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INTRODUCTION

ABSTRACT

Fin-tube heat exchangers play a crucial role in various industrial and HVAC applications due
to their high heat transfer efficiency. This study focuses on the numerical analysis of fin-tube
heat exchangers integrated with curved trapezoidal winglet vortex generators. In the current
work, the impact of three key factors on heat transfer and flow characteristics: inlet veloci-
ty (2-5 m/s), vortex generator position angle (45°-120°), and arc length (3.80-6.33 mm) is
analyzed. To enhance the accuracy of output predictions, this research extends beyond con-
ventional parametric studies by utilizing a structured design of experiments approach. The
study determines the optimal configurations through Kriging response surface methodology
analysis. Results indicate a potential 48.5% improvement in heat transfer and up to an 18.3%
enhancement in thermo-hydraulic performance. Moreover, the study reveals that improper
sizing and positioning of vortex generators may lead to a 5% decrease in thermo-hydraulic
performance compared to the heat exchanger without vortex generators. This work aims to
explore strategies for enhancing the thermal performance of fin-and-tube heat exchangers
through novel vortex generator designs by considering their geometric dimensions and po-
sitioning.

Cite this article as: Gonul A. Influence of curved trapezoidal winglet vortex generators on ther-
mal-hydraulic performance in fin-and-tube heat exchangers. ] Ther Eng 2025;11(2):493—-507.

VGs contribute to increased thermal convection and help

The fin-and-tube heat exchanger (FTHE) is widely used
in sectors such as energy, automotive, and aerospace, owing
to its compact structure and high heat transfer efficiency [1,
2]. Various strategies have been developed to enhance heat
transfer performance while minimizing pressure drop in
these systems. One such approach involves the use of vortex
generators (VGs), which improve fluid mixing along heat
exchange surfaces by inducing vortices in the flow. These
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mitigate boundary layer effects [3-5]. Additionally, the for-
mation of turbulent flow leads to a noticeable improvement
in the heat transfer coefficient.

Considering FTHEs, after the incoming flow impacts
the tube, a boundary layer begins to develop along its sur-
face and gradually thickens. Depending on the flow con-
ditions, separation occurs at a certain point, leading to the
formation of wake regions in the downstream area, which
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are characterized by low-velocity zones. To enhance ther-
mal performance and reduce pressure losses, activating
these wake regions using vortex generators is considered an
effective strategy [6].

Researchers have investigated the impact of various vor-
tex generator geometries including wing and winglet types
[7]. On the other hand, wing-type VGs are classified as
transverse vortex generators (TVG), whereas winglet-type
VGs fall into the category of longitudinal vortex generators
(LVG). Winglet-type vortex generators are known to gener-
ate more effective secondary vortices than wing-type VGs,
resulting in superior overall performance. Their ability to
enhance heat transfer while minimizing flow losses makes
LVGs particularly advantageous for applications demand-
ing high efficiency with reduced pressure drop [8]. Various
LVG geometries have been developed, with the most com-
mon designs focusing on delta [9, 10], trapezoidal [11], and
rectangular winglets [7, 10], on the performance of FTHE.
According to these researches, vortex generators may
impede fluid flow; nevertheless, this additional pressure
loss typically does not negate the enhanced heat transfer.
Leu et al. investigated the potential of block-shaped vortex
generators to enhance FTHE performance and discovered
that positioning vortex generators at a 45° angle can increase
heat transfer by 25% in wake regions [12]. Samadifar and
Toghraie examined six distinct models of vortex generators
and determined that rectangular vortex generators were 7%
more effective at heat transfer than the other variants. They
also reported that 45° is the optimal angle for implementa-
tion [13]. Biswas et al. highlighted that delta winglet vortex
generators significantly enhance the heat transfer coeffi-
cient by disrupting the thermal boundary layer on FTHE
surfaces; however, this improvement comes at the cost of
increased pressure drop [7]. Chien-Nan Lin et al. demon-
strated that the utilization of oval tubes and angled block
vortex generators can reduce pressure loss by up to 35% and
enhance heat transfer by as much as 16% [14]. Xie and Lee
demonstrated that curved rectangular vortex generators can
enhance the thermal performance in FTHE by 30-50% and
developed new correlations to assist designers in optimiz-
ing their designs [15]. Oh and Kim investigated curved VG
applications in a staggered tube arrangement, examining the
effects of different positioning angles. Their study analyzed
both rectangular and delta-type curved VGs, highlighting
that VG positioning plays a crucial role in enhancing heat
transfer. It was reported that the use of curved rectangu-
lar vortex generators (VGs) in FTHEs resulted in up to a
40% improvement in thermal performance [6]. Similarly,
Lin et al. conducted studies on delta-curved vortex gen-
erators, showing that employing curved delta winglets
enhanced heat transfer by approximately 28% [16]. Sharma
et al. investigated the effect of curved trapezoidal VGs in
FTHEs using the Response Surface Methodology (RSM)
and Artificial Neural Networks (ANN). They considered
tube diameters ranging from 8 to 11 mm, VG positioning
angles between 30° and 75° and VG-defining dimensions

