
Engineering, Technology & Applied Science Research Vol. 14, No. 2, 2024, 13883-13889 13883  
 

www.etasr.com Al-Zahrani: CFD Analysis for Improving Forced Convection Heat Transfer from Newly Designed … 

 

CFD Analysis for Improving Forced 

Convection Heat Transfer from Newly 

Designed Perforated Heat Sinks 
 

Ahmed Al-Zahrani 

Department of Mechanical and Materials Engineering, Faculty of Engineering, University of Jeddah, 

Saudi Arabia 

aalzahrani@uj.edu.sa (corresponding author) 

Received: 27 February 2024 | Revised: 16 March 2024 | Accepted: 20 March 2024 

Licensed under a CC-BY 4.0 license | Copyright (c) by the authors | DOI: https://doi.org/10.48084/etasr.7155 

ABSTRACT 

This study develops a 3D-CFD model to analyze the thermal performance of perforated fin heat sinks and 

evaluates four perforated continuous and interrupted fin heat sinks with distinct geometric patterns. Using 

the Finite-Volume Method (FVM) to discretize the governing equations, the SolidWorks 2019 flow 

simulation software was implemented to solve and validate the latter, demonstrating that the CFD 

simulation model employed in the current study is reliable. The performance parameters of the heat sink 

are presented in terms of Reynolds number and heater power. The results indicate that modules B and C 

achieved higher heat transfer rates, average heat transfer coefficient, and Nusselt number compared to the 

other modules. Module A had the highest fin efficiency and module D exhibited greater fin effectiveness 

than the other ones. 

Keywords-CFD; SolidWorks; forced convection; heat sink 

I. INTRODUCTION  

Most engineering systems generate heat as they operate. If 
this heat does not rapidly dissipate into the atmosphere, it could 
cause the system components to overheat and eventually fail. 
To prevent this, it is necessary to reject the heat to its 
surroundings so that the system remains at the desired 
temperature and continues to function properly [1-3]. To 
increase surface heat transfer, expanded surfaces (fins) are used 
in several applications. It is common for fin materials to have 
high thermal conductivity, which allows for the heat transfer 
from a wall to the fin when  the latter is subjected to a flowing 
fluid, which can either heat or cool it. In addition to their 
contribution to improving convective heat transfer, fins provide 
significant methods for increasing total heat transfer surface 
area while minimizing the use of the primary surface area, 
which is beneficial in many engineering applications [4]. 

Fins are also frequently deployed in power management, 
electrical, and automotive systems. They function as heat sinks, 
dissipating excess heat from moving or processing systems or 
mechanisms [5-7], such as engine cooling or condensers in air 
conditioning and refrigeration [8-10]. In addition, fins are 
utilized in gas turbine blade trailing edges, the aerospace 
sector, and electronic cooling. Relative fin height (H/d) affects 
the heat transfer of pins to pins [5]. Installing a fin on the 
surface or an extended surface can typically significantly boost 
the heat transfer rate in cases where the convective heat transfer 
coefficient is minimal, which is primarily encountered when 
the surrounding fluid is gas. Furthermore, straight fins, spines, 

pin fins, and circumferential or annular fins may also be 
considered forms of expanded surface [11]. Additionally, pin 
fins have several industrial applications due to their high heat 
transfer efficiency, including cooling electronics, heat 
exchangers, gas turbine blades, and more [12]. Perforated fins 
increase heat transfer and reduce material weight [13]. Fin 
spacing and shape affect heat transmission [14-16]. The ideal 
perforation shape for better heat transfer is unknown. 
According to [4], increasing the heat transfer coefficient or the 
fin surface area improves the heat transfer. Many studies have 
investigated how to increase the heat transfer of fins. In [17], 
the effect of perforation on heat transfer was studied in modern 
thermal systems, disclosing that the heat coefficient increases 
the heat transfer rate. 

