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This study investigated the effect of the number of vortex generator (VG) edges on the
thermo-hydraulic characteristics of a rectangular compact heat exchanger. A coupled
approach was used for the investigation, where Reynolds number (Re) ranged from 1000—
5000. In this study, five different block-type VG with different edge numbers, N =3, 4, 5,
6, and oo, were used. The VGs had the same frontal area, height, and angle of attack for a
fair comparison. The results showed that the heat transfer performance was improved for
all VGs compared to the smooth channel. The best heat transfer performance was achieved
using a pentagonal VG. The performance evaluation criterion (PEC) was approximately
1.56 at Re = 5000. The friction penalty increased with the sharpness of the VGs. The
smoother the VGs, the lower the thermal enhancement was. The study showed that the heat
transfer performance improved for all the VGs. The coupled approach was validated using
a data-driven method. The PEC was a function of Re and the edge number. The results
highlighted that the edge number is a practical parameter for enhancing the performance

of compact heat exchangers.

1. INTRODUCTION

Compact heat exchangers (CHEs) play an important role in
current thermal systems, such as car radiators, aircraft cooling,
heating, ventilation, air conditioning, and electronic thermal
management systems. The small volume and high surface area
per unit volume of CHEs make them highly efficient;
however, increasing heat rejection in limited spaces has led to
the need for innovative heat transfer enhancement
technologies [1, 2].

Heat transfer enhancement techniques are generally divided
into two classes: active and passive. Passive methods, on the
other hand, have many advantages over active methods in that
they are simple, reliable, and do not require external energy
sources. An effective method for passive heat transfer
enhancement is the use of vortex generators (VGs), which
create secondary flow fields in a fluid by generating
longitudinal vortices [2-4].

Although various VG geometries have been investigated in
previous studies, most analyses remain geometry specific.
This study introduces an edge-number-based parameterization
method to enable consistent comparisons across polygonal
vortex configurations. Previous studies have demonstrated
that VGs can increase the Nusselt number (Nu) by 20—-60%,
depending on their geometry and placement, although this
enhancement is typically accompanied by an increase in the
pressure drop [4-6]. Therefore, the main problem when
designing VG-based heat exchangers is achieving a
compromise between the heat exchange performance and
hydraulic losses. Therefore, several geometrical factors have
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been extensively studied, including the angle of attack, height
ratio, spacing, and arrangement of VGs [7-9].

Numerous types of VGs have been studied, such as delta
winglets, rectangular winglets, trapezoidal configurations, and
curved VGs. For instance, longitudinal VGs significantly
improve the thermal conductivity by forming intense vortex
flows inside the channel [10, 11]. Likewise, the rectangular
winglet VG exhibited high thermo-hydraulic efficiency owing
to its ability to create stable vortex structures [12]. Moreover,
novel VG designs have recently been analyzed in numerical
and experimental investigations of CHEs [13, 14].

In this context, the present study introduces a parametric
investigation of VGs based on the edge number (N) as the
primary geometric parameter. Block-type VG arrays with
different polygonal cross-sections (triangular, square,
pentagonal, hexagonal, and circular) were analyzed in a
rectangular compact heat exchanger channel under a
transitional-to-turbulent flow regime. This study aimed to
establish a direct relationship between geometric complexity
and thermo-hydraulic performance.

Despite extensive research on VGs, most studies are
geometry-specific and do not provide a unified framework for
comparing different configurations of VGs. In particular, the
influence of the edge number as a systematic geometric
parameter has not been sufficiently quantified under consistent
constraints, limiting the identification of an optimal design.

To achieve this, three-dimensional Computational Fluid
Dynamics (CFD) simulations were conducted to evaluate key
performance parameters, including the Nusselt number (Nu),
friction factor, and performance evaluation criterion (PEC). In
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addition, sophisticated analysis tools, such as entropy
generation and field synergy, were employed to achieve a
greater physical understanding of the fundamental heat
transfer processes. Furthermore, a predictive model based on
machine learning techniques was generated using the
simulation dataset to calculate the performance-enhancing
coefficient depending on the Reynolds number (Re) and edge
number.

In addition to physics-based simulations, data-driven
approaches have recently been used to analyze complicated
interactions between thermofluid dynamics [13-15]. In this
study, machine learning was used as an additional approach to
explore the effects of the number of edges on thermo-hydraulic
performance, rather than building a prediction model using
machine learning. The uniqueness of this study lies in the
inclusion of the edge number as one of the key parameters
during the design process of such devices, along with the
combination of physics-based and data-driven approaches.
These findings will help establish design rules for next-
generation VGs in heat-exchanger systems.

