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Abstract

The vortex generator is extensively utilized to enhance the air-side flow and heat transfer in
compact heat exchangers, attributed to its high efficiency and low friction factor. This paper
contains an innovative design of biomimetic vortex generators (BVGs), characterized by a
distinct variable curvature and orientation. The curvatures and orientations, serving as key
parameters for this innovative design, were collaboratively optimized using a combination
of the response surface method and the non-dominated sorting genetic algorithm II, while
the friction factor and Colburn factor serve as objective functions. The research findings
indicate that the use of BVGs significantly reduces the friction factor, and the optimal
curvature parameters for various orientations have been determined. The enhanced heat
transfer mechanism associated with BVGs is attributed to their capacity to generate multiple
longitudinal vortex structures downstream, with analogous secondary flow structures
forming across different orientations. A comprehensive evaluation metric reveals that
BVGs achieve an improvement exceeding 50% in performance compared to other high-
performance vortex generators. These findings introduce an entirely novel configuration
for vortex generators, which is anticipated to significantly advance the development of
flow and heat transfer enhancement in compact heat exchangers.

Keywords: biomimetic vortex generator; compact heat exchanger; response surface method;
genetic algorithm; optimization studies

1. Introduction

In compact finned tube heat exchangers, the thermal friction factor on the air side
constitutes approximately 70% to 90% of the total thermal friction factor [1]. Consequently,
augmenting the heat transfer efficiency on the air side is imperative for enhancing the
overall efficiency of the heat exchanger. Vortex generators (VGs) have been shown to
markedly improve heat transfer performance under a low Reynolds number, and their
relatively small structural size can substantially decrease the friction factor. Therefore,
VGs are considered the most effective turbulence-inducing elements for optimizing the
performance of air side channels in compact heat exchangers.
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The traditional structure of VGs predominantly comprises geometric shapes such
as rectangles, triangles, and trapezoids [2]. In recent years, researchers have introduced
novel configurations, including X-truss VGs [3] and conic VGs [4], which have demon-
strated efficacy in enhancing heat transfer. Compared to these specialized structures, the
modification of traditional VGs into curved VGs (CVGs) offers a more straightforward
manufacturing process. The additional secondary flow induced by CVGs further augments
heat transfer [5], while their streamlined curved design significantly reduces the friction
factor within the flow channel [6,7]. Additionally, perforating VGs with holes has been
considered a viable strategy to decrease the flow friction factor. For example, Modi et al. [8]
observed that VGs with perforations consistently reduced the flow friction factor, with a
configuration featuring six holes achieving a friction factor reduction of 13.81%. Studies on
curved trapezoidal VGs have shown that a design incorporating six holes can reduce the
friction factor by 8.1% [9]. A subsequent investigation indicated that the implementation
of VGs with surface perforations is advantageous, particularly in scenarios where the
Reynolds number exceeds 120 [10]. Furthermore, as the diameter of the holes decreases,
both the friction factor and the Nusselt number increase [11]. This finding suggests that
further exploration of various geometric parameters of VGs could enhance heat transfer
efficiency and reduce the flow friction factor [12,13]. Notably, when the attack angle of
VGs is set at 30° or 60°, the flow channel demonstrates optimal comprehensive evaluation
metrics [14]. Some researchers further pointed out that in order to improve the overall
performance, the attack angle should not be less than 30° [15]. Conversely, an attack angle
of 15° yields the most favorable convective heat transfer performance [16,17]. Additionally,
Sharma et al. [18] conducted an extensive study on the dimensionless base width, height,
and angle of attack of VGs, identifying their optimal configuration. Similar parametric
analyses have examined various angles of attack and pitch ratios [19]. The optimal VG
configuration achieved a 3.87% reduction in the friction factor and a 4.11% increase in
the Nusselt number [20]. Research on triangular VGs has shown that an aspect ratio of
1.75 results in superior thermal and fluid dynamic performance. Furthermore, a transverse
pitch of 1.24 leads to a 6.5% increase in the average Nusselt number [21]. Moreover, there
exists an optimal vertical position that maximizes the intensity of longitudinal vortices
and enhances heat transfer [22]. From a comprehensive evaluation standpoint, the opti-
mal parameters are identified as follows: angle of attack « = 40.2°, longitudinal spacing
C =3 mm, and lateral spacing A = 3 mm [23]. Dogan et al. [24] conducted a study on the
effects of longitudinal and transverse pitch ratios, concluding that a transverse pitch ratio
of 0.16 and a longitudinal pitch ratio of 1.5 resulted in the maximum thermal enhancement
coefficient for the VGs flow channel.

