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A B S T R A C T   

With the availability of advanced manufacturing techniques, non-conventional shapes and bio-inspired/ 
biomorphic designs have shown to provide more efficient heat transfer. Consequently, this research in
vestigates the heat transfer performance and fluid flow characteristics of novel biomorphic scutoid pin fins with 
varying volumes and top geometries. Numerical simulations were conducted using four hybrid designs for 
Reynolds Number 5500–13500. The impact of pin fin ’top’ geometrical features on the heat transfer coefficient 
(HTC) was evaluated by combining computational fluid dynamics (CFD), experimental data, and machine 
learning. The results highlighted that the new pin fins saved 6.3 % to 14.3 % volume/material usage but pro
duced around 1.5 to 1.7 times more heat transfer than conventional square/rectangular fins. Also, manipulating 
pin fins via the top geometrical properties can lead to more uniform velocity and temperature distributions while 
demonstrating the potential for increased thermal efficiency with reduced thermal resistance. Furthermore, six 
machine learning models accurately predict HTC using volume and surface area as key variables, achieving less 
than 5 % mean absolute percentage error (MAPE). Overall, this research introduces innovative biomorphic 
designs with unconventional geometries, emphasising resource optimisation and efficient HTC prediction using 
machine learning. It simplifies design processes, supports agile product development, calls for re-evaluation of 
conventional heat sink geometries, and provides promising directions for future research.   

Nomenclature  

Latin Symbols 
A Area,m2 

Cp Specific heat capacity,J/kgÂ⋅K 
D Diameter,m 
Dh Hydraulic diameter,m 
h Heat transfer coefficient,W/m2K 
H Height, m 
K Thermal conductivity,W/mÂ⋅K 
L Length,m 
ṁ Mass flow rate,kg/s 
Nu Nusselt number, no unit 

(continued on next column) 

Nomenclature (continued ) 

Q̇ Heat energy rate,W/m2 

R Thermal resistance, K/W 
Re Reynolds number, no unit 
SA Surface area, m2 

T Temperature,C 
U,V,W Dimensionless parameter 
u,v,w Directional velocity,m/s 
V Volume,m3 

W Width,m 
x,y,z Directional vectors 
X,Y,Z Dimensionless parameter 
Greek Symbols 
η Efficiency, dimensionless 
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Nomenclature (continued ) 

∊ Epsilon 
μ Fluid viscosity, kg/m • s 
ρ Fluid density, kg/m3 

δ Rate of change 
Subscripts/Superscripts 
a air 
b base 
bc base case 
f fluid 
F fin 
in inlet 
nc new case 
o outlet 
s surface 
th thermal 
Abbreviations 
CFD Computational Fluid Dynamics 
CT Conical Top 
DT Diamond/tetrahedral Top 
DV Dependent Variable 
FE Fin Efficiency 
GBR Gradient Boosting Regression 
HTC Heat Transfer Coefficient 
IV Independent Variable 
KNN K-nearest Neighbours 
MAPE Mean Absolute Percentage Error 
MLR Multiple Linear Regression 
MT Mushroom/hexaprism Top 
PIF Performance Improvement Factor 
PHT Plain Hexagon Top 
RF Random Forest 
RMSE Root Mean Squared Error 
SPF Square Pin Fin 
TED Turbulent Eddy Dissipation 
TKE Turbulent Kinetic Energy  

1. Introduction 

The miniaturisation of electronic gadgets has revolutionised the 
contemporary electronics industry, producing more powerful and 
portable devices than ever before. However, this progress during the 
fourth industrial revolution has triggered new challenges in the form of 
increased heat build-up inside densely packed electronic devices/com
ponents. Consequently, this heat build-up causes performance issues and 
can even damage internal components [1], making thermal manage
ment solutions an integral part of current research topics relating to 
sustainability. Effective thermal management strategies are crucial, as 
poorly managed heat systems lead to decreased device lifespan, wasted 
energy, and negative sustainable impacts [2]. Inadequate thermal 
management equally affects the overall performance of electronic de
vices, making them less efficient and unreliable [3]. 

The current challenge in electronic thermal management is to 
develop miniature heat transfer systems capable of dissipating heat 
quickly and effectively while maintaining the device’s size and weight. 
To address these challenges, one promising solution that has gained 
significant interest is pin–fin-based heat sinks [4,5]. Heat sinks represent 
passive cooling methods that transfer heat from a heat-generating 
component (such as an electronic chip) to the surrounding air/fluid 
through a high-conductivity metal. Pin-fin heat sinks consist of small 
pins that increase the available surface area for heat transfer. By facili
tating more efficient heat transfer through conduction, convection, and 
radiation, pin–fin heat sinks can cool electronic gadgets and extend their 
lifespan [6]. 

The recent extant literature trends highlight diverse experimental 
and numerical investigations to identify potential solutions to enhance 
fluid flow and heat transfer performance via pin–fin-based heat sinks; 
these methods include design modifications [6,7], surface modification 
[8], nanofluids [9,10], phase change materials [11], two-phase flows 
[12], inducing flow instabilities [13], amongst many other strategies 
[14]. Nonetheless, the literature indicates that design or geometrical 

adjustments mainly remain the focus. To illustrate, İzci et al. [15] 
numerically explored various single-arrangement pin-fins with shapes 
such as circular, square, diamond, triangular, cone, and rectangular fins. 
The results hinted that rectangular fin had the highest Nusselt Number 
(Nu) and friction factor, but the cone-shaped fins retained the highest 
thermal performance index. Also, inline-arrangement pin-fins having 
splitter plates with circular and square shapes have been numerically 
investigated by Razavi et al. [16] and Sajedi et al. [17]. They found that 
utilising splitters behind pin-fins reduces pressure drops and thermal 
resistance; this was more effective in circular shapes than square pin- 
fins. Similarly, the numerical assessment of inline circular pin-fins has 
been done many times [18–20]. It was observed that thermal perfor
mance has a positive relationship with the fin height but negative with 
the fin pitch; traditional setup of opposite positions of inlet and outlet 
have higher Nu and lower bottom temperature; the gap between the pin- 
fins and the sidewalls can manipulate heat transfer performance 
significantly. 

Other investigations have analysed triangular [21,22], square [23], 
rectangular, diamond, oblong, elliptic [24], cones [25,26], hemispher
ical [27], alternative dimples [28], multi-bulges [29], micropillars [30], 
textured [31], curved/inclined [32], splitter inserts [33], and grooves 
[34–36]; it was noted that the porosity and the angle of the fins have a 
great impact on the thermal performance; diamond-shaped fins had 
higher Nu, rectangular-shaped had higher pressure drops, and adding 
splitters, deep grooves, domes, and increasing the circular diameter — 
whilst reducing the spacing between the fins — improves heat transfer. 
Additionally, experimental investigations on pin–fin heat sinks have 
been carried out; however, these are less common than numerical 
studies, primarily due to the costs and difficulties involved in producing 
microscale pin-fins and heat sinks. Experimental studies having pin-fins 
exist in conventional shapes such as circle [37–39], semi-circle [40], 
conical [41], square [42], diamond, triangle, pentagon, and hexagon 
[43]. 

For experimental studies, staggered layouts represent a typical 
strategy [41,44]. Staggered arrangement pin-fins show that shape af
fects the vortex resistance, with a circular shape having the maximum 
resistance and the oval fins maintaining the minimum; the highest heat 
transfer was present in the hexagonal cross-section; circular fins showed 
the lowest pressure drops; also, the porosity and fin diameter affects the 
heat transfer rate. Due to the comparatively lower availability and 
complexities associated experimental investigation, many numerical 
studies are cross validated using other similar experimental/numerical 
data [45]. For instance, Xie et al. [46] appraised thermal and hydraulic 
performances of microchannel pin–fin heat sinks using data from 
external investigations [47,48]. The results of Xie et al. highlighted that 
in-lined pin-fins at a 30◦ inclined angle increase secondary flow at the 
cost of increased friction, but a steeper inclined angle doesn’t necessarily 
improve heat transfer; 0◦ inclined angle performs similarly to other 
conditions and switching from in-lined to staggered pin–fin arrangement 
had minimal impact on thermo-hydraulic performance; thus, the exact 
effects of staggered and inline pin–fin arrangements still needs a better 
understanding. Nonetheless, the staggered setup is generally more 
preferred [49,50]. 

