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Abstract Keywords

In this study, the thermo-hydraulic performance of a fin-and-tube heat exchanger Fin-And-Tube Heat Exchanger
equipped with longitudinal vortex generators was investigated numerically through a
three-dimensional computational approach. The primary objective was to evaluate the
influence of winglet geometry on heat transfer enhancement and to analyze the
associated trade-off with pressure drop, with particular emphasis on biomedical Semi-Cylindrical Winglet
engineering applications such as blood warmers and heat exchangers used in life-
support systems. Two vortex-generator configurations, namely triangular and semi-
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cylindrical winglets, were modeled and simulated under flow conditions spanning from Received: 07.12.2025
near-wall laminar behavior to transitional regimes. Revised: 24.04.2026

The results demonstrate that the semi-cylindrical winglet generates more stable Accepted: 23.05.2026
longitudinal vortices and promotes stronger fluid mixing, leading to thermal boundary-

layer thinning and consequently higher average convective heat transfer compared *Corresponding Author
with the triangular configuration, although at the expense of an increased pressure Hamidreza Mortazavy Beni
drop. Furthermore, increasing the Reynolds number enhances heat transfer while Email

simultaneously intensifying pressure losses. In contrast, increasing the inlet HRM.Beni@iau.ac.ir

temperature of the cold fluid reduces the wall heat transfer coefficient. Overall, the
findings indicate that within the investigated operating range, the semi-cylindrical
geometry provides a more favorable balance between thermal enhancement and
pumping-power requirements, making it a more efficient option for compact heat
exchangers employed in biomedical applications

1- Introduction

Enhancing the performance of heat exchangers, transfer enhancement against pressure drop.
particularly compact thermal systems, continues to Therefore, selecting an appropriate geometry can
be a major topic in thermal design and energy- provide higher thermal performance while
efficiency  optimization.  Experimental and maintaining acceptable pumping-power
numerical investigations have demonstrated that consumption [2].

modifying the geometry of heat transfer

oy . For instance, previous studies have reported that
components can significantly improve heat transfer

modifying tube geometry not only alters the flow
field structure but can also improve heat transfer
performance while substantially affecting pressure
losses [3]. In addition, parametric analyses on fin
pitch, tube pitch, and fin thickness have shown that

rates, even under relatively small temperature
differences [1]. In fin-and-tube heat exchangers, the
arrangement of fins and tubes, cross-sectional
geometry, and configuration of heat transfer
elements play a decisive role in balancing heat
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thermo-hydraulic performance indicators are highly
sensitive to these parameters, making simultaneous
evaluation essential for optimal design [4].

The objectives and novelties of the present study are
therefore defined as follows:

1. To conduct a steady three-dimensional
investigation of a fin-and-tube heat
exchanger by directly comparing triangular
and semi-cylindrical  vortex-generator
geometries over a transitional Reynolds-
number range in order to clarify the role of
vortex-generator shape on heat transfer
enhancement and  pressure drop

characteristics.

2. To simultaneously evaluate standard
thermo-hydraulic performance metrics—
including the Nusselt number, friction
factor, and performance
criterion (PEC)—along with sensitivity
analyses with respect to Reynolds number

evaluation

and inlet temperature.

3. To explain the physical mechanisms
responsible for the superior geometry
through detailed flow-field visualization of
velocity, temperature distribution,
turbulence kinetic energy, and near-wall
vortex structures.

The principal novelty of this work lies in the direct
three-dimensional comparison between triangular
and semi-cylindrical longitudinal vortex generators
in fin-and-tube heat exchangers and the detailed
analysis of their effects on thermo-hydraulic
behavior. In this study, combined performance
indicators (PEC) and their implications for heat
exchanger design—particularly in biomedical
engineering applications—are comprehensively
evaluated. Compared with earlier investigations that
mainly focused on simplified or lower-dimensional
analyses, the present approach provides a more
realistic and physically detailed assessment.

Moreover, this study distinguishes and analyzes
different sources of pressure loss and examines their
influence on the selection of optimal geometries for

specialized applications such as life-support thermal
systems and medical fluid warmers—an aspect that
has received limited attention in previous research.

2- Numerical Methodology

2-1- Geometry and Computational Domain
Aluminum is widely used in heat exchangers for
applications such as automotive systems,
refrigeration, and cooling technologies because of
its favorable balance between thermal conductivity,
manufacturability, weight, and cost. Although
materials with higher thermal conductivity, such as
copper, can improve heat dissipation from the
refrigerant to the airflow and thereby enhance
cooling efficiency, their significantly higher cost
limits their practical use in compact thermal
systems. Accordingly, aluminum was selected as
the material for the present fin-and-tube heat
exchanger, particularly for the fins.

Due to the repetitive and symmetric configuration
of the heat exchanger, the computational geometry
was developed in SolidWorks using a planar
symmetry approach. The modeled domain
represents a single periodic element of a fin-and-
tube heat exchanger row, with all dimensions
expressed in millimeters. Based on
recommendations from previous studies and in
order to minimize boundary-induced numerical
errors, the computational domain was extended
sufficiently upstream and downstream so that the
airflow could develop under more realistic thermal
and hydrodynamic conditions.

