pH/(pUZ L) (6)

2.3 Computational domain and Boundary Conditions
Figure 2 illustrates the computational domain of the fin—tube heat exchanger equipped with
CRW-VGs. The domain represents the lateral arrangement, flow direction and fin pitch orientation.

Owing to geometric uniformity and cyclic configuration, the computational region is defined as half
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of the transverse pitch (P_T/2) in the x-direction and one full pitch length in the z-direction. This
periodic simplification significantly reduces computational costs while preserving the essential flow
and heat transfer characteristics.

To ensure an accurate representation of the physical system, steady-state and incompressible flow
assumptions are adopted. The domain is extended sufficiently in the streamwise direction to allow
proper flow development and to avoid undesirable numerical or physical instabilities.

Boundary Conditions

At the inlet, a uniform velocity profile and a constant temperature are specified:

u = (Ujn, 0,0), T = Ty 7)
where u is the velocity vector, u;, is the inlet air velocity, and Tj, is the inlet air temperature.

At the outlet, a constant reference pressure is prescribed:

P = Pout (8)

together with zero-gradient conditions for velocity and temperature:

ou _ oT
an~ on

=0 ©)
where n denotes the outward normal direction to the outlet boundary.

For all solid surfaces, including the tube, fins, and CRW-VGs, the no-slip condition is applied:

u=20 (10)
A constant wall temperature is imposed on the tube surface:

T=T, (11)
where T, is the prescribed tube wall temperature.

Due to the periodicity of the geometry in the transverse and spanwise directions, periodic
boundary conditions are employed:

¢(x,7,2) = $(x,7,2 + P) (12)
where ¢ represents the dependent flow variables (velocity components, pressure and temperature),
and Pdenotes the periodic pitch length.

These boundary conditions ensure physically consistent flow development and reliable

prediction of heat transfer and fluid flow characteristics within the computational domain.
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Fig. 2. Computational domain
Matching boundary conditions are established in the x orientation amid the algorithmic region,
while cyclic restrictions are established on both the higher and lower surfaces in the upriver and
downriver orientations. The wing region incorporated into the CRW-VGs serves as a barrier, and the
tube is subjected to constraints at this enclosure. These conditions ensure stable flow patterns within
the algorithmic region, preventing undesired turbulence or instability. Moreover, the no-slip
conditions and consistent surface temperature facilitate precise control and optimise the flow

dynamics around the wing region and tube enclosure.

2.4 Convergence Assessment
The convergence of the numerical solution was assessed using a combination of residual-based,
physical-based and grid-independence criteria to ensure numerical accuracy and physical reliability.
The normalised residuals of the governing equations were monitored during the iterative
process. Convergence was assumed when the residuals of the continuity and momentum equations
decreased below 107°, while a stricter threshold of 10~ 8was imposed for the energy equation due to

the heat transfer-oriented nature of the present study.
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2.5 Grid independence test

A grid independence test was carried out for numerical analysis. The computational grid was
bifurcated into two parts, specifically the region adjacent to the VGs and the rest of the area. The non-
conformal interface approach was implemented between these two zones. To ensure accuracy in
analysis and attain optimal grid quality, grid generation employed inflation techniques in the tube
vicinity and VGs. As illustrated in Fig. 3, the cell geometry utilised around the VGs is tetrahedral
because the element can precisely capture arbitrary flow around the complex geometry of the VG [33]

and is directly relevant to finely detailed VGs. Four different grid sizes are considered in Table 1 to

list the number of cells.

Table 1 Grid independence test.

Number of
grids Nit_emg f
600,641 16.55447  0.09671
715,421 16.70175  0.09603
822,157 16.79783  0.09551
915,422 16.80972  0.09549

18

Fig. 3. Computational grid test
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2.6 Numerical Solution Methodology

Numerical simulations were performed under steady-state conditions using the finite volume
method to solve the 3D governing equations of mass, momentum and energy. Airflow was assumed
to be incompressible, Newtonian and turbulent, with constant thermophysical properties.

Turbulence effects were modelled using the shear stress transport (SST) k-wmodel, which
combines the robustness of the k-wformulation near the wall with the freestream independence of
the k—emodel in the outer region. This model is particularly suitable for predicting adverse pressure
gradients and flow separation occurring in fin—tube heat exchangers equipped with CRW-VGs.

The governing equations were discretised using a second-order upwind scheme for the
convective terms of momentum and energy equations to enhance numerical accuracy. Pressure—
velocity coupling was achieved using the SIMPLE algorithm. Spatial discretisation was applied
consistently across the computational domain to ensure numerical stability.

A non-uniform computational grid was employed, with mesh refinement and inflation layers
applied near the tube and VG surfaces to accurately capture velocity and thermal boundary layers. A
grid independence study was conducted using four mesh resolutions, as detailed in Table 1. The
variation in Nu_avg and f between the two finest meshes was less than 0.1%, indicating mesh-
independent results. Consequently, the mesh with 822,157 cells was selected for all simulations as an

optimal compromise between accuracy and computational cost.

2.6 Validation

The convergence of the numerical solution was ensured by monitoring the normalised residuals
of the governing equations. The convergence criteria were set to 10~>for continuity and momentum
equations and 10~ %for the energy equation. In addition to residual reduction, global quantities, such
as Nu_avg and pressure drop, were monitored to confirm the physical convergence of the solution.

The simulation model adopted in this study was based on a previously validated configuration
[30], which serves as a reference case for assessing the reliability of the numerical method. Turbulent
flow was modelled using the k—-w SST model in conjunction with the governing Equations (1)—(3).
This model is well known for accurately predicting adverse pressure gradients and flow separation,
making it suitable for complex flow simulations in fin—tube heat exchangers equipped with curved
VGs.

The numerical results were validated against published experimental data [30], as illustrated in

Fig. 4. The comparison showed good agreement, with deviations of 2%-6% for Nu and 4%-8% for f,

10
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and an overall error below 9%. These results confirm the reliability of the present numerical
methodology for predicting heat exchanger performance.
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Fig. 4. Numerical validation results (a) f (b) Nu

3. Results
3.1 Influence of geometry and radial distance on the Nu/Nu, and f/f, values

The assessment of heat transfer performance can be observed from the resulting Nu/Nu. value.
The comparison between Nu and Nu, (Nusselt number under reference conditions) provides insight
into heat transfer efficiency. Deviations in Nu/Nu, signify alterations in the thermal performance of
the observed system, as shown in Fig. 5 (i.e. (a) is 0.25 H and (b) is 0.5 H). Figures 5 and 6 demonstrate
the coupled relationship between heat transfer enhancement and flow resistance as a function of the
attack angle, hole width and radial position of the CRW-VGs. As shown in Fig. 5, the variation in
Nu/Nu strongly depends on vortex stability and secondary flow development. At lower angles (30°-
60°), moderate longitudinal vortices are generated, resulting in limited boundary layer disruption
and moderate heat transfer enhancement. However, as indicated in Fig. 6, this regime is accompanied
by only a slight increase in f, reflecting a moderate disturbance level within the flow field.

When the angle approaches 75°-90°, both Nu/Nu, (Figure 5) and f/fy (Figure 6) reach relatively
low values. This behaviour indicates a weakened and less coherent vortex structure, in which reduced
mixing leads to minimal heat transfer enhancement and lowered flow resistance. The reduction in
heat transfer in this region is mainly attributed to the reduced effective contact area for heat transfer,
intensified rotational motion and the formation of lateral vortices on the surface of the perforated

VGs [34], which dissipate energy without significantly enhancing boundary layer thinning.
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A significant change occurs at 120°: a maximum Nu/Nuy (Fig. 5) and a pronounced increase in f/f,
(Fig. 6). This correspondence confirms that strong and stable longitudinal vortices are formed at this
angle, intensifying cross-stream mixing and effectively thinning the thermal boundary layer.
However, enhanced vortex strength also increases shear stress and energy dissipation, leading to
higher pressure penalties. This regime represents a high-disturbance, high-enhancement condition in
which heat transfer improvement is achieved at the expense of increased friction losses.

At larger angles (135°-150°), both Nu/Nu, and f/f, decrease, suggesting vortex breakdown and
excessive flow separation. Although flow disturbance remains present, the loss of vortex coherence
reduces effective mixing and pressure buildup.

The influence of hole width and radial distance further clarifies the thermo-hydraulic interaction.
The smaller hole width (0.25 H) produces more concentrated vortices and sharper enhancement peaks
in Fig. 5 and relatively controlled friction increases in Fig. 6. By contrast, the larger hole width (0.5 H)
allows partial flow penetration through the perforation, promoting distributed secondary flows that
increase energy dissipation and friction levels while slightly moderating heat transfer gains.
Similarly, increasing the radial distance to r/R = 1.5 strengthens the vortex-wake interaction,

enhancing Nu/Nu, but also elevating f/f, because of the intensified momentum exchange.

1.25 3 125
—a—r/R=125 —a—r/R=1.25
——r/R=15 — /R =

120 fopa —e—rR=15
@

1.15 115+

Nu/Nu,

1.10 Y 1.10 4
— o ? é‘c
.
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e
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./.
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Angle (%) Angle (°)
(a) (b)

Fig. 5. The effect Nu/Nu, (a) hole width CRW-VGs 0.25H (b) hole width CRW-VGs 0.5H
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Overall, the combined analysis of Figs. 5 and 6 confirms that the thermo-hydraulic performance
is governed by the balance between vortex intensity, boundary layer disruption and flow resistance.
The angle of 120° emerges as the most effective configuration in terms of heat transfer enhancement,
although its practical suitability must be evaluated through an integrated metric, such as the TEF, to

ensure that the gain in heat transfer justifies the associated pressure penalty.

3.2 Flow Field and Thermal Field Interpretation

Reducing f with an increase in Nu using holes can reduce the pressure drop. As Nu and f are
parameters of the TEF, the heat transfer performance can be determined, as discussed above, by
looking at the contour changes in speed, temperature and pressure in Figs. 7, 8, 9, 10, 11 and 12.
Figures 7-12 reveal that the thermo-hydraulic performance of the CRW-VGs is governed not merely
by geometric variation but primarily by the stability regime of the generated longitudinal vortices.
Three distinct flow regimes can be identified as the attack angle (a) increases: (i) weak vortex regime
(30°-60°), (ii) coherent vortex amplification regime (75°-120°) and (iii) vortex breakdown regime
(135°-150°).