Further appraising more designs, in addition to the conventional 
geometries, researchers have attempted to utilise non-conventional 
shapes [51] and experimented with wings [52], hydrofoil [53], non- 
linear fins [54], NACA aerofoil pin-fins [50,55–57], irregular polygon 
[58], branched and interrupted [59], U-turn hybrid fins [60], and 
twisted fins [61]. With the recent rise of additive manufacturing-based 
heat sinks, more complex shapes are being explored [62,63]. Most 
recently, Bhandari et al. produced a review of the effects of different 
common and some unconventional pin–fin shapes [64] Interestingly, 
bio-inspired structures and surface morphologies are also increasingly 
becoming popular in heat sinks; however, the availability of bio-inspired 
and biomorphic pin–fin heat sink research tends to be scarce; the term 
‘biomorphic’ refers to designs that uses naturally occurring shapes and 
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patterns. Recent research suggests some implementation of piranha 
[65], mushroom-shaped [66], tree-shaped [67], petaloid and shark skin- 
inspired pin-fins [68]. The results related to bio-inspired pin-fins show 
superior performance over traditional shapes or geometries. 

Nonetheless, from a design and optimisation perspective, the effec
tiveness of pin–fin-based heat sinks depends on several factors, 
including the heat sink design, working fluid, and the thermal conduc
tivity of the materials. Additionally, pins-fin geometrical configurations, 
such as shape, spacing, and height, can affect the heat transfer rate or 
coefficient [45]. Thus, the optimal design of a heat sink needs consid
eration of the device’s thermal load or heat flux, size, shape, and oper
ating environmental conditions [8]. In addition, the fluid flow around 
heat sinks significantly impacts their cooling performance. Increasing 
the flow rate can enhance heat transfer by promoting convective cool
ing. However, high airflow rates can also increase noise levels, induce 
higher pressure drops, require large fans or pumping power, and ulti
mately affect the device’s size and weight. As a result, achieving the 
optimum balance between cooling performance and other design con
siderations is critical [1]. 

Moreover, from a fabrication and replicability point of view, the 
material choice and fabrication methods dictate the heat sink’s weight, 
cost, and manufacturability — therefore, the trade-off between these 
three elements needs adjustments based on the application [69]. Thus, 
despite their effectiveness, pin–fin-based heat sinks contain some limi
tations. One significant challenge is their manufacturing complexity, 
which can increase cost and limit scalability. The high aspect ratios of 
the pins or fins, along with their microscale geometry, make them 
challenging to fabricate; plus, the manufacturing process must ensure 
that the pin-fins are free from surface defects that could reduce their 
heat transfer effectiveness [70]. On top of that, pin–fin-based heat sinks 
need a comparatively large surface area to be effective, limiting their 
integration into some electronic devices with minimal space. 

One a different note, as most previous research focuses on experi
mental and numerical validation based design optimisation, machine 
learning and artificial intelligence techniques are slowly becoming 
popular in heat sink-related research [71]. They provide a promising 
alternative for numerical simulations/validation and can even generate 
novel insights that might not have been possible previously. Thus, 
integrating the simulations/experiments with machine learning tech
niques can help expanding the current research space [72,73]. Never
theless, machine learning research in thermal management and heat 
transfer related fields is still relatively new, and more efforts and in
vestigations are warranted [74] to provide a holistic impact. 

Therefore, heeding to the literature findings and assessing the cur
rent industrial needs, in this paper, novel bio-inspired pin–fin heat sinks 
are proposed — whilst integrating manufacturing considerations. The 
paper aims to provide the following major novel contributions: 1) design 
of a new type of hybrid pin-fins with non-conventional geometries that 
can be produced using additive manufacturing; this innovation could 
expand the current design space and offer advantages over traditional 
pin–fin designs. 2) appraisal of the effects of combined features with 
different pin–fin “top” geometries via numerical simulations to gain new 
insights into fluid flow and heat transfer characteristics, adding further 
domain knowledge to this area. 3) heat transfer performance optimisa
tion via manipulating design properties that can lead to improved per
formance with reduced volume and material usage — whilst considering 
the trade-off between design complexity and performance. 4) propose a 
simplistic machine learning model to predict heat transfer and provide 
quick performance indicators and reduce design development and 
exploration times. 

Consequently, to achieve the research aim, numerical simulations 
and external experimental data, machine learning strategies were uti
lised to improve designs and provide additional insights. The advantage 
of using non-conventional geometries help to not only understand the 
effects of novel geometries, but it also avoids data being overfitted to a 
certain type of designs, which is arguably often the case in existing 

research. Therefore, during this era of ever-changing technological and 
rapid advancements, following mixed methods, combining strategies, 
and technologically driven approaches can enable further scope for 
continuous improvement [75]; moreover, this investigation ties in with 
the bio-inspired design philosophy [76] and adds value-added contri
butions to this research field. Accordingly, this research revolves around 
its research aim and is structured into distinct sections. The first two 
sections evaluate current design trends and tactics to form the baseline 
for this study; the design analysis, machine learning predictions, and 
numerical CFD simulation of several pin–fin setups are highlighted in 
section 3 and 4; the latter chapters include critical analysis and 
conclusion. 

2. Heat sink design 

The use of air-cooled pin–fin heat sinks for electronic devices re
mains a research hotspot [7,77–79]. For heat transfer enhancement, it is 
necessary to increase the contact/surface area between the pin-fins and 
working fluid and induce flow disturbances—while minimising the 
resulting rise in flow resistance. Therefore, a trade-off of different pa
rameters needs consideration depending on the type of application. 
Additionally, adhering to the design for manufacturing (DfM) philoso
phy, designs must be replicable with reduced cost, materials, and 
manufacturing complexities. Consequently, an additive manufacturing 
strategy is required to manufacture pin-fins with complex shapes but 
with a reduced volume of material to save manufacturing costs [62]. 

2.1. Biomorphic design for manufacturing (DfM) philosophy 

Nature and organisms have developed various survival strategies and 
shapes to adapt to their environments. The authors’ previous works 
briefly explored the thermodynamics and thermal performance of 
nature-inspired biomorphic pin–fin designs [66,80]. Therefore, adopt
ing a similar biomorphic approach, which involves designing inspired by 
nature, organisms, or naturally occurring shapes, a shape existing in skin 
cells (Scutoid) [81] was used as a baseline to propose four new pin–fin 
structures. While skin cells are linked together for material delivery, the 
biomorphic analogy to skin cells emphasises the efficient utilisation of 
surface area and generating flow disturbances for enhanced heat 
transfer, rather than a direct imitation of their arrangement, which 
would be the case in biomimetic design philosophy and is outside the 
scope of this work. 

Moreover, the pin–fin utilises two geometries in a unique shape; 
thus, there is scope to save materials in the new designs compared to the 
base fin design — whilst still producing the desired results. The proposed 
pin–fin structure consists of arrays of staggered pin-fins, in comparison 
to the in-lined base rectangular/square pin–fin design (SPF). The “top 
features” of the biomorphic pin–fin structures are designed with specific 
characteristics, such as sharp edges, faces, and curvatures, aimed at 
enhancing heat transfer, inducing flow disturbances, and manipulating 
the volume of material used in the design. In other words, the “top 
features” are engineered protrusions strategically placed on the pin–fin 
structures. The design philosophy behind these features involves 
manipulating their shape/dimensions for maximum effectiveness in 
heat transfer enhancement while considering the constraints of 
manufacturing feasibility and cost of material. 

By aligning with DfM principles, the proposed pin–fin designs aim to 
strike a balance between enhanced heat transfer performance, reduced 
product development time, and practical manufacturing considerations 
of complex pin–fin geometries via additive manufacturing or metal 3D- 
printing; this holistic approach offers efficient and sustainable air-cooled 
pin–fin heat sinks. Furthermore, in the existing literature, hexagonal, 
pentagonal, twisted, protrusions, etc., have primarily been employed 
individually. Thus, one of the objectives of this study is to integrate 
various modifications to develop a hybrid pin–fin design and assess their 
combined effects to gain new insights into the underlying physics and 
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performance. Despite the potential benefits of similar design modifica
tions for flow and thermal boundary layer manipulation, there have 
been limited studies on combining these distinct concepts/strategies 
within pin–fin heat sink investigations; hence, this makes the current 
investigation worthwhile. Fig. 1 displays the traditional base design 
featuring rectangular/square pin–fin designs (SPF) that is used for 
comparison and numerical validation purposes. Additionally, Fig. 1 in
cludes a 3D-printed prototype representing the base geometry of the 
novel scutoid pin-fins for visualisation purposes of the physical model. 

