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ARTICLE INFO ABSTRACT

Keywords: Natural convection-based cooling technology has attracted considerable attention as a promising
Pin fin heatsink. approach for achieving both lightweight characteristics and efficient thermal management in
Natural convection electronic devices and energy systems. In this study, a novel heatsink in which the upper portions
Thermal resistance . . . e . . .
Optimization of conventional cylindrical pin fins were replaced with spring structures was proposed, and its
s If‘f ing thermal performance in naturally convective flow conditions was evaluated through numerical
and experimental analyses. The wire diameter, height, and pitch of the spring were selected as
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design variables, and optimization was carried out employing the Response Surface Methodology
(RSM) based on numerical results. The findings revealed that the spring height was the dominant
parameter affecting thermal resistance. Under the optimal conditions of a diameter of 1.25 mm,
height of 10 mm, and pitch of 2.2 mm, the difference between the RSM prediction and numerical
result was only 0.72%, confirming the accuracy of the model. Compared with the reference
heatsink composed only of cylindrical pin fins, the optimized cylindrical-spring pin fin heatsink
reduced thermal resistance by 10.4% while decreasing mass by 5.7%. Flow field analysis revealed
that the spring structure promoted fluid mixing and accelerated upward flow through the
interaction between the internal core flow and external side flow, facilitating natural convection
heat transfer enhancement. The experimental and numerical outcomes agreed with a discrepancy
of less than 5.14%, while the maximum experimental uncertainty was evaluated as 5.83%. The
proposed cylindrical-spring pin fin heatsink is anticipated to offer a promising design strategy for
simultaneously improving cooling performance and reducing weight.

1. Introduction

Amid global efforts toward sustainable development, the reduction of energy consumption has been recognized as a critical issue,
and improvement of energy efficiency in the lighting sector has occupied a particularly important position. Lighting contributes to
about 17% of global electricity consumption [1], and approximately 15% of the electricity generated in the power production sector,
which is responsible for nearly 30% of total CO, emissions, is consumed for lighting purposes [2]. Therefore, the necessity for energy
savings in this field is considerable. Under these circumstances, light-emitting diodes (LEDs), which demand only approximately
one-tenth of the electrical power required by conventional light sources, have rapidly expanded as a key lighting technology replacing
traditional light sources such as fluorescent and incandescent lamps [3]. However, approximately 70-85% of the supplied electrical
power in LEDs is released as thermal energy [4], and the resulting high operating temperature has a direct influence on the maximum
luminous output, lifetime, reliability, and color quality [5-7]. Therefore, thermal management in LED packaging is essential, and
heatsink design for securing effective heat dissipation performance under natural convection conditions has become an important
research topic. Accordingly, various heatsink configurations have been proposed [8-12]. In particular, under natural convection
environments favorable for low-cost and compact applications, extensive studies based on pin fin or rectangular fin structures have
been conducted. These studies have emphasized the critical role of design optimization for maximizing heat transfer area and
improving airflow within limited spaces [13-18]. Recently, various approaches have been investigated to further enhance passive
cooling performance through advanced heatsink geometries and heat transfer enhancement techniques. A passive cooling system
combining a bio-inspired heatsink with nanoparticle-enhanced phase change material was proposed [19], while the fluid flow and heat
transfer characteristics of a micro-channel heatsink equipped with semi-elliptical pin fins were numerically investigated [20]. In
addition, the configuration of a longitudinal fin exposed to combined natural convection and radiation was optimized to enhance heat
transfer performance [21]. These studies demonstrate that fin configuration, flow-field control, and numerical-analysis-based ge-
ometry optimization play important roles in enhancing the thermal performance of passive cooling systems.

Previous studies intended to improve the cooling performance of heatsinks have generally been carried out in two directions. The
first approach involved geometric optimization of fin shape and arrangement. Studies employing staggered fin arrangements to induce
flow disturbance and promote heat transfer [22,23], as well as studies attempting to lower thermal resistance by altering design
parameters such as fin length, installation angle, and fin number, have been reported [24,25]. The second approach involved
enhancement of heat transfer by combining additional functional elements with conventional fin structures. For example, Sung et al.
[26] additionally installed aluminum rings on each pin fin to induce a chimney effect. As a result, the buoyancy-driven flow was
strengthened, and the thermal resistance of the heatsink was lowered by approximately 15.3%. Effendi and Kim [27] proposed a
hybrid structure combining radial plate fins around pin fins, thereby enlarging the heat dissipation area and improving airflow, which
lowered the thermal resistance of the heatsink by up to 32%. However, these approaches possess limitations associated with increased
heatsink weight and increased material consumption due to the addition of extra structures.

To overcome these limitations, studies aimed at simultaneously improving airflow and reducing weight through modification of the
fin structure itself have recently been conducted. Park et al. [28] inserted a hollow cylinder at the center of the heatsink to strengthen
the chimney effect, and significant performance enhancement corresponding to approximately 43% reduction in thermal resistance
was reported. Huang et al. [29] applied perforations directly to the fins to promote air inflow, thereby reducing the thermal resistance
of the heatsink by approximately 29.1%. It was also confirmed that such structural modifications provided the additional advantage of
weight reduction corresponding to the removed volume while improving heat transfer performance. Meanwhile, the thermal per-
formance of heatsinks strongly depends not only on geometry but also on installation angle. Meng et al. [30] confirmed that the cooling
performance was enhanced by 6.88% when the heatsink was installed vertically. Elshafei [31] compared solid fins and hollow fins and
reported that both configurations exhibited superior cooling performance in the vertical orientation. In particular, hollow fins showed
more effective performance under identical heat load conditions. These studies emphasized the importance of internal flow path
formation and natural convection flow. However, hollow and perforated structures possess limitations in that complex manufacturing
processes and additional machining steps are required.