The specific contributions of this study are threefold:

1.  Geometric Novelty: Introducing a systematic, edge-
number-based parameterization method (N =
3,4,5,6,0) under fixed projected frontal area (Ap)
and blockage ratio (BR) constraints to unify the
evaluation of polygonal VGs.

2. Thermo-Physical Interpretation: Uncovering the
structural role of geometry on the compromise
between vortex strength (vorticity, o) and flow dead-
zones using field synergy angle (6) and entropy
generation (Sgen) principles.

3. Data-Driven Exploratory Role: Utilizing machine
learning techniques not merely for interpolation, but
as an advanced data-driven tool to confirm the
continuity of performance trends and evaluate the
joint dependency of PECon the flow regime (Re) and
geometric shape (N).

2. MATERIALS AND METHODS

2.1 Physical model and geometry

This study investigates the thermo-hydraulic performance
of a rectangular compact heat exchanger channel equipped

with block-type VG arrays mounted on a heated surface.

Table 1. Geometric dimensions of the computational domain
for the rectangular compact heat exchanger channel

Parameter Symbol Value
Channel height H 20 mm
Channel width W 60 mm
Channel length L 600 mm

Hydraulic diameter Dy Calculated

The computational domain represented a simplified
segment of a compact heat exchanger to capture the essential
flow and heat transfer characteristics. The channel dimensions
were selected to ensure fully developed turbulent flow
conditions, as summarized in Table 1.

The hydraulic diameter is defined as:
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Dh = (1)

where, Dy,is the hydraulic diameter (m), 4 is the flow cross-
sectional area (m?), and P is the wetted perimeter (m).

The computational domain and VG configurations are
shown in Figure 1.

2.2 Vortex generator geometry

Five VG geometries were designed based on the number of
edges (N), namely triangular (N = 3), square (N = 4),
pentagonal (N = 5), hexagonal (N = 6), and circular (N =
infinity) cross sections. All configurations were implemented
as block-type VGs mounted on the heated wall of the channel.
To ensure a consistent and fair comparison between different
geometries, all the VGs were designed with identical projected
frontal areas, heights, and attack angles. All VGs were
systematically arranged at a fixed attack angle of alpha = 45°
relative to the main fluid flow direction. Therefore, any
variation in the thermo-hydraulic performance can be
attributed primarily to differences in the geometric shape,
particularly the edge number. The geometric characteristics of
the investigated VG configurations are summarized in Table
2. All geometries were designed with an identical projected
frontal area and BR to ensure a fair comparison, while only the
edge number was varied.

Investigated VG cross-sections

JAN

Inlet a =45° BR = 0.25

Block-type vortex generator array

Triangular Square
Outlet N=3 N=4
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O

O

Pentagonal Hexagonal
N=5 N=6
[///// ot LA A G A e
Air, T, = 300K Heated wall (T, = 500 K) Pressure outlet Q
Re = 1000-5000 =5
Circular
N = o0

Figure 1. Schematic of the rectangular compact heat exchanger channel equipped with a block-type vortex generator (VG) array
and investigated cross-sectional geometries



Table 2. Geometric parameters of the investigated vortex
generator (VG) cross-sections under a constant projected
frontal area

. . Blockage

Projected Frontal Perimeter . _

Shape N "4 rea (Ap) mm?)  (P) (mm) Rat:}"/}(gR =
Triangle 3 25.00 22.80 0.25
Square 4 25.00 20.00 0.25
Pentagon 5 25.00 19.06 0.25
Hexagon 6 25.00 18.61 0.25
Circle 25.00 17.72 0.25

Note: N = number of edges; namely triangular (N = 3), square (N = 4),
pentagonal (N = 5), hexagonal (N = 6), and circular (N = infinity).

While maintaining the same projected surface area and
obstruction ratio, the perimeter was allowed to change
depending on the number of edges, thereby representing the
variations in the geometric compactness of the shape. This
variation can be better understood using a dimensionless shape
factor, which is explained in Section 2.3.

2.3 Shape factor definition

To characterize the geometric influence of the VG cross-
sections in a consistent and dimensionless manner, a shape
factor based on geometric compactness was introduced [9].

The following definition was adopted.

o — 4mA,

= — ©)

where,

Ay is the projected frontal area of the VG, and

P is the perimeter of the cross-section.

The resultant quantity provides a non-dimensional measure
of shape compactness; as the value approaches one, the
geometry is smoother (for instance, circular shapes), and as it
falls below one, the shape is less smooth (triangular shapes,
for instance). This method allows for a physical comparison
between various shapes, regardless of their dimensions. In the
present study, the projected frontal area was maintained
constant for all geometries, and the shape factor was used to
quantify the variations in the geometric complexity associated
with the edge number.