In the weak vortex regime, velocity contours (Figs. 7-8) indicate limited secondary flow
development and only a partial disruption of the boundary layer. The generated vortices are

insufficient to induce the deep penetration of core flow towards the heated surface.
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Consequently, the temperature contours (Figs. 11-12) show a relatively thick thermal boundary layer

and non-uniform temperature stratification. The pressure contours (Figs. 9-10) display moderate

upstream—downstream gradients, indicating limited energy dissipation and relatively small pressure
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penalties. However, as fluids move swiftly, they have fewer opportunities for prolonged interaction,
resulting in smaller pressure drops [35]. This explains why lower attack angles, despite smoother

flow behaviour, do not generate substantial convective enhancement.
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(a)
Fig. 9. Pressure drop contour /R 1.25 (a) hole width 0.25H (b) hole width 0.5H

A fundamentally different behaviour emerges in the coherent vortex amplification regime (a
= 105°-120°). In this range, the velocity field exhibits highly organised longitudinal vortices with an
intensified cross-stream momentum exchange. The vortices transport high-momentum core fluid
towards the heated wall while ejecting low-momentum near-wall fluid outward, significantly
thinning the thermal boundary layer. The temperature distribution becomes more uniform, thus
confirming enhanced convective transport. Simultaneously, the pressure field exhibits the most
pronounced gradients, reflecting maximal shear production and vortex strength.

Nevertheless, the perforated configuration introduces an additional mechanism. As depicted
in Figs. 9 and 10, the jet stream emanating from the orifice of the CRW-VGs has the potential to
alleviate stagnation flow, consequently reducing the pressure drop [36], [37], [38]. This jet-induced
acceleration redistributes local pressure peaks and mitigates excessive recirculation behind the VG,
thereby partially compensating for the pressure penalty associated with strong vortex generation.
Therefore, this regime represents a critical transition state in which vortex strength and structural

coherence are maximised, while perforation-induced jet flow moderates stagnation-related losses.
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When a = 135° the system enters a vortex breakdown regime. Although apparent disturbance
increases, velocity contours reveal fragmented and unstable vortical structures. The pressure
distribution becomes spatially irregular, indicating that kinetic energy is increasingly dissipated
through chaotic separation rather than organised secondary motion. As a result, temperature

contours show reduced effectiveness in boundary layer thinning, despite intensified disturbance.
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6 The geometric parameters further modulate these mechanisms. An increasing radial position

7  tor/R = 1.5 enhances the wake-vortex interaction and prolongs vortex persistence, intensifying the
8 heat transfer but also elevating the pressure penalties. Similarly, a smaller hole width (0.25 H)
9  generates concentrated vortices and sharper shear layers, thereby promoting a stronger boundary
10  layer disruption. By contrast, a larger hole width (0.5 H) allows for greater flow penetration through
11  the perforation, redistributing vortex energy and stabilising the pressure field, thereby offering a

12 more balanced thermo-hydraulic response.
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Overall, the results demonstrate that thermo-hydraulic optimization is governed by vortex
coherence rather than vortex magnitude alone. The optimal configuration (a = 105°-120°)
corresponds to the condition where organized secondary flow production is maximized, stagnation
effects are partially mitigated by jet-induced flow through perforations, and instability-driven energy
dissipation has not yet dominated the system. This mechanistic interpretation advances the
understanding of perforated vortex generators by identifying vortex stability and jet-wake
interaction as the primary control parameters governing performance. As illustrated in Fig. 13, the
streamline and velocity contours reveal a coherent high-velocity core developing along the inner wall
of the curved channel, accompanied by jet-induced momentum injection from the perforations into
the wake region. This mechanism promotes thermal boundary layer thinning through enhanced near-
wall acceleration while simultaneously suppressing large-scale recirculation that would otherwise
increase frictional losses. The interaction between curvature-driven Dean vortices and the
longitudinal vortices generated by the VG further intensifies transverse momentum exchange,
improving convective transport uniformity along the heated surface. Consequently, the heat transfer
augmentation achieved within the optimal angular range is not merely a function of vortex strength,
but rather of sustained vortex organization and controlled jet-wake stabilization, which collectively

ensure enhanced Nusselt number performance with moderated pressure penalties.

3.3 Influence of geometry and radial distance on thermal enhancement factor

Although larger radial spacing intensifies vortex structures, it also increases flow resistance,

thereby reducing the overall TEF, despite higher local heat transfer rates. The combined trends of
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Nu/Nug and f/fy confirm that optimal thermo-hydraulic performance is governed by the synergy
between vortex positioning, jet reinforcement and wake suppression rather than vortex strength
alone.

The combined analysis of Nu/Nu, and f/fy (Figs. 5-12) supports this behaviour. Increasing hole
width reduces f, thereby mitigating the pressure drop, consistent with previous findings [41]. The jet
streams generated by the CRW-VGs alleviate stagnant flow regions, particularly between 30° and 90°,
while beyond 105°, the interaction between intensified vortices and wake dynamics temporarily
elevates the pressure drop before stabilising near 120°. The temperature contours further confirm that
higher angular positions weaken the recirculation zone and enhance thermal mixing.

Overall, the TEF distribution in Fig. 14 demonstrates that thermo-hydraulic optimisation is
governed not only by vortex strength but also by the synergy between vortex positioning, jet
reinforcement and wake suppression. The peak performance at r/R =1.25 and a = 120° highlights the
importance of geometric tuning to achieve maximum heat transfer enhancement with controlled
hydraulic losses. These findings provide deeper physical insight into jet-assisted vortex dynamics

and offer practical guidance for optimising VG placement in compact heat exchanger applications.
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3.4 Economic and Practical Implications of Thermal Enhancement Factor
The maximum TEF obtained in the present study is approximately 1.075, corresponding to a

net thermo-hydraulic improvement of about 7%—-8% under constant fan power conditions. Although
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this enhancement may appear moderate compared with some studies reporting TEF values in the
range of 1.2-1.5 [42], [43], [44], it is important to recognise that such higher values are often associated
with substantial pressure penalties or aggressive vortex geometries that may not be suitable for
practical air-side applications. In fin—tube heat exchangers operating with low-density air, even a 5%-—
10% improvement in overall performance is practically meaningful, as it can reduce the required heat
transfer surface area for a given thermal duty, improve compactness or lower long-term fan energy
consumption [45], [46], [47].

From a manufacturing standpoint, the proposed perforated CRW-VGs are passive devices
integrated directly with the fin structure and fabricated from thin sheet material. The addition of
perforations does not introduce significant production complexity and can be implemented using
conventional stamping or punching techniques commonly employed in fin manufacturing.
Consequently, the incremental fabrication cost is expected to be minimal, particularly in large-scale
production.

Moreover, the perforated configuration helps mitigate an excessive increase in pressure compared
with solid VGs, thereby reducing aerodynamic loading on the fan system. The resulting balance
between heat transfer enhancement and controlled friction penalty demonstrates that the proposed
design achieves realistic thermo-hydraulic optimisation rather than maximum vortex intensity alone.
Although a comprehensive life-cycle cost analysis is beyond the scope of this numerical study, the
combination of TEF greater than unity, moderate pressure penalties and low manufacturing
complexity supports the technical relevance and economic feasibility of the proposed configuration
for practical Heating, Ventilation, and Air Conditioning and compact thermal management

applications.

4. Conclusions

This study reveals that the thermo-hydraulic performance of CRW-VGs is governed by the
interaction between vortex positioning, jet momentum and wake suppression rather than vortex
strength alone. The results explicitly show that a shorter radial distance (r/R = 1.25) provides a more
favourable balance between heat transfer enhancement and pressure penalty than r/R=1.5. Although
larger radial spacing intensifies vortex structures and increases Nu/Nuy, the accompanying increase
in f reduces the overall TEF.

The optimal angular position is identified at a = 120°, at which the wake region behind the tube

is significantly weakened. This configuration promotes a stronger near-wall momentum exchange, a
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more uniform boundary-layer disruption and improved thermal mixing. The TEF reaches its
maximum values of 1.075 (0.25 H) and 1.064 (0.5 H) under this condition, confirming that wake
restructuring plays a decisive role in thermo-hydraulic optimisation.

Furthermore, increasing the feeding hole width enhances jet strength, which intensifies
turbulence and redistributes momentum more effectively. More importantly, this jet-assisted
mechanism contributes not only to heat transfer augmentation but also to moderating pressure losses,
demonstrating that momentum redistribution is more critical than simply increasing vortex intensity.

Overall, the findings establish that the optimal CRW-VG design requires controlled vortex
suppression, strategic angular positioning and jet reinforcement to achieve maximum TEF. These
results provide mechanistic insight into jet—vortex synergy and offer practical guidance for high-

efficiency compact heat exchanger design.
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Nomenclature
Roman Symbols

D — Tube diameter (m)
t — Darcy friction factor (-)
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fo — Friction factor without vortex generator (-)

H — Channel height (m)

k — Thermal conductivity of air (W m K1)

L — Tube length (m)

Nu — Nusselt number (-)

Nu_avg — Average Nusselt number (-)

Nuo — Nusselt number without vortex generator (-)
P — Static pressure (Pa)

P_L — Longitudinal pitch (m)

P_T — Transverse pitch (m)

r — Radial distance of vortex generator from tube center (m)
R — Tube radius (m)

T — Static temperature (K)

T_in — Inlet air temperature (K)

T_w — Tube wall temperature (K)

Greek Symbols
a — Angular position of vortex generator (degree)
pt — Dynamic viscosity (Pa s)

0 — Air density (kg m7)

Dimensionless Parameters

r/R — Radial distance ratio (-)
Nu/Nuy — Nusselt number ratio (-)
flfo — Friction factor ratio (-)

TEF — Thermal enhancement factor (-)
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Highlights:

» Curved rectangular winglet vortex generators (CRW-VGs) were optimized to improve the
thermal enhancement factor in fin—tube heat exchangers.

e Computational fluid dynamics analysis showed that radial distance, hole width, and angular
position strongly influence heat transfer and pressure drop behavior.

* Smaller radial distances enhanced TEF by suppressing mixing vortices, while larger hole widths
improved heat transfer through stronger jet-flow generation.

* The optimum configuration achieved a maximum TEF of 1.075 at an angular position of 120°,
hole width of 0.5 H, and radial distance of 1.25.

e The findings demonstrate that proper geometric optimization of vortex generators can
enhance heat transfer performance while minimizing pressure drop penalties.

Abstract

Thermal efficiency is a fundamental criterion in the design and operation of heat exchangers
because it provides a clear view of the thermal behaviour and reliability of the system. Integrating
vortex generators (VGs) with heat exchangers often increases turbulence and enhances the heat
transfer rate but at the cost of increased pressure drops. This study aims to maximise the thermal
enhancement factor (TEF) in fin—tube heat exchangers by optimising the radial distance, hole width
and angular position of curved rectangular winglet vortex generators (CRW-VGs). Computational
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fluid dynamics analysis is utilised to investigate how variations in radial distance and hole width
influence CRW-VG performance. Parameters such as TEF, Nusselt number ratio, friction factor ratio
and flow regime were examined. The results show that smaller radial distances suppress mixing
vortices and enhance TEF, while larger hole widths generate strong jet flows and increase heat
transfer rates. The highest TEF of 1.075 is achieved at an angular position of 120°, a hole width of
0.5 H and a radial distance of 1.25. The study reveals that optimising the geometric parameters of
VGs is proven satisfactory for enhancing heat transfer performance and minimising pressure drop.

