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ABSTRACT: This work presents a simulation analysis using a multi-objective evolutionary algorithm for the thermo-
hydraulic behavior of staggered heat sinks whose fins have NACA 0040 airfoil profile. The results were compared with a
conventional pin fin heat sink with a circular profile. This study searched for the best thermo-hydraulic performance by
translational and rotational positioning of the fins. It is worth mentioning that this work was carried out in two stages.
In the first stage, the thermo-hydraulic behavior of the heat sink was studied moving the location of the upper array
above the X-axis from —2.25 to 2.25 mm and above the Y-axis from —1.55 to 1.275 mm. The second stage examined
the effects of fin rotation considering the results found in stage 1. However, in this second stage, both arrays were free
to rotate. For the upper array, the rotation range was —25° to 25° and for the lower array the rotation range was —15°
to 15°. It is worth mentioning that both stages were analyzed for a single Reynolds (Re) number value of 13,000. The
optimization results using the multi-objective evolutionary algorithm showed that compared to a NACA 0040 heat
sink with fixed, unrotated original configuration (Cy), the NACA 0040 heat sink with any Position Configuration (PC)
did not significantly improve the heat transfer. Then, the results found in the second stage showed that the effect of
the rotation of both sets did not influence the increase in pressure drop. However, it was found that with the Optimal
Position and Rotation Configuration (PRCyptimar), Which is the optimized array from Stage 1 (position) then optimized
by rotation, there is a slightly higher Performance Evaluation Criterion (PEC) compared to the original C, configuration
by 7%. Finally, the proposed NACA 0040 heat sink with the optimal rotation and position setting (PRCyptimal) was
found to have a PEC of 9% compared to a conventional pin fin heat sink.
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1 Introduction

Over the past few decades, the electronics industry has experienced significant technological advances
that have led to innovations and improvements in electronic devices. This progress has resulted in a trend
towards miniaturization of these electronic devices. Primarily, the weight and size have been substantially
reduced. The main problem is the high concentration of heat generation due to the Joule effect, which hurts
the operation and performance of the equipment.

The main solution to address heat generation is the use of heat sinks (HS); essentially a set of fins
embedded in a thermal plate and its fundamental role is to exchange and dissipate the heat generated by the
processing chip of electronic equipment to the environment and thus effectively reducing the temperature
of the chip itself [1]. However, HSs face challenges that limit their proper operation.
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One of these challenges is the limited space inside the electronic devices. That is, the primary function
of the HS is to transfer the extracted heat to a fluid through its surface, which requires a considerable volume,
resulting in an increase in mass. Therefore, a wide variety of geometric configurations, made of various
materials and subjected to different flow regimes, are available as options for the HS.

In the technical literature, there are several studies on HSs, with the main contribution being the fin
innovation. Historically, the first geometric configurations of heat sinks were Plate Fin Heat Sinks (PFHS).
However, the main problem with PFHSs is their low capacity to dissipate large amounts of heat. Therefore,
why Rao et al. [2] attempted to improve the thermal performance of these heat sinks by optimizing the design
of the plate fins. They found that by varying the base angle of the Plate Fin (PF) and proposing a tilted PF, the
thermal performance could be improved by 30%. On the other hand, Pujol et al. [3] also studied the PFHS
configuration. They found that by maintaining the inter-plate spacing and increasing the fin thickness, they
were able to improve the thermal performance of the HS. An innovative proposal in PFHS design is the one
presented by Adeel Tariq et al. [4]. They made significant modifications to the flat plate fins by incorporating
multiple perforations and slots along the fins, which increased the heat transfer coeflicient and a significant
reduction in pressure.

On the other hand, Freegah et al. [5] proposed to increase the wetted surface area and reduce the
material by modifying the channels with two designs, which resulted in a 25% reduction in temperature, 29%
reduction in thermal resistance, and 34% increase in Nusselt number compared to a conventional PFHS. On
the other hand, Nilpueng et al. [6] explored another alternative. They combined the PFHS with a Pin Fin
Heat Sink (PiFHS) by modifying the shape of the pin fin and found that this increased the heat increased
and also improved the pressure drop. On the other hand, Pandey et al. [7] compared rectangular fins with
plate fins and found that under the same conditions, rectangular fins have lower thermal resistance, however,
greater energy is required in the distribution of the fluid.