2.4 Governing equations

The flow was modeled using Reynolds-averaged Navier—
Stokes (RANS) equations [10]. Turbulent stresses were
represented using an eddy viscosity approach based on the
Boussinesq approximation. The energy equation includes a
turbulent heat flux modeled using a turbulent Prandtl number.

2.5 Turbulence modeling

The flow regime spanned the transitional-to-turbulent range
(Re = 1000 — 5000). Therefore, the SST—y—Ref transition
model was employed as the primary model to capture the onset
and development of the transition and improve near-wall
accuracy [8].

For comparison at higher Re, the RNG k—& model was also
applied. The use of a transition-sensitive model enhances the
reliability of these results.
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2.6 Boundary conditions

The boundary conditions applied in the present simulations
are listed in Table 3.

Table 3. Numerical and physical boundary conditions used in
the baseline and enhanced channel Computational Fluid
Dynamics (CFD) simulations

Parameter / Setup Specifications / Values
Component

Working Fluid
1000 < Re < 5000(Transitional-

to-Turbulent)

Flow Regime (Re)

Inlet Temperature (Tin) 300K
Inlet Boundary Condition Umf(i{g;ggig?;i;?:ﬁ;z; arget
Out(ljegn%?;ggary Pressure outlet (Pgauge =0 Pa)
Wall Boundary No-slip conditions on all solid
Conditions boundaries
Heated Wall Condition Constant heat flux (") = 1000
W/m?
SST — y — RegTransition Model
Turbulence Model (Primary); RNGk — efor high Re
comparison
Near-Wall Treatment Strictly y+ < 1 across all solid
oY boundaries
Hybrid mesh with inflation layers
Mesh Type and local refinement near VG

edges
Second-order upwind for
momentum and energy equations

SIMPLE Algorithm

Discretization Scheme

Pressure-Velocity
Coupling
Normalized residuals < 107¢ for all
equations
Area-weighted average temperature
at outlet, total pressure drop (4P),
and wall Nusselt number (Nu)

Convergence Criteria

Monitored Quantities

A constant heat flux boundary condition was imposed on
the heated wall to better represent the practical compact heat
exchanger operation and avoid inconsistencies associated with
large temperature differences under constant wall temperature
assumptions.

In addition, the thermophysical properties of air (density,
viscosity, thermal conductivity, and specific heat) were treated
as temperature-dependent and updated based on the local fluid
temperature. This approach improves the physical realism of
the simulation, particularly in nonuniform thermal conditions.

2.7 Reynolds number

The ‘Reynolds number (Re)’ is defined as

_ puDp
U

Re )

where, u is the mean velocity (m/s).
The investigated range (Re = 1000 — 5000) covered the
transitional-to-turbulent flow regime.

2.8 Mesh generation

A hybrid mesh was generated with local refinement near the
VGs and inflation layers near the walls. To ensure the accuracy



and reliability of the numerical results, a systematic mesh
independence study was conducted using three distinct grid
densities: coarse, medium, and fine. The variations in both the
average Nusselt number (Nu) and the friction factor (f) were
monitored at the highest flow velocity (Re = 5000) for the
pentagonal configuration (N = 5), as summarized in Table 4.

Table 4. Multi-indicator grid convergence index and relative
error analysis evaluated at Reynolds number (Re) = 5000 for
the N =5 geometry

Frictio
. Total Nusselt Relativ .
Grid Element Numbe e Error n Relativ
Level s r (Nu) (%) Factor e Error
(1]
®
Coarse ?('91506 60.1 — 0.091 —
Medium 181
(Accepted ' 62.3 3.66% 0.085 6.59%
p x 106
)
. 3.20
Fine % 106 62.9 096% 0.084 1.18%

As detailed in the table, the relative errors for both Nu and
f between the medium and fine meshes fell safely below
1.5%. Hence, the medium grid containing approximately 1.81
million cells was chosen for the remaining analysis to save
computational cost. Also, a non-dimensional distance away
from the wall y* < 1 was ensured to maintain near-wall
accuracy.

2.9 Numerical solution

The governing equations were solved using the finite-
volume method. The SIMPLE algorithm was used for
pressure—velocity coupling, and second-order upwind
schemes were applied. Convergence was achieved when
residuals fell below 107,

2.10 Model validation

A comprehensive validation procedure was conducted to
ensure the reliability of the numerical model. First, a grid
independence analysis was performed using three grids
(coarse, medium, and fine) in the simulation. There was an
error of less than 1.5% when comparing the Nusselt number
(Nu) and pressure drop between the medium and fine grids,
thus proving grid independence.

