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ARTICLE INFO ABSTRACT

Keywords: This paper presents a numerical study on the thermal efficiency of a pin fin heatsink (HEK). The
Thermal resistance working fluid used is an alumina/water nanofluid, which enters the HEK in a laminar flow regime
Temperature uniformity and exits from its surroundings. This study involves varying the distance between circular pin
Heatsink fins, their height, and their diameter. By altering these parameters, we determine the values of

Two-phase nanofluid

X X thermal resistance (THR) and temperature uniformity (Teta) on the HEK, along with the heat
Machine learning

transfer coefficient (HTC). We further optimize the obtained results using artificial intelligence
techniques to minimize the THR of the HEK, maximize the HTC, and achieve the best Teta on the
HEK. This numerical investigation employs a two-phase approach to model nanofluid flow within
the HEK. The optimization process yields predictions with an accuracy of less than 4%. The find-
ings reveal that increasing the height of the pin fins reduces the HTC and the heat capacity of the
HEK, while simultaneously improving the Teta on the HEK. Expanding the distance between pin
fins enhances the HTC, decreases the THR of the HEK, and further improves the Teta on the HEK.
Similarly, augmenting the diameter of the pin fins amplifies the HTC, reduces the THR, and en-
hances the Teta on the HEK.
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dIJ Nanoparticles diameter (nm)

g Gravitational acceleration (m2/s)
h Heat transfer coefficient (W/m2.K)
L Pin length (mm)

HEk Heat sink

k Thermal conductivity (W/m.K)

N Number of experiments

P Pressure (Pa)

Pr Prandtl number

Re Reynolds number

T Temperature (K)

Teta Temperature uniformity (Te=Tmn) (m2.K/W)
THR Thermal resistance (TM*';’T"") (m2.K/W)
% Velocity (m/s)

Vg Brownian velocity of nanoparticles
w Pin distance (mm)

Greek symbols

o) Solid volume fraction

p Dynamic viscosity (kg/m.s)

a Thermal diffusivity (m2/s)

p Thermal expansion coefficient

p Density kg/ m3)

6 Distance between particles

a; unknown coefficients

Subscripts

f Fluid

m Mixture

p Particle

1. Introduction

A large number of investigations are conducted yearly in applied industries due to the extensive use of HEKs in the fields. Re-
searchers are interested in HEKs because of their many uses and significance to companies [1,2]. The goal of this research is to modify
the shape of HEKs to increase their thermal efficiency. On the other hand, researchers have recently shown a lot of interest in the us-
age of nanofluids [3,4]. Nowadays, many researchers employ nanotechnology, which is one of the most important fields in heat trans-
fer (HTF) [5,6]. They use nanofluids in HEKs to improve their thermal efficiency [7,8]. HEKs have different shapes and many re-
searchers publish their publications in the field [9]. Alihosseini et al. [10] reviewed the effect of geometry on HEK thermal perfor-
mance. Liquid coolants are being used more and more in personal computers, laptops, servers, and supercomputers as a result of tech-
nological advancements and the downsizing of electronic systems. Micro HEKs are often used to accelerate cooling. The performance
of HEKs in terms of HTF is greatly influenced by proper geometric design. They reviewed articles in the field using three approaches:
(1) flow patterns approach, (2) cross-sectional geometry approach, and (3) inlets and outlets with different cross-sections. Ghaneifar
etal. [11] examined the hybrid nanofluid flow inside a foam-copper layered HEK. The HEK was composed of several layers that were
under constant heat flux. In the two suggested models, they tried to develop an appropriate HEK with the ideal thickness of porous
layers to increase HTF and reduce pressure drop. They considered dimensionless numbers to assess the performance evaluation crite-
ria (PEC) to evaluate favorable (HTF) and unfavorable (pressure drop) results. The influence of the thickness of each layer of the
porous media on thermo-hydraulic parameters such as friction coefficient, Nusselt number (Nu), and PEC was examined using compu-
tational fluid dynamics (CFD). Their results revealed that the use of porous layers significantly improves HTF and the maximum PEC
corresponds to a volume percentage (¢) of 0.1.