The new designs followed the same heat sink dimensions for the base 
design — such as the same internal fin occupied width (Wbi), height of 
the base (Hb), source/heat flux height (Hf ), etc. However, the new de
signs incorporated different shaped “top” features with a scutoid base 
geometry. Moreover, they vary in the surface area of the “top” geometry, 
aiming to manipulate the volume of materials used and comprehend the 
impact of different shapes. For detailed geometrical information, refer to 
Table 1, which outlines the dimensions of each design. The material 
usage (%M) shows the reduction of weight in comparison to the base 
design (SPF). 

As mentioned in the earlier paragraphs, the base geometry of the pin- 
fins utilised a combination of pentagonal and hexagonal shapes to save 
materials and introduces twists to generate flow disturbances. Addi
tionally, alterations in the top geometry enable the manipulation of 
boundary layers, providing insights into the flow characteristics of these 
novel shapes. Given that the proposed designs are intended for additive 
manufacturing, the critical goal is to save material/weight while 
ensuring efficient heat transfer. A reduced surface area hampers heat 
transfer, while an increased surface area adds more volume — 
contributing to higher material usage and costs. Therefore, the volume 
of the new pin-fins was constrained within a ±15 % range from the base 
design SPF to strike a balance between reduced material usage and 
increased heat transfer efficiency. Maintaining a ±15 % range in the 
volume of the new pin-fins relative to the SPF design ensures a reason
able degree of flexibility in design modifications without deviating 

significantly from the original parameters. Moreover, this range argu
ably aligns with industry standards and current engineering and design 
practices. 

In the initial paragraphs, the existing literature suggested that 
hexagons, tetrahedrons, cones, and mushroom/prism shapes can 
enhance heat transfer. Consequently, a combination of various pin–fin 
strategies was investigated to get a more robust understanding of un
derlying flow characteristics and physical processes. While the PHT and 
DT designs focused on altering the flow through a change in the height of 
the top fins, the CT and MT designs elongated the lateral surfaces of the 
fins. The first PHT design featured a plain hexagon top with 5 % more 
pin height and 0.5 mm more side width than the other scutoid pin fins. 
This adjustment aimed to maintain the reduction in volume/surface area 
of PHT within the initially discussed ±15 % acceptable range. The plain 
surface of PHT could potentially enable boundary layer formations on 
top while inducing turbulence between and around the fins. All the other 
designs had 4.5 mm sides/60 mm fin height. However, there are minor 
variations between the spacing distances of the fins due to the difference 
in the fin-top geometry, to avoid interactions, and leave a reasonable 
amount of gap between the extended surfaces, especially for the CT and 
MT designs. 

The second design, CT, featured a cone-shaped pointed top geome
try, where the pointed shape was expected to cause flow separations, 
while the smooth surface of the cone can lead to flow attachments. The 
third design, DT, incorporated an extended tetrahedral diamond-shaped 
structure inside the top geometry of the fins, with sharp edges capable of 
generating turbulence. The last design, a sharp biomorphic mushroom- 
shaped prism, covered the top of the fins extensively in an attempt to 
increase the heat transfer area. In addition to these design modifications, 
there was a 90 degree twist and a vertex within the fin-base geometry 
converting the pentagonal shape into a hexagon and causing the designs 
to have a slight curve. Thus, all the combinations existing within these 
design modifications produced a new type of novel hybrid pin-fins. 
Despite the complexity of the pin–fin shapes, as illustrated in Fig. 1 

Fig. 1. Base design and 3D-printed new prototype design.  
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for the 3D printed prototype, they represent a feasible option for future 
manufacturing through additive manufacturing and casting process, if 
needed. Fig. 2 displays the 3D geometry of all the new fins designed for 
this study. 

3. Numerical simulation setup and validation 

3.1. Physical and mathematical model 

The initial numerical simulations were validated using the experi
mental findings of El-said et al. [61]. One of the primary motivations 
behind this research was to minimise computational time and cost on a 
holistic level. To achieve this, certain methods allow conducting simu
lations with half designs or geometries, assuming setups exhibit sym
metry. However, the current study deals with non-symmetrical shapes 
and complex geometries, which may result in non-symmetrical flow 
characteristics. Therefore, the experimental setup was replicated for 
validation purposes to ensure more reliable and robust findings. 
Therefore, achieving an optimised number of meshing and nodes was 

preferred to save on computational time and cost. In the experiments of 
El-said et al. [61], an extended area of 200 mm exists on either side of 
the test section; therefore, the inlet effect or outlet reflux is avoided by 
default. The pressure drop in the system was also relatively minimal due 
to the extended length of the fluid domain, no flow re-circulation, and 
the outlet being exposed to atmospheric pressure. Conventionally, 
Reynolds Number (Re) < 2000 tends to be laminar flow; transition re
gion, 2000 < Re < 4000; turbulent flow is Re > 4000 [82]. However, for 
flows in micro scales, diverse and conflicting characteristics are re
ported. Extant research reported transition and turbulent flow regions 
within micro-scale flows for 300 < Re < 2000 [83]. Therefore, in this 
paper, flows with Re > 3000 were assumed as turbulent. Consequently, a 
standard κ − ∊ model was chosen for turbulence modelling. The simu
lations were performed with single-phase phenomena considerations, as 
the working fluid is air. Additionally, adapting and modifying previous 
research [6,68,84–87], the simulations considered the following 
assumptions:  

1) The working fluid (air) is incompressible; 

Table 1 
Details of geometrical data for all designs.  

Model Top-fin Geometry Fin Height (Hf ,mm) No. of Fins (N) Surface Area (SA,m2) Volume (V,m3) Mass (M,g) Material (%M) 

SPF Square 60 25 80,000 271,500 271.5 −

PHT Hexagon 63 23 70,646 232,542 232.5 − 14 % 
CT Cone 60 23 73,540 250,542 250.5 − 8% 
DT Tetrahedral 60 23 71,590 245,093 245.1 − 10 % 
MT Hexaprism 60 23 75,419 254,437 254.4 − 6%  

Fig. 2. All biomorphic scutoid pin–fin designs: a) Plain Hexagon Top (PHT), b) Conical Top (CT), c) Diamond Top (DT), d) Mushroom Top (MT).  
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2) Gravity can be ignored due to the low mass of air;  
3) The material properties are isotropic;  
4) Surface radiation and viscous heat dissipation are negligible. 

The baseline governing equations for simulations, validation, and 
data reduction were: 

Continuity equation: 

∂U
∂X

+
∂V
∂Y

+
∂W
∂Z

= 0 (1) 

Energy equations: 

ρf

(

u
∂T
∂x

+ v
∂T
∂y

+w
∂T
∂z

)

= μ • Pr
(

∂2T
∂x2 +

∂2T
∂y2 +

∂2T
∂z2

)

+ St(fluid) (2)  

ks

(
∂2Ts

∂u2 +
∂2Ts

∂y2 +
∂2Ts

∂z

)

= 0(solid) (3)  

Dimensionless parameters : X =
x

Dh
, Y =

y
Dh

, Z =
z

Dh
, U =

u
uin

, V =
v

uin
, W

=
w
uin 

Conductive heat transfer/Fourier’s law 

Q = − kA
∂T
∂x

(4)  

Where, thermal conductivity (k) is a thermophysical constant, 

K =
Qdp

AΔT 

Mean convective heat transfer coefficient (HTC): 

h =
ṁacp,a

(
Tout,a − Tin,a

)

As

[

Tb −

(
Tin,a +Tout,a

2

)] (5) 

Nusselt Number (Nu): 

Nu =
hLb

ka
(6) 

Thermal Resistance (Rth): 

Rth =
Tb − Ta,in

ṁacp,a(Tout,a − Tin,a)
(7) 

Fin efficiency (ηF): 

ηf =
tanh(M × Ha)

M × Ha
(8)  

Where,M = √(
4h

kf Dh
)

Pressure drops (ΔP): 

ΔP = (Pinlet − Poutlet) (9) 

Performance Improvement Factor (PIF): 