Keywords: Curved rectangular winglet; Heat transfer enhancement; Hole width; Radial distance;
Vortex generator

1. Introduction

Thermal efficiency is a crucial aspect in the design and operation of heat exchanger systems,
playing an essential role in various industrial applications, such as power generation, cooling and
chemical processing [1]. The need for better heat exchange in these systems with more compact
designs has resulted in much research on this topic.

Air is the common working fluid in fin—tube heat exchangers. Similar to all gases, air has
relatively poor thermophysical properties for heat transfer [2]. This limitation prompted
researchers to enhance the effectiveness of heat transfer systems to increase energy efficiency
while lowering production costs. Enhancing the air-side heat transfer of these equipment has been
the subject of several theoretical, numerical and experimental investigations. A proven effective
solution is the integration of vortex generators (VGs). These small devices are designed to enhance
aerodynamic performance, flow control and heat transfer in forced draft cooling towers [3]. VGs
improve thermal performance by inducing subsidiary currents, disrupting interface region
development and promoting fluid dispersion near the walls. The longitudinal vortices generated
by VGs allow reduced stagnation zones behind the tubes [4], increase turbulence intensity and well
fluid mixing [5]. Increasing turbulence often enhances the heat transfer rate but at the cost of
increased pressure drops. Therefore, optimising heat transfer and reducing fluid flow resistance
have become the primary focus.

Previous studies have demonstrated that both the placement and geometric configuration of
VGs significantly influence the thermal-hydraulic performance of fin—tube heat exchangers.
Positioning VGs near the centre of the tube has been shown to provide more effective heat transfer
enhancement compared with inlet or outlet placements, primarily due to the stronger interaction
between the generated vortices and the tube wake region [6], [7]. In addition, smaller VG
geometries operating at lower Reynolds numbers have been reported to further improve heat
exchange performance [8].

Geometric optimisation of the heat exchanger structure also plays an important role in
determining overall performance. The optimal combination of a larger fin pitch and a smaller tube
diameter has been experimentally identified as providing improved fluid flow characteristics [9].
However, increasing the fin pitch can reduce the Nusselt number (Nu) and the wall friction factor
(f) because of weakened vorticity formation and enhanced turbulent energy dissipation [10].
Furthermore, numerical investigations have shown that combining concave and convex VG
surfaces generates stronger longitudinal vortices, resulting in an enhancement of the heat transfer
rate of approximately 14.4% [11].

Operational parameters, such as VG location and angle of attack (AoA), further determine
heat transfer effectiveness. Higher attack angles, particularly when VGs are positioned farther from
the tube, can substantially increase heat transfer rates [12]. Conversely, smaller angles may be
advantageous in certain configurations by directing colder fluid towards weak wake regions [13].
An AoA of 45° has consistently been identified as providing superior thermal enhancement
compared with other angles [14], [15]. Furthermore, increasing the number of staggered VGs
enhances the thermal enhancement factor (TEF) by accelerating flow and promoting fluid mixing
in the wake region [16], [17]. These configurations are commonly arranged in common flow up,
common flow down (CFD) or hybrid arrangements to optimise performance.

In rectangular channel systems, geometric parameters, such as winglet aspect ratio and
channel height (H), have been identified as the dominant factors affecting heat transfer
performance [18], [19]. Increasing duct height significantly alters vortex development, especially
when VGs are mounted on opposing walls, thereby enhancing overall flow dynamics and heat
transfer efficiency. Heat exchange performance is also highly sensitive to VG position and geometry
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Figure 1.

Schematic illustration
and the main
dimensions of the
studied VG:

(a) The overall
configuration of the
fin—tube heat
exchanger;

(b) Detailed geometry
of the CRW-VG
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[20], with even minor geometric changes producing noticeable variations in performance [21],
[22].

Among the various structural innovations, perforated VGs have emerged as a promising
approach for improving thermal performance [23]. Perforated rectangular winglets have been
reported to increase the Nu by approximately 3.91-5.52 times, achieving a maximum thermal
performance factor of 2.01 [24]. Similarly, double perforated inclined elliptic turbulators have
demonstrated Nu enhancements of up to 217.4% [25]. These improvements are attributed to jet
flows generated through perforations, which disrupt recirculation zones and intensify fluid mixing,
thereby enhancing thermal exchange efficiency [26], [27], [28].

Despite these substantial advancements, existing studies predominantly emphasise external
geometric modifications, placement strategies and angle of attack variations. Although perforating
the VG surface can either enhance or deteriorate heat transfer performance, depending on the
hole size, number and placement, because it changes the vortex strength and the pressure drop
[29], systematic investigations of hollow rectangular winglet VGs remain limited. More
importantly, the geometric perforation parameter (hole width) and the positional parameter
(radial distance from the tube) have largely been examined independently. Consequently, the
coupled interaction between these two design variables and their combined influence on thermal—
hydraulic performance has not been comprehensively evaluated. This lack of integrated parametric
analysis restricts the development of optimised hollow VG configurations capable of
simultaneously maximising heat transfer enhancement and minimising pressure drop penalties. To
overcome this limitation, this study proposes a performance-based geometric optimisation
framework for circular ring winglet vortex generators (CRW-VGs) in fin—tube heat exchangers,
focusing on radial distance and hole width as key design variables.

The coupled effects of radial distance (r/R = 1.25 and 1.5) and hole width (0.25 H and 0.5 H)
are systematically analysed using high-fidelity CFD simulations. Performance is evaluated through
integrated metrics, including the TEF, Nu/Nuo, friction factor ratio (f/fo) and flow structure
characterisation. By integrating geometric sensitivity analysis with unified thermo-hydraulic
evaluation and mechanistic interpretation of vortex dynamics, this study identifies the optimal
configuration that maximises heat transfer while minimising pressure drop, providing both
quantitative assessment and mechanistic insight for a compact heat exchanger design.

2. Methodology
2.1. Physics Model

675D _ Figure 1 shows the
geometric details of a heat
exchanger with three rows of
staggered tubes. The VGs
employed in this study take the
form of a rectangular curved
winglet design characterised
by the geometry depicted in
Figure 1. Figure 1a presents the
overall configuration of the
fin—tube heat exchanger and
the computational domain
employed in the CFD
| Tube simulations. The three-

! A \\i I S———" dimensional (3D) schematic
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distance between two adjacent fins. The dashed rectangular region marks the representative
segment selected from the complete heat exchanger geometry for numerical modelling. The tube
radius, R = D/2, serves as the reference length for positioning analysis. Figure 1b shows the detailed
geometry of the CRW-VG. The winglet length in the streamwise direction is 2 H, which is twice that
of H. The winglet height is 0.9 H, providing a small clearance from the fin surface to prevent
excessive blockage. Perforated configurations use circular holes with diameters of 0.5 H and 0.25
H, representing the large, medium and small perforation cases, respectively, examined in the
parametric study. All geometric dimensions are normalised by H for geometric similarity and
scalable comparison.

This model serves as a pivotal component in our experimental setup, aimed at investigating
its effects on enhancing fluid dynamics and heat transfer processes. The geometry of the VGs, as
illustrated in the figure, showcases its distinctive features and potential to induce vortices and
modify the flow field. Due to its efficacy in improving the performance of various thermal systems,
such VG configurations have been widely studied [19], making them ideal candidates for our
research endeavours. By using this specific design, this study aims to elucidate the VGs’ impact on
the efficiency and effectiveness of heat transfer mechanisms within our experimental apparatus.

The main dimensions refer to Oh and Kim's previous investigation [30]: diameter D =32 mm,
length L = 6.75, longitudinal pitch P_L = 2.25D, transverse pitch (P_T) = 2D, H = 7 mm, length of the
section with radius 2 H and corner radius 60°. The hole widths of the CRW-VGs are 0.25 H and 0.5
H, with a VG height of 0.9 H. The angular position (a) indicates the angle measured in an
anticlockwise manner from the lengthwise orientation of the tube to the line linking the CRW-VGs
to the central point of the tube, (r) denotes the distance measured radially from this central point,
and R represents the radius of the tube. The investigation of these parameters was carried out
using variations in position angles (a): 30°, 45°, 60°, 75°, 90°, 105°, 120°, 135° and 150° with r/R =
1.25and 1.5.

2.2. Governing Equation

The flow conditions in the system under investigation are assumed to be incompressible,
indicating that changes in density due to pressure variations are negligible and do not significantly
alter the fluid’s behaviour. In the fin tube heat exchanger, a Newtonian fluid with a constant stream
is employed. The conservation equations for mass, momentum and energy are expressed as
follows:

—

V-V=0 (1)
p('? - V)I_/’) = _VUp + uvV (2)
pV -Vh = V- (kVT) (3)

The notation in the equation above equations, namely '.7, p, p,h,k,u, and T involved are the
velocity vector, air density, static pressure, thermal conductivity of air, dynamic viscosity, and static
temperature, respectively.

The heat transfer performance (TEF) is formulated as follows [31],

TEF = (Nu/Nuo)/(f/fo)*/? (4)
where the Nusselt number (Nu) and friction factor (f) are formulated as follows.

Nu = hL_/k (5)

f = 28pH/(pUZ L) (6)

2.3. Computational Domain and Boundary Conditions

Figure 2 illustrates the computational domain of the fin—tube heat exchanger equipped with
CRW-VGs. The domain represents the lateral arrangement, flow direction and fin pitch orientation.
Owing to geometric uniformity and cyclic configuration, the computational region is defined as half
of the transverse pitch (P_T/2) in the x-direction and one full pitch length in the z-direction. This
periodic simplification significantly reduces computational costs while preserving the essential
flow and heat transfer characteristics.
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Figure 2.
Computational domain
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To ensure an accurate representation of the physical system, steady-state and incompressible
flow assumptions are adopted. The domain is extended sufficiently in the streamwise direction to
allow proper flow development and to avoid undesirable numerical or physical instabilities.