Recent studies have improved compact, lightweight designs 
to maximize heat dissipation with little material exposure, 
including choosing material, perforated, and interrupted plates 
[18-19]. Some studies add cavities, holes, slots, grooves, or 
channels to fin bodies to increase the heat transfer area and 
coefficient. Perforated studies help to raise the heat transfer 
coefficient. The surface of heat transmission is augmented by 
perforating the fin bodies [13]. In [20], mixed convection in a 
3D square duct with different fin configurations was 
statistically evaluated in laminar and turbulent flows. Inclined 
fins promote heat transfer by 40-50% under laminar flow 
conditions and 15-20% in turbulent flow over base plate heat 
transfer. The effect of limiting heat input on temperature 
distribution has been extensively studied. The fin temperature 
dramatically drops when the fins are optimally arranged in the 
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air flow stream. In [21], an innovative Plate-Pin Fin (PPF) heat 
sink was numerically and experimentally investigated. A 
straightforward plate-fin heat sink was altered by spacing 
several column-shaped pins between the plate fins. Under the 
same conditions, it was discovered that PPF had 30% less 
thermal resistance than plate-fin heat sinks. In [22], the thermal 
performance and the convective heat transfer coefficient of 
plate fins and plate cubic pin-fin heat sinks were explored 
under natural convection. Compared to plate-fin heat sinks, 
plate-cube pin-fins were more effective heat transfer agents 
with a remarkable improvement of 10-41.6%. 

Plate-fin heat sinks are the most popular ones because of 
their simple shape and sattisfactory thermal performance. This 
study investigates a new interrupted perforated plate with cubic 
pin-fin heat sinks, continuous and interrupted plate-fin heat 
sinks, and cubical pins with linear arrangements between plate 
fins. Four different modules, namely perforated plate fin-tilted 
square pin fin (Module A), inclined perforated plate conv div-
tilted square pin fin (Module B), corrugated perforated plate-
tilted square pin fin (Module C), and inclined perforated 
parallel plate-tilted square pin fin model (Module D) are 
presented and evaluated. The heat transfer enhancement for 
modules with different heat sink powers and Reynolds numbers 
was studied and compared using 3D-CFD. 

II. CFD MODELING AND ANALYSIS  

A. Problem Description 

Holes are punched into the fins to prevent the viscous 
boundary layer from expanding along the plain fins. 
Furthermore, the fins are improved with perforations, which are 
circular holes, to provide a better rate of heat transfer and 
reduce temperature. Four heat sink modules were examined in 
this study using forced convection: 

 Module A: Perforated plate fin-tilted square pin fin. 

 Module B: Inclined perforated plate conv div-tilted square 
pin fin. 

 Module C: Corrugated perforated plate-tilted square pin fin. 

 Module D: Inclined perforated parallel plate-tilted square 
pin fin. 

In the simulation, each heat sink is studied at power supply 
values of 20, 40, 60, 80, and 100W, and different values of air 
inlet velocity of 0.5, 0.75, 1, 1.25, 1.5, 1.75, and 2 m/s. During 
simulation, the air inlet temperature is maintained at 22°C to 
simulate an air conditioning environment, which varies from 22 
to 25°C to achieve thermal comfort conditions. All heat sinks 
are aluminum alloy with 239 W/m.K thermal conductivity. 
Figure 1 depicts the CAD models of the proposed heat sinks 
with detailed dimensions. 

B. Numerical Methodology and Validation 

The computational domains for the rectangular wind 
channel with a constant heat flux at the base of the heat sink are 
demonstrated in Figure 2. Furthermore, in conjunction with an 
atmospheric temperature of 22°C, uniform velocity at the input 
and no-slip boundary conditions at the exit are implemented.  

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Fig. 1.  CAD models of the proposed heat sinks: (a) Module A, (b) Module 

B, (c) Module C, (d) Module D. 
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The thermal insulation of the exterior walls of the 
rectangular flow channel was proposed. Simulations were 
carried out using the SolidWorks 2019 flow simulation 
software. To confirm the solution's independence from grid 
size, extensive numerical testing is conducted on each module. 
This verification process involves comparing the Nusselt 
numbers and the average temperature associated with the heat 
sinks. Furthermore, to ensure adequate resolution, a quadratic 
mesh grid consisting of 2,425 edge elements, 51,322 boundary 
elements, and 149,063 domain elements was implemented. The 
coupled system of equations was solved through an iterative 
process. A solution is considered to have converged when the 
relative error between two subsequent iterations in each of the 
fields is less than 1.0×10

-6
 [23-24]. To validate the 

Computational Fluid Dynamics (CFD) results of this study, the 
Nusselt number of smooth plates without fins was compared 
with experimental data, as illustrated in Figure 3. The 
agreement between the experimental and CFD results indicates 
that the CFD simulation model used is reliable. 

 

 
Fig. 2.  3D computational domain: (a) module meshing, (b) wind tunnel 

(dimensions in mm). 

 
Fig. 3.  Comparison of the Nuselt numbers obtained experimentally by 

[26] and the current CFD model for a flat plate free of fins. 

