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ABSTRACT
In this paper, the three-dimensional, non-isothermal CFD model has been developed for the purpose of studying
thermal performance of heat sink with perforated fins. Four samples of pin fins heat sinks with different
geometrical patterns were proposed. The governing equations were discretized using a finite-volume method
(FVM) and solved using multi-physics COMSOL package v. 5.3 and validated with available experimental
results. CFD results were in accordance with the experimental results, showing a reliability related to CFD
simulation model applied in this study. Results have shown that the perforated pin fins increase the heat dissipation
rate and provide a sufficient and inexpensive improvement in the thermal transfer. The fins arrangement was also
studied, and the results showed that the arrangement had a significant impact on improving heat transfer. the
average heat transfer coefficients in terms of perforated fins were high compared to solid fins, and the heat
dissipation of sample 3 was higher than for other samples.
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INTRODUCTION
Various systems of engineering are producing heat throughout their operation, in the case when such heat isn’t
rapidly dissipated to the surrounding atmosphere, thus might result in that the temperature of system components
is increased, such by-product is resulting in dangerous problems of overheating in the system and results in failure
of the system, thus the created heat in the system should be rejected to its surroundings for maintaining the system
at desired level of the temperature to work properly [1]. In addition, the pin fins have various industry application
because of their good heat transfer efficiency, for instance, in cooling regarding electronic components, heat
exchangers, in cooling regarding gas turbine blades, and so on. [2]. The e-cooling by natural convection using
finned heat sinks was typical practice since it can be implemented easily, increased reliability and powerless
operation [3]. In addition, the extended Surface (Fins) was utilized in various applications for increasing heat
transfer from surface. Generally, a fin material is of an elevated thermal conductivity, while fin was exposed to
flowing fluid, that will heat or cool it, with elevated thermal conductivity which will allow elevated heat to be
conducted from a wall through the fin. Also, the fins were utilized for enhancing the convective heat transfer in
various engineering applications as well as offering considerable ways to achieve a wide total heat transfer surface
area with no utilization of extreme amounts of the primary surface area.
Commonly, fins were utilized to the management of heat in the electrical appliances like computer power supplies
or sub-station transformers, while other applications involve cooling of the IC engine, like fins in cars radiators.
Also, the fins were majorly utilized in trailing edges regarding blades of the gas turbine, aerospace industry and
e-cooling, the heat transfer of pins-pins is impacted via relative fin height (H/d) [4]. Typically, in the case when
there is small convective heat transfer coefficient, (an instance majorly faced when the gas is the surrounding
fluid), the heat transfer rate might be considerably increased via installing fin on surface or extended surface.
Also, the extended surface might be defined as circumferential or annular fins, straight fins, as well as spines or
pin fins [5]. In addition, the pin fins have various industry applications because of their good heat transfer
performance, for instance, cooling of gas turbine blades, cooling of the electronic components, and lately, hot
water boilers related to the central heating systems, and so on. [6]. The microchip’s power density is increased
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with the quick developments of electronic technologies. Therefore, the electronic system’s cooling is vital to
control the temperature of component and avoid hot spots.
Commonly, the heat sinks were used with other technologies for enhancing the process of heat transfer. Generally,
the heat sinks were developed for benefiting from extended surfaces fins (pin fins or plate fins). Also, the jet
impingement might be included in the design for further enhancing heat transfer [7]. Also, a literature review is
showing that many studied made efforts for improving the design as well as providing mass optimized space
regarding heat sink. A study conducted by H. Yuncu and B. Yazicioglu [8] made experiments over 30 fin
configurations with 250mm and 340mm fin length. In addition, an optimum fin spacing that is related to
aluminium rectangular fins on vertical base has been studied, while it has been identified that the optimal fin
spacing is different for all fin heights that was in range of 6.1 and 11.9mm. A study conducted by A. Walunj and
D. Palande [1] examined the experimental steady state natural convections from a heat sink with the narrow plate
fins which have parallel arrangements that are mounted on inclined base. Al heat sink with lengths 200 and 100
mm have been modelled. The thickness of the film has been kept constant at 5mm, while the height of the fin is
10mm, 20mm, as well as 30mm for a fin of100mm length, whereas it is 20mm, 40mm as well as 60mm for a fin
of length 200mm, while the heat sink is kept at 0.10, 0.20, and 0.30 aspect ratio.
In addition, the rectangular base has been made incline for 0 o, 10o, 20o, 45o, 70o, 80o, and 90o keeping upward
facing fins. Furthermore, the heat input is changed between (60w and 100W). The impact of fin length, fin height,
the base inclination is specified. Furthermore, the range of angle of inclination is proposed and show
corresponding rate of heat transfer. The impact of aspect ratio over the natural convection has been studied. A
study conducted by Ammar M. Hadi et. al,[9] examined the performance regarding heat sinks which were created
from brass utilizing Laser method, such heat sinks were individually coupled with the simulated electronic circuit
involving power transistor for dissipating (freely) produced heat. Also, the bulk temperatures related to heat sink
as well as power transistor were estimated utilizing thermal camera. In addition, the results are showing that the