HEKs are widely utilized for the thermal management of many devices, such as solar panels, batteries, electronic devices, etc
[12,13]. Nowadays, the operation of many devices depends on the presence of HEKs, and the absence of HEKs can cause serious dam-
age to them [14,15]. The heat generation in many devices, such as electronic components, sub-processors, graphics cards, etc., as well
as some types of batteries such as lithium-ion batteries, has made researchers improve the thermal efficiency of HEKs [16,17]. Vari-
ous types of fluids such as water, ethylene glycol, air, etc. are used as cooling fluids in HEKs [18,19]. Today, due to the better effi-
ciency of nanofluids compared to the mentioned fluid, many researchers employ nanofluids in HEKs [20,21]. Nanotechnology is uti-
lized in many industries, such as heat exchangers. One of the important things in a HEK is its fabrication, which should be economical
and cost-effective. The use of pin fins to improve the thermal efficiency of HEKs is effective in terms of heat and fabrication. Many
studies have been conducted in the field of using pin fin heat sink [22-25]. Metzger et al. [26] experimentally investigated the effect
of pin fin geometry on improving the performance of internal airfoil coolers. First, a bunch of pins with circular sections with different
orientations was used. Then pins with rectangular sections were examined. Their results showed that circular pins with stepped and
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linear arrangements can increase heat transfer and reduce pressure drop in some cases. Using long pins increases heat transfer, but in-
creases pressure drop. In another study, Metzger and Aley [27] investigated the type of pins. Yu et al. [28] investigated a plate-pin fin
heat sink and compared its results with the plate fin heat sink. Their results showed that the thermal resistance of a plate-pin fin heat
sink was about 30% lower than the plate fin heat sink used to make a plate-pin fin heat sink under the condition of the same wind
speed. Ali Hussein [29] numerically investigated the heat transfer inside a pin-fin microchannel by examining the rectangular shape
of the pins. He used the finite element method to solve partial differential equations for the simulation of laminar flow and used water
as a single-phase fluid in cooling. His results showed that the increase in the mass flow rate led to an increase in the average Nusselt
number, pressure drop, and performance index while reducing the average thermal resistance. Therefore, many HEKs have been de-
signed by researchers using pin fins. In this article, a novel design of a HEK with circular pin fins is thermally analyzed. Inside the
HEK, several pin fins are used, and the fluid flows through them. Nanofluid is also used in the HEK to improve its performance. For a
better analysis, the heatsink Teta, THR, HTC, and pressure drop are assessed by changing the diameter and height of the pin fins and
their distance using machine learning.

2. Definition of the problem

The HEK is circular, where the laminar alumina/water nanofluid flow enters from the middle of the HEK (7}, = 293K, Re = 300)
and exits from its surroundings (p,,, = latm). Its height is 15 mm and a large number of circular pin fins are placed in it. Heat flux en-
ters it from under the heatsink and the upper part of the heatsink is insulated. Pins with specific lengths and heights are located on
the heatsink at a distance from each other as seen in Table 1. Fig. 1 illustrates a schematic of a part of the HEK and presents the ther-
mophysical properties of the nanofluid.

2.1. Governing equations for nanofluid two-phase flow

The governing equations for nanofluid flow are expressed as follows using the two-phase mixture method for steady flow and
Newtonian and incompressible fluid [31]:

Ve (pnVi) =0 1
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where V,, is expressed as follows [32]:

n
Z PPk Vp
_ k=l 5

Pm

Vv,

m

and Vg is obtained as

Vark = Vi =V 6

Vr =Vp =V 7
& OiP
Pi

Varp = Vir = Z Vi 8
i1 Pm

Finally, according to the equations of Manninen et al. [33] and Schiller and Naumann [34]:

Table 1
Variables related to the geometry of the pins and their change interval.