To address these issues, a spring structure capable of simultaneously securing complex flow paths and high specific surface area
while maintaining a simple manufacturing process was introduced in the present study. The spring structure can naturally form
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internal flow paths through its continuous curved geometry and is structurally advantageous for lightweight design. Biswal et al. [32]
reported that natural convection heat transfer performance was improved as the spring diameter and pitch increased even under the
same total surface area condition, indicating that geometric parameter variation promoted internal flow. In addition, under high
Rayleigh number conditions, cold air entering from the bottom and sides was introduced into the coil center, while heated air was
rapidly discharged upward, thereby forming a strong chimney effect that maximized cooling performance at the center region [33].
These findings demonstrate that the spring structure possesses the potential to naturally induce chimney-effect-enhanced natural
convection upward flow and improve heat transfer performance without requiring additional complex processing. Therefore, in the
present study, a novel design in which a portion of the conventional circular pin fin heatsink structure was replaced with aluminum
spring wire was proposed to simultaneously achieve weight reduction and enhancement of thermal performance. In addition, through
thermal-flow analysis and experimental validation, the performance and applicability of the proposed structure were quantitatively
evaluated in order to clearly present a differentiated design concept and engineering validity compared with previous studies. Unlike
conventional hollow and perforated fin structures, which require additional machining steps to form internal flow paths, the
cylindrical-spring pin fin proposed in the present study replaced the upper section of a conventional cylindrical pin fin with aluminum
spring wire, thereby forming an open internal flow path without additional machining. Furthermore, unlike conventional designs in
which the entire fin is composed of a coil structure or a separate chimney structure is employed, the proposed design maintained the
heat transfer path through the cylindrical lower section while simultaneously inducing external side flow into the spring and
chimney-effect-enhanced upward flow through the spring upper section. Thus, the proposed cylindrical-spring pin fin is differentiated
from conventional structures by its hybrid configuration combining the advantages of the cylindrical lower section and spring upper
section. The primary objective of the present study was to derive an optimal spring configuration for minimizing thermal resistance by
considering the wire diameter, height, and pitch as design variables. The secondary objectives were to compare the heat dissipation
performance and flow characteristics of the optimized cylindrical-spring pin fin heatsink with those of the reference model and to
evaluate the heat dissipation performance under variations in input power and installation angle from 0° to 180° through numerical
and experimental analyses.