PIF =

(
h(nc)

h(bc)

)

/

(ηf (nc)

ηf (bc)

)1
3

(10)  

3.2. Grid independence and numerical validation 

ANSYS Fluent’s Finite Volume Method (FVM) was used for simula
tions and meshing. A mixture of hybrid and rectangular-grid type 
meshing was implemented to increase the overall mesh quality whilst 
reducing computational time and meshing nodes. The mesh indepen
dence test was conducted and compared with the experimental data for 
rectangular pin-fins for validation of the simulation setup; this was the 

base design (SPF). The element sizes of the solid domain were 0.004 mm, 
0.0035 mm, and 0.003 mm; the element size of the fluid domain varied 
from 0.002 to 0.001 mm. The three different meshes (with varying 
element count) were Mesh I (164269), Mesh II (255186), Mesh III 
(530970), respectively. The element sizes were chosen and adjusted 
based on a target average orthogonal quality. The average orthogonal 
quality of the mesh was over 0.75 (very good). Refinement ratios be
tween two different mesh types were above 1.3. The grid validation 
considered two variables: maximum velocity at the outlet, Vmax(out), and 
average temperature of the outlet, Tavg(out). The numerical validation 
considered the heat transfer coefficient, HTC (h), from Re =

3182to9971. The grid independence results are summarised in Fig. 3; it 
shows that deviations between the corresponding mesh qualities are 
minimal. Furthermore, to complement the visualisation in Fig. 3 and 
Fig. 4, Table 2 displays a sample of the mesh and grid independence 
results, providing a quantitative assessment of the values obtained for 
accuracy and uncertainty. 

After considering all the findings and computational time, Mesh II 
was taken as the preferred option for simulations. Fig. 4 shows the de
viation between the numerical simulations and experimental data [61]. 
As mentioned earlier, Re < 4000 values are generally in the transitional 
range before turbulent flow conditions occur. Therefore, using the κ − ∊ 
model, the initial value overshoots by 10 %, but after that, in higher Re 
values, the data points are relatively consistent. 

3.3. Meshing and boundary conditions 

One of the objectives of our research was to appraise different vol
ume and implement machine learning. Hence, after the numerical 
validation, to avoid overfitting of the data and enable a more broader 
data analysis, the operating conditions were slightly changed to inves
tigate higher Reynolds Numbers not examined in the available literature 
for similar designs. Therefore, the simulations were set up with the 
following boundary condition: a uniform velocity and constant tem
perature at the inlet, with values of u = uin, v = 0, w = 0, T = Tin =

298K; zero pressure at the outlet, and scalable wall function for the 
near-wall treatment. The heat flux value was 15500W/m2. The mesh 
interaction boundary was coupled at the fluid–solid contact surface, 
while all other surfaces were adiabatic. The momentum and energy 
equations used second-order upwind schemes, and the velocity–pressure 
coupling was selected using the SIMPLE algorithm having monitors’ 
residual value set to 10− 5 and 10− 7, respectively. Lastly, hybrid initial
isation was chosen for the calculations. Fig. 5 illustrates the simulation 
setup, including the fluid domain, solid domain (pin-fins), and meshing. 
The simulation fluid and solid domains are depicted with a sliced plane, 
revealing 3D mesh blocks to provide a more three-dimensional 
perspective of the mesh employed — the sliced view utilises the base 
design SPF. Next to the simulation domains, the meshes for the scutoid 
pin-fins are also presented, with the PHT design view intentionally 
rotated to offer an alternative perspective of the mesh within the de
signs. In certain regions or cases, minor or local face refinements were 
employed to minimise the number of elements or improve the average 
orthogonal mesh quality. 

4. Results 

4.1. Heat transfer performance 

Figs. 6–9 illustrate the performance metrics to evaluate the pin-fins. 
Firstly, Fig. 6 presents a graph that plots the Heat Transfer Coefficient 
(HTC) against the Reynolds Number (Re). The HTC is significant in 
thermal management research as it quantifies heat transfer efficiency 
between a solid surface and a fluid medium. HTC represents the rate at 
which heat is convectively transferred from the solid metal surface to the 
surrounding air — in this case. The results reveal that the plain hexagon 
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top (PHT), showcases the highest overall HTC, despite having the lowest 
volume and surface area (volume(V) = 232541.53 mm3,

surfacearea(SA) = 70646.26 mm2). In comparison, the hexaprism or 
mushroom-inspired top (MT) design showed, on average, 5 % lower HTC 
values whilst having the highest material usage among all pin–fin de
signs (V = 254437.03mm3, SA = 75418.77mm2). The diamond/tetra
hedral top (DT) and conical top (CT) were the two least-performing 

pin–fin shapes, with CT demonstrating the worst HTC performance 
(96.6W/m2katRe = 5500). The DT and CT designs might suffer from 
boundary layer separation or inadequate mixing of the fluid flow. In the 
case of the conical top (CT) design, its particularly poor HTC perfor
mance can be attributed to its geometry, which might induce strong 
separation of the boundary layer and hinder effective heat transfer. 

The Nusselt Number (Nu), similar to the HTC, is a critical metric for 
assessing heat transfer and provides insights into convective heat 
transfer properties of systems. By comparing the conductive heat 
transfer to the convective heat transfer at the surface, the Nu quantifies 
the convective heat transfer rate. Fig. 7 shows the Nu comparison; since 
the Nu is directly proportional to the HTC, it exhibits a similar trend. In 
this study, the plain hexagon top (PHT) design consistently exhibited the 
highest Nu across different Reynolds Numbers (Re). In contrast, the 
conical top (CT) design showed the lowest Nu value. The Nu perfor
mance of different pin–fin shapes, just like the HTC, can be influenced by 
flow reversal and recirculation phenomena. Pin-fin shapes that promote 
flow reversal or recirculation might experience reduced heat transfer 
rates due to inefficient removal of the heated fluid and replacement with 
cooler fluid. 

Fig. 3. Grid independence test results.  

Fig. 4. Numerical validation of the simulation.  

Table 2 
Sample grid independence test accuracy results.  

Re,Vin(3182,
0.3 m/s)

Tavg(out)(K) Vmax(out)(m/s) h
(
W/m2k

)
%Deviation(h)[61]

Mesh I 306.98 0.47 54.96 12 % 
Mesh II 306.85 0.46 53.00 8 % 
Mesh III 306.88 0.46 56.66 16 % 
Re,Vin(9971,

0.94 m/s)
Tavg(out)(K) Vmax(out)(m/s) h(W/m2k) %Deviation(h)[61]

Mesh I 300.70 1.34 107.64 12 % 
Mesh II 300.72 1.36 108.48 10 % 
Mesh III 300.68 1.34 111.93 8 %  
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Fig. 5. 3D Mesh visualisation of fluid and solid domains for the pin-fins.  

Fig. 6. Heat transfer coefficient comparison with different Re.  
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Fig. 8 illustrates the thermal resistance (Rth) of the pin-fins. Thermal 
resistance represents the obstruction to heat flow in a material or sys
tem, serving as a fundamental parameter in heat transfer analysis and 
thermal management. It enables the evaluation and optimisation of the 
overall thermal performance of heat sinks. Notably, in this case, both the 
PHT and MT designs, which feature hexagonal bases, exhibited the 
lowest Rth values, indicating their superior heat dissipation capabilities 
compared to other designs. On the other hand, the DT and CT designs 
displayed the highest Rth, with CT demonstrating the most resistance. 
The thermal resistance of a pin–fin design is influenced by the thickness 
of the thermal boundary layer surrounding the fins. Designs that effec
tively reduce the boundary layer thickness can achieve lower thermal 
resistance. The PHT and MT designs may minimise boundary layer 
thickness more effectively compared to other designs, leading to lower 
Rth values. 

Interestingly, the findings and trends diverged when considering the 
fin efficiency values depicted in Fig. 9. Fin efficiency (ηF) is a parameter 
used to assess the effectiveness of a fin in enhancing heat transfer; it 
quantifies how efficiently a fin transfers heat from the solid surface to 
the surrounding fluid medium. Fin efficiency is particularly relevant in 

heat transfer applications involving extended surfaces or fins, where the 
primary objective is to increase heat dissipation capacity. Based on the 
values in Fig. 9, the CT design demonstrated the highest ηf , followed by 
the DT, while the MT and PHT designs exhibited the lowest ηf . However, 
it is noted that the differences in fin efficiency among the pin–fin designs 
were minimal (≤1%). Therefore, a marginally lower fin efficiency as a 
trade-off can be acceptable. The CT design could benefit from smoother 
flow attachment and detachment along its streamlined shape; this re
duces flow separation and enhances the effectiveness of the fin in 
transferring heat to the surrounding fluid. 