Parameter Start Finish
Pin length L (mm) 5 15
Pin distance w (mm) 10 15
Pin diameter d (mm) 1 4
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k (W/m.K) p (kg/m?) u(kg/m.s) Cp (J/kg.K)
Water 0.613 997.1 0.001 4179
Al,04 40 3970 B 765

Fig. 1. A schematic of the HEK and the properties of nanoparticles and water [30].
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The properties of nanofluid are obtained using the following relations [35]:
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Viscosity is calculated using the relation proposed by Masoumi et al. [36]:
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where V3 and § are the Brownian velocity of nanoparticles and the distance between particles, respectively, which can be obtained as
follows:
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Constants are obtained as
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The thermal conductivity is determined using the correlation introduced by Chon et al. [37]:
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2.2. Numerical method and optimization

In this paper, a numerical method is used to solve the problem. Numerical methods have been a technique for solving problems.
The finite element method (FEM) is used to analyze partial and full differential equations to study the behavior of linear and non-
linear systems in one-, two-, and three-dimensional issues. The geometry of the problem is first drawn, and then the geometry is di-
vided into several different elements. The elements are generated on the entire geometry, and the equations are solved on these ele-
ments. Since the physical system is divided into elements and nodes, all external and internal forces and specific parameters must be
converted into elements and nodes. The calculations are numerical and their error rate is very important; hence, at least two sources
of error are generated. Firstly, the solution for elements does not exactly match its actual values. More suitable elements lead to fewer
calculation errors. Fortunately, many solutions become more accurate by reducing the element size. The next error is due to the sim-
plifications of the algebraic equation. The governing equations become simpler, creating some errors. It should be remembered that
solving FEM is highly dependent on computers and computer programming, and the conditions governing computers and the meth-
ods used in the process of solving them to perform calculations should not be ignored. The FEM is conceptually simple and is used for
a wide range of two- and three-dimensional problems. The steps for solving the problem in the FEM method are given in Fig. 2.

In this paper, the response surface method is utilized for the optimization and statistical modeling of data. In the statistical
method, the interpretation and determination of parameters are based on the response factors to determine the optimal values. There-
fore, the response surface is a method for designing experiments, regression analysis, and calculating optimal values. This method is
employed in cases where there are certain controllable and effective factors. The geometrical parameters of the HEK are assessed and
sensitivity analysis is performed, and then, the optimal parameters are presented. The aim of using this method is to estimate the opti-
mal conditions and determine the values for the effective parameters to find the region and position where all the responses are opti-
mal. The other goal is to create a communication model between the input factors and the outputs. One of the necessary steps before
using response surface methods is to choose a suitable experimental design. Designs such as factorial can only be used for first-order
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Fig. 2. Steps of solving equations using the FEM method.

and linear models. However, concerning the data that is a quadratic function, one should utilize the plans provided by the response
surface method such as the central composite design (CCD).

The CCD method that was developed by Box-Wilson is employed in this study. This method can estimate the curvature well. This
approach typically uses five surfaces, however face-centered CCD may transform it into a three-surface method, which is often used in
engineering computations. The effective parameters and their change interval must be determined initially.

As a result, three components are identified at three different points throughout their change period. These settings take into ac-
count two different actual and coded symbol kinds. You can see that the beginning, middle, and end of the range of changes in the fac-
tors are defined in the surface column. The following polynomial function may be used in this manner to produce the mathematical
dependence:

3
Response = ay + Z ax; + Z oxx; + Z Z AXX; 23
s

i=1 j=1j#i

where aq, a;, a;; and a;; are unknown coefficients that are determined by the response surface method.

By examining the P-value, Fisher statistics along with R? and Rad]umd, the quality of the models can be evaluated. The larger R,
which is the evaluation coefficient of the regression model, indicates that the model is more successful in predicting the dependent
variable. The following relations can be used to calculate these coefficients [38]:

R = Explained sum of squares | Residual sum of squares 24
~ Total sum of squares Total sum of squares
—_R? —
R o U-R@-b 25
adjusted — N—-P—-1

where P is the number of prediction variables and N is the total number of experiments. In the model, terms having an F-value below
1 are eliminated [39]. Thus, B2 terms are removed from the Teta and the THR relations. Also, only terms L2 and B2 are removed in Be
relation. As a consequence, the regression equation is made simpler and it is easier to predict the outcomes.