as variables. The findings demonstrated that both RSM and
ANN are highly effective computational methods. Notably,
improvements of up to 117% were achieved compared to
the reference case [17]. Saleh et al. experimentally analyzed
the heat transfer effects of both flat and curved trapezoi-
dal VGs in FTHEs. Their study investigated the influence
of VG dimensions, attack angles (10°-90°), and Reynolds
numbers (500-2500). In the reference case, a large wake
region was observed. The results showed that while larger
positioning angles increased pressure drop, they also
significantly enhanced heat transfer performance [11].
Similarly, Sarangi et al. employed a numerical approach to
investigate the effects of attack angle (30°-75°), Reynolds
number (300-600), and VG height on curved trapezoidal
vortex generators. The results indicated that optimal perfor-
mance was achieved at an attack angle of approximately 70°
[18]. Among various VG geometries, rectangular winglet,
trapezoidal winglet, and delta winglet VGs are frequently
applied in FTHESs, with trapezoidal winglets being reported
as the most effective [19]. The incorporation of vortex gen-
erators in FTHE systems is a significant improvement that
enhances the efficiency of compact systems and promotes
energy conservation as seen in the previous works. Future
computational and empirical investigations are anticipated
to identify optimal methods for enhancing the efficacy
of these systems. It is asserted that the positioning and
design of vortex generators significantly enhance thermal
performance.

This work emphasizes the substantial influence of vor-
tex generators on improving FTHE performance, while also
highlighting the necessity of identifying the optimal designs
for each specific application. In particular, compared to
research on delta and rectangular curved vortex generators,
studies on curved trapezoidal vortex generators are nota-
bly scarce in the literature. This study aims to explore the
optimal performance of novel curved trapezoidal vortex
generator designs, examining their positioning and dimen-
sions relative to the tube under various flow conditions.
The analysis considers arc angles ranging from 30° to 50°
and position angles between 45° and 120°, with inlet veloc-
ities spanning from 2 to 5 m/s. To achieve this, the Kriging
Response Surface Method is employed to process data gen-
erated using Central Composite Design and Box-Behnken
design of experiment methodologies. This comprehensive
approach offers valuable insights into achieving superior
thermal performance with curved trapezoidal vortex gen-
erators. Simultaneously, it underlines the consequences of
thermal-fluid performance decrease that may arise from
inappropriate sizing and positioning.

NUMERICAL MODELING

ANSYS Fluent 21.1 software is employed in this study
to simulate the thermal-flow behavior within a FTHE. In
this section, the dimensions of the FTHE and VG used in
the study, the details of the applied mesh structures, the
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boundary conditions, and the relevant equations are pre-
sented sequentially.

Geometric Structure and Dimensions

The dimensions and arrangement of the fin and tube
heat exchanger and vortex generators used in the study are
illustrated in Figure 1. The region represented by dashed
lines corresponds to the area analyzed in the CFD simula-
tions. The total length of the heat exchanger is set to 167.5
mm, with a tube-to-tube traverse distance of 25 mm and
a channel height of 4 mm. The tube diameter is 9.5 mm,
while the longitudinal spacing between the tubes is 29.50
mm. The vortex generator has a distance of 2.5 mm from
the tube and a thickness of 0.25 mm. In the literature, it
has been observed that vortex generators exhibit the most
effective heat transfer performance when their length is
half the channel length. Based on this, a height of 2 mm
is selected [20, 21]. Additional dimensional details can be
found in Figure 1. The position angle («) and the angles
defining the curved vortex generator arc length (f3) are also
depicted in the figure. Examples of arc lengths correspond-
ing to different 8 angles are provided within the figure. In
the literature, the positioning angle is considered a crucial
parameter in determining the heat transfer performance
characteristics of a heat exchanger equipped with CVGs.
It has been specifically noted that both low and high posi-
tioning angles contribute to heat transfer enhancement.
When « < 90°, effective mixing occurs, leading to increased
heat transfer around the junction on the convex side of
the CVGs. Conversely, when a > 90°, the flow directed by
the concave side of the CVGs improves weak heat transfer

regions and reduces the wake size behind the tube [6]. In
this study, a wide range of angles from 45° to 120° is consid-
ered to provide a detailed analysis of the effect of the posi-
tioning angle. Moreover, research indicates that as the size
of the winglet increases, a greater portion of the primary
flow is redirected toward the thermal isolation zone. This
redirection enhances thermal mixing while minimizing the
formation of large vortices in that region [17]. Therefore,
in this study, arc lengths of different sizes are also analyzed.
The f angle, which determines the arc length, ranges from
30° to 50°.