2.3.1. Boundary conditions
At the inlet, a uniform velocity profile and a constant temperature are specified:
u= (uinJ OJO)J’T = Tin (7]

where u is the velocity vector, u,, is the inlet air velocity, and T}, is the inlet air temperature.
At the outlet, a constant reference pressure is prescribed:

P = Pout (8)
together with zero-gradient conditions for velocity and temperature:

u_09T_, (©)

dn 'on

where n denotes the outward normal direction to the outlet boundary.
For all solid surfaces, including the tube, fins, and CRW-VGs, the no-slip condition is applied:

u=>0 (10)
A constant wall temperature is imposed on the tube surface:
T=T, (11)

where T,,is the prescribed tube wall temperature.
Due to the periodicity of the geometry in the transverse and spanwise directions, periodic
boundary conditions are employed:

where ¢ represents the dependent flow variables (velocity components, pressure and
temperature), and Pdenotes the periodic pitch length.
These boundary conditions ensure physically consistent flow development and reliable
prediction of heat transfer and fluid flow characteristics within the computational domain.
Matching boundary conditions are established in the x orientation amid the algorithmic

region, while cyclic restrictions are established on both the higher and lower surfaces in the upriver
and downriver orientations. The

: Upsteam Extended Region wing region incorporated into the

15 CRW-VGs serves as a barrier, and
the tube is subjected to
constraints at this enclosure.
These conditions ensure stable
flow  patterns  within  the
algorithmic region, preventing
undesired turbulence or
instability. Moreover, the no-slip
conditions and consistent surface
temperature facilitate precise
control and optimise the flow
dynamics around the wing region
and tube enclosure.

I Downsteam Extended Region _._.H,

2.4. Convergence Assessment

The convergence of the numerical solution was assessed using a combination of residual-
based, physical-based and grid-independence criteria to ensure numerical accuracy and physical
reliability.

The normalised residuals of the governing equations were monitored during the iterative
process. Convergence was assumed when the residuals of the continuity and momentum
equations decreased below 107%, while a stricter threshold of 1078 was imposed for the energy
equation due to the heat transfer-oriented nature of the present study.
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In addition to residual monitoring, several global physical quantities were continuously
tracked, including the average Nusselt number (Nu_,y,), f and outlet bulk temperature (Tyy). The
solution was considered physically converged only when the relative variation in these parameters
over 500 successive iterations was satisfied:

¢(n) _ q)(n—SOD)
e

where drepresents Nu_,yg, f, or Ty, and ndenotes the iteration number.

Furthermore, a grid independence study was conducted using four progressively refined
meshes ranging from 600,641 to 915,422 elements. The relative deviations of Nu_,,, and f
between the two finest meshes were below 0.1%, confirming mesh independence. This value is
well within the commonly accepted convergence range of 1%—2% [32]. Thus, the grid with 822,157
elements was adopted for all subsequent simulations to achieve an optimal balance between

numerical accuracy and computational efficiency.

| [< 0.1% (13)

2.5. Grid Independence Test

A grid independence test was carried out for numerical analysis. The computational grid was
bifurcated into two parts, specifically the region adjacent to the VGs and the rest of the area. The
non-conformal interface approach was implemented between these two zones. To ensure
accuracy in analysis and attain optimal grid quality, grid generation employed inflation techniques
in the tube vicinity and VGs. As illustrated in Figure 3, the cell geometry utilised around the VGs is

Table 1. Numberofgrids Nu_avg f tetrahedral because the element can precisely capture
Grid independence test 600,641 1655447 009671  arbitrary flow around the complex geometry of the VG
715,421 16.70175  0.09603 [33] and is directly relevant to finely detailed VGs. Four
822,157 16.79783  0.09551 different grid sizes are considered in Table 1 to list the
915,422 16.80972 0.09549 number of cells.

Figure 3.
Computational grid test |

2.6. Numerical Solution Methodology

Numerical simulations were performed under steady-state conditions using the finite volume
method to solve the 3D governing equations of mass, momentum and energy. Airflow was
assumed to be incompressible, Newtonian and turbulent, with constant thermophysical
properties.

Turbulence effects were modelled using the shear stress transport (SST) k—wmodel, which
combines the robustness of the k—wformulation near the wall with the freestream independence
of the k—emodel in the outer region. This model is particularly suitable for predicting adverse
pressure gradients and flow separation occurring in fin—tube heat exchangers equipped with CRW-
VGs.

The governing equations were discretised using a second-order upwind scheme for the
convective terms of momentum and energy equations to enhance numerical accuracy. Pressure—
velocity coupling was achieved using the SIMPLE algorithm. Spatial discretisation was applied
consistently across the computational domain to ensure numerical stability.

A non-uniform computational grid was employed, with mesh refinement and inflation layers
applied near the tube and VG surfaces to accurately capture velocity and thermal boundary layers.
A grid independence study was conducted using four mesh resolutions, as detailed in Table 1. The
variation in Nu_avg and f between the two finest meshes was less than 0.1%, indicating mesh-
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Figure 4.

Numerical validation
results:
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(b) Nu
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independent results. Consequently, the mesh with 822,157 cells was selected for all simulations as
an optimal compromise between accuracy and computational cost.

2.7. Validation

The convergence of the numerical solution was ensured by monitoring the normalised
residuals of the governing equations. The convergence criteria were set to 10~>for continuity and
momentum equations and 10 for the energy equation. In addition to residual reduction, global
quantities, such as Nu_avg and pressure drop, were monitored to confirm the physical
convergence of the solution.

The simulation model adopted in this study was based on a previously validated configuration
[30], which serves as a reference case for assessing the reliability of the numerical method.
Turbulent flow was modelled using the k—w SST model in conjunction with the governing Eq. (1) to
Eg. (3). This model is well known for accurately predicting adverse pressure gradients and flow
separation, making it suitable for complex flow simulations in fin—tube heat exchangers equipped
with curved VGs.

The numerical results were validated against published experimental data [30], as illustrated
in Figure 4. The comparison showed good agreement, with deviations of 2%—6% for Nu and 4%—8%
for f, and an overall error below 9%. These results confirm the reliability of the present numerical
methodology for predicting heat exchanger performance.
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0,20 4 16 4
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e z
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3. Results

3.1. Influence of Geometry and Radial Distance on the Nu/Nu, and
f/f, Values

The assessment of heat transfer performance can be observed from the resulting Nu/Nuo
value. The comparison between Nu and Nu, (Nusselt number under reference conditions)
provides insight into heat transfer efficiency. Deviations in Nu/Nu, signify alterations in the
thermal performance of the observed system, as shown in Figure 5 (i.e. (a) is 0.25 H and (b) is 0.5
H). Figure 5 and Figure 6 demonstrate the coupled relationship between heat transfer enhancement
and flow resistance as a function of the attack angle, hole width and radial position of the CRW-
VGs. As shown in Figure 5, the variation in Nu/Nup strongly depends on vortex stability and
secondary flow development. At lower angles (30°—60°), moderate longitudinal vortices are
generated, resulting in limited boundary layer disruption and moderate heat transfer
enhancement. However, as indicated in Figure 6, this regime is accompanied by only a slight
increase in f, reflecting a moderate disturbance level within the flow field.

When the angle approaches 75°—90°, both Nu/Nug (Figure 5) and f/f, (Figure 6) reach relatively
low values. This behaviour indicates a weakened and less coherent vortex structure, in which
reduced mixing leads to minimal heat transfer enhancement and lowered flow resistance. The
reduction in heat transfer in this region is mainly attributed to the reduced effective contact area
for heat transfer, intensified rotational motion and the formation of lateral vortices on the surface
of the perforated VGs [34], which dissipate energy without significantly enhancing boundary layer
thinning.
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Figure 5.

The effect Nu/Nu,:
(a) Hole width CRW-
VGs 0.25H;

(b) Hole width CRW-
VGs 0.5H

Figure 6.

The effect of position
angle on the friction
factor:

(a) Hole width CRW-
VGs 0.25H;

(b) Hole width CRW-
VGs 0.5H
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A significant change occurs at 120°: a maximum Nu/Nug (Figure 5) and a pronounced increase
in f/fo (Figure 6). This correspondence confirms that strong and stable longitudinal vortices are
formed at this angle, intensifying cross-stream mixing and effectively thinning the thermal
boundary layer. However, enhanced vortex strength also increases shear stress and energy
dissipation, leading to higher pressure penalties. This regime represents a high-disturbance, high-
enhancement condition in which heat transfer improvement is achieved at the expense of
increased friction losses.

At larger angles (135°-150°), both Nu/Nug and f/fo decrease, suggesting vortex breakdown
and excessive flow separation. Although flow disturbance remains present, the loss of vortex
coherence reduces effective mixing and pressure buildup.

The influence of hole width and radial distance further clarifies the thermo-hydraulic
interaction. The smaller hole width (0.25 H) produces more concentrated vortices and sharper
enhancement peaks in Figure 5 and relatively controlled friction increases in Figure 6. By contrast,
the larger hole width (0.5 H) allows partial flow penetration through the perforation, promoting
distributed secondary flows that increase energy dissipation and friction levels while slightly
moderating heat transfer gains. Similarly, increasing the radial distance to r/R = 1.5 strengthens
the vortex—wake interaction, enhancing Nu/Nu, but also elevating f/fo because of the intensified
momentum exchange.

Overall, the combined analysis of Figure 5 and Figure 6 confirms that the thermo-hydraulic
performance is governed by the balance between vortex intensity, boundary layer disruption and
flow resistance. The angle of 120° emerges as the most effective configuration in terms of heat
transfer enhancement, although its practical suitability must be evaluated through an integrated
metric, such as the TEF, to ensure that the gain in heat transfer justifies the associated pressure
penalty.
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3.2. Flow Field and Thermal Field Interpretation

Reducing f with an increase in Nu using holes can reduce the pressure drop. As Nu and f are
parameters of the TEF, the heat transfer performance can be determined, as discussed above, by
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Figure 7.

Velocity contour r/R
1.25:

(a) Hole width 0.25H;
(b) Hole width 0.5H

Figure 8.

Velocity contour r/R
1.5:

(a) Hole width 0.25H;
(b) Hole width 0.5H
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looking at the contour changes in speed, temperature and pressure in Figure 7 to Figure 12. Figure 7
to Figure 12 reveal that the thermo-hydraulic performance of the CRW-VGs is governed not merely
by geometric variation but primarily by the stability regime of the generated longitudinal vortices.
Three distinct flow regimes can be identified as the attack angle (a) increases: (i) weak vortex
regime (30°—60°), (ii) coherent vortex amplification regime (75°~120°) and (iii) vortex breakdown
regime (135°-150°).

In the weak vortex regime, velocity contours (Figure 7 and Figure 8) indicate limited secondary
flow development and only a partial disruption of the boundary layer. The generated vortices are
insufficient to induce the deep penetration of core flow towards the heated surface.

[m s*-1]

Velooly Imst=] Velaity [m 1)
02 ¥ & @ 77l (a) A A A R R R (b)

Velocity [mst] Velaity [m 1)
0 @ ¥ & & 5 Tl iadp (a) [ R A OSSN (b)

Consequently, the temperature contours (Figure 11 and Figure 12) show a relatively thick
thermal boundary layer and non-uniform temperature stratification. The pressure contours (Figure
9 and Figure 10) display moderate upstream—downstream gradients, indicating limited energy

Mechanical Engineering for Society and Industry, Vol. 6 No. 1 (2026) 136



Dan Mugisidi et al.

dissipation and relatively small pressure penalties. However, as fluids move swiftly, they have
fewer opportunities for prolonged interaction, resulting in smaller pressure drops [35]. This
explains why lower attack angles, despite smoother flow behaviour, do not generate substantial
convective enhancement.