On the other hand, there are pin fin heat sinks. This variation has been widely studied due to its
geometrical versatility, i.e., the pin fin profile can take any shape. In addition, the versatility of pin fin heat
sinks is advantageous for innovation. Geometric design parameters that can be considered in a heat sink
include the number of fins, fin diameter, longitudinal spacing, fin height, and transverse spacing [8].

A proposed trend in pin fin geometry is the implementation of thin plates connected as splitters in a
plate and fin heat sinks. This proposal mitigates flow separation and reduces pressure drop [9-11]. In the same
manner, Hosseinirad et al. [12] analyzed the effects of straight, corrugated, and curved plate configurations
with pin fins on hydrothermal performance; they found the optimal positioning of splitters. Abadi et al. [13]
tried to understand the effect of the rotation angle of the splitters attached to the pin fins.

Another proposal is that of Maji et al. [14]. They investigated how to improve heat dissipation through
perforated fins by systematically varying the number and size of the perforations, in addition to proposing
different geometric shapes of the heat sink base plate. They found that the perforations not only help reduce
pressure drop but also improve heat transfer. In this sense, a design proposal is the combination of perforated
fins with the inclusion of thin plates, as in the work presented by Huang and Huang [15], where they vary the
diameter of the pin fins, the diameter of the perforations and also the length of the splitter added at the end
of the pin fins, with the aim of maximizing the thermal performance while keeping the volume fixed.

On the other hand, Shen et al. [16] conducted a study focused on improving the heat transfer at the
trailing edge of a turbine blade. In their research, they present a Kagome lattice geometric structure as an
alternative and innovative geometry for the use of fins in heat dissipation. It is worth noting that the overall
heat transfer rate increased significantly from 6% to 71% with the use of this structure.
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In conjunction with these significant improvements in heat transfer, there are aerodynamic alternatives
that have low resistance to fluid flow, i.e., they tend to reduce pressure drop, as is the case with NACA profile
fins. In addition, it is possible to promote heat transfer as a function of angle. An advantage of these fins is
their ease of machining based on a reliable profile equation [17-20].

Moreover, Mehrpooya et al. [21] show how simple geometries such as flat fins, sharp fins or pin fins, can
improve heat dissipation by using Phase Change Materials (PCM). They show how PCMs quickly stabilize a
sudden change of temperature, and how they can store energy and later release it gradually. These materials,
combined with an adequate pin array configuration, can lead to a better thermal management in the heating
and cooling of buildings, high-performance heat exchangers, and energy store systems for renewable sources.

In the present work, the use of NACA profiles is proposed. The fundamental reason for the use of the
NACA profile in aeronautics is the smooth curvature of its design, which facilitates optimum fluid flow.
In other words, it minimizes aerodynamic drag and maximizes lift. In addition, the NACA airfoil has the
ability to prevent the formation of undesirable turbulence zones, which is beneficial for aircraft visibility.
The main idea to use this NACA profiles, is not the lift, of course, but to minimize aerodynamic drag and
turbulence formation while maximizing heat transfer. Thus, the main objective of this work is to improve
the heat transfer of a system by implementing the NACA 0040 airfoil profile.

This work attempts to revamp the search for heat sink arrays in a sequential/intuitive fashion using
a multi-objective algorithm that weighs the pressure drop and the heat dissipation, directly affecting the
performance evaluation criteria (PEC). This work was carried out in two steps: first, the influence of the fins
position was studied, and once the best configuration was found, the next step was to study the rotation effect
for this configuration. Thus, this method aims to optimize the arrangement in a more refined and profound
way, as compared to the conventional methods.

2 Numerical Methodology

This section shows the analysis, pinpointing the geometry complexity, boundary conditions, assump-
tions taken, and the governing equations.

2.1 Problem Geometry

The main objective of this work is to improve the heat transfer of a heat dissipation system, therefore
the geometry of interest in this work consists of a heat sink NACA 0040 profile fins. The material used in
this heat sink is an aluminum alloy (A5083P), which has a thermal conductivity of 167 [W/(m-K)], while the
working fluid used was air at 20°C. The dimensions of the NACA profile of each fin are shown in Fig. la.
In order to reduce the calculation time and thus study the geometric characteristics of the heat sink, only a
fraction of the total geometry was simulated. It should be noted that the heat sink has a total of 12 fins. Each
fin has a height (z) of 15 mm and the dimensions of the heat sink base are shown in Fig. 1b.