Second, the current numerical simulations of the smooth
duct were compared with correlations from previous studies
for turbulent flow in rectangular ducts, as quantitatively
presented in Table 5. Good agreement was observed, with
errors in the predictions not exceeding 5%. Furthermore, the
numerical results were qualitatively compared with other
studies involving CFD and experiments with VGs to enhance
the performance of heat exchangers. Overall, this
demonstrates that the numerical model provides reliable

physical results within reasonable margins of error [3, 11].

2.11 Thermo-hydraulic  performance evaluation
framework
To establish a comprehensive thermal engineering

assessment, evaluating a single parameter like the Nusselt
number (Nu) is insufficient because it only quantifies
convective heat transfer acceleration while ignoring pumping
power penalties. Therefore, a multi-step sequential framework
of performance indicators is implemented below to evaluate
both the thermal gains and hydraulic costs.

2.11.1 Convective heat transfer characterization
The Nusselt number (Nu) represents the ratio between
convective and conductive heat transfers, providing a direct
measure of the heat transfer enhancement owing to vortex-
induced mixing. A higher Nu value is always desirable for
accelerated thermal dissipation:
e Nusselt number (Nu):

4)

where, h is the convective heat transfer coefficient (W/m?-K),
Dy, is the hydraulic diameter (m), and k is the thermal
conductivity of the fluid (W/m-K).

2.11.2 Hydraulic resistance assessment

The friction factor (f) reflects the aerodynamic or hydraulic
resistance imposed by the VGs, which is primarily associated
with the form drag and flow separation. A lower friction factor
is desired to minimize the required pumping power.
Friction factor (f):

_ AP
T @W/DR)(pu?/2)

f )

where, AP is the pressure drop (Pa), L is the channel length
(m), p is the fluid density (kg/m?), and u is the mean velocity
(m/s).

2.11.3 Comprehensive optimization (performance evaluation
criterion analysis)

The PEC provides a balanced evaluation by comparing the
relative increase in heat transfer with the associated increase
in the pressure drop under equal pumping power constraints.
A PEC value greater than unity (PEC > 1) confirms a net
thermo-hydraulic benefit.

PEC:

Nu/Nug
PEC =
(F1f)Y/3

(6)

where, Nu, and f, correspond to the smooth channel
(baseline case). PEC is ‘PEC’.

Table 5. Quantitative baseline validation benchmarking smooth duct numerical predictions against classic empirical correlations

Reynolds Number (Re) Pres(:l;‘))CFD Dittus-Boelter (Nu) Deviation (%) Present CFD (fo) Petukhov (f) Deviation (%)
1000 12.5 119 +5.04% 0.082 0.079 +3.80%
3000 23.6 244 —-3.28% 0.064 0.061 +4.92%
5000 34.1 35.2 —3.12% 0.053 0.051 +3.92%

Note: Computational Fluid Dynamics (CFD).
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2.12 Advanced analysis

Additional flow characteristics were evaluated using the
following:
e Vorticity:

w=VX1U (7
where,
w is the vorticity (1/s), and
U is the velocity vector.
Vorticity represents the local rotational motion of a fluid
and is used to characterize the vortex strength.
e Entropy generation:

Sgen = Sthermal + Sfriction (8)
where, Sipermar 15 the entropy generation due to heat transfer,
and Sgricrion 18 the entropy generation due to viscous effects.

This parameter reflects the thermodynamic irreversibility
within the system.
e Field synergy angle:

0 =2, VT) )
where, 0 represents the angle between the velocity vector and
the temperature gradient vector. The smaller the value of 8, the
closer the alignment of the two vectors, leading to better
convective heat transfer performance.

2.13 Machine learning model

In order to evaluate the correlation between Re, edge

number, and PEC, a machine learning model was formulated.
Due to the small amount of data available for analysis, the
model could only be used in an exploratory role rather than a
purely predictive one [16-18]. Model performance was
evaluated using various cross-validation methods.

3. RESULTS
3.1 Heat transfer performance (Nusselt number)

The variation in the average Nusselt number (Nu) with the
Re is presented in Table 6 and illustrated in Figure 2.

The results show that Nu increases with the Re for all
configurations. Compared with the smooth channel, all the VG
cases exhibited enhanced heat transfer.

Among the geometries investigated, the pentagonal
configuration (N = 5) consistently provided the highest
Nusselt number (Nu). At Re = 5000, Nu increases from 34.1
for the smooth channel to 62.3 for N =5.