4.2. Pressure drop and pumping power 

In the design and optimisation stage for heat sinks, one of the key 
considerations includes pressure drop and pumping power expenses 
[88]. However, as previously mentioned, the reference system exhibited 
minimal pressure drops mainly due to its open outlet (exposed to at
mospheric pressure) and the absence of flow recirculation. Thus, the 
focus of this study was on enhancing heat transfer and fluid flow 

Fig. 7. Nusselt Number comparison with different Re.  

Fig. 8. Thermal resistance comparison with different Re.  
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characteristics — with the understanding that any trade-offs in pressure 
drop would remain within acceptable limits. Fig. 10 shows the pressure 
drop comparisons. In this investigation, the highest value of Re = 13500 
was chosen for comparison for two reasons: i) existing literature lacks 
experimental/numerical values for similar designs within the Re range 
of 10,000–15,000; ii) Re = 13500 corresponds to the point of maximum 
heat transfer in the new designs, implying that it will also lead to the 
conditions with the highest-pressure drops. Consequently, the highest 
pressure drop was associated with PHT fins, and the lowest pressure 
drop was observed in SPF fins. The pressure drop trend is consistent with 
the heat transfer coefficient (HTC), as PHT had the highest HTC. 
Furthermore, the simulated pressure drops values closely matched the 
ranges from previous numerical validations with similar Reynolds 
Numbers [27,89]. It is important to note that a system’s pumping power 
is directly related to the pressure drop. When comparing the pressure 
drop values between PHT and SPF, even when factoring in a pump with 

70 % efficiency, the resulting increase in pumping power is approxi
mately 55 mW, which remains relatively low. As a result, this trade-off is 
deemed acceptable in exchange for achieving superior heat transfer 
rates. Additionally, it can be remarked that the extended flow build-up 
region length employed in the initial experiment played a role in 
achieving these low pressure drops and pumping power results. 

4.3. Machine learning predictions 

In this study, one of the points of interest was investigating the in
fluence and relationship between the design volume, surface area, and 
heat transfer in a system. The data indicated that volume manipulation 
via different geometrical adjustments can help to achieve enhanced heat 
transfer with material savings. Therefore, this led to the assessment of a 
prediction model to determine HTC whilst incorporating design prop
erties such as volume and surface area. Accordingly, a combination of 

Fig. 9. Fin efficiency comparison with different Re.  

Fig. 10. Pressure drop comparisons.  
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four independent variables (IV) — volume, surface area, Reynolds 
number (Re), and inlet velocity — was used to predict the dependent 
variable (DV) — heat transfer coefficient (HTC). The rationale behind 
this idea was that developing a simplistic model that relates volume to 
the HTC would have significant implications, as it would provide a quick 
performance indicator and assessment of heat transfer effectiveness 
without the need for extensive experiments, CFD simulations, or deep 
neural networks requiring vast datasets. 

Consequently, six different types of machine learning models were 
compared for predicting the HTC: Multiple Linear Regression (MLR), K- 
nearest Neighbours (KNN), Random Forest (RF), Gradient Boosting 
Regression (GBR), and ensemble methods such as Bagging and Stacking. 
Description and mechanics of all the machine learning models goes 
beyond the scope of this work and have been extensively detailed in 
existing literature. While MLR, KNN, and RF have been commonly used 
[90], GBR and ensemble methods like Bagging and Stacking are rela
tively unexplored, compared to the popular algorithms such as MLR and 
RF, especially in heat transfer analysis; thus, these algorithms could 
produce promising results. GBR employs a boosting technique to create 
an ensemble of weak predictive models, typically in decision trees [91], 
while Bagging (also referred to as bootstrap aggregation) and Stacking 
are ensemble methods that combine multiple models to improve pre
dictions [92]. Regression models generally do not require many data 
points compared to neural networks; hence, two distinct datasets were 
created for the machine learning predictions (CFD and Combined). The 
first dataset consisted solely of data points from CFD — gained from the 
novel pin-fins produced in this investigation. The second dataset com
bined CFD simulation and experimental results to form a broader dataset 
and enhance accuracy or avoid overfitting. The experimental data 
consisted of rectangular and hexagonal pin-fins’ best and worst per
forming designs from El-said et al. [61]; the volume and surface area 
information was gained via the SolidWorks evaluation tool. It should be 
noted that even though the dataset has limited number of points, due to 
the different types of data considered, it can arguably provide good 
predictions. Additionally, recent research suggests that condensing 
datasets and using reduced data can potentially provide better pre
dictions for thermal analysis [93]. 

The performance of each model was calculated using Root Mean 
Squared Error (RMSE) and Mean Absolute Percentage Error (MAPE). 
RMSE measured the average deviation between predicted and actual 
HTCs, while MAPE assessed the relative errors in percentages. Table 3 
shows the data of the model performances. RMSE and MAPE metrics 
enabled a thorough comparison and ranking of the models’ perfor
mance. To exhibit the results clearly, a grouped bar graph in Fig. 11 
compares the model’s predictive capabilities. The evaluation process 
using RMSE and MAPE ensured an objective assessment of the predictive 
models and aided in determining the most suitable approach for pre
dicting HTCs in mini channel heat sinks. The results showed that 
Bagging and Stacking methods had the best performance, with an 
average MAPE value of 4.6 % and 4.4 % and RMSE values of 8.7 and 8.4, 
closely followed by MLR at 4.7 % and 8.4. RF and KNN had a poorer 
performance, with KNN performing the worst among all models. 
Although GBR had slightly higher errors than the top-performing 
models, the percentage deviation between the two datasets for GBR 
was the lowest; this shows that GBR is less sensitive to the differences in 

datasets. In forced air convection, the HTC values can range between 10 
and 500 (W/m2k) [94]. Therefore, considering the range for prediction, 
mean MAPE < 5 % and RMSE < 10 can arguably be considered rela
tively good and acceptable; this is especially valid considering the 
original experiments and the CFD simulations had approximately ± 10 
% margin for error. 

4.4. Fluid flow characteristics 

Fig. 12 (a)–(d) showcases the temperature contours across three 
planes at Re = 13500 — where the highest heat transfer occurs. The first 
plane is positioned in the mid-section of the heat sink, the second plane 
is 0.1 m from the first plane, and the third plane is at the outlet position. 
Temperature contours provide visualisation of temperature variations 
across specific regions, enabling interpretation of thermal and flow 
behaviour. 

In Fig. 12a, hotter temperature spots near the bottom portion of the 
fins are observed, while no apparent similar features are evident at the 
tops. In the middle/second plane, a thin high-temperature (red colour 
zone) thermal boundary layer is present; thinner boundary layers can 
promote better heat transfer performance as seen in Fig. 6. However, the 
dominant temperature range in the second plane consists of mid- 
temperature (300 K – 306 K) values. Fig. 12b illustrates the tempera
ture distribution in the CT design. One primary difference between CT 
and PHT is the presence of localised hotter regions around the conical 
tops, extending beyond the solely bottom portion that was observed in 
Fig. 12a; this indicates that the contact between air and the pin-fins are 
more prominent compared to the other design and validates the initial 
assumption of better flow attachments leading to higher fin efficiency in 
Fig. 9. At the outlet, a high-temperature region appears, and it is broader 
compared to PHT, forming sinusoidal-shaped thermal layers; this de
notes the presence of uneven flow distribution. 

Fig. 12c depicts the temperature contours for DT. Akin to Fig. 12a, 
there is no region of high temperature (red zones) at the top of the fins, 
but the bottom portion exhibits higher temperatures (1 K to 1.2̇̇K more) 
than the surrounding air. Interestingly, a localised cold spot or anomaly 
is present at the bottom-right position of the outlet, due to uneven flow 
distribution and inefficient flow mixing; hence, this will be further 
investigated in the next sections to assess the flow characteristics and 
turbulence buildup in DT. Lastly, Fig. 12d shows the temperature dis
tribution of the MT fins. The temperature contours of MT are similar to 
those of CT; however, some notable differences exist. In the middle 
plane, the temperature regions showed distinct thermal boundary 
layers, more pronounced than CT; thus, showing a more even flow dis
tribution/less turbulence compared to CT. Nevertheless, the outlet sec
tion displays a sinusoidal distribution of thermal boundary layers, 
similar to CT, but with a slightly lower the maximum outlet temperature 
— 0.5 K less than CT. 