2.3. Grid study and validation

To generate the grid on the HEK, the number of elements is different for different geometries due to the presence of pin fins and
the changes in their distance and dimensions. In Table 2, the values of THR and Teta are shown in the intermediate values of the vari-
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Table 2

The number of elements and their effect on the THR and Teta of the HEK.
No. of elements Teta (m2.K/W) Deference (%) R (m2.K/W) Deference (%)
372596 0.00064 17.9% 0.00040 29.8%
432967 0.00073 6.4% 0.00051 10.5%
535183 0.00078 0 0.00057 0
613737 0.00078 0 0.00057 0

ables for the grids with different elements. Other grid studies experience the same results. An example of a HEK grid is illustrated in
Fig. 3.

An experimental and numerical work by Aghakhani et al. [40] is used to verify the results. In this article, a circular HEK was uti-
lized and the effect of nanofluid flow was evaluated. They carried out the thermal analysis of aluminum and copper HEKs. Table 3
compares the temperature values of the water in the copper HEK obtained from the present work and the results reported by
Aghakhani et al. [40]. This comparison is done for three-volume flow rates and the maximum error was 7.5% by experimental work
and 0.9% by numerical work.

3. Results and discussion

It should be pointed out that the pin diameter is 2.5, the pin distance is 12.5, and the pin length is 12.5 if these parameters are not
mentioned in the text.

3.1. Contours for different parameter ranges

Fig. 4 illustrates the temperature contours in a horizontal cross-section of a HEK by changing pin diameter, pin distance, and
pin length. The temperature of the nanofluid from the inlet to the outlet is enhanced symmetrically from different angles in the
HEK by increasing the radius and distance from the center of the HEK. Contact with hot pins causes the temperature of the
nanofluid to rise in different parts. The pins are at different temperatures in the radial direction of the HEK, but they are symmetri-
cal in temperature relative to each other in the angle direction. Inner pins are at lower temperatures and outer ones are at higher
temperatures. The inner ones have better HTF due to the contact of nanofluid with the colder pins, and as a result, they have a
lower temperature. The change in the dimensions of the pins and their distance has a great impact on their temperature. Also, the
temperature of the nanofluid is changed by changing the dimensions of the pins and their distance. Pins with larger dimensions are
at a higher temperature and the fluid around them is also at a higher temperature. The enlargement of the pins causes the contact
surface of the pin and the nanofluid to enhance, leading to an increment in the temperature of the nanofluid in the parts where it
collides with the pins. When the diameter of the pins is small, their temperature is greatly reduced and becomes close to the tem-
perature of the nanofluid. By enhancing their diameter, their temperature becomes more different from the nanofluid and hotter
pins are seen in the HEK, indicating more HTF from the bottom of the HEK to the pins.

Fig. 3. A schematic of the grid for a part of the HEK geometry.

Table 3
Temperature values of the water in the copper HEK obtained from the present work and the results reported by Aghakhani et al. [40] for three-volume flow rates.

Volumetric flow rate (mL/min) 40 100 160
Present work 46.3°C 39.6 °C 34.8°C
Aghakhani et al. [40] (Experimental) 50.1 °C 42.6 °C 35.6 °C
Error% 7.5 7.0 2.2
Aghakhani et al. [40] (Simulation) 46.6 °C 39.8°C 34.5°C
Error% 0.6 0.5 0.9
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295 300 305 310 315 320

Fig. 4. Temperature contours (Kelvin) in a horizontal cross-section of a mid of the HEK by changing pin diameter, pin distance, and pin length (including nanofluid and
solid part).