2. Numerical method

The structure selected for analysis in the present study was a pin fin heatsink incorporating spring-shaped aluminum wire, and its
geometric configuration is displayed in Fig. 1. The heatsink was constructed based on a square base having a thickness of 5 mm and a
side length of 75 mm, and a total of 23 fins were arranged at regular intervals on the upper surface of the base. These fins were
positioned in a staggered pattern with a spacing of 15 mm in order to effectively induce natural convection flow. To ensure consistency
in the comparative analysis, the overall dimensions and basic configuration of the heatsink were identically established to those of the
pin fin heatsink used in the study of Kim [34]. The fin configuration developed in the present study possessed a composite structure in
which the lower section was cylindrical, whereas the upper section was formed as a spring by coiling aluminum wire. Through this
design, the formation of internal flow paths and the increase in specific surface area were simultaneously induced by only a simple
structural modification. The geometric characteristics of the spring structure were defined using the wire diameter (d), pitch (p), and
height (h) as the principal design variables, and the effects of these parameter variations on flow characteristics and free convection
heat transfer were investigated. Meanwhile, the diameter of the fin composed of the cylindrical and spring sections was set to 6 mm,
and the total fin height was maintained at 50 mm to enable direct performance comparison with previous studies.
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Fig. 1. Geometric configuration and design parameters of the pin-fin heatsink with fins composed of a cylindrical lower section and an aluminum
wire spring upper section.
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To investigate the thermal and flow behaviors near the proposed heatsink, numerical simulations were conducted employing
ANSYS FLUENT Release 18.1. Fig. 2 displays the computational domain, which was established with dimensions of 200 mm x 250 mm
x 250 mm. The effectiveness of the heatsink was evaluated by altering the installation angle () referenced from the x-axis, and Fig. 2
presents the simulation domain for the case of an installation angle of & = 0°. The flow was considered to be laminar, steady, and
incompressible, and the buoyancy effect induced by natural convection was modeled using the Boussinesq approximation [35]. In this
study, the maximum temperature difference between the heatsink and the ambient air was observed for the reference model composed
only of cylindrical pin fins without the spring structure at a heat input of 30 W and an installation angle of 180°, and was approximately
86 K. In a previous study [36], the Boussinesq approximation was compared with a variable-property model considering
temperature-dependent thermophysical properties under natural convection conditions with temperature differences of up to
approximately 100 K, and the maximum difference in the Nusselt number was reported to be approximately 5%. Therefore, the
application of the Boussinesq approximation in the present study was considered reasonable for comparing the heat dissipation
performance under different heatsink geometries and installation conditions. Variations in air density with time and space, as well as
volumetric expansion effects, were neglected. In addition, the effect of heatsink surface roughness was not considered. Under the
aforementioned conditions, the governing equations consisted of the continuity equation, momentum equation, and energy equation,
which are written as Eqs. (1)—~(3), respectively [37-40]. Here, each variable represents the physical properties of air: V', P, t, u, p, T, F,
Cp, kg, and S denote the velocity vector, pressure, time, viscosity, density, temperature, gravitational force directed toward the ground,
specific heat at constant pressure, thermal conductivity, and source term, respectively. Additionally, u, v, and w represent the velocity
components in the x-, y-, and z-directions, respectively.
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The boundary conditions for the flow analysis were established as follows. Pressure inlet conditions were imposed on all side
surfaces of the simulation domain, whereas pressure outlet conditions were applied to the bottom and top surfaces. No-slip conditions
were assigned to all heatsink surfaces, including the cylindrical sections, spring sections, and base. A heat input ranging from 5 to 30 W
was applied to the bottom surface of the heatsink base. The surrounding pressure and temperature were set to 101.3 kPa and 300 K,
respectively. All components constituting the heatsink were assumed to be made of aluminum 6061. To take into account the influence
of radiative heat transfer, the Discrete Ordinates (DO) radiation model was employed. The emissivity of aluminum 6061 can vary
considerably depending on the surface condition, degree of oxidation, and surface treatment. An emissivity of approximately 0.1 has
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Fig. 2. Computational domain for thermal flow analysis around the heatsink.
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been reported for untreated aluminum surfaces, whereas a considerably higher value of up to approximately 0.84 has been reported for
anodized aluminum surfaces [41,42]. In the present study, the effect of emissivity on the predicted thermal resistance was evaluated by
varying the emissivity from 0.1 to 0.4, and the maximum variation in thermal resistance was found to be approximately 2.3%,
indicating that the effect of emissivity on the predicted heat dissipation performance was limited within the investigated range.
Therefore, an emissivity of 0.4 was applied to all heatsink surfaces based on the value reported in a previous study [43]. Under these
conditions, the heat transfer characteristics involving the combined effects of radiation and free convection were more accurately
simulated. To ensure the robustness of the simulation outcomes, a grid independence test was performed [44]. The change of heatsink
thermal resistance was analyzed while gradually increasing the mesh element count from about 1 million to 3 million. As a result, the
thermal resistance converged within an error of 0.7% independent of grid density when more than approximately 2.5 million grid
elements were used. Therefore, considering both computational accuracy and efficiency, a grid system consisting of approximately 2.5
million elements was selected as the optimal condition.

To systematically optimize the spring wire configuration, the Response Surface Methodology (RSM) was employed. RSM is a
representative statistical technique capable of constructing an approximate model for the correlation between multiple design vari-
ables and system responses based on a limited number of experimental or numerical analysis results. This method possesses the
advantage of efficiently reflecting the interaction effects among design variables. Owing to these characteristics, the computational
cost and time required for optimal design can be effectively reduced, and thus RSM has been widely utilized in various engineering
optimization problems [45]. In the present study, an approximate model based on RSM was constructed from the numerical results to
quantitatively analyze the relationship between the principal geometric variables of the spring structure and thermal performance. The
correlation between the objective function and independent variables is expressed by Eq. (4) [46]. Here, f denotes the objective
function, while ao, a;, aj, and a;; represent the intercept coefficient, linear effect, interaction effect, and quadratic effect, respectively.
Additionally, x; and x; denote the geometric factors, e signifies the error between the actual and approximated values, and n represents
the number of design variables.

f=a+Y  axi+ Zi<jaijxl‘Xj +Y 0 @t te C))

The design variable ranges of the spring structure installed on the upper section of the cylindrical portion of the fin were established
at three levels by considering physical and geometric constraints, and the detailed conditions are presented in Table 1. The outer
diameter of the spring structure was fixed at 6 mm to maintain geometric consistency with the conventional cylindrical fin.
Accordingly, the inner diameter of the spring was determined by the wire diameter, which was established within the range of 1 mm to
2 mm by considering structural stability and manufacturability. The height of the spring structure was limited to the range of 10 mm to
50 mm so that the total height of the reference fin, which was 50 mm, would not be exceeded. In addition, when the height of the spring
structure did not reach the total fin height, the lower section corresponding to the insufficient length was composed of a conventional
cylindrical structure, such that the overall fin height consisting of the spring and cylindrical sections was maintained at a constant
value of 50 mm. Through this design, the effect of the spring structure could be compared under all design conditions while main-
taining the same reference height. Meanwhile, the pitch spacing of the spring structure was established to be at least 2.2 mm in order to
prevent physical contact between adjacent coils and to secure flow passages. These constraints were considered to prevent structural
interference while allowing natural convection flow to be smoothly developed.