On the other hand, the displacement of the fins is proposed randomly. It is worth noting that the
positioning of these fins will only apply to the upper arrangement, the lower arrangement will remain in
place. Both arrangements are shown in Fig. 2a. The six fins upper arrangement is marked in red, while the
fins lower arrangement is marked in blue.

In addition, the vertical and horizontal displacement of each fin begins at the leading edge of the

NACA profile, as shown in Fig. 2b,c. In addition, Fig. 2d shows the location of the center of rotation of the
NACA profile.
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(a)

Figure 1: Dimensions of the: (a) NACA fin and (b) fraction of the total geometry of the heat sink

Figure 2: Heat sink with a NACA fin. (a) delineation of the upper and lower arrangement, (b) origin of displacement
on the x-axis, (c) origin of displacement on the y-axis, and (d) origin of displacement on the z-axis
2.2 Boundary Conditions

The following boundary conditions were used for the numerical solution of the models:

« Constant and uniform heat flow at the base of the heat sink.
« Constant fluid velocity at the heat sink inlet.
o Manometric pressure at the heat sink outlet equal to atmospheric pressure.
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o Thermal insulation in the outer walls.
« Symmetry in the top wall.
« Symmetry in the side walls.

. 2

The boundary conditions imposed on the computational domain of the model are shown in Fig. 3.
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Figure 3: Boundary conditions

2.3 Model Considerations

The following assumptions were made for the heat sink analysis:

o U o

Steady state.

Constant fluid properties.

Negligible radiative heat transfer effects.
Three-dimensional analysis.

Negligible effects of gravity.

No energy generation.

2.4 Governing Equations

The governing equations used in the system are the equations of continuity (Eq. (1)), conservation of
conservation (Eq. (2)) and conservation of energy (Eq. (3)) for the fluid. On the other hand, for the solid,
only the energy conservation equation was applied (Eq. (4)) [22]. The k-epsilon turbulence model is also

listed.
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Transport equation for turbulent kinetic energy k:

d (pk)

o Ut Vk] + Py — pe (5)

_v(puk):VI:#+_
Ok

Transport equation for turbulent dissipation e:
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Yt = pCﬂk?z; Py: k production due to the velocity gradient; oy ~ 1.0; 0, ~ 1.3; C, = 0.09; C; = 1.44;
Coe = 1.92.

2.5 Operating Conditions

Based on the state-of-the-art research on heat sinks, the operating conditions were established for the
proposed heat sinks and shown in Table 1; these conditions will allow characterizing each proposed model.

Table 1: Operating conditions established for the analysis

Heat flux [W/m’] Reynolds [-] Velocity outlet [Pa] Temperature inlet [K]

8711
13,143
23,616 17595 0 293.15

22,024

2.6 Mesh

For this model, a tetrahydric elements mesh was generated for both dominions; a mesh independence
analysis was carried out taking into account two details: the mesh quality and the CPU time. The maximum
element size was 3.54 mm while the minimum size was 0.884 mm, with an element increase rate of 1.3. The
mesh has 221,051 elements. Using the skewnees criterion the quality of the mesh was 0.65, therefore according
to the range, a good quality. The mesh independence was verified using two meshes with larger number
of elements, one with 486,267 and another with 1,009,860 elements, and the average error, comparing the
temperature at the base of the heat sink was around 2%. Table 2 shows the mesh independence analysis,
and Fig. 4 shows a view of the meshing.

Table 2: Mesh indepence analysis

Mesh Temperature [K] Pressure dynamic [Pa] Error_T [%] Error_P [%]
1 412.1 5.90 [-] (-]
2 406.11 5.84 1.45 1.02
3 405.66 5.77 1.56 2.20
4 406.47 5.79 1.37 1.86
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Figure 4: Mesh for initial configuration C,: (a) isometric view and (b) upper view

2.7 Validation

In this section the validation of the numerical model is carried out by using the work by Mehrpooya
et al. [21]. First the work was validated by using a pin fin heat sink, and then NACA airfoil proposed array
was validated.