In recent years, the emulation of structural characteristics observed in animals, plants,
and natural phenomena to develop various biomimetic heat-enhancing structures has gar-
nered significant attention from researchers. For example, inspired by the reduced-friction
structure of fish, specialized rib-like surfaces have been engineered to enhance cooling in
fuel cells [25]. Similarly, wing-like structures modeled after dolphin skin have been shown
to effectively reduce drag and improve the lift-to-drag ratio [26]. Additionally, radiators
inspired by the structural features of dragonfly wings [27] and sunflower leaves [28] have
been developed to significantly enhance cooling efficiency by increasing fluid turbulence
and optimizing airflow channels. Furthermore, innovative radiator designs inspired by
the bionic form of sand dunes, characterized by their crescent-shaped design capable of
inducing strong downstream secondary flows, have found extensive application in space-
craft engineering [29]. The design of bionic VGs, which create complex secondary flow
structures to enhance heat transfer and achieve efficient drag reduction, is regarded as a
promising strategy. For instance, Niu et al. [30] incorporated a bionic beak-like structure
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into the design of VGs, resulting in a substantial enhancement of the overall heat transfer
performance of the novel bionic configuration. Notably, when the inclination angle is
adjusted to 24°, there is a 47.09% reduction in the flow friction factor.

In general, an increase in heat transfer is frequently associated with a substantial rise
in the flow friction factor. To address these challenges, researchers commonly employ the
response surface method (RSM) in conjunction with multi-objective genetic algorithms
(MOGAS) to derive Pareto optimal solutions. For example, Gonul et al. [31] conducted multi-
objective optimization studies using the RSM to investigate the effects of various parameters
of triangular VGs on heat transfer and pressure loss in heat exchangers. Similarly, Hu
et al. [32] utilized MOGA to optimize the layout of VGs, employing the Pareto optimal
strategy to determine the optimal lateral spacing. Furthermore, Li et al. [33] compared
the optimization processes of traditional genetic algorithms with three enhanced genetic
algorithms, identifying optimal values for parameters such as the installation angle, angle
between vertices, vertex distance, and inlet velocity. The predictive accuracy of the RSM is
crucial for ensuring the efficacy of the optimization design. Sharma et al. [34] demonstrated
in their study that employing the RSM and artificial neural networks as inputs for the
genetic algorithm can constrain the deviation between predicted and target data to within
£3%. A similar conclusion was reached by Xie et al. [35], who also reported high prediction
accuracy using both neural networks and RSM. Although the literature does mention
the use of RSM, artificial neural networks [36], the Taguchi method [37], or topology
optimization [38] independently for predicting the thermal and hydraulic performance
of the VG channel or for optimizing VGs’ structural parameters, such approaches are
relatively uncommon.

This study presents a novel design for a biomimetic vortex generator featuring variable
curvature and orientation, aimed at enhancing the flow and heat transfer performance
of air-side flow channels in compact finned tube heat exchangers. A collaborative op-
timization approach was carried out using the response surface methodology with the
non-dominated sorting genetic algorithm II. The findings offer significant insights into im-
proving the performance of air-side flow channels in compact finned tube heat exchangers
and optimizing the design of biomimetic vortex generators.

2. Description of the Model
2.1. Physical Model

Figure 1a illustrates the three-dimensional computational model of the compact fin-
and-tube heat exchanger employed for the optimization studies in this paper. The present
case study is taken from Modi et al. [8] for further validating the numerical model. This heat
exchanger comprises four rows of inline circular tubes, with transverse and longitudinal
spacings between adjacent tubes measuring S; = 22 mm and S, = 25.4 mm, respectively,
and a tube diameter of D = 10.55 mm. The shaded region in the figure delineates the
computational domain. Air with constant physical properties flows in from the left and
exits on the right. An extension section is added in the downstream region of the flow
channel to prevent outlet backflow, with a length set to 30D. Periodic boundary conditions
are applied to the upper and lower surfaces of the computational domain, while symmetric
boundary conditions are imposed on the left and right sides. In the compact fin-and-
tube heat exchanger, significant flow separation occurs at the rear of the tubes, leading to
reduced heat transfer performance. Consequently, VGs are installed at the rear of the tubes
in two orientations: Common-Flow-Down (CFD) and Common-Flow-Up (CFU), which are,
respectively, named as the D-Type and U-Type. The spacing between adjacent fins in the
heat exchanger is T}, = 5.25 mm, as depicted in Figure 1b.
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Figure 1. Schematic diagram of compact fin-and-tube heat exchanger model: (a) computational
model; (b) fin spacing.

Figure 2a depicts the installation positions and specific dimensional parameters of the
VGs within the two orientations. For instance, considering the flat vortex generators (flat
VGs, FVGs), the chord length is specified as [, the height is 1, and the angle of attack is
B. The position of the midpoint of the vortex generator is maintained constant, with the
distance from the boundary and the center of the tube denoted as c. The FVGs function as
the control group for subsequent analysis and comparison. Due to the typically negligible
thickness of vortex generators, they are modeled as zero-thickness elements in this study.
Drawing inspiration from the flight mechanics of seagulls, which adjust their elbow joints
to modify their wing shape in response to gust disturbances, a biomimetic vortex genera-
tor with variable curvature and orientation—referred to as the Seagull-Inspired Curved
Vortex Generator (SCVG)—was developed, as depicted in Figure 2b. The curved length is
represented by d, and the curvature J is defined as the ratio d/I, with = 0 corresponding
to the initial design. Detailed structural parameters are provided in Table 1. These configu-
rations are categorized as D1-D4 and U1-U4, based on their distinct variable curvature
and orientation, as illustrated in Figure 2c.
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Figure 2. Schematic diagram of the Seagull-Inspired Curved Vortex Generator: (a) installation location
of VGs; (b) bionic prototype; (c) distinct configurations.