Figure 9.
Pressure drop contour = t
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175
a=90" 140
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Figure 10. -
Pressure drop contour N
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A fundamentally different behaviour emerges in the coherent vortex amplification regime (a
= 105°-120°). In this range, the velocity field exhibits highly organised longitudinal vortices with an
intensified cross-stream momentum exchange. The vortices transport high-momentum core fluid
towards the heated wall while ejecting low-momentum near-wall fluid outward, significantly
thinning the thermal boundary layer. The temperature distribution becomes more uniform, thus
confirming enhanced convective transport. Simultaneously, the pressure field exhibits the most
pronounced gradients, reflecting maximal shear production and vortex strength.

Nevertheless, the perforated configuration introduces an additional mechanism. As depicted
in Figure 9 and Figure 10, the jet stream emanating from the orifice of the CRW-VGs has the potential
to alleviate stagnation flow, consequently reducing the pressure drop [36], [37], [38]. This jet-
induced acceleration redistributes local pressure peaks and mitigates excessive recirculation
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Figure 11.
Temperature contour
r/R 1.25:

(a) Hole width 0.25H;
(b) Hole width 0.5H

Figure 12.
Temperature contour
/R 1.5:

(a) Hole width 0.25H;
(b) Hole width 0.5H
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behind the VG, thereby partially compensating for the pressure penalty associated with strong
vortex generation. Therefore, this regime represents a critical transition state in which vortex
strength and structural coherence are maximised, while perforation-induced jet flow moderates
stagnation-related losses.
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When a = 135° the system enters a vortex breakdown regime. Although apparent
disturbance increases, velocity contours reveal fragmented and unstable vortical structures. The
pressure distribution becomes spatially irregular, indicating that kinetic energy is increasingly
dissipated through chaotic separation rather than organised secondary motion. As a result,
temperature contours show reduced effectiveness in boundary layer thinning, despite intensified
disturbance. This demonstrates that excessive geometric forcing shifts the system from a
structured convective enhancement to instability-driven dissipation.

The geometric parameters further modulate these mechanisms. An increasing radial position
to r/R = 1.5 enhances the wake—vortex interaction and prolongs vortex persistence, intensifying
the heat transfer but also elevating the pressure penalties. Similarly, a smaller hole width (0.25 H)
generates concentrated vortices and sharper shear layers, thereby promoting a stronger boundary
layer disruption. By contrast, a larger hole width (0.5 H) allows for greater flow penetration through
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Figure 13.

Streamline velocity a =
120°%, r/R =1.25, hole
width = 0.5H
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the perforation, redistributing vortex energy and stabilising the pressure field, thereby offering a
more balanced thermo-hydraulic response.

Overall, the results demonstrate that thermo-hydraulic optimization is governed by vortex
coherence rather than vortex magnitude alone. The optimal configuration (a = 105°-120°)
corresponds to the condition where organized secondary flow production is maximized, stagnation
effects are partially mitigated by jet-induced flow through perforations, and instability-driven
energy dissipation has not yet dominated the system. This mechanistic interpretation advances the
understanding of perforated vortex generators by identifying vortex stability and jet—wake
interaction as the primary control parameters governing performance. As illustrated in Figure 13,
the streamline and velocity contours reveal a coherent high-velocity core developing along the
inner wall of the curved channel, accompanied by jet-induced momentum injection from the
perforations into the wake region. This mechanism promotes thermal boundary layer thinning
through enhanced near-wall acceleration while simultaneously suppressing large-scale
recirculation that would otherwise increase frictional losses. The interaction between curvature-
driven Dean vortices and the longitudinal vortices generated by the VG further intensifies
transverse momentum exchange, improving convective transport uniformity along the heated
surface. Consequently, the heat transfer augmentation achieved within the optimal angular range
is not merely a function of vortex strength, but rather of sustained vortex organization and
controlled jet—wake stabilization, which collectively ensure enhanced Nusselt number
performance with moderated pressure penalties.

4
\r’ Velocity [m/s]

0.00 9.15 18.29

3.3. Influence of Geometry and Radial Distance on Thermal
Enhancement Factor

The variation in the TEF with the r/R ratio at different angular positions is presented in Figure
14a and Figure 14b for hole widths of 0.25 H and 0.5 H, respectively. For both configurations, r/R =
1.25 consistently produces higher TEF values than r/R = 1.5, with the most pronounced
improvement occurring at a = 120°. The maximum TEF reaches 1.075 for 0.25 H and 1.064 for 0.5
H. This trend indicates that a shorter radial distance provides a more favourable balance between
heat transfer augmentation and friction penalty.

The superior performance at r/R = 1.25 is associated with a more effective vortex—jet
interaction and controlled suppression of mixed-vortex interference. At a = 120°, the wake region
behind the tube is significantly weakened, promoting enhanced near-wall momentum exchange
and boundary-layer disruption. Such overlapping vortex configurations signal a shift towards a
more intensified turbulent regime [39], which is known to strengthen convective heat transfer
mechanisms [40].

Although larger radial spacing intensifies vortex structures, it also increases flow resistance,
thereby reducing the overall TEF, despite higher local heat transfer rates. The combined trends of
Nu/Nup and f/fo confirm that optimal thermo-hydraulic performance is governed by the synergy
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Figure 14,

Thermal enhancement
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between vortex positioning, jet reinforcement and wake suppression rather than vortex strength
alone.

The combined analysis of Nu/Nug and f/fo (Figure 5 and Figure 12) supports this behaviour.
Increasing hole width reduces f, thereby mitigating the pressure drop, consistent with previous
findings [41]. The jet streams generated by the CRW-VGs alleviate stagnant flow regions,
particularly between 30° and 90°, while beyond 105°, the interaction between intensified vortices
and wake dynamics temporarily elevates the pressure drop before stabilising near 120°. The
temperature contours further confirm that higher angular positions weaken the recirculation zone
and enhance thermal mixing.

Overall, the TEF distribution in Figure 14 demonstrates that thermo-hydraulic optimisation is
governed not only by vortex strength but also by the synergy between vortex positioning, jet
reinforcement and wake suppression. The peak performance at r/R = 1.25 and a = 120° highlights
the importance of geometric tuning to achieve maximum heat transfer enhancement with
controlled hydraulic losses. These findings provide deeper physical insight into jet-assisted vortex
dynamics and offer practical guidance for optimising VG placement in compact heat exchanger
applications.
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3.4. Economic and Practical Implications of Thermal Enhancement
Factor

The maximum TEF obtained in the present study is approximately 1.075, corresponding to a
net thermo-hydraulic improvement of about 7%—8% under constant fan power conditions.
Although this enhancement may appear moderate compared with some studies reporting TEF
values in the range of 1.2-1.5 [42], [43], [44], it is important to recognise that such higher values
are often associated with substantial pressure penalties or aggressive vortex geometries that may
not be suitable for practical air-side applications. In fin—tube heat exchangers operating with low-
density air, even a 5%—10% improvement in overall performance is practically meaningful, as it can
reduce the required heat transfer surface area for a given thermal duty, improve compactness or
lower long-term fan energy consumption [45], [46], [47].

From a manufacturing standpoint, the proposed perforated CRW-VGs are passive devices
integrated directly with the fin structure and fabricated from thin sheet material. The addition of
perforations does not introduce significant production complexity and can be implemented using
conventional stamping or punching techniques commonly employed in fin manufacturing.
Consequently, the incremental fabrication cost is expected to be minimal, particularly in large-scale
production.

Moreover, the perforated configuration helps mitigate an excessive increase in pressure
compared with solid VGs, thereby reducing aerodynamic loading on the fan system. The resulting
balance between heat transfer enhancement and controlled friction penalty demonstrates that
the proposed design achieves realistic thermo-hydraulic optimisation rather than maximum vortex
intensity alone. Although a comprehensive life-cycle cost analysis is beyond the scope of this
numerical study, the combination of TEF greater than unity, moderate pressure penalties and low
manufacturing complexity supports the technical relevance and economic feasibility of the
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proposed configuration for practical Heating, Ventilation, and Air Conditioning and compact
thermal management applications.

4. Conclusions

This study reveals that the thermo-hydraulic performance of CRW-VGs is governed by the
interaction between vortex positioning, jet momentum and wake suppression rather than vortex
strength alone. The results explicitly show that a shorter radial distance (r/R = 1.25) provides a
more favourable balance between heat transfer enhancement and pressure penalty thanr/R = 1.5.
Although larger radial spacing intensifies vortex structures and increases Nu/Nug, the
accompanying increase in f reduces the overall TEF.

The optimal angular position is identified at a = 120°, at which the wake region behind the
tube is significantly weakened. This configuration promotes a stronger near-wall momentum
exchange, a more uniform boundary-layer disruption and improved thermal mixing. The TEF
reaches its maximum values of 1.075 (0.25 H) and 1.064 (0.5 H) under this condition, confirming
that wake restructuring plays a decisive role in thermo-hydraulic optimisation.

Furthermore, increasing the feeding hole width enhances jet strength, which intensifies
turbulence and redistributes momentum more effectively. More importantly, this jet-assisted
mechanism contributes not only to heat transfer augmentation but also to moderating pressure
losses, demonstrating that momentum redistribution is more critical than simply increasing vortex
intensity.