3.2 Friction factor

The friction factor values are listed in Table 7 and are
plotted in Figure 3.

The results indicate that the friction factor decreased with
increasing Re for all cases. However, all the VG
configurations produced higher pressure losses than the
baseline case.

The triangular geometry (N = 3) exhibited the highest
friction factor, whereas the circular configuration (N = o)
exhibited the lowest values among the VG cases.

Table 6. Variation of the average Nusselt number (Nu) with Reynolds number (Re) for different vortex generator (VG) edge

numbers
Re No VG N =3 (Tri) N =4 (Square) N =5 (Pentagon) N = 6 (Hexagon) N = oo (Circle)
1000 12.5 18.9 20.8 22.6 21.5 19.7
2000 18.2 27.5 30.1 32.8 31.0 28.9
3000 23.6 35.8 39.2 425 40.1 37.6
4000 28.9 442 48.5 524 49.8 46.3
5000 34.1 52.7 57.9 62.3 59.2 55.1

Table 7. Variation of the friction factor with Reynolds
number (Re) for different vortex generator (VG) edge

Table 8. Performance evaluation criterion (PEC) calculated
for different vortex generator (VG) edge numbers over the

numbers investigated Reynolds number (Re) range
Re NoVG N=3 N=4 N=5 N=6 N=o N= _ _ _ _
1000 0.082 0.141 0.132 0.125 0.121 0.115 Re 3 (SNu_a:e) (Pel:llt:\ Son) (Hl:jxa 60n) (girciz)
2000 0.071 0.124 0.117 0.110 0.106 0.101 (rri) 4 g £
3000 0.064 0.112 0.105 0.099 0.096 0.092 1000 1.26 1.42 1.54 1.48 1.40
4000 0.058 0.103 0.097 0.092 0.089 0.086 2000 1.25 1.41 1.55 1.49 1.41
5000 0.053  0.095 0.090 0.085 0.083 0.080 3000 1.25 1.42 1.56 1.50 1.42
4000 1.26 1.42 1.56 1.50 1.42
3.3 Performance evaluation criterion 5000 1.27 1.42 1.56 1.51 1.41

The PEC are presented in Table 8 and Figure 4.

The results indicate that all PEC values exceed unity,
thereby confirming the effectiveness of the VGs. The
pentagonal configuration (N = 5) exhibited the highest
performance across all Re.

Specifically, when Re = 5000, the performance criterion
equals about 1.56, whereas for N = 3 the decrease is noted at
higher Re.
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3.4 Entropy generation

The entropy generation results are summarized in Table 9
and shown in Figure 5.

As the Re increased, the entropy generation increased in all
cases. The entropy generated was minimum in the case of the
pentagonal shape (N =5).
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Figure 4. Variation of the overall performance evaluation
criterion (PEC) as a function of Reynolds number (Re),
highlighting the net thermo-hydraulic efficiency threshold
across different geometric edge numbers

Table 9. Total entropy generation for different vortex
generator (VG) geometries as a function of Reynolds number
(Re)

Re N=3 N=4 N=5 N=6 N=ow
1000 092  0.88 0.81 0.84 0.86
2000 1.18 1.12 1.04 1.07 1.10
3000 1.46 1.39 1.28 1.32 1.35
4000 1.74 1.66 1.52 1.57 1.61
5000  2.05 1.96 1.80 1.86 1.91

Table 10. Maximum vorticity values obtained for different
vortex generator (VG) edge numbers under various Reynolds
numbers (Re)

Re N=3 N=4 N=3§ N=6 N=ow
1000 320 295 275 250 210
2000 520 485 455 420 360
3000 720 670 630 580 510
4000 910 860 810 750 660
5000 1100 1040 980 910 800
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Figure 3. Dependence of the fluid friction factor (f) on the
Reynolds number (Re) span for various polygonal vortex
generator (VG) configurations and the baseline smooth
channel assembly
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Figure 5. Total entropy generation (Sgen) rates plotted
against Reynolds number (Re) to evaluate the
thermodynamic irreversibility metrics for each vortex
generator (VG) configuration
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Figure 6. Distribution of peak vorticity magnitudes (®max)
across the investigated transitional-turbulent velocity range
for the different geometric cross-sections
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Figure 7. Two-dimensional mid-plane velocity streamlines and core flow structures plotted for targeted vortex generator (VG)
configurations: (a) Triangular (N = 3), (b) Pentagonal (N = 5), (c) Hexagonal (N = 6), and (d) Circular (N = infinity) at Re = 5000