Table 1. Geometric parameters of VGs.

Parameters Symbol Value
Rows N 4
Chord length l 10 mm
Height h 5mm
Attack angle B 30°~50°
Bending length dy, dp —2.5~2.5 mm
Curvature 61, 02 —0.25~0.25
Midpoint c 10.275 mm

2.2. Governing Equations and Boundary Conditions

In the present investigation, the Reynolds number indicates a laminar flow regime.
Nonetheless, the configuration of vortex generators is expected to disturb the fluid, leading
to the formation of vortex structures. Prior research has validated the suitability of em-
ploying turbulence models in numerical simulations, specifically the RNG k — & turbulence
model [9,18], the SST k — w turbulence model [15,19], and the Realizable k — ¢ turbulence
model [11]. These studies have confirmed the applicability of turbulence equations, and the
continuity, momentum, energy, and turbulence transport equations are comprehensively
detailed below.

The continuity equation is as follows [39]:

0
aTCi(Pui) =0 1)

The momentum equation is as follows [39]:

o (puju;) p 9 ou; Ouj\ 2 uy ) —
ox; ax N ox; # E)Tc] + x| ﬂsijaixk + 9x; (—puiu]), @
where
du;  ouj oy
_pu: _Vt< ; + ax1> 3(pk+l’lt )51]1 (3)

My is turbulent viscosity.
In the numerical solution of this study, the Realizable k — ¢ turbulence model was
employed, and the turbulent kinetic energy equation (k) is as follows [11]:

9 (k) = 2 i
s o) =2 | (o 2) 2

+ Gy + Gy — pe — Y1, 4)
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The turbulent dissipation rate equation (e) is as follows [11]:

e\ de
(”Jrag)a P f

where C; = Max [0.43, /(7 + 5)], 7 = Sk/¢e, S = (2 SijSij)O'S, Gy represents the turbulent
kinetic energy generated by the mean velocity gradient, Gy, represents the turbulent kinetic

+ pCl Se — pCz + Cls kC3€Gbr (5)

e (oe) = 3

energy generated by buoyancy, and Yy denotes the contribution of fluctuating expansion in

compressible turbulence to the overall dissipation rate. C; = 1.9 and C, = 1.44 are constant

values. 0y = 1.0 and ¢, = 1.2 are the turbulent Prandtl numbers for k and w, respectively.
The energy equation is as follows [39]:

d(pu;T) A 0T

= — . 6
axi Cp axi2 ( )

The boundary conditions of the numerical simulation are as follows:
Velocity inlet: # = ujn, v=w=0,T =Tj, =300 K; (7)

Ju OJdv Jdw IdT
Pressure outlet : x99 Y (8)

Constant temperature surface of tube wall: T = Ty, = 350 K; )

Periodic boundary conditions at the bottom and top wall: #yp = tigown, Tup = Tdown- (10)

The surface of the vortex generator is characterized by a no-slip boundary condition. It
is assumed that the air behaves as an incompressible fluid with constant physical properties.
The finite volume method is employed to discretize the governing equations. In the
numerical solution process, the COUPLE algorithm is implemented to address the coupling
of pressure and velocity. The convection term is discretized using the second-order upwind
scheme, and the diffusion term is discretized using the central difference method. The
convergence criterion for the numerical solution requires that the continuity residual of
the velocity component be less than 1.0 x 107>, and the energy residual be less than
1.0 x 1076

The vortex generator’s surface is defined by a no-slip boundary condition, assuming
the air acts as an incompressible fluid with unchanging physical properties. The governing
equations are discretized using the finite volume method. During the numerical solution
process, the COUPLE algorithm is used to handle the pressure and velocity coupling.
For the convection term, a second-order upwind scheme is employed, whereas the dif-
fusion term is discretized with the central difference method. The numerical solution’s
convergence criterion demands that the velocity component’s continuity residual be below
1.0 x 1077, and the energy residual be under 1.0 x 10~°.