Computational Domain and Boundary Conditions

The boundary conditions and mesh details used in the
computational domain for the CFD analysis are illustrated
in Figure 2(a). The inlet boundary is specified as a velocity
inlet, with velocity values ranging from 2 to 5 m/s, selected
based on operational requirements. These velocity ranges
are frequently utilized in practical applications and align
with findings from previous studies [15, 22, 23]. The top
and bottom walls of both the inlet and outlet domains are
assigned a slip condition with a pressure of 0 Pa, while a
constant temperature boundary condition is imposed on
the top and bottom surfaces of the test region. Likewise,
the outer surfaces of the tubes are subjected to a constant
temperature boundary condition. Since aluminum, known
for its high thermal conductivity, is used for the fins, this
boundary condition is commonly adopted in literature [24].
Due to both the surface temperatures in practical applica-
tions and the assumption of constant surface temperature,
radiation effects have been neglected. Symmetry boundary
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Figure 1. Dimensional and placement details of the novel CVG and FTHE.
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conditions are defined on the side surfaces of the inlet and
outlet domains, as well as the test domain. In the study,
temperature, pressure, and velocity contours are obtained
from various planes to interpret the physics of the flow. The
relevant adjustments are provided in Figure 2. The origin
of the coordinate system (x= 0, y= 0, z= 0) is set at the bot-
tom-left corner of the test domain inlet. Plane 1 is defined
at y-direction 1 mm. Planes 2, 3, 4, and 5 are defined along
the x-direction at 62.5 mm, 67.5 mm, 72.5 mm, and 77.5
mm, respectively.

Aluminum (Al) is preferred due to its high thermal
conductivity, lower weight compared to alternative mate-
rials such as copper, high corrosion resistance, cost-effec-
tiveness, and recyclability [25, 26]. Therefore, aluminum
has been utilized in fins and vortex generators. Considering
the application requirements, air has been selected as the
coolant. The properties of air and aluminum are presented
in Table 1 below.

A hexahedral mesh is applied to the upstream and down-
stream regions, while a tetrahedral mesh is used for the test
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Wall (No-Slip)
Constant Temperature
— Symmetry

Tube Walls (No-Slip)
Constant Temperature

Constant Temperature
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Table 1. Thermophysical properties of Al [27] and air [24]

Properties Al Air

p (kg.m) 2719 1.205

k (W.m2.K") 202.4 0.0259
C, (Jkg'K?") 871 1005

u (Pa.s) --- 1.81e-05

zone. To more accurately capture boundary layer interac-
tions, 10 inflation layers are generated. Detailed information
regarding the mesh structure is provided in Figure 2(b).

Governing Equations and Turbulence Model

In FTHEs with vortex generators, heat transfer is
influenced by the conjugate heat transfer mechanism.
The governing equations for heat conduction in the solid
region and heat convection between the solid and fluid
regions are solved simultaneously. When these transport

Symmetry

___Adiabatic Wall (Slip)

Figure 2. (a) Boundary conditions and (b) Mesh detail of computational domain for related FTHE with CVGs.
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and governing equations are time-averaged, the Reynolds-
averaged Navier-Stokes (RANS) equations are obtained.
The density of both the solid and fluid domains is con-
sidered constant, and the impact of radiation is neglected.
Under steady-state conditions, the continuity, momentum,
and energy equations for both fluid and solid regions are
formulated as follows [28]:
The continuity equation,

aui .

The momentum equation,

duy; daP 4 d Gt ou; @)
pujo—=—-—+ —| (UTi 2
] 6XJ Oxl- ax] 6XJ
The fluid domain’s energy equation,

LAV PN
pCp uiax]' _ij t an (3)

The solid domain’s energy equation,

k o°T =0
sasz - (4)

x; represents the x, y, and z coordinates in the Cartesian
coordinate system for j = 1, 2, 3, respectively. Below are
several parameters provided to assess the thermal and
flow performances in FTHE with VGs. The Shear Stress
Transport (SST)-kw model is utilized in the analysis by
considering the turbulence intensity in the flow. Numerical
investigations of FTHE applications related to this model
are frequently conducted in the literature [11, 17, 18]. The
governing equations are discretized using a second-order
upwind scheme, ensuring higher accuracy in spatial reso-
lution. The Coupled pressure-velocity coupling method is
applied to enhance numerical stability and accelerate con-
vergence. The residuals for the continuity, momentum, and
turbulence-related equations are monitored and set to con-
vergence criteria of 10 for continuity and 10®for energy,
ensuring solution stability and reliability.

Performance Evaluation Parameters

In this section, the definitions of the formulas used in
the analysis of the thermal-flow characteristics considered
in the study are provided.