Fig. 13 (a)–(d) depicts the velocity contours at Re = 13,500. Velocity 
contours are valuable tools for understanding fluid flow patterns and 
dynamics. They provide visualisation of fluid velocities across specific 
regions or objects, such as heat sinks. In this study, for a more thorough 
understanding of heat transfer and fluid flow characteristics, various 
parameters were evaluated from distinct points of interest across mul
tiple perspectives. Fig. 12 showed temperature contours, emphasising 
the diverse temperature distribution across three important regions. 
Meanwhile, the velocity contours concentrated on delineating the ve
locity and its boundary layers between and behind the pin fins, ulti
mately guiding the flow toward the outlet. This visualisation of flow 
features from different viewpoints, using different metrics or parame
ters, provided a deeper insight into the underlying flow characteristics 
and physics. The contours were drawn in the exact mid-plane of the heat 
sinks; as mentioned earlier, due to the minor differences pin–fin spacing 
and geometry, the pins (white cavities) are not identical. 

Fig. 13a illustrates the velocity distribution within the PHT fins re
gion. Notably, PHT exhibited no significant dead (blue) zones alongside 

Table 3 
Data for machine learning model performance.  

Model 
Type 

RMSE 
(CFD) 

MAPE 
(CFD) 

RMSE 
(Combined) 

MAPE 
(Combined) 

MLR  6.09  4.3 %  10.72  5.0 % 
GBR  7.37  5.5 %  9.32  4.9 % 
RF  6.99  4.4 %  15.71  9.0 % 
KNN  13.97  11.3 %  15.36  7.2 % 
Bagging  6.55  4.9 %  10.77  4.2 % 
Stacking  6.28  4.5 %  10.56  4.3 %  

M. Harris et al.                                                                                                                                                                                                                                  



Thermal Science and Engineering Progress 51 (2024) 102606

12

the pin-fins compared to the other designs, where such zones are 
apparent in distinct points, such as the bottom of the fins (DT) or the last 
row (CT) in Fig. 13b and c. Concerning the “top” features in Fig. 13b, c, 
and d, designs with pointed tops like CT, DT, and MT show noticeable 
flow separation, forming thick boundary layers of rapidly moving air 

above the pin fins; the varying thick boundary layers ultimately reduce 
the heat transfer efficiency. The most pronounced velocity hotspot for 
flow separation was observed on the first row of pin-fins in the CT design 
(maximum velocity = 2.86 m/s), due to the pointed tops. Additionally, 
in the PHT design, the boundary layer (red) on top of the fins appears 

Fig. 11. Comparison of machine learning model performance.  

Fig. 12. (a)–(d). Temperature contours of all scutoid pin-fins (planar views).  
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comparatively thinner than the other designs; this was primarily due to 
the 5 % increased height, showcasing positive implications of the height 
increase. PHT also recorded the second highest maximum velocity 
among the designs (2.84 m/s), while DT exhibited the lowest (2.74 m/s). 
Observing the wake profile behind the pin fins in all the designs of 
Fig. 13(a)–(d), it becomes evident that PHT fins had a steady and 
widespread wake compared to other designs, hinting at a steady or slow- 
moving flow. Conversely, other designs displayed a relatively larger gap 

between fast-moving red regions and slow-moving thick dead regions 
(dark blue). Therefore, such a difference between fast and slow-moving 
fluids will lead to high-pressure and low-pressure zones. Although there 
is a relationship between pressure drop and wake profiles behind ob
jects, the geometrical variations led to an acceptable level of minimal 
overall system pressure drop as shown in Fig. 10, and the differences in 
pressure changes within that region were not significant enough (cross- 
checked using a data probe point and pressure contours, yielding values 

Fig. 13. (a)–(d). Velocity contours of all scutoid pin-fins (side view).  
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less than 1 Pa). As mentioned earlier, such minor pressure differences 
were expected in these systems. Thus, to better comprehend the differ
ences in flows and turbulence, the next sections focused on streamline 
velocity and turbulent kinetic energy. 

Fig. 14 (a)–(d) displays the Turbulent Kinetic Energy (TKE) contours 
for the pin-fins at Re = 13500. It can be remarked that TKE parameters 
are not commonly used in thermal analyses of pin–fin-based heat sinks, 
primarily due to the complexities associated with turbulent flows. 

However, TKE patterns can offer crucial insights for comparing the fluid 
dynamics of a system. TKE involves the conversion of kinetic energy 
from chaotic eddy motion into thermal energy [95]. Moreover, TKE 
contours provide valuable insights into the spatial distribution and in
tensity of turbulence within flows. In Fig. 14, the TKE contours visually 
represent dissipation patterns and aid in identifying turbulent hotspots, 
offering a top-down perspective of the designs. 

The figures revealed that, in comparison to other designs, Fig. 14a 

Fig. 14. (a)–(d). Turbulent kinetic energy contours of all pin-fins (top view).  
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showing PHT fins displayed a more evenly distributed TKE within the 
pin-fins at the centre of the heat sinks. Furthermore, the PHT designs 
exhibited some turbulence throughout all the fins. While in other de
signs, TKE intensity diminished after the initial rows of pin-fins, with a 
wake profile immediately behind the last row; this suggests a transition 
to laminar flow or turbulence not contributing to thermal energy con
version. In Fig. 14b and d, showing CT and MT, the second row of pins 
generated the two highest maximum turbulence values (7.13 Joules and 
8.84 Joules) due to top features acting as a restrictor between the pin 
fins, compressing airflow into thinner lanes, promoting faster fluid 
movement and higher energy conversion and efficient flow mixing. 
Conversely, PHT featured no such flow restrictors, resulting in less 
intense and spread-out turbulence wake profiles; thus, it contained 
reduced maximum TKE (4.89 Joules). In Fig. 14c highlighting DT, a 
turbulence hotspot, notably in the lower second row of fins, created an 
asymmetrical wake profile that leans slightly left, potentially contrib
uting to localised hotspots observed in Fig. 12c’s temperature contours. 
Despite CT and MT having the highest turbulence values, turbulence 
intensity decreased after the third row of fins, evident in small localised 
blue regions; this indicates flow separation and recirculation. Conse
quently, evaluating velocity streamlines around the pin-fins and turbu
lence near the outlet in the following section is crucial for understanding 
flow development before reaching the outlet. 

Fig. 15 (a)–(d) offers insights into the underlying mechanisms by 
combining velocity streamlines and TKE contours (outlet). Except PHT, 
all other designs showed flow instability and vortex formations behind 
the pin-fins. The extended top features caused these flow disturbances 

and detachments that resulted in flow recirculation, eddy formation, 
and reversed flow behind the fins, contributing to the dead zones 
observed in previous figures’ contours. The difference between fast and 
slow-moving fluid layers, combined with pressure differences, played 
contributing roles in vortex formation. However, the geometry’s shape 
and pin-tops appeared to have a greater influence, as shown in Fig. 15b 
and 15d depicting CT and DT, respectively. Flow separation leading to 
localised cold spots in temperature contours was also influenced by 
vortex formation in DT — depicted in Fig. 15c. Additionally, CT and DT 
showed the most intense vortices, resulting in the highest turbulent ki
netic energy at the outlet, while PHT displayed minimal or no vortex 
formations due to the lack turbulent flow mixing and the geometry 
causing efficient flow movement. Active and passive vortex formations 
have been shown to enhance heat transfer efficiency [96]. However, 
studying vortex-related heat transfer goes beyond the scope of this work. 

5. Discussion 

The findings from this study on heat transfer and fluid flow provide 
insights into the performance, underlying mechanisms, and limitations 
of various pin–fin designs. The combination of CFD, experimental data, 
and machine learning helps bring a fresh perspective in the development 
of hybrid bio-inspired pin–fin designs, along with the possible reduction 
in manufacturing time and costs. Evaluating performance metrics such 
as heat transfer coefficient (HTC), Nusselt Number (Nu), thermal resis
tance, fin efficiency, velocity, temperature, and turbulent kinetic energy 
(TKE) allows for a critical assessment of the heat transfer characteristics 

Fig. 15. (a)–(d). Combined velocity streamlines with TKE outlet contours (isometric view).  
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and thermal performance of the novel scutoid-based pin-fins having 
non-conventional geometry. 