C. Governing Equations 

SolidWorks 2019 Flow Simulation deploys established 
CFD technology to calculate fluid (gas or liquid) flows, inside 
and outside SolidWorks models, and heat transfer due to 
convection, radiation, and conduction [26-27]. SolidWorks 
2019 flow simulation employs transport equations for 
dissipation rate and turbulent kinetic energy utilizing a k-ε 
model. The flow conditions are predicted using the Navier-
Stokes equations. The damping function of the modified k-ε 
model, as presented in [28], provides a mathematical 
framework for characterizing fluid flow behavior. The concepts 
of fluid dynamics' turbulence conservation are applied in this 
model. Its primary strength is its ability to accurately depict the 
intricate relationships between fluid motion and turbulence.  
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where Cμ = 0.09, Cε1 = 1.44, Cε2 = 1.92, σk = 1, σε = 1.3,  
σB = 0.9, and CB = 1 if PΒ > 0. 

Turbulent viscosity is calculated as: 

�� � )� 7 89,'-
#     (5) 

The dumping function calculation is defined as [28]: 
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where: 

AB � ,√'B
�      (7) 

A� � ,'-
�#      (8) 

D. Data Analysis 

The average heat transfer between the heat sink surface 
temperature and the average mean air temperature can be 
calculated as: 

ℎ � E
FGH�G<�IJKLM    (9) 

The average Nussult number based on hydraulic duct diameter 
and average heat transfer coefficient is determined by: 
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 � OPℎ
QK	R�IJKL

    (10) 

Fin efficiency is the ratio of the actual heat transfer to the 
maximum value of the heat sink and is calculated by: 

ST�U � E
EIKV

,   WXY� � ℎZ[�\] � \X^YU�  (11) 

where ηfin < 1. Fin effectiveness is the ratio of the actual heat 
transfer rate to the heat rate based on the heat sink temperature 
base and is calculated by: 

�T�U � E
ℎF_��_<�IJKL� � FG

F_
ST�U   (12)  

where εfin > 1. 

III. RESULTS AND DISCUSSION 

The thermal performance of the new design of four 
perforated plate-fin heat sink modules (modules A, B, C, and 
D) was numerically studied under forced convection 
conditions. Exploring the CFD of a new design for a heat sink 
is crucial for the thermal management and cooling of electronic 
devices. As electronic components decrease in size and grow in 
power density, efficient heat dissipation becomes crucial for 
maintaining peak performance and reliability. The design of the 
perforated plate fin has unique characteristics that can greatly 
influence thermal performance, including an increased surface 
area and increased airflow. CFD models are used to examine 
the heat transfer properties, fluid flow patterns, and temperature 
distribution inside the heat sink. This comprehensive approach 
enables iterative improvement of the design, maximizing its 
efficiency in dispersing heat. The effect of the operating 
parameters, namely the Reynolds number (Re) from 5,000 to 
20,000 and the heater power (Q) from 20 to 100 W, on thermal 
performance, entailing heat sink surface temperature 
distribution, convection heat transfer coefficient (h), Nusselt 
number (Nu), fin efficiency (ηf), and fin effectiveness (εf), was 
investigated for the four proposed heat sink modules. 

 

 
Fig. 4.  Surface temperature distributions of modules A, B, C, and D at 

Re = 5000 and Q =20 W. 

The numerical simulations were performed with various 
Reynolds numbers (5,000-20,000) and heater power (20-100 
W). The simulations were carried out under steady-state 
conditions, which is also a crucial aspect. Figures 4 and 5 
exhibit contour maps that depict the surface temperature 
distributions of the heat sink modules examined at Reynolds 
numbers of 5,000 and 20,000, respectively, and Q = 20 W. 
These figures indicate that increasing the vortices inside the 
heat sink by controlling and directing the fluid at the entrance 
of the heat sink and consequently increasing recirculation zones 
and velocity fluctuations in proximity to the walls leads to 
improved heat transfer efficiency. 

 

 
Fig. 5.  Surface temperature distributions of modules A, B, C, and D at 

 Re = 20000 and Q = 20 W. 