Overall, the findings establish that the optimal CRW-VG design requires controlled vortex
suppression, strategic angular positioning and jet reinforcement to achieve maximum TEF. These
results provide mechanistic insight into jet—vortex synergy and offer practical guidance for high-
efficiency compact heat exchanger design.
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Nomenclature

D : Tube diameter (m) T : Radial distance of VG from tube center (m)
f : Darcy friction factor (-) R : Tube radius (m)

fo : Friction factor without vortex generator () T : Static temperature (K)

H : Channel height (m) Tin : Inlet air temperature (K)

k : Thermal conductivity of air (W m™ K™) o : Tube wall temperature (K)

L : Tube length (m) @ : Angular position of vortex generator (degree)
N, : Nusselt number (-) n : Dynamic viscosity (Pa s)

Nug,;  :Average Nusselt number (-) P : Air density (kg m™)

Nuy, : Nusselt number without vortex generator (—) /R : Radial distance ratio ()

P : Static pressure (Pa) Nu/Nuy :Nusselt number ratio (-)

Py : Longitudinal pitch (m) flfo : Friction factor ratio ()

Pr : Transverse pitch (m) TEF : Thermal enhancement factor (—)
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@ Article info e Curved rectangular winglet vortex generators (CRW-VGs) were optimized to improve the
. thermal enhancement factor in fin—tube heat exchangers.
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2025-11-20 e Computational fluid dynamics analysis showed that radial distance, hole width, and angular
Revised: position strongly influence heat transfer and pressure drop behavior.
2026-03-23 « Smaller radial distances enhanced TEF by suppressing mixing vortices, while larger hole widths
Accepted: improved heat transfer through stronger jet-flow generation.
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* The optimum configuration achieved a maximum TEF of 1.075 at an angular position of 120°,
hole width of 0.5 H, and radial distance of 1.25.

e e The findings demonstrate that proper geometric optimization of vortex generators can
B iic enhance heat transfer performance while minimizing pressure drop penalties.
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Abstract
Thermal efficiency is a fundamental criterion in the design and operation of heat exchangers
because it provides a clear view of the thermal behaviour and reliability of the system. Integrating

Publisher  \qrtex generators (VGs) with heat exchangers often increases turbulence and enhances the heat
Universitas  transfer rate but at the cost of increased pressure drops. This study aims to maximise the thermal
Muhammadiyah

enhancement factor (TEF) in fin—tube heat exchangers by optimising the radial distance, hole width

Magel . . .
aBCANE g angular position of curved rectangular winglet vortex generators (CRW-VGs). Computational
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fluid dynamics analysis is utilised to investigate how variations in radial distance and hole width
influence CRW-VG performance. Parameters such as TEF, Nusselt number ratio, friction factor ratio
and flow regime were examined. The results show that smaller radial distances suppress mixing
vortices and enhance TEF, while larger hole widths generate strong jet flows and increase heat
transfer rates. The highest TEF of 1.075 is achieved at an angular position of 120°, a hole width of
0.5 H and a radial distance of 1.25. The study reveals that optimising the geometric parameters of
VGs is proven satisfactory for enhancing heat transfer performance and minimising pressure drop.

Keywords: Curved rectangular winglet; Heat transfer enhancement; Hole width; Radial distance;
Vortex generator

1.Introduction

Thermal efficiency is a crucial aspect in the design and operation of heat exchanger systems,
playing an essential role in various industrial applications, such as power generation, cooling and
chemical processing [1]. The need for better heat exchange in these systems with more compact
designs has resulted in much research on this topic.

Air is the common working fluid in fin—tube heat exchangers. Similar to all gases, air has
relatively poor thermophysical properties for heat transfer [2]. This limitation prompted
researchers to enhance the effectiveness of heat transfer systems to increase energy efficiency
while lowering production costs. Enhancing the air-side heat transfer of these equipment has been
the subject of several theoretical, numerical and experimental investigations. A proven effective
solution is the integration of vortex generators (VGs). These small devices are designed to enhance
aerodynamic performance, flow control and heat transfer in forced draft cooling towers [3]. VGs
improve thermal performance by inducing subsidiary currents, disrupting interface region
development and promoting fluid dispersion near the walls. The longitudinal vortices generated
by VGs allow reduced stagnation zones behind the tubes [4], increase turbulence intensity and well
fluid mixing [5]. Increasing turbulence often enhances the heat transfer rate but at the cost of
increased pressure drops. Therefore, optimising heat transfer and reducing fluid flow resistance
have become the primary focus.

Previous studies have demonstrated that both the placement and geometric configuration of
VGs significantly influence the thermal-hydraulic performance of fin—tube heat exchangers.
Positioning VGs near the centre of the tube has been shown to provide more effective heat transfer
enhancement compared with inlet or outlet placements, primarily due to the stronger interaction
between the generated vortices and the tube wake region [6], [7]. In addition, smaller VG
geometries operating at lower Reynolds numbers have been reported to further improve heat
exchange performance [8].

Geometric optimisation of the heat exchanger structure also plays an important role in
determining overall performance. The optimal combination of a larger fin pitch and a smaller tube
diameter has been experimentally identified as providing improved fluid flow characteristics [9].
However, increasing the fin pitch can reduce the Nusselt number (Nu) and the wall friction factor
(f) because of weakened vorticity formation and enhanced turbulent energy dissipation [10].
Furthermore, numerical investigations have shown that combining concave and convex VG
surfaces generates stronger longitudinal vortices, resulting in an enhancement of the heat transfer
rate of approximately 14.4% [11].

Operational parameters, such as VG location and angle of attack (AoA), further determine
heat transfer effectiveness. Higher attack angles, particularly when VGs are positioned farther from
the tube, can substantially increase heat transfer rates [12]. Conversely, smaller angles may be
advantageous in certain configurations by directing colder fluid towards weak wake regions [13].
An AoA of 45° has consistently been identified as providing superior thermal enhancement
compared with other angles [14], [15]. Furthermore, increasing the number of staggered VGs
enhances the thermal enhancement factor (TEF) by accelerating flow and promoting fluid mixing
in the wake region [16], [17]. These configurations are commonly arranged in common flow up,
common flow down (CFD) or hybrid arrangements to optimise performance.

In rectangular channel systems, geometric parameters, such as winglet aspect ratio and
channel height (H), have been identified as the dominant factors affecting heat transfer
performance [18], [19]. Increasing duct height significantly alters vortex development, especially
when VGs are mounted on opposing walls, thereby enhancing overall flow dynamics and heat
transfer efficiency. Heat exchange performance is also highly sensitive to VG position and geometry
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Figure 1.

Schematic illustration
and the main
dimensions of the
studied VG:

(a) The overall
configuration of the
fin—tube heat
exchanger;

(b) Detailed geometry
of the CRW-VG
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[20], with even minor geometric changes producing noticeable variations in performance [21],
[22].

Among the various structural innovations, perforated VGs have emerged as a promising
approach for improving thermal performance [23]. Perforated rectangular winglets have been
reported to increase the Nu by approximately 3.91-5.52 times, achieving a maximum thermal
performance factor of 2.01 [24]. Similarly, double perforated inclined elliptic turbulators have
demonstrated Nu enhancements of up to 217.4% [25]. These improvements are attributed to jet
flows generated through perforations, which disrupt recirculation zones and intensify fluid mixing,
thereby enhancing thermal exchange efficiency [26], [27], [28].

Despite these substantial advancements, existing studies predominantly emphasise external
geometric modifications, placement strategies and angle of attack variations. Although perforating
the VG surface can either enhance or deteriorate heat transfer performance, depending on the
hole size, number and placement, because it changes the vortex strength and the pressure drop
[29], systematic investigations of hollow rectangular winglet VGs remain limited. More
importantly, the geometric perforation parameter (hole width) and the positional parameter
(radial distance from the tube) have largely been examined independently. Consequently, the
coupled interaction between these two design variables and their combined influence on thermal—
hydraulic performance has not been comprehensively evaluated. This lack of integrated parametric
analysis restricts the development of optimised hollow VG configurations capable of
simultaneously maximising heat transfer enhancement and minimising pressure drop penalties. To
overcome this limitation, this study proposes a performance-based geometric optimisation
framework for circular ring winglet vortex generators (CRW-VGs) in fin—tube heat exchangers,
focusing on radial distance and hole width as key design variables.

The coupled effects of radial distance (r/R = 1.25 and 1.5) and hole width (0.25 H and 0.5 H)
are systematically analysed using high-fidelity CFD simulations. Performance is evaluated through
integrated metrics, including the TEF, Nu/Nuo, friction factor ratio (f/fo) and flow structure
characterisation. By integrating geometric sensitivity analysis with unified thermo-hydraulic
evaluation and mechanistic interpretation of vortex dynamics, this study identifies the optimal
configuration that maximises heat transfer while minimising pressure drop, providing both
guantitative assessment and mechanistic insight for a compact heat exchanger design.

2. Methodology
2.1. Physics Model

6750 _ Figure 1 shows the
geometric details of a heat
S S exchanger with three rows of
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distance between two adjacent fins. The dashed rectangular region marks the representative
segment selected from the complete heat exchanger geometry for numerical modelling. The tube
radius, R = D/2, serves as the reference length for positioning analysis. Figure 1b shows the detailed
geometry of the CRW-VG. The winglet length in the streamwise direction is 2 H, which is twice that
of H. The winglet height is 0.9 H, providing a small clearance from the fin surface to prevent
excessive blockage. Perforated configurations use circular holes with diameters of 0.5 H and 0.25
H, representing the large, medium and small perforation cases, respectively, examined in the
parametric study. All geometric dimensions are normalised by H for geometric similarity and
scalable comparison.

This model serves as a pivotal component in our experimental setup, aimed at investigating
its effects on enhancing fluid dynamics and heat transfer processes. The geometry of the VGs, as
illustrated in the figure, showcases its distinctive features and potential to induce vortices and
modify the flow field. Due to its efficacy in improving the performance of various thermal systems,
such VG configurations have been widely studied [19], making them ideal candidates for our
research endeavours. By using this specific design, this study aims to elucidate the VGs’ impact on
the efficiency and effectiveness of heat transfer mechanisms within our experimental apparatus.

The main dimensions refer to Oh and Kim’s previous investigation [30]: diameter D = 32 mm,
length L = 6.75, longitudinal pitch P_L = 2.25D, transverse pitch (P_T) = 2D, H = 7 mm, length of the
section with radius 2 H and corner radius 60°. The hole widths of the CRW-VGs are 0.25 H and 0.5
H, with a VG height of 0.9 H. The angular position (@) indicates the angle measured in an
anticlockwise manner from the lengthwise orientation of the tube to the line linking the CRW-VGs
to the central point of the tube, (r) denotes the distance measured radially from this central point,
and R represents the radius of the tube. The investigation of these parameters was carried out
using variations in position angles (a): 30°, 45°, 60°, 75°, 90°, 105°, 120°, 135° and 150° with r/R =
1.25and 1.5.

2.2. Governing Equation

The flow conditions in the system under investigation are assumed to be incompressible,
indicating that changes in density due to pressure variations are negligible and do not significantly
alter the fluid’s behaviour. In the fin tube heat exchanger, a Newtonian fluid with a constant stream
is employed. The conservation equations for mass, momentum and energy are expressed as
follows:

V-V=0 (1)
p(V V)V = —Vp + uv?v (2)
pV -Vh = V- (kVT) (3)

The notation in the equation above equations, namely l7, P, v, h, k,u, and T involved are the
velocity vector, air density, static pressure, thermal conductivity of air, dynamic viscosity, and static
temperature, respectively.

The heat transfer performance (TEF) is formulated as follows [31],

TEF = (Nu/Nuo)/(f/fo)/? (4)
where the Nusselt number (Nu) and friction factor (f) are formulated as follows.