The results presented in Figs. 6 and 7 highlight the dominant per
formance of the plain hexagon top (PHT) design in terms of HTC and Nu. 
Surprisingly, despite having the lowest volume and surface area, the 
PHT design consistently demonstrates the highest heat transfer effi
ciency. For reference, the base geometry (SPF) had a volume of V =

275000mm3, mass = 275g. Thus, this raises questions about the pre
vailing understanding of the correlation between enlarging geometry 
and heat transfer performance. On the other hand, the Mushroom Top 
(MT) design, with its larger volume and surface area, exhibits slightly 
lower HTC values, indicating a potential trade-off between geometric 
complexity and heat dissipation capability. Fig. 16 presents a compari
son of the designs at Re = 13500. By comparing the best-performing 
PHT design (in terms of HTC) against the worst and second best- 
performing alternatives, it was observed that PHT had approximately 
8.6 % and 7.2 % less mass/volume than MT and CT. Despite its lower 
mass/volume, PHT demonstrates around 5.2 % and 14 % higher HTC 
than MT and CT, respectively. Furthermore, with 1.6 % more mass/ 
volume than CT, MT exhibits approximately 8.3 % higher HTC than CT; 
however, this is to be expected due to the larger surface area. 

Based on the graphical values and simulation results, the variation in 
heat transfer coefficients (HTC) and Nu among the different pin–fin 
designs can be attributed to different factors. Despite having the lowest 
volume and surface area, the PHT design exhibits the highest HTC, due 
to its geometry promoting better fluid flow and heat transfer. 
Conversely, the hexaprism or mushroom-inspired top (MT) design, with 
higher material usage and surface area, shows slightly lower HTC values 
because of flow reattachment and separation around its protruding el
ements. The least-performing designs, diamond/tetrahedral top (DT) 
and conical top (CT), suffer from boundary layer separation and inad
equate mixing, especially the CT design, which demonstrates the worst 
performance due to its geometry inducing strong boundary layer sepa
ration and intense vortex formations. All these factors interacted to in
fluence heat transfer performance, with turbulence enhancement, flow 
reversal, and thermal boundary layer thickness also playing roles in 
determining the HTC of each pin–fin design. The underperformance of 
the conical top (CT) and diamond/tetrahedral Top (DT) designs in HTC 
and Nu further emphasises the need for critical evaluation of the as
sumptions and design principles underlying conventional and non- 
conventional pin–fin configurations. This is because a shape which 
had positive impacts previously may negatively affect heat transfer 
based on modifications, as shown in this study. 

With increasing Re, the thermal resistance (Rth) decreases due to the 
increased velocity. Examining the thermal resistance results presented 
in Fig. 8, it is evident that the PHT and MT designs, featuring hexagonal 
bases for their top features, outperform other designs relating to thermal 

resistance. Comparing range of Rth, PHT had 7.2 % and 7.4 % lower 
range than CT and DT; similarly, MT had 2.9 % and 3.1 % lower range of 
Rth than CT and DT. This potentially suggests that the pin–fin tops’ base 
shape and the resulting flow characteristics play a crucial role in 
determining the overall thermal performance of the heat sinks. The 
variation in thermal resistance among the different pin–fin designs can 
be attributed to several physical factors related to heat transfer and fluid 
dynamics. Notably, the PHT and MT designs, both featuring hexagonal 
top features, promotes better heat transfer, minimised boundary layer 
thickness, efficient heat conduction paths, and adequate flow mixing. 
Conversely, the diamond/tetrahedral top (DT) and conical top (CT) 
designs suffer from boundary layer separation and lower heat transfer 
rates due to their geometrical features. These findings underscore the 
importance of optimising pin–fin designs to minimise thermal resistance 
for improved thermal management efficiency. Therefore, the higher 
thermal resistance observed in the CT and DT designs, particularly in the 
CT design, raises concerns about their suitability for high-performance 
heat dissipation applications. 

The assessment of fin efficiency in Fig. 9 reveals slightly different 
trends among the pin–fin designs. While the CT design demonstrates the 
highest fin efficiency, the differences among the designs are minimal; 
thus, a potential trade-off can be considered if other heat transfer pa
rameters give superior results. The surface shape/roughness, from edges 
or sharp features, of the fin structures can influence turbulence levels in 
the fluid flow, affecting heat transfer efficiency. The specific configu
rations of the CT and DT designs promote turbulence enhancement, 
contributing to their higher fin efficiency values; nevertheless, the sharp 
hexagonal tops promote better overall heat transfer. Therefore, adding 
chamfers or smooth edges can strike a balance within these designs. The 
marginal differences in fin efficiency underscore the need to explore 
alternative design approaches that prioritise overall thermal perfor
mance and heat dissipation capability over specific geometric charac
teristics. The minimal pressure drops and pumping power is another 
metric where the trade-off can be arguably deemed acceptable for this 
case due to the superior heat transfer performance of the hexagon-top- 
based designs. 

To further understand the heat performance enhancements of the 
new pin-fins alongside their trade-offs, the Performance Improvement 
Factor (PIF) was compared between the new design and the base design. 
The PIF calculations revealed that, compared to the base design, the heat 
transfer performance was improved by 1.70, 1.50, 1.56, and 1.60 times 
using the designs PHT, CT, DT, and MT, respectively. Moreover, this 
investigation presented a variety of parameters for comparison. There
fore, Fig. 17 consolidates and synthesises the findings of this research to 
highlight which designs exhibit the best performance. However, due to 
the significant differences in parameter ranges and their units (e.g., Rth 
values are 200 times smaller than HTC values), the heatmap/colormap 

Fig. 16. Mass, volume, and heat transfer performance comparison at Re = 13,500.  
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was generated using normalised and scaled data, often used in machine 
learning-related data analysis, to make it dimensionless [97]. Linear 
scaling of the original data was employed to convert it into values 
ranging between 0 and 100, where dark green indicates minimum values 
and yellow indicates maximum values (as shown by the colourmap 
legend). The heatmap visualisation offers a mixed-method (qualitative 
and quantitative) approach to gain a condensed understanding of heat 
transfer performance improvements and comparisons between the base 
and new designs within this study. The best-performing designs can be 
inferred using either colour alone or both colour and data. The heatmap, 
illustrating six parameters [Heat Transfer Coefficient (HTC), Pressure 
Drop (PD), Thermal Resistance (RTH), Performance Improvement Fac
tor (PIF), Fin Efficiency (FE), and Mass], consistently demonstrates that 
PHT and MT designs are the overall optimal designs and outperform the 
conventional designs and geometries. 

The assessment of velocity and temperature contours, along with 
TKE and velocity streamlines, offered insights into fluid flow behaviour, 
temperature distributions, and energy dissipation within pin–fin struc
tures. The PHT design exhibited relatively even velocity distribution and 
efficient heat dissipation, while the CT design shows concerns regarding 
flow separation and turbulence hotspots. In contrast, the DT design 
presented challenges in achieving efficient heat transfer due to the 
asymmetrical wakes and presence of cold spots. The presence of hotspots 
and variations in TKE across designs underscore the complexity of tur
bulent flows and highlight the need for comprehensive analysis for heat 
transfer effectiveness throughout the fin structure. As one of the primary 
objectives of this study was to investigate the underlying physical 
mechanisms in air-cooled heat transfer strategies, several key insights 
were observed:  

1) Utilising complex fin geometries manufactured through additive 
manufacturing can enhance heat performance while reducing 
weight. The data and numerical simulations verified the initial as
sumptions that these intricate geometries can effectively disrupt 
airflow without inducing significant flow instability and offer 
improved heat dissipation, demonstrating the potential for improved 
heat transfer beyond the traditional surface area relationship;  

2) The incorporation of twisted scutoid geometry and various hybrid 
pin–fin topologies can augment heat transfer by manipulating 
boundary formation above the pin-fins and controlling wake region 
formation between and behind the fins. However, careful monitoring 
of pin–fin spacing, and height is crucial for optimal heat transfer 

performance within acceptable trade-off limits. Greater pin–fin 
height can promote thinner boundary layers and uniform flow 
distribution; 

3) Sharp-edged top designs tend to outperform pointed or curved sur
faces. While pointed or conical surfaces may induce flow separations, 
they result in the formation of intense passive vortices and increased 
wake or dead zones. Further investigation into passive vortex 
manipulation is warranted in air-cooled heat sinks to refine heat 
transfer strategies;  

4) Pin-fin geometry not only influences heat transfer but also impacts 
thermal resistance and pressure drop within the system, particularly 
under varying operating conditions. Previous studies showed that 
conical and tetrahedral geometries have promising results, yet their 
effects on temperature distribution along the fins and behind the pins 
can be significant, influenced by factors such as velocity boundary 
layers and turbulent kinetic energy, leading to non-uniform and 
unstable flow patterns. All these factors combined ultimately 
reduced their heat transfer capabilities. 