3. Experimental method

Fig. 3 shows a photograph of the fabricated pin fin heatsink in which a spring structure was combined with the upper section of the
cylindrical fin. The spring structure was fabricated using aluminum wire with a diameter of 1.25 mm, and the wire was wound onto a
3D-printed winding jig to precisely realize the optimized pitch and height. The fabricated spring was fixed by a mechanical crimping
method such that the lower end of the spring was brought into close contact with the upper section of the fin. During this process,
thermal grease was coated on the interface between the spring and cylindrical section in order to minimize contact thermal resistance.

Fig. 4 illustrates the schematic diagram of the experimental apparatus and the temperature measurement locations used for
evaluating the heatsink thermal resistance. A film heater (WKH0808-H, WATTREIN, Gimpo, Korea) measuring 75 mm x 75 mm was
placed on the bottom surface of the heatsink base, and constant electrical power ranging from 5 to 30 W was supplied using a DC power
supply (MK 6005P, MKPOWER, Seoul, Korea). Beneath the film heater, a Bakelite insulator (p = 1300 kg/ms, k =0.223 W/m-K, and
Cp = 920 J/kg-K) measuring 80 mm x 80 mm x 80 mm was installed to minimize heat loss. In addition, thermal grease was uniformly
coated on the contact interfaces between the heatsink base and film heater, as well as between the film heater and insulator, in order to
minimize contact thermal resistance caused by microscopic air gaps and to ensure that the heat generated from the heater was

Table 1
Ranges and levels of spring structure design variables for the Response Surface Methodology analysis.
Factors Levels
Minimum value Middle value Maximum value
Wire diameter, x; (mm) 1 1.5 2
Spring height, x, (mm) 10 30 50
Spring pitch, x5 (mm) 2.2 3.1 4
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Fig. 3. Photograph of the fabricated pin-fin heatsink with fins composed of a cylindrical lower section and an aluminum wire spring upper section.
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Fig. 4. Schematic of the experimental apparatus: (a) overall setup, (b) thermocouple locations (side view), (c) thermocouple locations (top view).

transferred to the base without loss. A rotating bar penetrating horizontally through the center of the insulator was connected to the
table, thereby allowing the heatsink installation angle to be adjusted. T-type thermocouples were employed for temperature mea-
surements, and temperatures were detected at eight positions on the upper surface of the heatsink base, one location at the center
between the film heater and the lower surface of the base, one location at the center of the lower surface of the insulator for evaluating
heat loss, and one location in the ambient air. The experiments were conducted under an ambient air temperature maintained at 300 K
using an air conditioner, and partitions were installed with a sufficiently large distance from the heatsink to minimize the influence of
external airflow. More than approximately 30 min was required to reach steady-state conditions at all measurement locations where no
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further temperature variation was observed, and the temperatures at each location were subsequently recorded. To ensure the
reproducibility of the experiments, the entire experiment was repeated three times under identical conditions. The thermal resistance
(Rw) of the heatsink was determined by Eq. (5) [41]. Here, Tiink,avg and T, denote the average heatsink temperature measured at the
eight locations and the ambient air temperature, respectively. V and I represent the voltage and current supplied to the heater, while
Kins, Ains, and Hjps denote the thermal conductivity, cross-sectional area, and height of the Bakelite insulator, respectively. In addition,
Tsink,bor Tepresents the temperature at the lower surface of the heatsink base, and Tins po: represents the temperature at the lower surface
of the insulator.

Ts' a _Too
ink.avg (5)

Rp=
VI — (klﬁim) (Tsink,bot - Tin.s,bot)

4. Results and discussion

Fig. 5 presents the temperature distributions of the heatsink for several selected cases according to the principal design variables of
the spring wire configuration, including diameter, height, and pitch, under a heat input condition of 30 W. Fig. 5(a) shows the case in
which the fins were composed only of a spring structure without a cylindrical lower section. In this case, the heat generated from the
base was not effectively transferred to the upper section of the fins and tended to be concentrated near the lower region. As a result,
relatively high temperatures were formed throughout the heatsink base, indicating that the corresponding structure was inefficient in
terms of heat transfer path. In contrast, for the cases displayed in Fig. 5(b) and (c), in which a cylindrical structure of a certain length
was included at the lower section of the fin, the heat transferred from the base was more effectively delivered to the upper section of the
spring structure. Consequently, the overall temperature of the heatsink base was less than that shown in Fig. 5(a), suggesting that the
cylindrical lower section supplemented the heat transfer path and contributed to the enhancement of heat dissipation performance.

Meanwhile, since the wire diameter and pitch have been reported as major parameters significantly affecting the airflow inside the
spring structure and between adjacent springs [32], an optimal design based on the Response Surface Methodology (RSM) combined
with the Box-Behnken Design (BBD) was performed in the present study by considering these geometric variables [47,48]. Table 2
summarizes a total of 15 analysis conditions constructed at three levels using BBD for the three design variables of the spring
configuration, namely spring pitch xs, spring height x,, and wire diameter x;, together with the simulation outcomes of Ry, for each
condition under the 30 W heat input condition. In the present study, the spring structure was optimized using thermal resistance as a
single objective function. However, mass, material usage, manufacturability, and structural stability should also be considered as
important design factors for practical heatsink applications. Therefore, a multi-objective optimization incorporating these factors
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Fig. 5. Comparison of temperature contours with a temperature scale range from 300 to 490 K under a heat input of 30 W for selected spring wire
design parameters: (a) d = 1.5 mm, h = 50 mm, p = 4 mm; (b) d = 1.0 mm, h = 30 mm, p = 4 mm; (¢c) d = 1.25 mm, h = 10 mm, p = 2.2 mm.
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Table 2