2.7.1 Validation of a Pin Fin Heat Sink

In order to guarantee the validity of the results obtained by the numerical simulation method, a
corroboration was made by numerical reproduction of the research carried out by Chin et al. [23], which
consists of a numerical and experimental heat sink pin fin study. In their experiment, the material used for
the heat sink was aluminum alloy (A5083P) and air was used as the working fluid. Variations in air velocity
and number of fins were made while maintaining the same heat flow.

The validation consisted of applying the numerical solution procedure used in this work to the model
proposed by Chin et al. in their experiment. Certain conditions used in their research were chosen: air is the
working fluid; the dissipated power is 60 W; the length of the fluid inlet channel is 745 mm; the hydraulic
diameter is 0.067 m; all the fluid velocitiesused in their work were used in the validation. The Nusselt number
and pressure drop were used as comparison parameters (data reported in their experimental research). Fig. 5
shows the results obtained by simulating the model proposed by Chin et al. and comparing them with their
experimental data.

The results obtained and shown in Fig. 5a are quite close to the experimental results. The average error
in the pressure drop is less than 3.5% compared to the results reported by Chin et al. On the other hand, the
results obtained in Fig. 5b are slightly less close to the mean of the experimental results, but overall, it can be
stated that the procedure has been properly validated.
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Figure 5: Validation of the numerical-experimental procedure: (a) variation of the pressure drop at the heat sink outlet
with respect to the Reynolds number and (b) variation of the Nusselt number with respect to the Reynolds number

2.7.2 Validation of NACA Fin Heat Sink

Likewise, the numerical procedure of the model proposed in this study was validated by comparison
with the experimental data provided by Chin et al. Fig. 6 illustrates the comparison between the results
obtained for pressure drop and Nusselt number and Chin’s experimental results. The average error in the
pressure drop was less than 2% with respect to the data reported by Chin et al.
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Figure 6: Numerical validation of the proposed model: (a) variation of the pressure drop at the heat sink outlet with
respect to the Reynolds number and (b) variation of the Nusselt number with respect to the Reynolds number

On the other hand, Fig. 6b presents a comparison between the results of the proposed model and the
experimental data of the Nusselt number. In this case, the average error obtained for the Nusselt number is
6.9%.
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3 Results
3.1 Multi-Objective Optimization in the First Stage: Positioning Optimization Results

In the optimization algorithm, each generation consisted of 25 individuals, and the evolution process
considered 40 generations to complete an execution. A total of five executions were carried out to avoid the
possibility of finding only local minima and maxima points.

Fig. 7 shows the Pareto fronts of the NACA 0040 finned heat sink, which will be referred to as Position
Configuration PC for convenience. In this figure, the position configurations have the same behavior, i.e., the
Nusselt number increases as the pressure drop increases. This is because the objective functions (pressure
drop and Nusselt number) are interdependent functions, meaning that the optimization of one objective
function affects the optimization of the other.
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—o— Position Configuration 1 (PC,)
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0 b=
L L L 1
5.8 5.85 59 5.95 6 6.05

AP[Pa)

Figure 7: Pareto fronts of the five NACA 0040 profile position configurations

Added to this, it can be seen at first glance that the position configurations do not exhibit linear behavior.
Most of the individuals are on the right side, with a variation of pressure drop of 2.07% with respect to
maximum pressure drop, while the Nusselt number has a 30% variation.

Table 3 presents the six geometric configurations used in the first stage of the study, along with their
respective displacement positions on the axes (x, y). The configuration (Cy) corresponds to the initial con-
figuration, as shown in Fig. 8a, while the position configurations PC, to PCs represent the relative position
of each optimal configuration. Fig. 8b shows these configurations compared to the initial configuration C,.

The results of the evaluation of all the configurations are presented in Table 4. It can be observed that
the pressure drop of the configurations PC; to PCs is practically zero compared to the initial configuration
Cy, with the maximum increase being only one tenth of a unit for the PC4 configuration. Similarly, there
was no significant increase in the Nusselt number, indicating that the translation of the fins does not affect
the heat transfer effectiveness. This is determined by the PEC; however, there is an average increase of 1.3%
when comparing the results of configurations PC; to PCs in comparison to a pin fin heat sink (Cpp) under
precisely the same conditions.