finned heat sink regarding either configuration augment heat transfer in comparison to smooth ones. It has been
indicated that the maximal reductions of the percentage in transistor’s temperature were showed wit h2 uncommon
configurations, referred to as drop shaped fin (DSF) 09.353% and leaf shaped fin (LSF) 09.352%. Furthermore,
it has been indicated that via such study and via utilizing many heat sinks models, increasing the surface area isn’t
just the factor (major) for increasing heat transfer to surrounding environment.
Thus, there is a possibility for designing fins with small surface area, yet more heat dispersion. A study conducted
by Saurabh D. Bahadure and G. D. Gosavi [2] examined experimentally and theoretically the thermal
performances regarding pin fin heat sink. Also, an experimental model is showing that it has the ability to predict
the impact of effective surface area regarding pin fin on thermal heat transfer coefficient. In addition, the pin fin
array was utilized in a variety of the applications for enhancing heat transfer and showing improvement in heat
transfer coefficient for various materials of in. Many types of experimental tests have been carried out with
corresponding variations involving the pin fin material and various pin fin perforation, while the perforation with
circular cross section was along with the pin fin’s height and their number is in range of (1-3). Furthermore, the
results specifying that the material with high thermal conductivity and a lot of perforations is providing extra heat
transfer coefficient. The perforation’s impact on heat transfer is examined. A study conducted by K. Al-Jamal and
H. Khashashneh [10] experimentally examined triangular as well as the pin fin array at a constant heat flux. Also,
Nu was specified as Remax function at Pr = 00.70 for the two experiment sets. With regard to every one of the
arrays, equation was acquired for determining Nu as Remax function utilizing experimental results, such regressions
were adequate with accuracy of measurements ±15% at Remax in range of (100-700).
A study conducted by B. Brigham and G. Vanfosen [11] examined the heat transfer through short pin fins in the
staggered arrangements, the results specified that long pin fins (H/d = 04.0) are transferring more heat compared
to short ones (H/d = ½ & 2), in addition to that the averaged heat transfer of the array with 8 pin fins rows
somewhat exceeding that with just 4 rows. The results indicated that mean heat transfer coefficient on surface of
the pin has been approximately 35% large, when compared to that on end walls. A study conducted by Metzger
etal. [12] examined the effects of the shape of the pin fin as well as the array orientation on pressure loss and heat
transfer in pin fin arrays. Based on the results, using cylindrical pin fins with the direction of the array that is
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between in-line and staggered might be promoting the heat transfer, whereas decreasing pressure. In the case when
using oblong pin fins, there will be an increase in heat transfer of about 20.0% over circular pin fins have been
estimated, yet such increase was offset via the increase in pressure loss of approximately 100%. Furthermore,
their estimation specified that the coefficients of the pin fin surface have been about double the values of the end
wall.
A study conducted by R. Karthikeyan and R. Rathnassamy [4] examined the friction properties and heat transfer
regarding convective heat transfer via rectangular channel with square and cylindrical cross section pin fins which
are attached over rectangular duralumin flat surface. In addition, the pin fins have been arranged in staggered and
in-line way. Different clearance ratio values (C/H=0, 0.50 and 1) as well as ratios of the inter fin distance
(Sy/d&Sx/d) are utilized, while experimental results are showing that using square cross section pin fins could
result in advantages on the basis of heat transfer enhancements. With regard to high thermal performance, the low
inter fin distance ratio as well as the clearance ratio, also comparatively low Reynold’s numbers must be required
for staggered and in-line arrangements, while the staggered pin fin array is considerable improved heat transfer
due to turbulence at cost of high drop of the pressure in wind tunnel, also the performance of square pin fin array
was somewhat high compared to cylindrical array with pressure drop penalty. In the presented work, a 3D-CFD
models related to heat sink with various patterns of the pin fins were modelled as well as analysed, also the models
accountable for heat transfer for the 2 forced convection and radiation to ambient temperatures of the air.
CFD MODELLING AND ANALYSIS
Numerical procedure and validation
The computational domains in terms of rectangular wind channel, also for each one of the tested samples are
displayed in Figure 1 and 2, while constant heat flux is used at heat sink’s base. Also, the uniform velocity at inlet
with air temperature 25 Celsius, no slip boundary conditions and ambient pressure at outlet have been utilized. In
addition, the outer walls regarding rectangular flow channel have been proposed for being thermally-insulated.
Simulations are achieved utilizing "COMSOL Multiphasic" software, whereas the stringent numerical tests are
carried out for each one of the samples for ensuring that solutions have been independent of grid size on the basis
of comparisons regarding Nusselt numbers as well as the average temperature related to heat sinks. Furthermore,
the quadratic mesh grid size of (49092 boundary elements, 1308010 domain elements and 1948 edge elements) is
chosen for providing adequate resolution (Fig3). The coupled set of equations has been iteratively solved, and
solution has been specified for being convergent in the case when relative error is less compared to 1.0×10 -6 in
each one of the fields between 2 consecutive iterations [13, 14]. For the purpose of validating the results of CFD
acquired in this work, Nusselt number of smooth plates with no fins was put to comparison with experimental
results provided via Bilen et al. [15] as displayed in Fig 4. CFD results were in accordance with the experimental
results, showing a reliability related to CFD simulation model applied in this study.