Table 11. Mean field synergy angle (0) variations in degrees " .
across the investigated Reynolds number (Re) s
\“\_ —— N=6
40 —— N=w |
Re N=3 N=4 N=5§ N=6 N=wx
1000 421 39.5 36.8 382 40.1 g \\‘ \»\
2000 40.3 37.8 352 36.7 38.5 Tl ™ ;\ ~
3000 389 36.2 33.8 35.4 37.1 g \\\\ ~_
4000 375 34.9 32.6 34.1 35.9 g, S~ T~
5000 36.2 335 314 33.0 34.8 % T~
a:.; ,\ b\\‘\\‘
3.5 Vorticity distribution s ~ ~
The maximum vorticity values are listed in Table 10 and are -
presented in Figure 6.
Figure 7 presents the streamlines for different geometries of 1000 1500 2000 2500 3000 3500 4000 4500 5000

Reynolds Number (Re)

VGs, depending on the number of edges of the VG.

From the analysis, the triangular pattern (N = 3) exhibited
the highest vorticity values. The vorticity decreased with an
increase in the number of edges, and the minimum vorticity
values were obtained for the circular shape.

Figure 8. Evaluated mean field synergy angle (0) variations
across the dynamic flow range, indicating the structural
vector alignment between fluid velocity and localized
temperature gradients

(a) Flow Field (N = 5)

(X

0 20

60 100 0 20

X (r411?'n)

X (‘#n)m)

Figure 9. High-fidelity localized numerical field representations for the optimal pentagonal design (N = 5): (a) absolute velocity
streamlines, (b) temperature field contours detailing thermal boundary layer thinning, and (c) volumetric entropy generation
profiles identifying primary dissipation regions
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3.6 Field synergy angle

The field synergy angle is listed in Table 11 and plotted in
Figure 8.

As the Reynolds number (Re) increased, the synergy angle
decreased. The minimum synergy angles were found in the
case of the pentagonal shape (N = 5).

The flow and thermal fields for N = 5 are shown in Figure
9.

Table 12. Structured high-fidelity CFD dataset constructed
for training and mapping within the exploratory surrogate
machine learning framework

Re N /1IN Nu f PEC
1000 3 0.333 18.9 0.141 1.26
1000 4 0.250 20.8 0.132 1.42
1000 5 0.200 22.6 0.125 1.54
1000 6 0.167 21.5 0.121 1.48
1000 o 0.000 19.7 0.115 1.40
2000 3 0.333 27.5 0.124 1.25
2000 4 0.250 30.1 0.117 1.41
2000 5 0.200 32.8 0.110 1.55
2000 6 0.167 31.0 0.106 1.49
2000 ) 0.000 28.9 0.101 1.41
3000 3 0.333 35.8 0.112 1.25
3000 4 0.250 39.2 0.105 1.42
3000 5 0.200 425 0.099 1.56
3000 6 0.167 40.1 0.096 1.50
3000 o0 0.000 37.6 0.092 1.42
4000 3 0.333 442 0.103 1.26
4000 4 0.250 48.5 0.097 1.42
4000 5 0.200 524 0.092 1.56
4000 6 0.167 49.8 0.089 1.50
4000 o0 0.000 46.3 0.086 1.42
5000 3 0.333 52.7 0.095 1.27
5000 4 0.250 57.9 0.090 1.42
5000 5 0.200 62.3 0.085 1.56
5000 6 0.167 59.2 0.083 1.51
5000 ) 0.000 55.1 0.080 1.41

Note: Computational Fluid Dynamics (CFD), Reynolds number (Re), edge
number (N), inverse edge number (1/N), Nusselt number (Nu), friction factor
(f), and performance evaluation criterion (PEC) were used as the primary
dataset features.

R? = 0.997

1.55

1.45 A

1.40

Predicted PEC

1.35

1.30 A

1.25 4

1.40 1.45 1.50 1.55

Actual PEC

1.25 1.30 1.35

Figure 10. Parity plot demonstrating actual Computational
Fluid Dynamics (CFD)-derived performance evaluation
criteria (PEC) values versus predictions computed via the
data-driven exploratory surrogate mode
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3.7 Machine learning results

The complete dataset used for the exploratory machine
learning analysis is presented in Table 12. The input features
included the Re and edge number, whereas the output target
was the PEC.

The PEC trend in the current data is consistent with that seen
in the previous numerical analysis, in which the PEC was
highest for the pentagonal geometry, while frictional losses
were maximum in the case of the triangular geometry.

A comparison between the predicted and numerical PEC
values is shown in Figure 10.

There is a close correlation between the PEC values
predicted by the theory and numerical calculations.