Due to the fact that the results showed a remarkable proximity between the different configurations,
both in terms of pressure drop and Nusselt number, an average analysis of the positions of the geometric
configurations was chosen [24-26].
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Table 3: Displacement coordinates for geometric arrangement

Upper arrangement
S, [mm] S, [mm]

Co 0 0

PG -1.70 0.34
PG, -1.76 0.26
PG -1.83 0.17
PCy -1.72 0.09
PCs -1.87 0.29

(a)
PC1 PC2 PCs PCs PCs
(b)

Figure 8: NACA 0040 profile location: (a) original configuration (Cy) and (b) configurations PC; through PCs
compared to Cy

Table 4: Results obtained from the analyzed configurations

AP [Pa] Nusselt[-] PEC(GC) [-] PEC(Gy) [-]

Cor 59 587.3 - -
Go 5.8 593.9 - -
PC, 5.8 594.7 1.00 1.01
PG, 5.8 595.4 1.00 1.02
PG 5.8 596.1 1.00 1.02
PCy 59 594.8 1.00 1.01

PG;s 5.8 594.6 1.00 1.01
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The average execution of the positions is based on the need to consolidate and simplify the information,
given the consistency observed in the results obtained. Such consistency suggests that variations in the
positions of the configurations do not significantly affect the parameters of interest, justifying the adoption
of an average approach to represent more concisely the joint behavior of geometric configurations. Table 5
shows the selected geometric configuration (PCopiimal) for the second phase of the research. Fig. 9 shows
the PCyptimal- It is important to note that in this figure, the original configuration is highlighted in blue to
facilitate the comparison between the two locations.

Table 5: Displacement coordinates for geometric arrangement

Upper arrangement

S, [mm] S [mm]
PCoptimal 178 0.22

(> (s WS (5 (S (O

Y

(= L33 (= U (O U=

L. x @ Original Arrangement
@ Optimized Arrangement

Figure 9: Comparison of the optimized array PC,ptimal with the original array Cy

It is well known that the architecture of a NACA profile promotes a smooth flow of the surrounding
air, minimizing turbulence zones and aerodynamic drag. In this context, Fig. 10 shows the velocity contours
with flow lines derived from the PCypimal result. In this figure, it can be seen that with the PCyptimal, no
vortex zone is formed. Consequently, the pressure drop, as shown in Table 6, does not increase compared
to the original Cy configuration. On the other hand, Nu and PEC show an increase of about 0.22% and 0%,
respectively, in relation to the original configuration Cy. However, with respect to Cpg, the Nu and PEC show
an increase of about 1.34% and 2%, respectively.

0.5 i 1.5 2 2.5 3 35 4 4.5

Figure 10: Velocity contour results with the aerodynamic lines of the NACA 0040 heat sink (PCyptima1)
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Table 6: Results obtained from the analyzed configurations

AP [Pa] Nusselt [-] PEC(C) [-] PEC(Gy) [-]
PCoptimal 5.8 595.18 1.00 1.02

3.2 Multi-Objective Optimization in the Second Stage: Results of Rotation Optimization

As in the first phase, five executions were carried out in the subsequent phase. This measure was taken
to avoid the possibility of finding only local minimum and maximum points. Each execution consisted of 40
generations, and each generation consisted of 25 individuals.

Fig. 11 shows the Pareto fronts of the NACA 0040 finned heat sink with the Optimal Position Configura-
tion (PCoptimal ), however, these five configurations will be identified as position and rotation configurations.
In Fig. 11, it can be seen that the rotated configurations results in the same behavior, i.e., the Nusselt number
increases while the pressure drop also increases.