Nu = hL./k (5)

f = 28pH/(pUZ L) (6)

2.3. Computational Domain and Boundary Conditions

Figure 2 illustrates the computational domain of the fin—tube heat exchanger equipped with
CRW-VGs. The domain represents the lateral arrangement, flow direction and fin pitch orientation.
Owing to geometric uniformity and cyclic configuration, the computational region is defined as half
of the transverse pitch (P_T/2) in the x-direction and one full pitch length in the z-direction. This
periodic simplification significantly reduces computational costs while preserving the essential
flow and heat transfer characteristics.
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To ensure an accurate representation of the physical system, steady-state and incompressible
flow assumptions are adopted. The domain is extended sufficiently in the streamwise direction to
allow proper flow development and to avoid undesirable numerical or physical instabilities.

2.3.1. Boundary conditions
o At the inlet, a uniform velocity profile and a constant temperature are specified:
u= (U, 00),T =T, (7)

where u is the velocity vector, u;, is the inlet air velocity, and T, is the inlet air temperature.
At the outlet, a constant reference pressure is prescribed:

P = Pout (8)
together with zero-gradient conditions for velocity and temperature:

du aT

—=0,—=0 9

on on ©)

where n denotes the outward normal direction to the outlet boundary.
For all solid surfaces, including the tube, fins, and CRW-VGs, the no-slip condition is applied:

u=20 (10)
A constant wall temperature is imposed on the tube surface:
T=T, (11)

where T,,is the prescribed tube wall temperature.
Due to the periodicity of the geometry in the transverse and spanwise directions, periodic
boundary conditions are employed:

¢(xy,2) = p(x,y,z+P) (12)

where ¢ represents the dependent flow variables (velocity components, pressure and
temperature), and Pdenotes the periodic pitch length.
These boundary conditions ensure physically consistent flow development and reliable
@ prediction of heat transfer and fluid flow characteristics within the computational domain.
Matching boundary conditions are established in the x orientation amid the algorithmic
region, while cyclic restrictions are established on both the higher and lower surfaces in the upriver
and downriver orientations. The
- Upsteam Extended Region wing region incorporated into the
Fon CRW-VGs serves as a barrier, and
the tube is subjected to
constraints at this enclosure.
These conditions ensure stable
flow  patterns  within  the
algorithmic region, preventing
undesired turbulence or
instability. Moreover, the no-slip
conditions and consistent surface
temperature facilitate precise
control and optimise the flow
Figure 2. dynamics around the wing region
Computational domain : and tube enclosure.

-

.J\ Downsteam Extended Region

2.4. Convergence Assessment

The convergence of the numerical solution was assessed using a combination of residual-
based, physical-based and grid-independence criteria to ensure numerical accuracy and physical
reliability.

The normalised residuals of the governing equations were monitored during the iterative
process. Convergence was assumed when the residuals of the continuity and momentum
equations decreased below 107°, while a stricter threshold of 108 was imposed for the energy
equation due to the heat transfer-oriented nature of the present study.
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Table 1.
Grid independence test

Figure 3.
Computational grid test
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In addition to residual monitoring, several global physical quantities were continuously
tracked, including the average Nusselt number (Nu_,y,), f and outlet bulk temperature (Ty). The
solution was considered physically converged only when the relative variation in these parameters
over 500 successive iterations was satisfied:

¢(n) _ ¢(n—500)
d®
where ¢represents Nu_,yg, f, or Ty, and ndenotes the iteration number.

Furthermore, a grid independence study was conducted using four progressively refined
meshes ranging from 600,641 to 915,422 elements. The relative deviations of Nu_,vg and f
between the two finest meshes were below 0.1%, confirming mesh independence. This value is
well within the commonly accepted convergence range of 1%—2% [32]. Thus, the grid with 822,157

elements was adopted for all subsequent simulations to achieve an optimal balance between
numerical accuracy and computational efficiency.

| < 0.1% (13)

2.5. Grid Independence Test

A grid independence test was carried out for numerical analysis. The computational grid was
bifurcated into two parts, specifically the region adjacent to the VGs and the rest of the area. The
non-conformal interface approach was implemented between these two zones. To ensure
accuracy in analysis and attain optimal grid quality, grid generation employed inflation techniques
in the tube vicinity and VGs. As illustrated in Figure 3, the cell geometry utilised around the VGs is

Number of grids  Nu_avg f tetrahedral because the element can precisely capture
600,641 16.55447  0.09671 arbitrary flow around the complex geometry of the VG
715,421 16.70175  0.09603 [33] and is directly relevant to finely detailed VGs. Four
822,157 16.79783  0.09551 different grid sizes are considered in Table 1 to list the
915,422 16.80972 0.09549 number of cells.

o N
G : [ e

2.6. Numerical Solution Methodology

Numerical simulations were performed under steady-state conditions using the finite volume
method to solve the 3D governing equations of mass, momentum and energy. Airflow was
assumed to be incompressible, Newtonian and turbulent, with constant thermophysical
properties.

Turbulence effects were modelled using the shear stress transport (SST) k—wmodel, which
combines the robustness of the k—wformulation near the wall with the freestream independence
of the k—emodel in the outer region. This model is particularly suitable for predicting adverse
pressure gradients and flow separation occurring in fin—tube heat exchangers equipped with CRW-
VGs.

The governing equations were discretised using a second-order upwind scheme for the
convective terms of momentum and energy equations to enhance numerical accuracy. Pressure—
velocity coupling was achieved using the SIMPLE algorithm. Spatial discretisation was applied
consistently across the computational domain to ensure numerical stability.

A non-uniform computational grid was employed, with mesh refinement and inflation layers
applied near the tube and VG surfaces to accurately capture velocity and thermal boundary layers.
A grid independence study was conducted using four mesh resolutions, as detailed in Table 1. The
variation in Nu_avg and f between the two finest meshes was less than 0.1%, indicating mesh-
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Figure 4.
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results:
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independent results. Consequently, the mesh with 822,157 cells was selected for all simulations as
an optimal compromise between accuracy and computational cost.

2.7. Validation

The convergence of the numerical solution was ensured by monitoring the normalised
residuals of the governing equations. The convergence criteria were set to 10~>for continuity and
momentum equations and 10~ for the energy equation. In addition to residual reduction, global
quantities, such as Nu_avg and pressure drop, were monitored to confirm the physical
convergence of the solution.

The simulation model adopted in this study was based on a previously validated configuration
[30], which serves as a reference case for assessing the reliability of the numerical method.
Turbulent flow was modelled using the k—w SST model in conjunction with the governing Eq. (1) to
Eqg. (3). This model is well known for accurately predicting adverse pressure gradients and flow
separation, making it suitable for complex flow simulations in fin—tube heat exchangers equipped
with curved VGs.

The numerical results were validated against published experimental data [30], as illustrated
in Figure 4. The comparison showed good agreement, with deviations of 2%—6% for Nu and 4%—8%
for f, and an overall error below 9%. These results confirm the reliability of the present numerical
methodology for predicting heat exchanger performance.

0,25 20
—a—(Oh, et al. —a—Oh, etal.
—e— Present stud —e— Present study
0,20 16 4
0,15+ 5 124
e z
0,10 4 8
0'05 T T T T T 4 T T T T T T T T i T v
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Re (@) Re (b)
3.Results

3.1. Influence of Geometry and Radial Distance on the Nu/Nu, and
f/f, Values

The assessment of heat transfer performance can be observed from the resulting Nu/Nu.
value. The comparison between Nu and Nu, (Nusselt number under reference conditions)
provides insight into heat transfer efficiency. Deviations in Nu/Nu, signify alterations in the
thermal performance of the observed system, as shown in Figure 5 (i.e. (a) is 0.25 H and (b) is 0.5
H). Figure 5 and Figure 6 demonstrate the coupled relationship between heat transfer enhancement
and flow resistance as a function of the attack angle, hole width and radial position of the CRW-
VGs. As shown in Figure 5, the variation in Nu/Nuo strongly depends on vortex stability and
secondary flow development. At lower angles (30°—60°), moderate longitudinal vortices are
generated, resulting in limited boundary layer disruption and moderate heat transfer
enhancement. However, as indicated in Figure 6, this regime is accompanied by only a slight
increase in f, reflecting a moderate disturbance level within the flow field.

When the angle approaches 75°-90°, both Nu/Nuy (Figure 5) and f/fo (Figure 6) reach relatively
low values. This behaviour indicates a weakened and less coherent vortex structure, in which
reduced mixing leads to minimal heat transfer enhancement and lowered flow resistance. The
reduction in heat transfer in this region is mainly attributed to the reduced effective contact area
for heat transfer, intensified rotational motion and the formation of lateral vortices on the surface
of the perforated VGs [34], which dissipate energy without significantly enhancing boundary layer
thinning.
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A significant change occurs at 120°: a maximum Nu/Nuo (Figure 5) and a pronounced increase
in f/fo (Figure 6). This correspondence confirms that strong and stable longitudinal vortices are
formed at this angle, intensifying cross-stream mixing and effectively thinning the thermal
boundary layer. However, enhanced vortex strength also increases shear stress and energy
dissipation, leading to higher pressure penalties. This regime represents a high-disturbance, high-
enhancement condition in which heat transfer improvement is achieved at the expense of
increased friction losses.

At larger angles (135°-150°), both Nu/Nuo and f/fo decrease, suggesting vortex breakdown
and excessive flow separation. Although flow disturbance remains present, the loss of vortex
coherence reduces effective mixing and pressure buildup.

The influence of hole width and radial distance further clarifies the thermo-hydraulic
interaction. The smaller hole width (0.25 H) produces more concentrated vortices and sharper
enhancement peaks in Figure 5 and relatively controlled friction increases in Figure 6. By contrast,
the larger hole width (0.5 H) allows partial flow penetration through the perforation, promoting
distributed secondary flows that increase energy dissipation and friction levels while slightly
moderating heat transfer gains. Similarly, increasing the radial distance to r/R = 1.5 strengthens
the vortex—wake interaction, enhancing Nu/Nuo but also elevating f/fo because of the intensified
momentum exchange.

Overall, the combined analysis of Figure 5 and Figure 6 confirms that the thermo-hydraulic
performance is governed by the balance between vortex intensity, boundary layer disruption and
flow resistance. The angle of 120° emerges as the most effective configuration in terms of heat
transfer enhancement, although its practical suitability must be evaluated through an integrated
metric, such as the TEF, to ensure that the gain in heat transfer justifies the associated pressure
penalty.
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3.2. Flow Field and Thermal Field Interpretation

Reducing f with an increase in Nu using holes can reduce the pressure drop. As Nu and f are
parameters of the TEF, the heat transfer performance can be determined, as discussed above, by
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looking at the contour changes in speed, temperature and pressure in Figure 7 to Figure 12. Figure 7
to Figure 12 reveal that the thermo-hydraulic performance of the CRW-VGs is governed not merely
by geometric variation but primarily by the stability regime of the generated longitudinal vortices.
Three distinct flow regimes can be identified as the attack angle (a) increases: (i) weak vortex
regime (30°-60°), (ii) coherent vortex amplification regime (75°-120°) and (iii) vortex breakdown

regime (135°-150°).