However, this improvement may not be consistent when 
considering other physical phenomena, such as the heat sink 
surface area. With increasing Re, the surface temperatures of 
all modules decrease, especially for modules B and C. Also, the 
maximum surface temperature occurs at the heated base wall of 
the heat sink. The figures clearly show that there was a notable 
increase in heat dissipation in modules B and C compared to 
modules A and D, attributable to variations in the inclined 
perforated conversion-diversion V tilted square pin fin in 
module B, the inclined perforated parallel plate tilted square 
pin fin in module C, and the flow directional aspects within 
each module. This highlights the positive influence of 
turbulence generated by the perforated conversion diversion 
and parallel plate on the fundamental heat transfer performance 
at the module's surface.  

Figure 6 displays the effect of heater power (Q = 20 W and  
Q = 100 W) on the surface temperature distributions of module 
A at Re = 5000. Figures 7 and 8 depict the average heat transfer 
coefficient (h) and Nu for all heat sink modules at various 
Reynolds numbers and specified heater power (Q). Figure 7 
reveals that the heater power does not affect the average 
convective heat transfer coefficient. This can be attributed to 
the heat transfer coefficient calculated based on the heat flux 
and the temperature difference between the average 
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temperature of the heat sink surface and the average air 
temperature at the inlet and outlet from the heat sink, where 
with increasing heater power the temperature difference rises. 
Furthermore, Figures 7 and 8 demonstrate that the heat transfer 
coefficient and Nu increase with increasing Reynolds number, 
and it is also clear that modules B and C have higher heat 
transfer coefficients than A and D due to increasing flow 
turbulence that results in improved transport rates. 

 
Fig. 6.  Surface temperature distributions of module A at Re = 5000:  

(a) Q = 20 W, (b) Q = 100 W. 

 
Fig. 7.  Effect of Reynolds number on the average heat transfer coefficient  for modules A, B, C, and D for different heater power. 
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Fig. 8.  Effect of Reynolds number on the average Nusselt number for 

modules A, B, C, and D at Q= 100 W. 

 

Fig. 9.  Effect of Reynolds number on the fin efficiency (ηf) for modules 

A, B, C, and D at Q= 100 W. 

 
Fig. 10.  Effects of Reynolds number on the fin effectiveness (εf) for 

modules A, B, C, and D at Q= 100 W. 

Figures 9 and 10 illustrate the impact of the Reynolds 
number on fin efficiency (ηf) and fin effectiveness (εf) across 

various types of perforated heat sink modules. Figure 9 
indicates that module A exhibits a relatively higher fin 
efficiency compared to modules B, C, and D. The trend reveals 
a decline in fin efficiency as the Reynolds number increases. 
This decrease is attributed to the observed reduction in the base 
temperature of the heat sink at higher flow rates, as observed in 
Figure 9. On the other hand, Figure 10 shows that module D 
exhibits the highest effectiveness, followed by modules B and 
C, while module A had a lower fin effectiveness (ηf). 

IV. CONCLUSIONS 

A CFD model was developed to analyze the thermal 
performance, namely heat sink surface temperature 
distribution, convection heat transfer coefficient h, Nusselt 
number, fin efficiency (ηf), and fin effectiveness (εf), of four 
perforated plate-fin heat sink modules using the SolidWorks 
2019 flow simulation software. This study demonstrated the 
performance parameters of the heat sink as a function of 
Reynolds number and heater power. The results indicated that 
modules B, and C achieved higher heat transfer rate, average 
heat transfer coefficient, and Nyusselt number than modules A 
and D. Moreover, the fin efficiency (ηf) was higher for module 
A than for modules B, C, and D, and module D exhibited 
higher fin effectiveness (εf) compared to the other modules. 
The average Nusselt number for modules B and C was 6% and 
18% higher compared to modules D and A, respectively. The 
average Nusselt number for modules B and C increased by 
105%, and the fin effectiveness (εf) of module D decreased by 
15.6 with an augmentation in Reynolds number from 5000 to 
20000. Future work may consider the effects of pressure drop 
and thermal-hydraulic performance factor. 

NOMENCLATURE 

As The surface area of the heat sink, m2 

Ab Surface area of heat sink base, m2 

Dh Hydraulic diameter, m 

h Average heat transfer coefficient, W/m2
 °C 

Kair Average thermal conductivity of air, W/m °C 

Nu Average Nusselt number 

Q Convective heat transfer, W 

Qmax Power of heater, W 

Re Reynolds number 

ts The average surface temperature of the heat sink, °C 

tmean The average temperature of the air, °C 

v Air velocity, m/s 

Greek symbols 

μ Air dynamic Viscosity, kg/m s 

ν Air kinematic viscosity, m2/s 

ηfin Fin efficiency 

εfin Fin effectiveness 
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