Box-Behnken design matrix and corresponding thermal resistance (Ry) values at a heat input of 30 W.
Number x; (mm) X2 (mm) X3 (mm) Ry (K/W)
1 2 10 3.1 2.557
2 1 10 3.1 2.512
3 2 50 3.1 2.905
4 1 50 3.1 3.185
5 2 30 4 2.855
6 1.5 50 2.2 2.843
7 1.5 10 4 2.733
8 2 30 2.2 2.756
9 1.5 50 4 3.061
10 1 30 2.2 2.889
11 1.5 30 3.1 2.826
12 1.5 30 3.1 2.826
13 1 30 4 3.142
14 1.5 10 2.2 2.553
15 1.5 30 3.1 2.826

should be performed in future studies.

Table 3 presents the analysis of variance (ANOVA) results performed based on the Ry, results listed in Table 2. The F-value and P-
value of the overall regression model were found to be 11.83 and 0.007, respectively, meaning that the proposed regression model
could statistically explain the variation in the response values with significance. Among the principal design variables, the spring
height x, was identified as the most influential parameter, showing an F-value of 67.58 and a P-value of less than 0.001. This result
indicates that the spring height plays a dominant role in natural convection heat transfer and thermal resistance variation. Eq. (6)
represents the response surface regression equation derived in the present study. In the regression equation, the sign of each coefficient
indicates the effect of the design variable variation on thermal resistance. A minus sign implies a contribution to thermal resistance
reduction, whereas a plus sign reflects a contribution to thermal resistance increase. In addition, the coefficient of determination [R?
of the overall regression model was found to be 95.51%, confirming that the proposed response surface equation effectively explained
the variation in thermal resistance.

Ry, = 2.45 — 0.115x; + 0.03199x, — 0.136x3 + 0.153x;% — 0.000187x,% 4 0.0569x3 — 0.00813x; X, — 0.0856x,X3
+ 0.00053)(2)(3 (6)

Fig. 6 presents the response surfaces showing the influences of the spring geometry design variables on the heatsink thermal
resistance. Fig. 6(a) shows the effects of the wire diameter x; and spring height x; on thermal resistance. With increasing spring height,
the thermal resistance generally exhibited an increasing trend. In particular, this increasing tendency became more pronounced under
conditions with a smaller wire diameter. This behavior can be interpreted as resulting from the relative reduction in the length of the
lower cylindrical section as the spring height increased, thereby preventing the heat generated from the base from being effectively
transferred to the upper section of the fin. In contrast, under conditions with a lower spring height, the heat transfer path was relatively
short, resulting in only small variations in thermal resistance and generally lower thermal resistance values. In this region, the in-
fluence of wire diameter variation was also relatively alleviated. Fig. 6(b) presents the effects of the wire diameter x; and spring pitch
X3 on thermal resistance. With an increase in wire diameter, the thermal resistance generally decreased, which can be linked to the
enhancement of convective heat transfer induced by the increase in surface area associated with the larger wire diameter. Meanwhile,
the smallest thermal resistance values were identified within the pitch range of approximately 2.2-2.4 mm. This behavior is considered
to result from the interaction with the wire diameter. When the pitch was excessively small, the inflow of air into the internal space of

Table 3

ANOVA results for the response surface model of thermal resistance based on the results in Table 2.
Parameter Degree of freedom Sum of squares Mean square F-Value P-value
Model 9 0.529077 0.058786 11.83 0.007
X1 1 0.053628 0.053628 10.79 0.022
X2 1 0.33579 0.33579 67.58 <0.001
X3 1 0.070312 0.070312 14.15 0.013
X1 X X1 1 0.005437 0.005437 1.09 0.343
Xo X X2 1 0.020562 0.020562 4.14 0.098
X3 X X3 1 0.007855 0.007855 1.58 0.264
X1 X X2 1 0.026406 0.026406 5.31 0.069
X1 X X3 1 0.005929 0.005929 1.19 0.324
X2 X X3 1 0.000361 0.000361 0.07 0.798
Residuals 5 0.024844 0.004969
Lack of fit 3 0.024844 0.008281
Pure error 2 0 0
Total 14 0.553921
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Fig. 6. Response surface plots showing the effects of spring design variables on the thermal resistance (Ry,) of the heatsink: (a) effects of x; and xa,
(b) effects of x; and x3.

the spring was restricted, thereby deteriorating the convective effect. In contrast, when the pitch was excessively high, the flow
interaction between neighboring springs was reduced, thereby decreasing the heat transfer enhancement effect.