The Reynolds numbers (Re) are calculated as follows
[22]:

V,.D
Rezpmh (5)
1%

Here, V,, represents the average velocity at the narrow-
est cross-section, p denotes the fluid density, ¢ indicates the
fluid viscosity, and D, refers to the hydraulic diameter and
is calculated using the following equation:

where, V, represents the total volume of heat transfer, A,
represents the total area of heat transfer.

The dimensionless average Nusselt number (Nu), which
serves as a crucial indicator of heat transfer performance, is
defined as follows:

Nu = (7)

where h_ is the heat convection coefficient, calculated using
the formula:

0
<~ AAT, (8)

here O, AT, and A, denote the heat transfer rate, the
logarithmic mean temperature difference (LMTD), and the
total heat transfer surface area, respectively. The LMTD is
expressed as:

AT = To - Ti
me In (Tw - Ti) (9)
Tw - To

Here, T,, represents the tube and fin wall temperature,
while T, and T, denote the outlet and inlet temperatures,
respectively. The apparent Darcy friction factor, fis defined
as:

_ 24PD,

To better represent the thermal-hydraulic performance,
PEC, which correlates heat transfer and pressure char-
acteristics with and without vortex generators (VGs), is
introduced:

(11)

A pressure-based solver is utilized for the simulations,
with the coupled algorithm chosen to handle velocity-pres-
sure coupling. Spatial discretization of the governing equa-
tions is carried out using a second-order upwind scheme.
To enhance accuracy and address potential mesh imperfec-
tions, particularly those related to orthogonality, the least
squares gradient method is employed. The residuals of the
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continuity, momentum, and energy equations are verified
to converge to values below 10+, 107, and 108, respectively.

Validation Studies

To ensure the accuracy and reliability of numerical
models, it is crucial to validate them against experimentally
established studies widely accepted in the literature and
to perform grid independence analyses. In this context, a
comparison was made with the well-known correlations for
Nu and f proposed by Zhukauskas and Ulinskas [29]. These
correlations are frequently used for the numerical valida-
tion of fin-and-tube heat exchangers [30, 31]. A model has
been developed to compute heat transfer and pressure drop
in tube bundles using the SST-kw turbulence model, con-
sidering the tube diameters and spacing employed in this
study. Heat transfer calculations have been evaluated based
on the Nu, and the corresponding comparison correlation
is provided in Eq.12 [29].

Nu = 0.27FRe%%3Pr®4(Pr/Pr,)°2° (12)

In the calculation of the Re, the tube diameter is taken
as the characteristic length, while the velocity is determined
based on the average velocity at the narrowest cross-section
within the tube bundle. Note that all properties, except for
Pr,, should be evaluated at the arithmetic mean tempera-
ture of the fluid, whereas Pr, must be calculated based on
the tube surface temperature. The correction factor (F) is
0.93 for a five-row tube bundle [32].

The friction factor in tube bundles is calculated using

(13)

Figure 3(a) presents a comparison between the numeri-
cal results obtained for varying Re and the correlation pro-
posed by Zukauskas and Ulinskas [29]. It is observed that
both approaches exhibit a similar trend, with a maximum
deviation of approximately 9%. Figure 3(b) illustrates the
effect of varying Re on the f;5. According to the graphs
developed by Zukauskas and Ulinskas [29], for in-line tube
bundles, the friction factor f;; remains approximately con-
stant at 0.16 for the considered range of Re and S, /D values.
The numerical results closely align with this value, although
a slight decrease is observed at higher Re values. In the end,
the numerical and experimental findings show a high level
of consistency. This indicates that the methods employed in
this investigation are appropriate for projecting the perfor-
mance of heat exchangers.

Mesh Independence Analysis

Mesh independence analyses are conducted by exam-
ining the variation in Nu and f under the conditions of «
=90°, V; = 5 m/s, and =50° for mesh sizes of 0.4, 1.1, 2.7,
and 6.8 million elements. The results, presented in Table 2,

Table 2. Mesh independence study of FTHE with curved
trapezoidal VGs

the following formula, where N, represents the number of No Number of mesh elements Nu f
consecutive tube rows, and x is the correction factor used 436287 21.40 0.139
in the frlct}on facFor calculation. The values of frz and x 1125640 20.90 0.128
are determined using graphs developed by Zukauskas and
. . . 3 2733319 20.70 0.121
Ulinskas, which account for different Reynolds numbers
and arrangement conditions [29]. 4 6845368 20.68 0.120
60 0.175
A Nunll"\ f
. A A Joum
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Figure 3. Validation Comparisons: Variation of (a) Nu and (b) f;; with Re.
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indicate no significant differences between the 1.1 million
and 6.8 million element meshes. However, for enhanced
precision in the Design of Experiments (DOE) and para-
metric studies, the mesh structure with 2.7 million ele-
ments was selected for further simulations.