4. DISCUSSION
4.1 Effect of edge number on heat transfer enhancement

The findings show a marked increase in the Nusselt number
(Nu) due to the presence of VGs, where the highest values are
recorded for N = 5. The reason for such an increase is due to
the formation of longitudinal vortices that cause better mixing
of the fluids and a reduction in the thermal boundary layer.
From previous research, it has been proven that VGs cause a
secondary flow that brings fluids with high momentum closer
to the wall that is heated [19-21]. This process increases the
possibility of heat energy transfer from the core to the near-
wall region, resulting in a higher heat transfer coefficient. The
superior performance of the pentagonal shape indicates that
vortex strength alone cannot explain the increased heat
transfer; the spatial and temporal distributions of the vortex
structures can also play a role in determining the effect. As
shown in the dynamic contours of Figures 7 and 9, the
pentagonal shape generates well-structured longitudinal
vortices that facilitate effective fluid mixing and systematic
thinning of the thermal boundary layer. Higher heat transfer
was also evident near the heated wall from the temperature
profiles, and the entropy distribution revealed less
thermodynamic irreversibility than that of the other shapes.
This kind of physical behavior makes it easy to trace the direct
link between geometry and macro performance. Geometries
with sharp profiles, such as the N = 3 triangular case, generate
rapid flow separation and create high peak vorticity values.
The velocity streamlines presented across the comparative
channels in Figure 7 confirm the presence of large zones of
low-velocity recirculations formed by such sharp edges. The
lack of mixing of heat through the core flow due to such zones
leads to thermal choking and high drag losses, contributing to
a lower overall PEC value.

Conversely, the intermediate pentagonal cross-section (N =
5) provides a managed flow detachment profile. It creates
strong, well-structured longitudinal vortices that successfully
sweep high-momentum core fluid toward the heated wall,
continuously disrupting and thinning the thermal boundary
layer. This effective fluid mixing occurs with minimal
aerodynamic energy dissipation, seamlessly bridging the gap
between localized vortex physics and global heat transfer
magnification.

4.2 Influence of geometry on vortex structure

Based on the vorticity results, it is clear that the triangular
configuration (N = 3) provides the highest peak vorticity



values. Sharp geometries create flow separation conditions
that help initiate vortex formation [22]. However, a high peak
vorticity does not imply good thermal performance. As stated
above, effective mixing of fluid flow is one of the key factors
that contribute to enhanced heat transfer, whereas excessive
flow separation might lead to the appearance of dead zones
and insufficient mixing of the flow [23]. In this regard,
geometries that produce effective vortical structures with the
least flow separation help achieve the best performance.

4.3 Pressure drop characteristics

The results for the friction factor showed that all
configurations with VGs significantly increased the flow
resistance compared to the smooth channel owing to the
induced flow disruption and turbulence. Such behavior is
typical for VG configurations because improvements in
thermal performance are usually achieved at the expense of
higher pressure losses [24-26]. The triangular geometry results
in higher friction factor values because of its strong effect on
the fluid flow and flow separation. Smoother geometries, such
as circular ones, provide low-pressure losses owing to reduced
flow separation, although the increase in heat transfer
performance is not significant.

4.4 Thermo-hydraulic performance
evaluation criterion analysis)

(performance

The PEC results revealed that the pentagonal geometry
exhibited the highest performance value. PEC can be used to
evaluate the thermo-hydraulic performance of configurations
by considering the contribution of thermal and hydraulic
phenomena [27, 28]. For efficient configurations, the relative
increase in heat transfer should exceed the relative increase in
the pressure losses. It should be stressed that the presented
results represent an optimal combination of thermal and
hydraulic performance under the given geometric and flow
conditions.

4.5 Entropy generation analysis

The entropy generation results showed that the pentagonal
geometry resulted in the lowest values. Entropy generation can
be used as a measure of the thermodynamic irreversibility that
occurs during heat transfer and viscous dissipation [29]. Thus,
lower entropy generation corresponds to a higher energy
efficiency. As can be seen, the pentagonal geometry (N = 5)
achieves low entropy generation values, indicating that such a
configuration helps minimize thermodynamic irreversibility.

This thermo-physical causal chain is strongly validated by
the second-law thermodynamic assessments and the field
synergy principle. The pentagonal geometry (N 5)
minimizes thermodynamic irreversibilities, yielding the
lowest total entropy generation (Sgen = 1.80 W/K at Re =
5000). This optimization is driven by achieving the lowest
field synergy angle (theta = 31.4 degrees at Re = 5000),
indicating that the local fluid velocity vectors are structurally
aligned with the temperature gradients. This superior
coordination ensures that convective heat transfer is
accelerated while hydrodynamic friction expenditures are
minimized, proving that the pentagonal design is highly
justified for industrial deployment.
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4.6 Field synergy principle

The analysis of the angle between the velocity vector and
temperature gradient showed that the synergy angle was
minimal for the pentagonal geometry. According to the field
synergy principle, heat transfer increases with a decrease in the
angle between the temperature gradient and fluid flow
direction [30]. As shown, the configuration that provides the
smallest synergy angle (N = 5) is characterized by the highest
heat transfer values.