Table 4 presents the minimum thermal resistance condition derived from the response surface methodology based on the numerical
results, together with the corresponding spring geometry parameters. The optimal configuration was derived as a spring pitch of
2.2 mm, spring height of 10 mm, and wire diameter of 1.25 mm. Under this condition, the thermal resistance predicted through the
regression model was 2.499 K/W, whereas the numerical analysis result under the same condition was found to be 2.481 K/W. The
difference between the two results was approximately 0.72%, indicating good agreement between the RSM prediction and the nu-
merical result at the optimal design condition. Therefore, the response surface model established in the present study was considered
suitable for deriving the optimal design and estimating thermal resistance within the investigated design range. Meanwhile, when a pin
fin heatsink composed only of cylindrical fins with a height of 50 mm was established as the reference model, the mass and thermal
resistance of the corresponding heatsink were found to be 0.159 kg and 2.77 K/W, respectively. In contrast, the pin fin heatsink
combined with the spring structure under the optimal design condition presented in Table 4 exhibited reduced thermal resistance and
mass values of 2.481 K/W and 0.150 kg, respectively. These results indicate that the thermal resistance decreased by approximately
10.4% while a simultaneous weight reduction of approximately 5.7% was achieved compared with the reference model. These findings
demonstrate that the proposed spring structure can simultaneously realize enhancement of heat transfer performance and structural
lightweighting.

Fig. 7 compares the local and global flow vector distributions between the reference heatsink with cylindrical pin fins and the
optimized heatsink with cylindrical-spring pin fins. Fig. 7(a) and (b) show the local flow around the cylindrical pin fin of the reference
model and the cylindrical-spring pin fin of the optimized model, respectively. In the reference model, a simple upward flow structure
was formed along the surface of the cylindrical fins. In contrast, in the cylindrical-spring pin fin heatsink, a complex flow structure was
observed in which a core flow ascending through the interior of the spring was simultaneously formed together with a side flow
induced by external air entering into the spring interior. The formation of such side flow in a helical coil structure has previously been
reported as a major factor promoting flow disturbance and fluid mixing, thereby enhancing heat dissipation performance [32]. The
complex flow structure identified in the present study is also considered to have promoted heat transfer by activating air mixing
between the outside and inside of the spring structure, increasing fluid mixing, and simultaneously enlarging the effective surface area
in contact with air. Consequently, these changes in flow characteristics are interpreted to have contributed to the reduction in thermal
resistance of the proposed structure. Fig. 7(c) and (d) show the flow distributions at the A-A’ cross-section selected to compare the flow
characteristics across the entire pin-fin array. The A-A’ cross-section corresponds to an x—y plane located 45 mm above the heatsink
base plate. In the reference model, the flow between the fins was relatively uniformly distributed, whereas in the optimized cylin-
drical-spring pin fin model, more pronounced flow interactions between adjacent fins and airflow toward the central region of the
heatsink were observed due to the spring structures. These results indicate that the local flow modifications induced around individual
spring fins also affected the overall flow distribution across the staggered array.

Fig. 8 presents the comparison of the average upward velocity predicted through numerical analysis in the upper fin region between
the reference model and the optimized cylindrical-spring pin fin model when the installation angle of the heatsink was 0°. The upward
velocity was evaluated in the region near the upper section of the pin fins, and the measurement locations from P1 to P6 were
established at a total of six positions by dividing the height range from 40 mm to 50 mm above the heatsink base surface at intervals of

Table 4

Optimal spring design variables and corresponding thermal resistance (Ry) values.
Parameter x1 (mm) X (mm) X3 (mm) R (RSM prediction, K/W) Ry, (CFD, K/W)
Value 1.25 10 2.2 2.499 2.481
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Fig. 7. Comparison of velocity vector distributions between the reference heatsink with cylindrical pin fins and the optimized heatsink with
cylindrical-spring pin fins: (a) local flow around a cylindrical pin fin in the reference heatsink, (b) local flow around a cylindrical-spring pin fin in
the optimized heatsink, (c) flow distribution at the A-A’ cross-section of the reference heatsink, (d) flow distribution at the A-A’ cross-section of the
optimized heatsink.

2 mm. At each location, the average velocity on the horizontal plane corresponding to the specified height was calculated. As presented
in Fig. 8(b), the reference model exhibited a tendency in which the upward velocity gradually increased with increasing height and
then converged toward an approximately constant value. In contrast, in the optimized cylindrical-spring pin fin model, the upward
airflow velocity continuously increased as the measurement position became higher. In particular, at the uppermost position P6, the
upward velocities of the reference model and the optimized cylindrical-spring pin fin model were found to be 0.0763 m/s and
0.0841 m/s, respectively, indicating an approximately 10.2% higher upward velocity in the optimized model. This difference is
interpreted as resulting from the side flow generated within the spring structure interacting with the internal core flow, thereby
enhancing flow mixing and inducing progressive acceleration of the upward airflow. This observation aligns with the complex flow
characteristics identified in the previous flow structure analysis and is therefore considered to be a major factor contributing to the
enhancement of cooling performance.