RESULTS AND DISCUSSION

The results regarding the effects of heat transfer and
pressure drop due to the application of the novel CVG in
FTHESs are presented in this section. The observed varia-
tions are analyzed and interpreted using velocity, tempera-

ture, and pressure contours obtained from various planes in
the solution domain.

Parametric Studies on Thermal-Flow Characteristics
Figure 4 demonstrates the effects of the position angles

of curved trapezoidal vortex generators (VGs) on heat

transfer and pressure drop in the flow direction. The cor-

responding data are presented for an arc angle of 40° and
a Re of 3006.

19

Figure 4(a) shows the variation of Nu with position
angle, revealing that Nu decreases within the range of 45°
to 60°. Beyond 60°, heat transfer improves significantly,
reaching a maximum between 90-100°. After this point,
heat transfer rapidly decreases, reflecting the dependency
of flow resistance on the position angle. Similarly, Figure
4(b) indicates that the pressure drop exhibits a trend com-
parable to that of heat transfer enhancement. However, it
is observed that the change in pressure drop within the
range of 45° to 60° is relatively minimal. In Figure 4(c), it
is evident that the application of VGs consistently improves
heat transfer compared to the case without VGs. However,
at both low and high position angles, the enhancement in
heat transfer is relatively limited. This dimensionless repre-
sentation reflects the relative increase in heat transfer rate
compared to the reference case and demonstrates that max-
imum improvement occurs at an optimum position angle.
The observed improvement reaches up to 48.5% at mod-
erate position angles. It is observed that for angle values
between 50°-65° and beyond 115°, the Nu values give close

values compared to the baseline case. This indicates that
while VGs are widely recognized as an effective method to
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Figure 4. Variation of (a) Nu, (b) f, (c) Nu/Nu,, and (d) f/f, with changes in the position angle of the vortex generator (a).
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Figure 5. Distributions on Plane 1 for different position angles: (a) Velocity contour distribution, (b) Temperature contour

distributions.

enhance heat transfer, improper sizing or positioning can
lead to a decrease in system performance. However, as is
well known, the addition of VGs increases the surface area
in FTHEs. When this increase is accounted for in the Nu
calculations, it should be noted that the normalized Nu
ratios exceed at least 10%. Furthermore, when the surface
area increase is incorporated into the Nu improvement, a
thermal enhancement of up to 54%. Figure 4(d) exemplifies
the variation in the friction factor compared to the refer-
ence case. The maximum friction factor at specific posi-
tion angles can be as high as 64% above the baseline value.

At both low and high position angles, while the thermal
enhancement is minimal, the friction factor increases by
more than 10%. Specifically, it is observed that thermal-hy-
draulic performance deteriorates by up to 5% compared to
an FTHE without VGs at a position angle of 120°. Overall,
the analysis across all figures suggests that the optimum
position angle range is between 80° and 100°, where both
heat transfer and the friction factor reach their respective
maxima. To interpret the relevant results, velocity, tempera-
ture, and pressure contours for various cases are presented
in Figures 5 and 6.
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Figure 5(a) illustrates the distribution of vortex genera-
tors (VGs) placed on Plane 1 at position angles of 45°, 60°,
90°, and 120°, in addition to the empty (without VG) case.
In this study, the beta angle was maintained constant at 40°.
As observed in the figure, in the absence of VGs, the wake
region formed behind the first tube significantly influences
the flow over the subsequent tube rows in the array. The
figure clearly demonstrates the occurrence of boundary
layer separation and the resultant flow instabilities in the
rear regions of the tubes. The presence of low-velocity flow
regions within the wake interacts with the boundary layers
of the subsequent tubes, thereby reducing the overall heat
transfer along the tube bank. Similarly, in the configurations
with position angles of 45° and 60°, no significant mecha-
nism is observed to disrupt the structure of the low-velocity
flow within the wake region. However, a partial increase in
velocity is noted behind the VGs in these cases. Conversely,
at a position angle of 90°, an analysis of the velocity distri-
butions reveals an increase in turbulence levels and a more
effective redirection of the flow, leading to a substantial
reduction in the wake region’s length. Under these condi-
tions, the adverse thermal effects of the successive tube rows
are mitigated, resulting in an enhancement of heat transfer.
On the other hand, at a position angle of 120°, although the
VGs partially redirect the flow behind the tubes, they are
predominantly positioned within the low-velocity region.
Consequently, the improvement in heat transfer remains
limited. Song et al. investigated concave, convex, and flat

[m s*-1]

Pressure
51.05

55.00
I 4711
| 4316
39.21
| 3526
| 31.32
27.37
23.42
19.47
1553

1158

T 7.63
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026
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1211
-16.05
-20.00