A three-dimensional computational domain was
generated to simulate airflow through the fin
passages while preserving the fin pitch
configuration. The same modeling strategy was
applied to both the baseline geometry and the
modified configurations containing
generators. The numerical domain consisted of a

vortex

control volume with designated inlet and outlet
boundaries. The simulations were conducted under
steady-state, three-dimensional, incompressible
flow conditions. Because of the incompressible and
viscous nature of the flow, a pressure-based solver
was employed. The energy equation was discretized
using a second-order upwind scheme, while
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initialization was performed based on inlet-cell
conditions.

Enhancing the effective heat transfer area of fins is
one of the most common methods for improving
thermal performance, and this can be achieved
through surface modifications such as grooves and
vortex-generating structures. In addition, the use of
vortex generators in the airflow path has attracted
considerable attention as an effective technique for
improving the air-side thermal performance of
compact heat exchangers. Accordingly, the present
study first evaluates a simple baseline configuration
and subsequently investigates modified geometries
designed to improve thermal performance.

The primary focus of this research is therefore the
parametric numerical investigation of a compact
fin-and-tube heat exchanger equipped with vortex
generators. Owing to the geometric symmetry of the
exchanger, only half of the physical domain was
modeled, and periodic as well as symmetry
boundary conditions were imposed. Such
simplifications are appropriate when the geometry
exhibits repetitive patterns and uniform wall
boundary conditions.

Because of the fin grooves and vortex-generator
structures, the airflow experiences pressure losses
that are typical of compact heat exchangers with fin-
and-tube arrangements. Numerical simulations
were carried out in ANSYS Fluent by solving the
Navier—Stokes equations together with the energy
and continuity equations using the finite-volume
method. The air-side thermophysical properties
were modeled using the ideal-gas assumption. All
simulations were performed under steady-state
conditions using a pressure-based solver in which
all variables were stored at the cell centers.

2-2- Boundary Conditions

2-2-1- Flow Boundary Conditions

The airflow Reynolds number ranged from 700 to
2600 and was imposed at the inlet using a velocity-
inlet boundary condition. The ambient temperature
was set to 300 K, representing the inlet temperature
of the heat exchanger airflow. At the outlet
boundary, the static pressure was fixed at

atmospheric pressure, and the gauge pressure was
assumed to be zero.

2-2-2- Wall Boundary Conditions

A constant wall-temperature boundary condition
was applied to the heated tube surfaces, with the
wall temperature maintained at 355.15 K. The
selected inlet-air temperature (300 K) and wall
temperature (355.15 K) were chosen to represent the
relatively small temperature differences commonly
encountered in low-temperature compact heat
exchangers and biomedical thermal-management
systems. A no-slip boundary condition was imposed
on all vortex-generator surfaces and solid walls.

2.3 Turbulence Modeling and Numerical Solution
Procedure

Compact heat exchangers generally experience
considerable pressure losses, and the incorporation
of vortex generators naturally promotes transition
toward turbulent flow conditions.

The simple algorithm was employed for pressure—
velocity coupling. In this method, the relationship
between velocity and pressure fields is iteratively
corrected to satisfy mass conservation and obtain
the pressure distribution throughout the
computational domain. The convective terms in the
transport equations were discretized using the
second-order upwind scheme, which is particularly
suitable for unstructured or triangular meshes that
are not fully aligned with the flow direction.

3- Results and Conclusion

In the present study, the air-side thermo-hydraulic
behavior of a fin-and-tube heat exchanger equipped
with  longitudinal  vortex  generators was
investigated numerically using a three-dimensional
approach. Two vortex-generator geometries,
namely triangular and semi-cylindrical winglets,
were compared in detail.

The findings revealed that the semi-cylindrical
winglet generates stable longitudinal vortex pairs
that intensify near-wall mixing and reduce the
thickness of the thermal boundary layer, thereby
improving heat transfer performance relative to the
triangular configuration. However, this
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enhancement is accompanied by an increase in
pressure drop. The dependence on Reynolds
number demonstrated that the thermal superiority of
the semi-cylindrical geometry becomes more
pronounced at intermediate Reynolds numbers
while maintaining pumping-power requirements
within an acceptable range. In addition, increasing
the inlet-air temperature weakens the wall
temperature gradient and consequently reduces the
convective heat transfer coefficient.

Based on the obtained results, the semi-cylindrical
geometry appears to be a more effective option for
biomedical engineering applications—such as
blood warmers and life-support heat exchangers—
where compact thermal systems operate under
limited temperature differences and strict pressure-
drop constraints. The configuration is particularly
recommended for intermediate Reynolds-number
conditions, where a more favorable balance
between thermal enhancement and pumping-power
consumption can be achieved.

Moreover, the developed three-dimensional
numerical framework enables rapid evaluation of
design scenarios while reducing the need for costly
experimental testing. Nevertheless, the present
study does not claim a globally optimized design.
Future work may include experimental validation

under realistic biomedical operating conditions,

investigation of surface roughness and biofouling
effects, and determination of optimal operating
ranges based on actual system constraints.
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