Figure 1. 3D computational domain the wind channel.
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Sample 1

Sample 2

Sample 3

Sample 4

Figure 2. Three-dimensional computational domains for the four designs of the heat sinks.

Figure 3. 3D computational quadratic mesh of the domain.
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Figure 4. Comparison of Nuselt numbers for a smooth plate without fins regarding the present CFD model and
experimental results of Bilen et al. [15].
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Conservation equations
The flow field was handled via fully 3-D steady state RANS (Reynolds Average Navier-Stokes) equations. The
continuity as well as equations of the momentum for the incompressible Newtonian fluid can be expressed bewlo
[14];
ρ

∂U
∂t

+ ρU. ∇U + ∇. (ρu' ⊗ u') = −∇ P + ∇. μ(∇U + (∇U)T ) + F

ρ∇.U = 0

(1)
(2)

in which U representing the average velocity value and ⊗ representing outer vector product.
In the presented study, k-ω model was adequately selected over k-ε model since it has more accuracy compared
to k-ε model for flows including strong streamline curvature [14, 16], in which the formulation related to such
turbulence model is in the following way [17, 18]:
ρ

∂k

ρ

𝜕𝜔

∂t

𝜕𝑡

+ ρu . ∇k = Pk − ρβ∗ kω + ∇ . ((μ + σ∗ μT )∇k)

(3)

𝜔

+ 𝜌u . 𝛻𝜔 = 𝛼 𝑃𝑘 − 𝜌𝛽𝜔2 + 𝛻 . ((𝜇 + 𝜎𝜇 𝑇 )𝛻𝜔)
𝑘

(4)

where,
𝜇𝑇 = 𝜌
𝛼=

13
25

𝛽𝑜 =
𝛽𝑜∗

𝑘

=

(5)

𝜔

𝛽 = 𝛽𝑜 𝑓𝛽 𝛽 ∗ = 𝛽𝑜∗ 𝑓𝛽 𝜎 =

13
125

𝑓𝛽 =

9

𝑓∗
100 𝛽

1+70𝑋𝜔

𝑋𝜔 = |

1+80𝑋𝜔

1
={

2

𝜎∗ =

𝛺𝑖𝑗 𝛺𝑗𝑘 𝑆𝑘𝑖
(𝛽𝑜∗ 𝜔)3

𝑋𝑘 ≤ 0

1+680𝑋𝑘2
1+400𝑋𝑘2

1

𝑋𝑘 > 0

1

(6)

2

|

𝑋𝑘 =

(7)
1
𝜔3

(𝛻𝑘 . 𝛻𝜔)

(8)

In which 𝜔𝑖𝑗 representing mean tensor of rotation rate.
1 ̅̅̅̅̅
𝜕𝑢𝑖

𝛺𝑖𝑗 = (

2 𝜕𝑥𝑗

−

̅̅̅̅̅
𝜕𝑢𝑗
𝜕𝑥𝑖

)

(9)

and 𝑆𝑖𝑗 representing mean strain rate tensor.
1 ̅̅̅̅̅
𝜕𝑢𝑖

𝑆𝑖𝑗 = (

2 𝜕𝑥𝑗

−

̅̅̅̅̅
𝜕𝑢𝑗
𝜕𝑥𝑖

)