T IPa]

(e)

vortex generators (VGs) in the flow direction. It has been
reported that CVGs induce a secondary flow that enhances
the heat transfer performance of the fin. While concave
placement improves heat transfer at specific angles, when
the o becomes too large, CVGs remain within the wake
region of the tube, resulting in minimal effects on the sys-
tem compared to conventional VGs [33]. In this study, VGs
are convex up to 90° and concave beyond 90°, leading to
a thermal behavior consistent with findings in the litera-
ture. Moreover, when the positioning angle exceeds 90°,
the redirection of flow towards the wake region is reported
to enhance heat transfer [6]. Figure 5(b) presents the cor-
responding temperature distributions for the scenarios
illustrated in Figure 5(a). As anticipated, an increase in
temperature is evident in the low-velocity regions. These
regions exhibit considerable variations and high gradients
in temperature distribution. Although the configurations
with the empty channel, as well as those with 45° and 60°
position angles, exhibit somewhat more homogeneous
temperature gradients, they generally reflect similar distri-
butions to the empty case. In the case of the 90° position
angle, the improved velocity distribution effectively nar-
rows and shortens the wake region, leading to a reduction
in high-temperature regions and the formation of more
uniform temperature gradients. This contributes to a more
homogeneous thermal distribution across the section and
minimizes hot spot formation, resulting in enhanced ther-
mal performance of the system. Conversely, for the 120°
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position angle, the placement of the VGs within the wake
region results in a lack of temperature homogeneity, which,
in parallel, does not contribute significantly to thermal per-
formance improvement. The findings suggest that, within
the examined range of position angles, the effectiveness
of VG applications is limited at both low and high angles.
However, particularly at the 90° position angle, substantial
improvements in thermal performance are achieved. These
results underscore the strategic importance of VG place-
ment in optimizing thermo-fluid performance.

Figure 6 presents the velocity, pressure, and tempera-
ture distribution results across four different planes located
between the 2nd and 3rd tubes in the flow direction at a 90°
position angle. Examination of the velocity vectors and con-
tours in Figures 6(a) and 6(b) reveals the formation of tip
vortices originating from the long edges of the vortex gen-
erators (VGs). Depending on the positioning of the VGs,
these vortices generate swirling motions that rotate both
clockwise and counterclockwise. In addition to enhancing
turbulence and improving mixing, they also help prevent
the premature separation of the boundary layer on the tube
surfaces. In general, it is observed that the flow is directed

along the channel with higher velocity gradients due to the
influence of the VGs. Nevertheless, although low-velocity
regions are not completely eliminated along the channel,
the flow is effectively guided by the high-velocity gradients
generated by the VGs. The observation that the flow veloc-
ity is higher near the edges and lower in the central regions
highlights the importance of optimizing VG placement.
The effect of VGs results in a reduced spread of the wake
region and a redistribution of velocity between the tubes.
Analysis of the variations between successive planes indi-
cates that the influence of VGs significantly disrupts the
velocity and thermal boundary layers in the lower regions,
leading to the effective mixing of velocity distributions
across the cross-sections. This effect reduces the interaction
between successive tubes, allowing each tube to function
more independently. The independent operation induced
by the VGs results in high-pressure regions forming on the
front surfaces of the tubes and low-pressure regions on the
rear surfaces. As shown in Figure 6(c), the high-pressure
regions formed on the front surfaces of the tubes in succes-
sive rows contribute to a more efficient and homogeneous
velocity distribution within the flow. Moreover, the fact that
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Figure 7. Variation of (a) Nu, (b) f, (¢) Nu/Nu,, and (d) f/f, with changes in the arc angle of the curved vortex generator.
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low-pressure regions are not excessively extended indi-
cates that the VGs have been effectively positioned, min-
imizing flow separation. Consequently, it can be inferred
that the pressure drop has been partially reduced. The
findings obtained demonstrate that VGs effectively disrupt
thermal boundary layers, leading to a more homogeneous

[m s*-1]

(a)

temperature distribution across the cross-section. In partic-
ular, within the flow between the tubes, high-temperature
regions (represented by red and yellow tones) are observed
to be more widely distributed, with a reduction in local-
ized overheating spots. The sequential plane visualizations
presented in Figure 6 clearly indicate that the velocity and
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Figure 8. Distribution of (a) velocity contour, (b) temperature contour, and (c) pressure contour on Plane 1 for different
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temperature distributions have been optimized, contrib-
uting to an overall enhancement of the system’s thermal
performance.