2.3. Parameter Definitions

The Reynolds number Re is defined as follows [39]:

puinDH
14

Re = (11)
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The Colburn factor j is defined as follows [8]:
h 2
1 = Pr§ P 12
1= o (12)

where & is the convective heat transfer coefficient of the heating surface which depends on
the average heat flux g and the logarithmic average temperature difference Aty between
the heating surface and the fluid, namely as follows [39]:

h= 5l
Atm — Tout_Tin . (13)

Tw—Tin
n Tw—Tout

The Nusselt number Nu is defined as follows [39]:

NU::E%E, (14)

where A is the thermal conductivity of the air.
The friction factor f is defined as follows [39]:

2ApDy
= . 1
=l (15)

The comprehensive evaluation metric is defined as follows [8]:

p:l' 16
J 7 (16)

The expression of the vorticity () is defined as follows [5]:

2

_ 1Bl

= Tanz 2
[ Al +IIBllF +¢

(17)

where
g::1/1oommax(HBH%——HAﬂ§>
A=05(AV+AVT) : 18)
B=05(AV —AVT)

where ¢ is a small positive number. A and B are the eigenvalues of the velocity gradient,
where A is referred to as a symmetric tensor and B as an antisymmetric tensor. The symbol
AV represents the velocity gradient matrix in the x, y, and z directions, while AV is its
transpose matrix.

2.4. Grid Independence Test and Validation of Numerical Results

A grid independence test was performed utilizing a model of the flat vortex generator
arranged in a D-type configuration. The test employed varying numbers of grid cells:
502,945; 659,626; 883,569; 1,326,813; and 1,861,102. The Colburn factor (j) and friction
factor (f) of the flow channel exhibited variations corresponding to the number of grids, as
illustrated in Figure 3. It was observed that when the grid number exceeded 1,326,813, the
rates of change in j and f were minimal, amounting to 1.34% and 0.1%, respectively. Con-
sequently, to balance computational accuracy and efficiency, a grid cell count of 1,326,813
was selected for subsequent numerical solution.



Energies 2025, 18, 4281

8 of 24

0.044 1.045

< ——j| 11.040

0.043 |- o 7

- O 41.035 <
v 0.042 | 11030 &
k3] Q
£ 0.041 11.025 £
g g
=] i B
0040} 10208
O 5 ’ 11.015 ~

0.039 |- o S 110w

005

0.038 S S 1.
40 60 80 100 120 140 160 180 200

Number of gridsx10*
Figure 3. j and f change with the number of grids.

As illustrated in Figure 4, the flow and heat transfer performance within the fin—tube
heat exchanger channel varies in the absence of vortex generators, as noted in the literature
and supported by the Realizable k-¢ model used in this study. According to the figure,
increasing the Reynolds number (Re) from 400 to 800 results in the average Nusselt number
(Nu) and the pressure drop (Ap) of the channel flow showing trends that align with those
reported in the reference [8]. These results are in close agreement with the literature, thus
reinforcing the reliability of the numerical solution process.

2.4
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g 12} &
5 Y-
2 o
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2 2
510 9,/ Ap 5
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Figure 4. Model verification.

3. Methodology
3.1. Multi-Objective Optimization Process

The primary aim of optimizing the SCVG structure is to minimize the pressure drop
(Ap) at both the inlet and outlet, thereby reducing the flow friction factor within the channel;
concurrently, the goal is to decrease the logarithmic mean temperature difference (Aty)
between the heating surface and the fluid, ultimately enhancing the convective heat transfer
performance. The optimization research methodology employed in this study is illustrated
in Figure 5, with the following key steps: (1) Identification of design variables, construction
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of the physical model, and grid discretization. (2) Specification of boundary conditions
and initialization, followed by solving the governing equations and assessing convergence
criteria. (3) Evaluation of the variation in convective heat transfer performance relative
to design variables, and development of the objective function using Response Surface
Methodology (RSM) based on numerical simulation results. An analysis of variance
was conducted to verify the reliability of the constructed response surface regression
model. (4) Determination of the Pareto front optimal solution set for the design variables
concerning the objective function. The parameter settings for the NSGA-II algorithm are
as follows: the population size is 100, the cross ratio is 0.85, the Pareto front population
ratio is 0.8, the algebra is 2000, and the functionalized residual is 1.0 x 1076. (5) From the
Pareto front optimal solution set, select the representative solution that exhibits a superior
comprehensive evaluation metric (JF), and compare it with the numerical simulation
outcomes of the corresponding design variables to assess the error. This process facilitates
the determination of the optimal design parameters within the specified design constraints.

[ = = = = e e e e e e e e e e e e e e e == === =
I Numerical I
[ simulation RSM NSGA-IT I
| |
Objective functions
| Start — —»  Start —0) |
I . | \ | Jiand Js I
. Design variables l Sampling point |« | MATLA; genetic :
| v | | algorithm toolbox |
| Creat physical | v | 1
| mo+del | Selection method [« | 1
| s |
i |
| Generate the grids | | Model | Pt B I
| Set the bound I initialization | optimal front | I
e boundary
I conditions ! ¥ v - I
I ¥ | Model I Representative I
| Tnitialize the | verification | solutions I
I solution v |
| | Numerical I
| - simulation with
I Solve the governing | l representative |
I equations | : designs [
I 7 ! Constructed No | |
l oégtil;gi:;‘ce | objective functions | |
: YES : v : YES :
I Stop — — — Stop — — — End |

Figure 5. The flow chart of the optimization process.