(10)
2

2

3

3

𝑃𝑘 = 𝜇 𝑇 (𝛻 𝒖: (𝛻𝒖 + (𝛻 𝒖)𝑇 ) − (𝛻. 𝒖)2 ) − 𝜌𝑘𝛻. 𝒖

(11)

where u, 𝜌𝑓 , p, and 𝜇𝑓 were the velocity [m.s-1], density [kg/m-3], pressure [Pa], as well as dynamic viscosity
[N.s.m-2] of the fluid respectively.
Equation of Energy
𝑢. 𝛻𝑇 =

𝑘𝑓
𝜌𝑓 .𝐶𝑝

𝛻 2𝑇

(12)

In which 𝑘𝑓 , and Cp were the thermal conductivity [W/m.K] as well as specific heat [J/kg.K] regarding fluid. T
represents temperature [K].
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Solid region energy equation
𝑘𝑠 . 𝛻 2 𝑇 = 0

(13)

where 𝑘𝑠 represents the solid’s thermal conductivity [W/m.K]. Subscripts "f" as well as "s" referring to fluid and
solid.
Data acquisition
The parameters characterizing fluid flow of air and heat transfer within the wind tunnel with heat sink were
specified as follows [9]. The main percentage regarding power, 𝑄𝑝𝑜𝑤𝑒𝑟 , supplied via heater to heat sink sample
was transferred to the air flow through the convective heat transfer, 𝑄𝑐 , whereas a slight, yet not negligible, power
portion, 𝑄𝑝𝑜𝑤𝑒𝑟 , was transferred to the walls of the wind channel via radiative heat transfer, 𝑄𝑟 . Furthermore, 𝑄𝑟
& 𝑄𝑐 were radiative heat flux and convective heat flux.
The radiative heat transfer is given by;
𝑄𝑟 = 𝜎. 𝜖. 𝐴. (𝑇𝑠4 − 𝑇𝑤4 )

(14)

In which 𝜎 represents Stefan Boltzman constant, 𝜖 represents sample surface’s emissivity, A represents sample
surface area, 𝑇𝑠 represents the temperature of low sample surface area (sample base), 𝑇𝑤 representing the
temperature of wind channel wall.
The conductive heat transfer is given by;
𝑄𝑘 = 𝑘. (𝑇𝑠 − 𝑇𝑔 )

(15)

In which k representing sample thermal conductivity, 𝑇𝑔 representing the temperature related to upper sample
surface area.
The convective heat transfer is given by;
𝑄𝑐 = 𝑄𝑝𝑜𝑤𝑒𝑟 − 𝑄𝑟 − 𝑄𝑘

(16)

𝑄𝑐 = 𝑄𝑝𝑜𝑤𝑒𝑟 − 𝜎. 𝜖. 𝐴. (𝑇𝑠4 − 𝑇𝑤4 ) − 𝑘. (𝑇𝑠 − 𝑇𝑔 )

(17)

The power provided by the heater can be calculated as;
𝑄𝑝𝑜𝑤𝑒𝑟 = 𝑉. 𝐼 =

𝑉2

(18)

𝑅

The thermal transmittance 𝑇𝑟 is calculated as;
𝑇𝑟 = (𝑇

𝑄𝑐

(19)

𝑠 −𝑇𝑎 )

where 𝑇𝑎 is the air temperature.
𝑇𝑟 =

4 )−𝑘.(𝑇 −𝑇 )
𝑄𝑝𝑜𝑤𝑒𝑟 −𝜎.𝜖.𝐴.(𝑇𝑠4 −𝑇𝑤
𝑠 𝑔

(20)

(𝑇𝑠 −𝑇𝑎 )

The convective heat transfer might be estimated as follows;
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ℎ=
ℎ=

𝑄𝑐

(21)

𝐴.(𝑇𝑠 −𝑇𝑎 )
4 )−𝑘.(𝑇 −𝑇 )
𝑄𝑝𝑜𝑤𝑒𝑟 −𝜎.𝜖.𝐴.(𝑇𝑠4 −𝑇𝑤
𝑠 𝑔

(22)

𝐴.(𝑇𝑠 −𝑇𝑎 )

The Reynolds number can be calculated as;
𝑅𝑒𝐿 =

𝑢.𝐿

(23)

𝜈

In which u representing air velocity in wind tunnel, L representing characteristic heated edge regarding the sample,
𝜈 representing air’s kinematic viscosity.
The Nusselt number is given by;
𝑁𝑢 =