Figure 7 illustrates the effects of the arc angle or arc
length in curved vortex generator applications. The figures
are generated for a position angle of 90° and Re of 3006.
Figure 7(a) illustrates the variation of Nu with respect to
the arc angle. It is observed that as the arc angle increases
from 30° to 40°, the Nu value consistently rises, indicating
an improvement in heat transfer by approximately 13%.
However, beyond 40°, a decline in heat transfer is noted.
This underscores the importance of selecting an optimal
arc length to achieve significant enhancement in heat trans-
fer performance. Figure 7(b) presents the variation of the
friction factor with the arc angle. Although the behavior
is relatively similar to that of heat transfer, it is observed
that the f value remains relatively unchanged between 40°
and 50°. When the arc angle increases from 30° to 40°, the
friction factor rises by approximately 23%, emphasizing the
trade-off between enhanced heat transfer and increased
flow resistance. The normalized values of heat transfer and
pressure drop, compared to a system without vortex gener-
ators, are depicted in Figures 7(c) and 7(d). The normalized
Nusselt number (Nu/Nuo) shows an improvement ranging
from 30% to 48.5% as the arc length increases. Conversely,
the normalized friction factor (f/fo) varies between 30% and
57%, depending on the arc angle performance parameters.
Figure 8 presents velocity, temperature, and pressure con-
tours for different cases to facilitate the interpretation of the
relevant results.

The effects of varying VG arc lengths at different beta
angles on flow characteristics are presented in Figure 8 for
a a of 90° and a Re of 3006. When examining the veloc-
ity distributions corresponding to different arc lengths in
Figure 8(a), it is observed that increasing the arc length
significantly enhances flow separations around the pipe.
For shorter arc lengths, low-velocity regions remain lim-
ited, whereas in high-velocity regions, the wake zones
behind the VGs expand considerably. This indicates that
shorter arc lengths have a limited effect on flow guid-
ance and increase the interaction between the pipes. On
the other hand, longer arc lengths generate broader wake
regions in the downstream areas of the VGs, resulting in
greater flow disruption. Longer VGs may increase turbu-
lence, potentially affecting the overall efficiency of the
system. Figure 8(b) presents the temperature distribution
on Plane 1. In general, a temperature decrease is observed
along the flow direction. VGs with shorter arc lengths cre-
ate extended thermal regions behind the pipe, enhancing
thermal mixing, whereas longer arc lengths cause the hot
regions to be confined to a narrower area. This suggests
that longer VG arc lengths improve heat management and
reduce temperature gradients. Figure 8(c) displays the pres-
sure distributions for different VG arc lengths. As the VG
arc length increases, high-pressure regions in front of the
tube become more pronounced. This indicates that longer

VGs create greater resistance to the incoming flow. At the
same time, low-pressure regions behind the tube expand,
leading to a larger overall pressure drop across the system.
Consequently, this results in an increase in drag forces and
energy losses. In conclusion, selecting an appropriate VG
arc length is critical for optimizing flow characteristics.
While shorter arc lengths have a limited effect on flow
control and help reduce energy losses, longer arc lengths
enhance flow separation and mixing but lead to higher drag
forces and pressure drops. Therefore, in engineering appli-
cations, a balanced approach should be adopted to ensure
an optimal trade-off between flow control, heat manage-
ment, and energy efficiency.

Response Surface Methodology Studies

Response Surface Methodology (RSM) is a statistical
and mathematical approach used to model and optimize
the effects of one or more independent variables on a target
(dependent) variable. This methodology, particularly when
combined with a specific Design of Experiments (DOE)
approach, enables the modeling of relationships between
dependent and independent variables. In recent years, the
design of experiments (DOE) and response surface meth-
ods (RSM) have been widely applied to experimental and
numerical studies while facilitating the interpretation of
results. These approaches significantly reduce the number
of experiments required, offering a more efficient alter-
native to traditional experimental techniques [34]. This
approach was initially developed by Box and Wilson [35].

In this study, the experiments were conducted using the
Box-Behknen and Central Composite Design (CCD) [36]
as the DOE approach and the Kriging method [9] as the
RSM, implemented via the ANSYS DesignXplorer software
[37]. The Kriging RSM extends the classical RSM models,
which are based on linear or second-order polynomials,
offering a more flexible and robust approach. This method
overcomes the limitations of traditional RSM, particularly
for nonlinear and complex processes [9].

The Kriging model fundamentally represents a function
as follows:

yx) =p+2Z(x) (14)

Here, p represents the general trend (deterministic
component) and Z(x) represents the stochastic process;
a random component with a mean of zero and a specific
covariance structure. The covariance structure determines
the accuracy of the predictions based on the spatial prox-
imity of the data points. As a result of the study, the Kriging
RSM demonstrated its effectiveness for the curved trape-
zoidal FTHE, yielding an R* value close to 1 and an RMSE
near zero. This confirms that Kriging RSM is a highly effec-
tive approach for this application.