3.2. Design Variables and Objective Functions

In the study of the structural optimization of vortex generators, it is well established
from prior research that parameters such as dimensionless height, attack angle, pitch ratio,
and orientation significantly influence flow and heat transfer performance. This paper
designs a biomimetic vortex generator with distinct variable curvatures and orientations.
It consists of two curvatures, which are denoted as J; and d,. The objective function is
defined by the friction factor of the channel, as well as the Colburn factor related to the
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reaction heat transfer. A multi-objective optimization mathematical model, based on design
variables and their constraints, is established as follows:

]j—min =m:- ](511 52/ ,B/ Re/ D/U_type) (19)
Jtmin =1+ f(61,02,B,Re,D/U-type) ’
where the constants m = —100 and n = 10 are defined to adjust the size of the objective

function. Since the value of m is negative, the smaller the value of Jjs the better the heat
transfer performance. The constraints of the design variables under different orientations
are as follows:
D/U-Type
—0.25 < 61,07 <0.25
B=30° ~ 50° '
Re = 600 ~ 2200

(20)

3.3. Response Surface Method

The response surface method (RSM) is employed to model the functional relation-
ship between design variables and response values using multiple quadratic regression
equations. During the numerical solution process, the distribution of the Corburn factor (j)
and the friction factor (f) were calculated using Equation (19). Subsequently, the objective
functions Jj and Jf were formulated utilizing the response surface method. The accuracy of
the fitting equations is evaluated through the root mean square error (RMSE) and the Mul-
tivariate Statistical Coefficient (R?), as presented in Equations (21) and (22) [33]. Notably,
the closer the RMSE is to 0 and the R? is to 1, the more precise the fitting equation.

1 ¢ ) 1/2
RMSE = (t].;“)j - Qi ) ) (21)
t 2
X (A-9Q)
RP=1-"— (22)
2
L)

4. Results and Discussions
4.1. Effect of Structural Parameters on Drag Reduction Performance

Figure 6 illustrates the impact of key design parameters (J1, 47) within a certain range
(—0.05 <61 <£0.15, —0.2 < 6, < 0 for (a); —0.05 < 61 <0.15,0 < 6, < 0.2 for (b)), which
define the structure of the SCVGs, on the flow channel friction factor and the comprehensive
evaluation metric of the heat exchanger. Among these, /; = 0 and J, = 0 represent the
initial design configuration. Specifically, Figure 6(al,b1) depict the variation of the friction
factor (f) with respect to the design variables across different orientations. The findings
indicate the existence of a minimum friction factor, with f,i, exhibiting minimal variation
across different orientations. Notably, the D-type orientation achieves a slightly lower fn,
with optimal curvature parameters identified as §; = 0.05 and 6, = —0.15, classifying the
SCVGs as a D2 configuration. In contrast, for the U-type orientation, the optimal curvature
parameters are 61 = 0.05 and J, = 0.15, corresponding to the U1l configuration of the SCVGs.
From the perspective of the comprehensive evaluation metric (JF), the flow channel exhibits
an initial increase followed by a decrease with variations in J; and J, across different
orientations, existing as a maximum value for JF. It is important to note that the optimal
values of the design variables identified in this analysis are not the actual values. Therefore,
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further optimization is necessary to determine the actual optimal design variables and the
maximum comprehensive evaluation metric J[Fnax.

(@1) 50 : : . (2), 005
—A—l5-0 —A— 5 =005 8,=-0.1
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0.45 - % %
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—_— A
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(b)

Figure 6. The influence of curvature on the f and JF under different orientations: (a) D-type, (a1,a2) f;

(b) U-type, (by,b2) JF.

In the context of the SCVGs exhibiting the minimum friction factor and maximum
comprehensive evaluation metric as depicted in Figure 6, this study examines the impact
of convective heat transfer performance across varying Reynolds numbers and attack
angles. Analysis of Figure 7(al,bl) reveals that, within the current research parameters
(30° < B < 50° 600 < Re < 2200), an increase in the attack angle results in a general
upward trend in the friction factor. Notably, the minimum friction factor is observed
at B = 30°. Conversely, as the Reynolds number rises, the friction factor in the flow
channel diminishes, and the effect of the Reynolds number on the friction factor becomes
more significant with a higher f. Figure 7(a2,b2) further illustrate that an increase in
the attack angle leads to a general decline in the comprehensive evaluation metric (JF)
of the flow channel. The peak comprehensive evaluation metric is also observed at 5 =
30°. However, with rising Reynolds numbers, the comprehensive evaluation metric of
the flow channel consistently diminishes. The highest comprehensive evaluation metric
is achieved at Re = 600. Based on the preceding analysis, it is evident that, from the
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standpoint of the comprehensive evaluation metric within the scope of the design variables
examined in this study, the optimal design parameters are identified as f = 30° and
Re = 600. This paper mainly examines how the new SCVG structure affects flow and heat
transfer performance. Consequently, in subsequent research, the attack angle is fixed at 30°,
and the Reynolds number is set at 600 as a constant design variable.