Fig. 9 displays the numerical analysis outcomes comparing the convective heat transfer coefficients between the optimized
cylindrical-spring pin fin model and the reference model according to variations in the heatsink installation angle. As the power
supplied to the heatsink base was gradually varied from 5 W to 30 W, thereby changing AT, which represents the gap between the
average base temperature and the ambient fluid temperature, the difference in convective heat transfer coefficient between the two
models was found to be relatively small under low power conditions. This behavior is interpreted as resulting from the insufficient
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Fig. 8. Comparison between the reference and optimally designed cylindrical-spring pin-fin heatsinks at an installation angle of 0°: (a) mea-
surement locations, (b) comparison of average upward velocities.

velocity of the upward airflow generated by natural convection, which limited the flow disturbance and heat transfer enhancement
effects induced by the spring structure. In contrast, as the applied power increased, AT became larger and the natural convection effect
was strengthened. Consequently, in the optimized cylindrical-spring pin fin model, the interaction with the surrounding fluid became
more active, resulting in a more pronounced enhancement of heat transfer performance relative to the reference model. In particular,
under the installation angle condition of 90°, the fins were arranged horizontally, enabling the fluid to smoothly pass through the
spaces between the fins. As a result, the stagnant region was reduced, and both models exhibited relatively higher convective heat
transfer coefficients compared with those at other installation angles. Conversely, under the installation angle condition of 180°, the
heatsink was arranged in an inverted configuration with the base located at the upper side, thereby restricting the formation of upward
airflow. Accordingly, both models exhibited degraded heat transfer performance under this condition. Nevertheless, the optimized
cylindrical-spring pin fin model maintained higher convective heat transfer coefficients than the reference model under all installation
angle conditions. This behavior is considered to result from the spring structure providing additional heat transfer area while
simultaneously forming a complex flow structure that expanded the heat transfer pathways.
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Fig. 9. Comparison of convective heat transfer coefficients between the reference and optimized cylindrical-spring pin-fin heatsinks at different
installation angles.

Fig. 10 compares the thermal resistance of the heatsink between the experimental and numerical results according to the instal-
lation angles of the heatsink (0°, 45°, 90°, 135°, and 180°) and the power applied to the base (5, 10, 15, 20, 25, and 30 W). The
experimental validation was conducted for the reference model and the optimized design to confirm the thermal performance
improvement achieved by the optimized design derived from the RSM based on numerical data. The error bars in the experimental
results represent the combined uncertainty, including the maximum deviation in thermal resistance from repeated experiments and
the uncertainties associated with temperature and power measurements. With variation in the installation angle, both models
exhibited similar trends in thermal resistance, and the optimized cylindrical-spring pin fin heatsink model showed lower thermal
resistance than the reference model under all power conditions. In addition, as the applied power increased, the natural convection
effect was strengthened, and the thermal resistance generally exhibited a decreasing tendency. This tendency was consistent with the
previously presented numerical results of the convection heat transfer coefficient. Considering the effect of installation angle, the
thermal resistance in both models gradually decreased as the angle increased from 0° to 90°, reaching the minimum value at 90°. This
behavior resulted from the most effective formation of upward airflow under the vertical arrangement condition. Thereafter, as the
installation angle further increased to 180°, the thermal resistance increased again, which is interpreted as resulting from the re-
striction of upward airflow formation in the inverted heatsink arrangement. Quantitatively, under the applied power condition of
30 W, the thermal resistance of the optimized cylindrical-spring pin fin heatsink model reached the minimum level of 2.46 K/W at the
installation angle of 90°, whereas it increased to 2.80 K/W at 180°, corresponding to an increase of approximately 13.8%. The
reference model also exhibited a similar tendency, with the thermal resistance increasing from 2.70 K/W at 90° to 2.96 K/W at 180°,
corresponding to an increase of approximately 9.6%. From these results, although the degree of performance degradation under the
180° condition was greater in the optimized cylindrical-spring pin fin heatsink model, the thermal resistance remained lower than that
of the reference model, thereby confirming the improved heat dissipation performance. Although mechanical crimping and thermal
grease were applied at the interface between the spring and cylindrical fin to minimize contact thermal resistance, a certain degree of
contact thermal resistance may have remained due to surface roughness and imperfect contact. In the numerical analysis, perfect
thermal contact between the two components was assumed, and thus the contact thermal resistance at the interface was not
considered. This assumption may have partly contributed to the discrepancy between the numerical and experimental results.
Nevertheless, the numerical and experimental outcomes matched well with an error of less than 5.14%, and the experimental
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Fig. 11. Comparison of flow fields around the heatsink at an input power of 30 W for different installation angles: (a) flow-field comparison region
between the reference pin-fin model and the optimized cylindrical-spring pin-fin model, (b) 6 = 0°, (c) & = 45°, (d) ¢ = 90°, (e) 6 = 135°,
f) 6 = 180°.
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uncertainty quantified using the approach proposed by Figliola and Beasley [49] was found to be a maximum of 5.83%. Among these,
the maximum deviation in thermal resistance obtained from repeated measurements was approximately 4.47%, while the un-
certainties associated with temperature and power measurements were evaluated to be up to approximately 3.65% and 0.84%,
respectively. These results indicate reasonable agreement between the numerical and experimental results obtained in this study.
Fig. 11 presents the comparison of flow vectors around the optimized cylindrical-spring pin fin heatsink model and the reference
model according to variations in the heatsink installation angle under the applied power condition of 30 W. When the installation angle
ranged from 0° to 135°, a complex flow structure centered around the spring region was observed in the optimized cylindrical-spring
pin fin heatsink model, which appeared as a distinctive feature differentiating it from the reference model. On the other hand, in the
middle region of the fins having a cylindrical exterior shape, similar flow distributions were observed in both models. These results
indicate that the spring structure caused local flow disturbances, thereby increasing the upward airflow velocity and contributing to
the reduction in thermal resistance. However, under the installation angle condition of 180°, different flow characteristics were
observed. In the optimized cylindrical-spring pin fin heatsink model, the upward airflow around the spring structure was weakened
compared with that in the reference model, resulting in a tendency for the development of airflow to become restricted. This behavior
is considered to result from the inability of the buoyancy-induced upward flow to be effectively guided by the spring structure as the
installation angle changed to 180°, thereby increasing the flow resistance within the flow passage. This relatively low-velocity flow
region extended to the cylindrical body section of the fin, ultimately leading to an overall reduction in the flow velocity around the fins.
Therefore, although the spring structure contributed to flow enhancement and heat transfer improvement under most installation
angle conditions, it was confirmed that the structure could instead act as a flow resistance element under specific conditions such as
180°. These variations in flow characteristics clearly explain the result shown in Fig. 10, in which the increase in thermal resistance
under the 180° installation angle condition was greater for the optimized cylindrical-spring pin fin heatsink model than for the
reference model. Nevertheless, since the increased heat transfer area provided by the spring structure and the local flow disturbance
effect around the spring end region were still maintained, the thermal resistance remained lower than that of the reference model.