4.7 Machine learning interpretation

According to the results obtained using machine learning
techniques, the dependence between the Re, edge number, and
PEC can be described using data-driven modeling. Recent
studies have shown that machine learning techniques can
successfully predict the properties of thermo-fluid systems and
uncover the relationship between geometric and operating
parameters [16, 18]. In this study, the formulated data-driven
architecture operates strictly as a CFD-based exploratory
surrogate model intended for rapid parameter mapping. Given
that it is trained on a localized numerical dataset, it serves an
exploratory role to smoothly trace performance tendencies
across continuous variables. Consequently, this surrogate
model must not be extrapolated outside the strictly verified
bounds of this study, namely the Re interval of 1000 to 5000
and the investigated polygonal geometries (N = 3 to 6, and
infinity).

4.8 Limitations and perspectives

This study had several limitations. However, it should be
noted that this is based only on simulation results, and further
verification of the findings with experimental data is
necessary. In addition, the analysis of VG geometries was
performed under fixed parameters of spacing, arrangement,
and angle; therefore, changes in these factors might affect the
performance. In addition, this study focused only on the heat
transfer of single-phase airflow under certain conditions.
Moreover, the range of Re (1000-5000) represents the
transitional-turbulent regime.

Future studies should focus on experimental validation,
geometric optimization, and integration of advanced data-
driven models using larger datasets.

It must be emphasized that because the data-driven model
is trained exclusively on the high-fidelity CFD dataset, it
operates strictly as a fast surrogate screening tool within the
studied parameter constraints. The model represents an
interpolation framework intended for rapid design mapping of
geometric edge numbers and flow conditions; it should not be
extrapolated to untested geometric profiles or Re envelopes
outside the verified bounds of 1000 to 5000, where different
boundary layer transition physics may dominate.

5. CONCLUSIONS

Based on the numerical and data-driven investigation of
block-type VGs in a compact heat exchanger channel, several
key conclusions can be drawn regarding the structural role of
geometry. The parametric analysis demonstrates that
geometric modifications driven by the edge number affect
thermal and hydraulic performance differently. While all



configurations successfully augment the heat transfer rate
relative to the smooth channel baseline, this thermal
acceleration is continuously accompanied by an increased
pressure drop penalty. Therefore, evaluating the thermal
enhancement alone is insufficient without accounting for the
associated flow resistance and pressure penalties. Across the
entire transitional-to-turbulent flow span, the performance
analysis indicates that an intermediate geometry yields the
most effective balance of properties, with the pentagonal
configuration (N = 5) representing the optimal design that
achieves the maximum PEC of approximately 1.56 at Re =
5000. Furthermore, second-law thermodynamic assessments
and the field synergy principle confirm that this optimal
pentagonal geometry provides the lowest thermodynamic
irreversibility, minimizing entropy generation while achieving
superior structural coordination between the flow velocity
vectors and local temperature gradients. In parallel, the
exploratory machine learning analysis successfully captures
and reproduces the prominent performance and geometric
tendencies established by the high-fidelity CFD model,
demonstrating that data-driven approaches can be reliably
exploited to screen design tendencies within defined
operational bounds. Ultimately, the obtained data provide
essential design insights for implementing advanced VGs in
compact thermal systems. However, these quantitative
findings remain strictly valid for the selected physical
envelopes, including the specific attack angle of 45 degrees,
the particular VG arrangement, and the investigated
transitional-turbulent Re interval.
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NOMENCLATURE

A Cross-sectional area

A, Projected frontal area of vortex generator

Dn Hydraulic diameter

f Friction factor

h Convective heat transfer coefficient

k Thermal conductivity

L Channel length

N Number of vortex generator edges

Nu Nusselt number

P Perimeter of vortex generator cross-section

PEC  Performance evaluation criterion

Re Reynolds number

Seen Entropy generation

T Temperature

u Velocity magnitude

Greek symbols

o Vortex generator attack angle

0 Mean field synergy angle

1 Dynamic viscosity

p Fluid density

) Vorticity magnitude

Subscripts

h Hydraulic

gen Generation

max  Maximum value

f Fluid property

th Thermal enhancement component