(al) . . . - - (@2) 0.10 : . . : -
0.55 || —A— Re = 600 A 1 —®— Re =600
—A— Re=1000 A 009t —B—Re=1000 T
0.50 Re = 1400 / A 1 \ Re = 1400
—A— Re=1800 A A 0.08 - —®—Re=1 I
045 Re=2200| / /4 / \A 1 = i " RZ - 2588
) / A A 0071 5\ \ .
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A \
/ 0.06 - n\ \E/E y
0.05 = = R
030 2 | \-/
1 1 1 1 1 004 1 1 1 1 1
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B° B°
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Figure 7. Thermo-hydraulic characteristics for varying structural parameters: (a) D-type, (a1,az) f;
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4.2. Response Surface Analysis

Using the SCVGs in the U-type orientation as an example, Figure 8 presents the
scatter plot of the objective function against the design variables §; and J,, along with the
response surface derived through RSM. The figure illustrates that the majority of the scatter
points align with the curved surface, although a few points are located outside the surface.
Notably, the multivariate statistical coefficients (R?) for these points exceed 0.9, and the
root mean square error (RMSE) is less than 1 x 1072,
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Figure 8. Response surface of the objective function changing with design variables: (a) J; vs. J; (b) J
vs. 4.

The RSA models that have been constructed, employing a polynomial formulation for
both J; and J¢, can be mathematically represented as follows:

J; = 3117 — 1.07818; — 1.39650, + 11.748567 + 4.625155 + 3.54261 6, (23)



Energies 2025, 18, 4281

14 of 24

J¢ = 4.0087 — 415385, — 7.82645, + 44.145152 + 25.56885% + 10.2438515,  (24)

Figure 9 presents the Pareto solution set for SCVGs under the U-type orientation. It is
apparent that the objective functions Jj and J; generally exhibit a monotonically decreasing
relationship. Specifically, the heat transfer performance J; of the channel diminishes as
the friction factor J¢ increases. The original point corresponds to the initial design (d; =0,
69 = 0) of SCVGs prior to optimization. At point A, the heat transfer performance of the
channel is maximized, while at point B, the friction factor is minimized. Point I; represents
the ideal point, which theoretically achieves both the maximum J; and the minimum J,
although it is unattainable in practice. Conversely, point I, is a non-ideal point, opposite to
I;. To further validate these observations, several representative points were selected to
evaluate the discrepancies between the Pareto optimal values and the numerical results.
As shown in Table 2, the maximum errors between the theoretical and simulated values
for the objective functions J; and J¢ are 0.61% and 2.31%, respectively, indicating a strong
agreement. Then, the following analysis is based on the results of the numerical solution.

4.2

41]

40|
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g o 3 \O
LI L T T
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3. . ] . ] . ] L 1 L 1
-3.25 -3.20 -3.15 -3.10 -3.05 -3.00
J; (6,6))

Figure 9. Pareto-optimal front with the objective functions.

Table 2. Comparison of Pareto front and numerical data.

Clustering 5 5 Pareto Front Numerical Solution Error%
Point Ji J¢ Ji J Ji J¢
1 0.0662 0.1626 —3.0292 3.4408 —3.0193 3.3989 0.33 1.23
2 0.0640 0.1612 —3.0265 3.4320 —3.0237 3.4144 0.09 0.51
3 0.0517 0.1562 —3.0151 3.3960 —3.0197 3.4132 0.15 0.51
4 0.0470 0.1534 —3.0116 3.3859 —3.0174 3.4153 0.19 0.87
5 0.0300 0.1470 —3.0050 3.3710 —3.0234 3.4489 0.61 2.31

The preceding analysis suggests that the enhancement of Jj is concurrently accom-
panied by an increase in J;. Figure 10 presents a comprehensive evaluation metric JF
comparison of the five representative points listed in Table 2 with the initial design (67 =0,
dp = 0) of SCVGs prior to optimization. As illustrated in Figure 10, the JF of the channels
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associated with the five representative points surpasses that of the initial design. This
indicates that the optimized SCVGs exhibit a superior heat exchange effect compared
to their pre-optimization state. Notably, the channel structure at representative point 1
(61 =0.0662, 6, = 0.1626) achieves the highest comprehensive evaluation metric, and it is
named U1-Opt. Ultimately, the optimal curvatures for the D-type orientation, determined
using the aforementioned method, are 61 = 0.0788 and é, = —0.1290, and it is named
D2-Opt.
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Figure 10. Comparison of the comprehensive evaluation metric.

4.3. Analysis of Flow and Heat Transfer Performance of the Optimized Structure

The thermohydraulic performance of the air-side flow channel in a compact heat
exchanger equipped with a vortex generator is significantly influenced by the distribution
of temperature, velocity, and pressure within the flow channel. Figure 11 illustrates the
temperature distribution at the z = 2.5 mm cross-section (z = 0.5 &) in the optimized SCVG
channel under various orientations.