5. Conclusion

In this study, a novel cylindrical-spring pin fin heatsink model in which the upper section of a conventional cylindrical pin-fin
heatsink was replaced with a spring structure was proposed, and its cooling performance under free convection conditions was
comprehensively investigated through numerical and experimental analyses. Unlike conventional hollow or perforated structures, the
proposed configuration possesses a distinct advantage in that flow paths and increased specific surface area can be actively achieved
through a simple spring attachment method without requiring complex manufacturing processes. Therefore, the proposed structure
was intended to simultaneously achieve structural simplicity, weight reduction, and enhancement of heat dissipation performance.
From the optimal design results obtained using the RSM, the spring height was identified as the most dominant parameter affecting the
thermal resistance, and the optimal design configuration was determined as a spring pitch of 2.2 mm, spring height of 10 mm, and wire
diameter of 1.25 mm. Under this condition, the difference between the thermal resistance predicted by the RSM model (2.499 K/W)
and that obtained from numerical analysis (2.481 K/W) was only 0.72%, indicating good agreement between the RSM prediction and
the numerical result at the optimal design condition. In addition, compared with the reference heatsink model equipped only with
cylindrical fins, the optimized cylindrical-spring pin fin heatsink model simultaneously achieved a thermal resistance reduction of
approximately 10.4% and a weight reduction of approximately 5.7%. From the analysis of the flow and heat transfer characteristics
according to the installation of the spring structure, it was confirmed that the spring structure formed a complex flow composed of
internal core flow and external side flow, thereby promoting fluid mixing and accelerating the upward airflow. Meanwhile, from the
analysis of the performance according to variations in installation angle and applied power, both models exhibited the lowest thermal
resistance at the installation angle of 90°, where the upward airflow induced by natural convection was most effectively developed. In
contrast, under the 180° condition, the development of upward airflow became restricted, resulting in an increase in thermal resis-
tance. In particular, the optimized cylindrical-spring pin fin heatsink model exhibited a larger increase in thermal resistance than the
reference model under the 180° condition, indicating that the spring structure could act as a flow resistance element rather than a flow
enhancement structure under specific conditions. This tendency was also consistently observed in the flow field analysis results.
Nevertheless, owing to the enlarged heat transfer area provided by the spring structure and the local flow disturbance generated
around the spring end region, the optimized cylindrical-spring pin fin heatsink model still exhibited lower thermal resistance than the
reference model even under the installation angle of 180°. Therefore, enhanced heat dissipation performance was achieved across the
full installation angle range from 0° to 180°. The numerical and experimental results showed good agreement within a maximum error
of 5.14%, and the maximum experimental uncertainty was evaluated as 5.83%, supporting the validity of the numerical predictions for
the experimentally investigated conditions. Overall, the cylindrical-spring pin fin heatsink introduced in this study is considered to be
an effective design approach capable of simultaneously achieving enhancement of heat transfer performance and weight reduction
through active control of the flow structure by only a simple structural modification. Therefore, the proposed structure possesses high
potential for application in various fields requiring both lightweight characteristics and highly efficient thermal management, such as
LED lighting and portable electronic devices.

However, several limitations should be acknowledged. Contact thermal resistance at the spring—cylindrical fin interface was not
considered in the numerical analysis, and manufacturing and assembly tolerances may affect performance repeatability. As observed
in the present study, the heat dissipation performance of the proposed spring structure also varied with the installation angle, indi-
cating that the installation orientation should be considered in practical applications. Experimental validation was limited to the
reference model and the optimized design. Furthermore, the present study focused on thermal performance under steady-state
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conditions, and the transient thermal response associated with differences in thermal inertia between the spring structure and con-
ventional cylindrical fins was not considered. Long-term mechanical durability was also not evaluated. Under practical operating
conditions, repeated vibrations may affect the stability of the mechanical crimping interface and cause spring deformation, while
repeated thermal cycles may degrade the thermal grease and increase contact thermal resistance. Therefore, further studies should
evaluate the transient thermal response and long-term thermal and structural reliability of the proposed structure, including the effects
of contact thermal resistance, manufacturing and assembly tolerances, repeated vibrations, and thermal cycling.
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