T T T T T
1r =,
09
0.8
0.7 [
0.6
05
04
03 —&— Position and Rotation Configuration 1 (PRC,)
3 Position and Rotation Configuration 2 IPR02]
02 &— Position and Rotation Configuration 3 [PRCs]
01+ -©— Puosition and Rotation Configuration 4 (PRCJ
Position and Rotation Configuration 5 [PRCi]
0 -
L L 1 L 1

5.9 5.92 5.94 5.96 5.98 6
AP|[Pa)

Figure 11: Pareto fronts of the five rotation configurations of the NACA 0040 profile using the PCyptimal

In addition, individuals tend to the maximum pressure drop in 80% of the position and rotation
configurations (PRC1 and PRC3 to PRC5), but the corresponding Nusselt number value varies by 10%. The
pressure drop for the majority of people in the remaining 20% (PRC2), however, is only 1% smaller than
that of the individuals in the earlier setups. While most individuals have not shown a significant change
in a Nusselt number. The lowest pressure drop for all rotating configurations is roughly 1.6% lower than
the maximum pressure drop, although the Nusselt number remains constant. Consequently, the rotation
configurations do not affect the fluid hydrodynamics.

Table 7 shows the five geometric configurations used in the second stage of the study, along with their
respective rotation positions around their own z-axis. The configuration (Cy) corresponds to the initial
configuration, as shown in Fig. 12a, while the configurations PRC; to PRCs represent the relative rotation of
each optimal configuration. Fig. 12b shows these configurations relative to the initial configuration C.
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Table 7: Rotation for both geometric arrangements

Upper arrangement f,,, [°]

Lower arrangement f,,, [°]

Co 0 0
PRC, 23.5 12.8
PRG, 23.1 14.2
PRG, 23.5 135
PRC, 23.9 12.3
PRCs 23.7 135

177

C o= =
= >

(a)
e - T v YT
{2 ( C (
A — { o I - IM - = { o
PRC1 PRC2 PRC3 PRCs PRCs
(b)

Figure 12: NACA 0040 profile location: (a) original configuration (Cy), (b) configurations PRC; to PRCs compared
to Gy

The results of the evaluation of the above configurations are presented in Table 8 and they are interesting
because it is observed that the pressure drop of the configurations PRC; to PRCs is minimal compared to the
original configuration Cy, with the maximum increase being only one tenth. On the other hand, comparing
the same results with the configurations PC; to PCs, the effect of the rotation did not influence the pressure
drop. However, in the case of the Nusselt number, there was an average increase of 6.5%, with respect to the
original configuration C, and an increase of 7.5%, with respect to the PF configuration.

Table 8: Results obtained from the analyzed configurations

AP [Pa] Nusselt [-] PEC (G,) [-] PEC (C,;) [-]
PE 5.9 5873 - -
Gy 5.8 593.9 - -
PRC; 5.8 635.6 1.07 1.09

(Continued)
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Table 8 (continued)

AP [Pa] Nusselt [-] PEC (C) [] PEC (G,;) [-]
PRG, 5.8 635.9 1.07 1.09
PRG; 6.0 635.0 1.05 1.07
PRCy 6.0 632.9 1.05 1.06
PRGCs 6.1 636.1 1.06 1.07

This improvement in heat transfer performance is most clearly seen in the PEC, where it is concluded
that by modifying the original array leads to an average increase of 6.0%, and an average increase of 7.6%
compared to the PF configuration.

As in the first stage of this work, the results showed a remarkable proximity between the different
configurations, both in terms of pressure drop and Nusselt number; therefore, based on the results, an average
analysis of the rotation positions of the geometric configurations was chosen.

The average execution of rotations is based on the need to consolidate and simplify the information,
given the consistency observed in the results obtained. This consistency suggests that variations in the
rotation of the configurations do not significantly affect the parameters of interest, justifying the adoption of
an average approach to more concisely represent the joint behavior of geometric configurations.

Table 9 presents the selected geometric configuration, PRCqptimal, while Fig. 13 simultaneously shows
PRCyptimal- It is important to note that this figure highlights the original arrangement in blue to facilitate
comparison between both locations.

Table 9: Mean displacement coordinates for geometric arrangement

Upper Arrangement f8,, [°] Lower Arrangement 3, [°]
PRCoptimal 23.5 13.3

As expected, the rotational effect of both arrangements resulted in the promotion of vortex zones as
shown in Fig. 14, however, the PRC,pimal configuration had no significant effect on the aerodynamic drag
compared to PCopimal, i.€., there was no change in pressure drop. On the other hand, the Nusselt number
and the PEC show an increase of about 7% with respect to the initial array C, and 9% with respect to the
Cpr, as shown in Table 10.