Figure 12 reveals that, for the D-type orientation, the temperature surrounding the
heating tube in the front row is relatively low, whereas the extent of the high-temperature
zone around the heating tube in the back row progressively increases. As the fluid flows, it
undergoes continuous heating. In contrast, for the U-type orientation, the high-temperature
regions around the heating tube are relatively uniform along the flow direction and exhibit
an approximately periodic distribution. Consequently, the D-type orientation demonstrates
a superior heat exchange effect. Additionally, in the FVG channel, the high-temperature
zone is more extensive compared to that in the SCVG channel. The temperature distribution
within the flow channel serves as an indicator of the efficacy of the heat transfer process.
Consequently, when examining flow channels with varying configurations, it is evident
that the heat transfer performance of the FVG channel consistently surpasses that of the
SCVG flow channel, which demonstrates comparatively weaker performance.
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Figure 12. Temperature distribution of different VG channels.

Figure 13 illustrates the velocity distribution at a cross section where z = 2.5 mm. The
heat transfer performance of the fin-and-tube heat exchanger is predominantly influenced
by the flow velocity in proximity to the tube wall. In the D-type orientation, a significant
high-velocity region is established around the tubes and between the VGs. Notably, there
is an absence of flow dead zones with zero velocity between the adjacent tubes, resulting
in enhanced heat exchange efficacy. This is evidenced in the temperature contour by an
expanded high-temperature zone. Conversely, in the U-type orientation, distinct regions
of reduced velocity are observed around the tubes, thereby diminishing the heat transfer
performance. Nevertheless, the area exhibiting zero flow velocity behind the VGs is reduced,
indicating a lower friction factor of the vortex generator to the fluid. Additionally, for the
optimized SCVG structure with varying orientations, the flow velocities are consistently
lower than those in the FVG channels. This suggests that the disturbance effect of the SCVG
on the fluid is relatively minimal, leading to a slight reduction in heat transfer performance.
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Figure 13. Velocity distribution of different VG channels.

Figure 14 illustrates the pressure distribution across the same cross section. The figure
demonstrates a consistent decrease in pressure along the flow direction, with the pressure
differential indicating the magnitude of channel friction factor. Notably, the pressure
difference between the inlet and outlet of the FVG channel is substantial. Specifically, the
pressure differential in the flow channel with a U-type orientation is smaller compared to
that with a D-type orientation. This suggests that the vortex generator exerts a relatively
minor disturbance on the fluid, as evidenced by the velocity contour: the area of the
flow dead zone behind the VGs is reduced under the U-type orientation. Additionally, in
the optimized SCVG flow channel, the pressure difference between the inlet and outlet
is relatively minimal, and the pressure distribution remains consistent across different
orientations. This indicates that the optimized SCVGs (D2-Opt. and U1-Opt.) can achieve
similar flow effects regardless of the orientation.

Figure 14. Pressure distribution of different VG channels.

Figure 15 depicts the cross section at the tail of the first row of VGs (x = 14 mm). The
vortex structures generated by various orientations of VGs are illustrated in Figure 16.
Given the symmetry of the model, a representative half of the cross section was selected
for analysis. The velocity vector and vorticity ((2) distribution at this cross section indicate
that the area of high vorticity in the D-type orientation is relatively extensive, primarily
localized near the VGs. This observation aligns with the presence of a significant flow dead
zone observed at the rear of the VGs, as evidenced by the velocity distribution presented in
Figure 13. Conversely, the flow velocity on both sides distant from the VGs is relatively high,
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resulting in reduced vorticity that approaches zero. In the case of the U-type orientation,
the vortex distribution appears more uniform, suggesting the presence of multiple vortex
structures at the rear of the VGs. This conclusion is further supported by the velocity
distribution. Notably, from the perspective of the velocity vector diagram, the optimized
SCVG channel facilitates the generation of multiple longitudinal vortex structures. The
formation of these longitudinal vortices enhances the alignment between the velocity vector
and the temperature gradient, thereby improving heat transfer performance.

I Cross-section: 1

 x=14mm |

| 0<94=0:55; :
1 0<zSTP

Figure 16. Vortex structure distribution at the tail section of VGs.

4.4. Comparisons with Other Drag-Reduction VGs

Different drag-reducing VGs are arranged in the D-type orientation, as shown in
the Figure 17. Figure 18 provides a comparative analysis between the optimized SCVGs



Energies 2025, 18, 4281

19 of 24

developed in this study and other drag-reducing VGs, specifically the curved and perfo-
rated VGs. It is important to highlight that the parameter dimensions (e.g., = 10 mm,
h=0.51, etc.) and layout method (8 = 30°) of these drag-reducing VGs are consistent with
those investigated in this study, with the exception of their structural shape. Notably, the
bending depth of the curved VGs (CVGs) is d = 1.5 mm, and the diameter of the perforations
in the VGs is ¥ = 2 mm, with varying numbers of uniformly arranged holes.

Figure 17. Drag-reducing VGs in D-type orientation: (a) FVGs; (b) 41, = 0; (c) CVGs; (d) 1 hole;
(e) 2 hole; (f) 3 hole.