ℎ.𝐿

(24)

𝑘

RESULTS AND DISCUSSIONS
As previously indicated, the numerical have been carried out at various Reynolds number for the four types that
are related to the pin-fin arrays. Also, all the results have been carried out at steady state conditions. Figures (5
and 6) are providing a contour plot specifying the contour regarding Surface temperature distributions for all
studied heat sinks samples at 1500 and 5000 Reynolds number, respectively. The figure is showing that the
maximal temperature happens at heated bottom wall related to heat sink. It has been indicated that the heat
dissipation was high between the sample 3 as well as the other samples arrays because of the differences in pinfin arrays, the number of holes, and direction in each pin fins. Besides, this is indicating the beneficial effects
which turbulence from pins has on the base heat transfer performance.
Figures (7 & 8) show a comparison regarding velocity distributions in flow field of various overall studied heat
sinks samples at 1500 and 5000 Reynolds number, respectively. It has been indicated that, even though the
Reynolds numbers were constant, there have been differences between velocity distributions regarding 4 heat
sinks samples. This is because of the difference in pin-fin arrays as well as the e number of holes in each one of
the pin-fins. The static pressure distributions over the surface area of fins are illustrated in Figures (9 and 10) for
all studied heat sinks samples at 1500 and 5000 Reynolds number, respectively. The figures show the static
pressure increases with increasing Reynolds number for the same sample, the static pressure is slightly lower for
heat sink sample 3 as a result of the increased number of holes in each pin fin. Figures (11 and 12) Vortices
developing mechanism over the surface area of fins for all studied heat sink samples at 1500 and 5000 Reynolds
number, respectively.
Figure (13) illustrates Nusselt number for all of studied heat sink samples at different values of the Reynolds
number. The pins are enhancing the heat transfer rate because of adding their surface area, and via the increase in
levels of flow turbulence, this providing excellent transport rates. In this section, the results for 2 Reynolds
numbers were provided: 1000 and 50000. In addition, the first one indicating a laminar flow regime, while the
other is showing turbulent flow regime. Fig14 illustrates thermal transmittance for all studied heat sink samples
at different Reynolds number values. The figure is showing that all heat sink sample types increasing the thermal
transmittance regarding heat transfer with increasing the value of Reynolds number. As the surface area contact
to air increases of the fins resulting in the thermal transmittance to increase.
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Sample 1

Sample 2

Sample 3

Sample 4

Figure 5. Surface temperature distributions for all studied heat sinks samples at 1500 Reynolds number.

Sample 1

Sample 2

Sample 3

Sample 4

Figure 6. Surface temperature distributions for all studied heat sinks samples at 5000 Reynolds number.
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Sample 1

Sample 2

Sample 3

Sample 4

Figure 7. Air flow velocity profile over all studied heat sinks samples at 1500 Reynolds number.

Sample 1

Sample 2

Sample 3

Sample 4

Figure 8. Air flow velocity profile over all studied heat sinks samples at 5000 Reynolds number.
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Sample 1

Sample 2

Sample 3

Sample 4

Figure 9. Surface The static pressure distributions over the surface area of a fins for all studied heat sinks
samples at 1500 Reynolds number.

Sample 1

Sample 2

Sample 3

Sample 4

Figure 10. Surface The static pressure distributions over the surface area of a fins for all studied heat sinks
samples at 5000 Reynolds number.
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Sample 1

Sample 2

Sample 3

Sample 4

Figure 11. Vortices developing mechanism over the surface area of a fins for all studied heat sinks samples at
1500 Reynolds number.

Sample 1

Sample 2

Sample 3

Sample 4

Figure 12. Vortices developing mechanism over the surface area of a fins for all studied heat sinks samples at
5000 Reynolds number.
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Figure 13. Nusselt number for all studied heat sinks samples at different Reynolds number.

Figure 14. Thermal transmittance for all studied heat sinks samples at different Reynolds number.

CONCLUSIONS
In this study, 3D, non-isothermal CFD detailed model was created for studying the thermal performance related
to heat sink with various patterns of the perforated pin-fins. The research has shown the parameters of the
performance regarding heat sink as Reynolds number function. The impacts of flow as well as geometrical
parameters on pressure characteristics and heat transfer are specified. With regard to perforated fin, more heat
transfer was acquired compared with the solid fins. Furthermore, the average heat transfer coefficients in terms of
perforated fins were high compared to solid fins, and the heat dissipation of sample 3 was higher than for other
samples.
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