Moreover, moving on to the machine learning model predictions, 
determining whether volume and surface area could predict the HTC 
while employing underutilised algorithms such as Gradient Boosting 
Regressor and ensemble methods in heat transfer analysis, holds several 
key motivations and advantages. The HTC is a critical factor in deter
mining the efficiency of heat transfer processes. Thus, through under
standing the relationship between volume, surface area, and HTC, heat 
sink designs and other thermal management systems can be optimised. 
Also, current prediction models can be further utilised via transfer 
learning methods to help researchers, engineers, and designers develop 
more efficient and effective cooling solutions, leading to improved 
performance and energy savings. The current dataset can also be 
augmented with more experimental and numerical simulations in the 
future via an open-source database. Additionally, by predicting the HTC 
based on volume and surface area, the need for extensive and costly 
experimental testing can be avoided in the design development stage. 
Instead, these easily measurable geometric parameters can estimate the 
HTC, significantly reducing both time and resource requirements during 
the design and evaluation phases. In this era of Industry 4.0, with a 
continuous reduction in product development times [98], finding 
innovative solutions via technology is warranted to trigger continuous 
improvement. 

Furthermore, if design properties such as volume and readily avail
able heat transfer parameters prove to be effective predictors of the HTC, 
as highlighted by the findings of this investigation, it simplifies the 
modelling process. Instead of relying on complex and computationally 
expensive simulations, a simpler model could make dependable pre
dictions using available geometric parameters or operating conditions. 
This simplicity can streamline the design process and facilitate agile 
analysis of different heat sink configurations. Additionally, this allows 
flexibility and scalability as the knowledge and predictions can be 
applied to various applications, providing valuable insights for different 
engineering scenarios. Moreover, the relationship between volume, 
surface area, and the HTC contributes to a deeper understanding of the 
underlying physics and mechanisms involved in heat transfer processes. 
It enables the study of complex shapes, and new configurations of 
pin–fin heat sink via additive manufacturing methods, and it allows 
researchers and engineers to gain insights into how these geometric 
parameters impact the convective heat transfer characteristics, 
enhancing their comprehensive knowledge base. 

Comparing new designs and setups with multiple existing literature 
findings can often pose challenges due to differences in operating con
ditions, characteristic dimensions, and design applications. Further
more, in some instances, authors may withhold critical data from 
simulations or experiments due to confidentiality concerns. This 
research reveals that the hybrid pin-fins with top geometries can 
outperform traditional shapes and conventional designs in terms of HTC 

Fig. 17. Colormap and summary of heat transfer performance of all design.  
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performance, as reported in prior related studies [61,89]. However, it’s 
crucial to recognise that, depending on the acceptable trade-offs in the 
application and HTC, our design may or may not also excel or under
perform at extremely high Reynolds numbers employed in other in
vestigations. Hence, the availability of future rapid performance 
indicators, facilitated by machine learning and based on readily avail
able parameters such as volume or surface area, will aid both the design 
and optimisation stages of heat transfer research and beyond. 

Moving forward, the critical findings from this study call for a 
paradigm shift in pin–fin heat sink design. The traditional reliance on 
simplistic geometric configurations may limit the potential for optimal 
heat dissipation. Instead, a holistic approach that considers the intricate 
balance between flow dynamics, heat transfer efficiency, and energy 
dissipation patterns should be pursued, especially given the availability 
of advanced manufacturing techniques. Similarly, advanced techniques 
and combined approaches involving machine learning, multi-objective 
optimisation algorithms [99], CFD simulations, and experimental in
vestigations can drive the next generation of heat sinks and enable a 
broader design choice to identify novel configurations that offer 
enhanced thermal performance. Furthermore, future research should 
focus on integrating advanced materials and surface enhancements into 
complex pin–fin designs to amplify cooling and heat transfer, but with 
reduced cost [100]. Integrating combined innovative approaches, such 
as surface coatings, micro/nanostructured surfaces, and additive 
manufacturing techniques, have the potential to significantly alter flow 
characteristics and enhance convective heat transfer, thereby over
coming the limitations of conventional designs. 

The discussion of the findings emphasises the need for a compre
hensive re-evaluation of pin–fin heat sink designs. The dominant per
formance of the biomorphic PHT and MT design in most metrics, 
coupled with the limitations observed in other designs, highlights the 
potential for significant improvements. By embracing a multidisci
plinary approach that combines insights from fluid dynamics, heat 
transfer, machine learning, and design for manufacturing consider
ations, researchers can unlock the full potential of pin-fins and develop 
next-generation heat sink solutions with superior thermal performance, 
reduced size and cost, and improved energy efficiency. Nonetheless, 
despite ensuring different measures and robust methods to ensure the 
reliability of this study, it is also important to acknowledge the limita
tions of this study. The findings rely on a specific set of experimental and 
simulation conditions and limited data points, and therefore, general
isability to other scenarios needs further assessment. Additionally, while 
advanced materials and additive manufacturing were discussed as po
tential avenues for improvement, their practical implementation and 
scalability need to be explored [62,101]. Future research should address 
these limitations to ensure the practicality and real-world applicability 
of the proposed design strategies. Therefore, although the study pro
duces valuable findings, the authors accept the limitations or criticism 
that may arise related to this investigation. 

6. Conclusion 

In conclusion, this study provides valuable insights into the perfor
mance and limitations of various novel pin–fin designs for heat transfer 
and fluid flow in mini channels. The combination of computational fluid 
dynamics (CFD), experiments, and machine learning techniques offers a 
fresh perspective in the development of hybrid biomorphic pin-fins, with 
potential reductions in manufacturing time and costs. The key findings 
include:  

▪ Dominant performance of the plain hexagon top (PHT) design 
in heat transfer coefficient (HTC) and Nusselt Number (Nu), 
challenging the conventional understanding of the correlation 
between surface area and heat transfer. The novel scutoid- 
based designs produce 1.5 to 1.7 times better heat transfer 

performance with a 6 % to 14 % weight reduction compared to 
the base rectangular/square fin design;  

▪ Numerical thermal analysis demonstrates the superiority of 
hexagon-based designs (PHT and MT) and raises concerns 
about the suitability of conical (CT) and tetrahedral (DT) de
signs for high-performance heat dissipation. Fin efficiency 
shows minimal differences among designs, with the CT design 
having the highest efficiency.  

▪ Temperature, velocity, and turbulent kinetic energy contours 
highlight the importance of geometry and even velocity dis
tribution within the pin–fin region for efficient convective heat 
transfer, with the PHT design excelling in this aspect. The CT 
and DT designs exhibit flow separation regions, compromising 
heat dissipation uniformity due to intense vortex formation, 
leading to uneven heat distribution. Turbulent energy dissipa
tion patterns further emphasise the complexity of heat transfer 
processes but provide insights into the underlying mechanism;  

▪ Machine learning predictions demonstrate the potential of 
using volume and surface area as predictors of the HTC, 
simplifying design optimisation and exploration, and providing 
quick performance indicators. Ensemble methods and multiple 
linear regression perform the best among the compared models 
(mean absolute percentage error <5 %). 

In summary, this study contributes to the knowledge of pin–fin heat 
sink designs, highlighting the dominance of non-conventional designs 
and the importance of combining multiple strategies. Integrating 
advanced design and manufacturing techniques and utilising machine 
learning can unlock the full potential of pin-fins, leading to next- 
generation heat sink solutions with superior performance, reduced 
size, cost, product development times, and improved energy efficiency. 
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