From the perspective of the comprehensive evaluation metric JF, the optimized SCVG
channel exhibits a significant enhancement over other VG flow channels. For example, in
the D-type orientation, within the Reynolds number range of 400 to 2200, there is an increase
of 123.7% to 126.5% compared to the FVG channel, which demonstrates the lowest JF. In
comparison to the initial design of the SCVGs (where curvature 4 » = 0), the optimized flow
channel JF exhibits an enhancement ranging from 27.44% to 28.41%. This indicates that
the curvature parameter significantly influences the flow and heat transfer performance
of the channel, demonstrating that the optimization process has yielded a substantial
improvement. In comparison to the CVG flow channel, the JF shows an enhancement of
57.4% to 70.5%. It is observed that the comprehensive evaluation metric improves with an
increase in the number of holes in the VGs. Specifically, when compared to VGs with three
holes, the JF increases by 77.1% to 78.3%. A prior study investigated perforated VGs and
optimized the attack angle, achieving an optimal JF of approximately 0.068 (for an FVG
with one hole, an attack angle of 10°, and Re = 400) [8]. Under the same Reynolds number,
the SCVG channel developed in this study can enhance the JF by more than 50%.
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Figure 18. Comparisons of JF in optimized SCVGs with the values in other structures: (a) D-type;
(b) U-type.

5. Conclusions

To improve the heat transfer efficiency of air-side flow channels in compact heat
exchangers, a novel SCVG has been proposed. An analysis of the interactions among
various design parameters revealed that curvature (61, d7) significantly influences the flow
and heat transfer performance of the flow channels. The response surface methodology,
coupled with a multi-objective genetic algorithm, was employed to optimize and determine
the optimal curvatures. The principal findings of this research are as follows:

(1) According to the flow and heat transfer contour diagram, the SCVG designed in this
study substantially reduces the flow friction factor, although there is a slight decrease in heat
transfer performance. Notably, the key parameters of the biomimetic design, specifically
the curvatures é; and d,, exert a significant influence on flow and heat transfer performance.
The optimized SCVG (41 = 0.0788, J;, = —0.1290, D-type) demonstrates an improvement
in overall performance ranging from 27.44% to 28.41% compared to the initial design
(61 = 62 =0, D-type). The optimal configuration for the D-type orientation is identified as
D2-Opt., while for the U-type orientation, it is U1-Opt. (61 = 0.0662, J; = 0.1626, U-type).

(2) The enhanced heat transfer mechanism of the SCVGs is characterized by the
formation of multiple longitudinal vortex structures downstream, which enhances the
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field synergy effect. Furthermore, various orientations can produce similar secondary
flow structures and obtain optimal configurations, resulting in a similar comprehensive
evaluation metric JF for the flow channel.

(3) In comparison to the FVG channel, which exhibits the lowest comprehensive evalu-
ation metric, the JF of the SCVG channel has increased by over 120%. Additionally, when
compared to other existing efficient and low-friction factor vortex generator structures, the
comprehensive evaluation metric of the optimized SCVG structure has improved by more
than 50%.

(4) Future research will concentrate on investigating the potential application domains
of the SCVGs optimized in this study, with particular emphasis on their drag reduction
effects in the flow channels of various heat exchangers, such as staggered finned tube heat
exchangers. Furthermore, the comprehensive performance of the SCVGs will be further
assessed through experimental research.
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Nomenclature

A symmetric tensor

B antisymmetric tensor

c midpoint

Cp constant-pressure specific heat, J/(kg-K)
d bending length, mm

Dy hydraulic diameter, mm

D tube diameter, mm

f friction factor

h height of VGs, mm;convective heat-transfer coefficient, W/ (m?-K)
Ji Colburn factor

J objective function

JF comprehensive evaluation metric

k turbulent kinetic energy, m? /s?

) chord length of VGs

m, n constants

N rows of tubes

Nu Nusselt number

p Pressure, Pa

Pr Prandtl number

q heat flux, W/m?

Re Reynolds number

S1,2 spacings between adjacent tubes, mm

T temperature, K

Tp spacing between adjacent fins, mm

At logarithmic average temperature difference, K

u, v, w Velocity component, m /s
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Subscript

down bottom surface of channel
i number of variables

in channel inlet

min minimum

max maximum

opt optimal value

out channel outlet

up top surface of channel

w wall surface

Greek letters

B attack angle
1 curvature
€ turbulent dissipation rate, m?2/s3
A heat conductivity coefficient, W/(m-K)
U fluid viscosity, Pa-s
o fluid density, kg/m3
(@) vorticity
Abbreviations
CFD Common-Flow-Down
CFU Common-Flow-Up
SCVG Seagull-Inspired Curved Vortex Generator
FVG Flat VGs
VG Vortex Generator
NSGA-II Non-Dominated Sorting Genetic Algorithm II
RSM Response Surface Method
RMSE Root Mean Square Error
R? Multivariate Statistical Coefficient
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