Figure 9 presents the variation in PEC values obtained
through the Kriging RSM based on the interactions
of the considered parameters in a three-dimensional
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representation. A PEC value greater than 1 indicates that
the system operates efficiently in terms of both heat trans-
fer and flow resistance. In Figure 9(a), the effect of posi-
tion angle and Re on PEC values is analyzed. According
to Figure 9(a), it is observed that the PEC value is largely
independent of the Reynolds number. However, the PEC
value is highly sensitive to variations in the position angle,
with moderate position angles providing the optimal oper-
ating conditions. Specifically, when the position angle is
around 90-100° up to 25% improvement in PEC values
is achieved. A closer inspection of the figure reveals that
changes in PEC values for the position angle are largely
independent of the Re. Figure 9(b) examines the effect of
arc angle and Re on PEC values. Beyond a Re of 2500, vari-
ations in PEC values are primarily influenced by changes in
the arc angle. However, within the Reynolds number range
of 1718 to 4296, significant improvements in PEC values
are observed for moderate arc angles, with values reaching
approximately 1.25. Furthermore, when the increase in sur-
face area resulting from VGs is factored into the Nu, a ther-
mal-hydraulic performance gain of around 40% is noted.
Figure 9(c) explores the combined effect of position angle
and arc angle on PEC values. The optimum PEC values are
found at a = 90° and 3 = 40°. It is also noted that at low

arc angles, both high and low position angles significantly
reduce PEC values, indicating the importance of balancing
these parameters for optimal performance. As observed in
Figure 9, the variation of inputs in all three figures indi-
cates a non-linear behavior of the PEC. This observation
highlights the necessity of an effective design approach to
determine the optimal values.

Overall, the findings of this study highlight the critical
role of VG placement and design in optimizing heat trans-
fer and flow characteristics in FTHEs. The results demon-
strate that selecting an appropriate position angle and arc
angle can significantly enhance heat transfer efficiency
while maintaining an acceptable level of pressure drop.
Specifically, at @ = 90° and 5 = 40°, the PEC reached its max-
imum, indicating an optimal balance between heat transfer
enhancement and flow resistance. The Kriging RSM con-
firmed the nonlinear nature of the relationship between
VG positioning and performance, reinforcing the neces-
sity of a well-structured design optimization approach.
Furthermore, contour analyses revealed that improper VG
placement could lead to increased wake regions and local-
ized overheating, while an optimized configuration min-
imizes temperature gradients and enhances turbulence.
These findings provide valuable insights for the design and
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implementation of VGs in FTHE applications, emphasizing
the importance of carefully balancing thermal performance
and pressure drop to achieve maximum system efficiency.
However, this study has certain limitations that should be
acknowledged. First, the numerical simulations are based
on specific assumptions, including steady-state flow and
idealized boundary conditions, which may not fully cap-
ture real-world operational variations. Additionally, the
analysis focuses on a limited range of Re and VG configu-
rations, and further studies could explore a broader param-
eter space. Moreover, the impact of VG implementation on
pressure drop and its trade-off with thermal performance
should be examined in future work, particularly in the con-
text of industrial applications. Despite these limitations, the
findings provide valuable insights into the role of VG posi-
tioning and sizing in enhancing heat transfer in fin-and-
tube heat exchangers.

CONCLUSION

This study emphasizes the substantial advantages of
curved trapezoidal vortex generators in improving the
thermal performance of fin-and-tube heat exchangers,
while simultaneously underlining the possible decrease in
heat transfer resulting from improper design. By conduct-
ing a comprehensive parametric analysis using the Kriging
Response Surface Methodology, the optimal configurations
for position angle («) and arc angle (f8) that maximize perfor-
mance evaluation criteria (PEC) values have been identified
according to different Reynolds numbers. The study reveals
that curved trapezoidal vortex generators enhance thermal
performance while keeping pressure drops within acceptable
limits. Both the position angle and arc angle are key factors
in optimizing heat transfer and minimizing flow resistance.
The optimal configuration, with position angles between 90°
and 100° and arc angles between 40° and 50°, results in up
to a 27% performance improvement. Heat transfer enhance-
ments are up to 48.5% compared to a baseline case without
vortex generators, while the friction factor increased by 67%,
with larger angles leading to higher increases. Generally, the
curved trapezoidal vortex generator design proved to be an
efficient strategy for boosting energy efficiency while min-
imizing flow resistance penalties. However, it is concluded
that poorly positioned or improperly sized vortex genera-
tors can deteriorate thermo-hydraulic performance. These
findings confirm that identifying the right combination of
attack and arc angles is key to maximizing the efficiency of
fin-and-tube heat exchangers. In future studies, the effects of
the proposed design can be further explored by investigating
staggered arrangements, different tube geometries, and heat
exchangers with varying characteristic lengths under differ-
ent flow conditions.
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