Fig. 15 displays the temperature field. Fig. 15a, for the original Co array, shows how the temperature
gradient increases, mainly around the fin area, that is between the leading edge and the end of the fin. A 20 K
difference is observed between the entrance and exit of the fin array.
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-

@ Original Arrangement
@ Optimized Arrangement

Figure 13: Comparison of PRCqpimal 0ptimized array with the original C, array

Figure 14: Velocity contour results with the aerodynamic lines of the NACA 0040 heat sink (PRCqptimal)

Table 10: Results obtained from the selected configuration

AP [Pa] Nusselt [-] PEC(C,) [-] PEC(C,) [-]
PRC,ptimal 5.8 636.5 1.07 1.09

Regarding the temperature field, Fig. 15b allows seeing an area of higher temperature at the end of the
heat dissipator, same as in the Co array of Fig. 15a, but somehow having a much better temperature scattering;
therefore, it could be said that having an upper arrangement different than the lower fin arrangement leads
to better cooling at the core of the dissipator.

The fin rotation is beneficial to the air flow, as can be seen in Fig. 15¢, reducing the temperature between
the leading edge and the end part of the fin (this can be clearly observed in the figure).

(a)

Figure 15: (Continued)
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Figure 15: Temperature field (a) for initial configuration Cy, (b) for optimal configuration for position PCypimal, and
(c) for optimal configuration of rotation PRC optima

4 Conclusions

In this paper the use of NACA 0040 airfoils is proposed, aiming to lower the pressure drop while
increasing the heat dissipation. The paper also reports a 2-Stage optimization of a heat sink with NACA 0040
profile fins. Displacement (for Stage 1) and rotation (for Stage 2) of each fin were the variables considered
in this study. The working fluid was air at Re = 13,000 and a constant heat flux was considered at the base
of the heat sink. In order to minimize the pressure drop and maximize the heat transfer, the study used
the MOEA/D algorithm and the Nusselt number. The first stage consisted of optimizing the position as a
function of the displacement of the NACA fins, i.e., maximizing heat transfer and minimizing pressure drop
while displacing the fins. The optimal geometric configuration was determined for this part of the analysis.
In the second stage, the best configuration from the first stage was analyzed and the NACA fins were rotated.
An optimization scheme was then carried out to determine the optimal arrangement.

The Pareto fronts obtained in both stages showed similarities, i.e., as the pressure drop increased, the
Nusselt number also did. For the first stage, it was observed that the pressure drop of the configurations PC;
to PCs compared to the Cy and Cpr configurations was practically without variation. On the other hand,
when comparing the configurations PC; to PCs with the Cpr configuration, it is found that the improved
thermal performance is 2%.

The results of the second stage show that the pressure drop of the configurations PRC; to PRG;,
compared to the configurations Cy and Cpg, is minimal, i.e., the effect of rotation did not influence the
pressure drop. However, rotation did have an impact on the Nusselt number; in comparison to the Cy and
Cpr configurations, the efficiency of heat transfer between the air and the heat sink improved by 6.9% and
8.0%, respectively. Furthermore, when comparing the configurations PRC; to PRCs; with the Cy and Cpr
configurations, the thermal performance improved by 7% and 9%, respectively.

All results were favorable for the heat sink configurations obtained from the evolutionary algorithm.
The All results were favorable for the heat sink configurations obtained from the evolutionary algorithm. The
configuration with the best heat transfer effectiveness was PRCoptimal, which provided a slight difference
in pressure drop and allowed a PEC of 9%.
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The optimization analysis of the geometric arrangement of the proposed NACA 0040 fins for a heat sink
resulted in an improvement in the heat transfer between the surface of the heat sink and the surrounding
fluid, as well as an improvement in the pressure drop, leading to lower energy costs (energy savings).
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Nomenclature

S Displacement (mm)

a Velocity vector (m/s)

p Pressure (Pa)

K Thermal conductivity (W/m-K)

Q

D Specific heat (J/kg-K)
Temperature (K)
> Heat flux (W/m?)
Co Initial configuration
PC  Position configurations
PRC Position and rotation configurations

Greek Symbols

B Rotation fin (°)

U Viscosity (kg/m-s)
p Density (kg/m’®)

=N

e Dissipation energy
Subscripts

f Fluid

s Solid

X Direction of axis x
y Direction of axis y
Sup  Upper

Inf Lower
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