In the weak vortex regime, velocity contours (Figure 7 and Figure 8) indicate limited secondary

flow development and only a partial disruption of the boundary layer. The generated vortices are
insufficient to induce the deep penetration of core flow towards the heated surface.
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Consequently, the temperature contours (Figure 11 and Figure 12) show a relatively thick
thermal boundary layer and non-uniform temperature stratification. The pressure contours (Figure
9 and Figure 10) display moderate upstream—downstream gradients, indicating limited energy
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dissipation and relatively small pressure penalties. However, as fluids move swiftly, they have
fewer opportunities for prolonged interaction, resulting in smaller pressure drops [35]. This
explains why lower attack angles, despite smoother flow behaviour, do not generate substantial
convective enhancement.
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A fundamentally different behaviour emerges in the coherent vortex amplification regime (a
= 105°-120°). In this range, the velocity field exhibits highly organised longitudinal vortices with an
intensified cross-stream momentum exchange. The vortices transport high-momentum core fluid
towards the heated wall while ejecting low-momentum near-wall fluid outward, significantly
thinning the thermal boundary layer. The temperature distribution becomes more uniform, thus
confirming enhanced convective transport. Simultaneously, the pressure field exhibits the most
pronounced gradients, reflecting maximal shear production and vortex strength.

Nevertheless, the perforated configuration introduces an additional mechanism. As depicted
in Figure 9 and Figure 10, the jet stream emanating from the orifice of the CRW-VGs has the potential
to alleviate stagnation flow, consequently reducing the pressure drop [36], [37], [38]. This jet-
induced acceleration redistributes local pressure peaks and mitigates excessive recirculation
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behind the VG, thereby partially compensating for the pressure penalty associated with strong
vortex generation. Therefore, this regime represents a critical transition state in which vortex
strength and structural coherence are maximised, while perforation-induced jet flow moderates
stagnation-related losses.
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When a > 135° the system enters a vortex breakdown regime. Although apparent
disturbance increases, velocity contours reveal fragmented and unstable vortical structures. The
pressure distribution becomes spatially irregular, indicating that kinetic energy is increasingly
dissipated through chaotic separation rather than organised secondary motion. As a result,
temperature contours show reduced effectiveness in boundary layer thinning, despite intensified
disturbance. This demonstrates that excessive geometric forcing shifts the system from a
structured convective enhancement to instability-driven dissipation.

The geometric parameters further modulate these mechanisms. An increasing radial position
to r/R = 1.5 enhances the wake—vortex interaction and prolongs vortex persistence, intensifying
the heat transfer but also elevating the pressure penalties. Similarly, a smaller hole width (0.25 H)
generates concentrated vortices and sharper shear layers, thereby promoting a stronger boundary
layer disruption. By contrast, a larger hole width (0.5 H) allows for greater flow penetration through
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the perforation, redistributing vortex energy and stabilising the pressure field, thereby offering a
more balanced thermo-hydraulic response.

Overall, the results demonstrate that thermo-hydraulic optimization is governed by vortex
coherence rather than vortex magnitude alone. The optimal configuration (o = 105°-120°)
corresponds to the condition where organized secondary flow production is maximized, stagnation
effects are partially mitigated by jet-induced flow through perforations, and instability-driven
energy dissipation has not yet dominated the system. This mechanistic interpretation advances the
understanding of perforated vortex generators by identifying vortex stability and jet—wake
interaction as the primary control parameters governing performance. As illustrated in Figure 13,
the streamline and velocity contours reveal a coherent high-velocity core developing along the
inner wall of the curved channel, accompanied by jet-induced momentum injection from the
perforations into the wake region. This mechanism promotes thermal boundary layer thinning
through enhanced near-wall acceleration while simultaneously suppressing large-scale
recirculation that would otherwise increase frictional losses. The interaction between curvature-

@ driven Dean vortices and the longitudinal vortices generated by the VG further intensifies
transverse momentum exchange, improving convective transport uniformity along the heated
surface. Consequently, the heat transfer augmentation achieved within the optimal angular range
is not merely a function of vortex strength, but rather of sustained vortex organization and
controlled jet—wake stabilization, which collectively ensure enhanced Nusselt number
performance with moderated pressure penalties.

Figure 13. X
Streamline velocity a = .‘I’ Velocity [m/s]
120°, /R = 1.25, hole I L .
width = 0.5H 0.00 9.15 18.29
@ 3.3. Influence of Geometry and Radial Distance on Thermal

Enhancement Factor

The variation in the TEF with the r/R ratio at different angular positions is presented in Figure
14a and Figure 14b for hole widths of 0.25 H and 0.5 H, respectively. For both configurations, r/R =
1.25 consistently produces higher TEF values than r/R = 1.5, with the most pronounced
improvement occurring at a = 120°. The maximum TEF reaches 1.075 for 0.25 H and 1.064 for 0.5
H. This trend indicates that a shorter radial distance provides a more favourable balance between
heat transfer augmentation and friction penalty.

The superior performance at r/R = 1.25 is associated with a more effective vortex—jet
interaction and controlled suppression of mixed-vortex interference. At a = 120°, the wake region
behind the tube is significantly weakened, promoting enhanced near-wall momentum exchange
and boundary-layer disruption. Such overlapping vortex configurations signal a shift towards a
more intensified turbulent regime [39], which is known to strengthen convective heat transfer
mechanisms [40].

3 Although larger radial spacing intensifies vortex structures, it also increases flow resistance,

o

thereby reducing the overall TEF, despite higher local heat transfer rates. The combined trends of
Nu/Nuo and f/fo confirm that optimal thermo-hydraulic performance is governed by the synergy
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between vortex positioning, jet reinforcement and wake suppression rather than vortex strength
alone.

The combined analysis of Nu/Nuo and f/fo (Figure 5 and Figure 12) supports this behaviour.
Increasing hole width reduces f, thereby mitigating the pressure drop, consistent with previous
findings [41]. The jet streams generated by the CRW-VGs alleviate stagnant flow regions,
particularly between 30° and 90°, while beyond 105°, the interaction between intensified vortices
and wake dynamics temporarily elevates the pressure drop before stabilising near 120°. The
temperature contours further confirm that higher angular positions weaken the recirculation zone
and enhance thermal mixing.

Overall, the TEF distribution in Figure 14 demonstrates that thermo-hydraulic optimisation is
governed not only by vortex strength but also by the synergy between vortex positioning, jet
reinforcement and wake suppression. The peak performance at r/R = 1.25 and a = 120° highlights
the importance of geometric tuning to achieve maximum heat transfer enhancement with
controlled hydraulic losses. These findings provide deeper physical insight into jet-assisted vortex
dynamics and offer practical guidance for optimising VG placement in compact heat exchanger

applications.
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3.4. Economic and Practical Implications of Thermal Enhancement
Factor

The maximum TEF obtained in the present study is approximately 1.075, corresponding to a
net thermo-hydraulic improvement of about 7%—8% under constant fan power conditions.
Although this enhancement may appear moderate compared with some studies reporting TEF
values in the range of 1.2-1.5 [42], [43], [44], it is important to recognise that such higher values
are often associated with substantial pressure penalties or aggressive vortex geometries that may
not be suitable for practical air-side applications. In fin—tube heat exchangers operating with low-
density air, even a 5%—10% improvement in overall performance is practically meaningful, as it can
reduce the required heat transfer surface area for a given thermal duty, improve compactness or
lower long-term fan energy consumption [45], [46], [47].

From a manufacturing standpoint, the proposed perforated CRW-VGs are passive devices
integrated directly with the fin structure and fabricated from thin sheet material. The addition of
perforations does not introduce significant production complexity and can be implemented using
conventional stamping or punching techniques commonly employed in fin manufacturing.
Consequently, the incremental fabrication cost is expected to be minimal, particularly in large-scale
production.

Moreover, the perforated configuration helps mitigate an excessive increase in pressure
compared with solid VGs, thereby reducing aerodynamic loading on the fan system. The resulting
balance between heat transfer enhancement and controlled friction penalty demonstrates that
the proposed design achieves realistic thermo-hydraulic optimisation rather than maximum vortex
intensity alone. Although a comprehensive life-cycle cost analysis is beyond the scope of this
numerical study, the combination of TEF greater than unity, moderate pressure penalties and low
manufacturing complexity supports the technical relevance and economic feasibility of the
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proposed configuration for practical Heating, Ventilation, and Air Conditioning and compact
thermal management applications.

4. Conclusions

This study reveals that the thermo-hydraulic performance of CRW-VGs is governed by the
interaction between vortex positioning, jet momentum and wake suppression rather than vortex
strength alone. The results explicitly show that a shorter radial distance (r/R = 1.25) provides a
more favourable balance between heat transfer enhancement and pressure penalty thanr/R=1.5.
Although larger radial spacing intensifies vortex structures and increases Nu/Nuo, the
accompanying increase in f reduces the overall TEF.

The optimal angular position is identified at a = 120°, at which the wake region behind the
tube is significantly weakened. This configuration promotes a stronger near-wall momentum
exchange, a more uniform boundary-layer disruption and improved thermal mixing. The TEF
reaches its maximum values of 1.075 (0.25 H) and 1.064 (0.5 H) under this condition, confirming
that wake restructuring plays a decisive role in thermo-hydraulic optimisation.

Furthermore, increasing the feeding hole width enhances jet strength, which intensifies
turbulence and redistributes momentum more effectively. More importantly, this jet-assisted
mechanism contributes not only to heat transfer augmentation but also to moderating pressure
losses, demonstrating that momentum redistribution is more critical than simply increasing vortex
intensity.

Overall, the findings establish that the optimal CRW-VG design requires controlled vortex
suppression, strategic angular positioning and jet reinforcement to achieve maximum TEF. These
results provide mechanistic insight into jet—vortex synergy and offer practical guidance for high-
efficiency compact heat exchanger design.
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Nomenclature

D : Tube diameter (m) r : Radial distance of VG from tube center (m)
f : Darcy friction factor (-) R : Tube radius (m)

fo : Friction factor without vortex generator () T : Static temperature (K)

H : Channel height (m) Tin : Inlet air temperature (K)

k : Thermal conductivity of air (W m™" K™) T, : Tube wall temperature (K)

1L, : Tube length (m) a : Angular position of vortex generator (degree)
N, : Nusselt number (-) u : Dynamic viscosity (Pa s)

Nugyg : Average Nusselt number (-) p : Air density (kg m~3)

Nu, : Nusselt number without vortex generator () r/R : Radial distance ratio (-)

P : Static pressure (Pa) Nu/Nu, :Nusselt number ratio (=)

By : Longitudinal pitch (m) f/fo : Friction factor ratio (=)

Py : Transverse pitch (m) TEF : Thermal enhancement factor (-)
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