Fig. 5 depicts the temperature contours in the HEK by changing pin diameter, pin distance, and pin length in the absence of
nanofluid. The temperature changes of the pins and HEK bottom are compared in this figure. In some cases, the temperatures of the
pins and the bottom of the HEK are close to each other, and in other cases, the temperature of the pins is different from the tempera-
ture of the bottom of the HEK. In the case where the diameter of the pins is small, the temperature difference between the pins and
the bottom of the HEK is high and the pins are much cooler than the bottom of the HEK. As the diameter of the pins is enhanced, the
temperature of the pins becomes closer to the temperature of the bottom of the HEK and their temperature changes are close to each
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Fig. 5. Temperature contours (Kelvin) in the HEK by changing pin diameter, pin distance, and pin length in the absence of nanofluid (just solid part).
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other. In the case where the pins are larger in diameter, the temperatures of the pins and the bottom of the HEK become closer to each
other due to better HTF from the bottom of the HEK to the pins. In the case where the pins are further apart, the temperature of the
pins and the bottom of the HEK is closer to each other, and in the case where the pins are placed at the HEK outlet, the temperature of
the pins is lower than that of the bottom of the HEK. Less amount of HTF from the bottom of the HEK to the pins causes the tempera-
ture of the pins to reduce, but the bottom of the HEK is still at a higher temperature. In the case where the height of the pins is small,
the temperature of the HEK bottom and the pins becomes closer. As the height of the pins is enhanced, there is a difference between
the temperature of the pins and the bottom of the HEK. In the case where the pins are short, the tips of the pins are close to their bot-
toms so that their temperature is close to each other. By increasing the height of the pins, their end parts are cooled better and the
lower parts still have a higher temperature, resulting in the temperature of the bottom of the HEK and the tip of the pins being differ-
ent. It can be seen that the HEK with short pins has a higher temperature compared to the one with longer pins.

Fig. 6 demonstrates the temperature contours for an external view of the HEK by changing pin diameter, pin distance, and pin
length in the absence of nanofluid. The temperature of the HEK and the nanofluid depends on the dimensions of the pins, their
height and diameter, and their distance. The temperature changes in the nanofluid depend on the dimensions and distance of the
pins because parts of the nanofluid are in contact with the pins and their temperature is increased. It can be seen that in the parts
where the pins are installed, the temperature of the nanofluid in the middle parts behind the pins along the HEK radius is high.
The changes in the dimensions of the pins and their distance affect the maximum temperature in the HEK. In some cases, the tem-
perature of the HEK, especially the pins, is closer to the temperature of the nanofluid, but in some other cases, there is a tempera-
ture difference between them. In the case where the diameter of the pins is small, the temperature of the pins tends to the temper-
ature of the nanofluid, but in the case of the pins with large diameters, the temperature of the pins is higher than that of the
nanofluid. In this case, the temperature of the nanofluid is higher due to the collision with the hot surface. Distancing the pins
from each other and arranging them in the entire HEK causes the temperature of the nanofluid to enhance between the pins and a
hotter fluid exits from the HEK. In the case where the height of the pins is small, a little fluid passes over the HEK. However, as
the height of the pins is intensified, more fluids pass over the HEK. Due to the entry of the constant nanofluid flow rate in two
cases, the nanofluid velocity is slightly lower in the case where the height of the pins is higher. In the case that the height of the
pins is lower, the nanofluid passes over the HEK with a higher velocity. It can be seen that the enhancement in the height of the
pins reduces the temperature of the HEK.

Fig. 7 shows the temperature contours on the solid parts of the HEK and the nanofluid flow path with temperature coloring by
changing pin diameter, pin distance, and pin length in the absence of nanofluid. In the vertical part of the HEK, the fluid covers
the entire surface of the HEK. The fluid's path changes as it gets closer to the pins so that it may go through them and out of the
outlet. Due to the continual increase in the cross-sectional area, a certain amount of velocity is lowered when moving the
nanofluid in the radial direction of the HEK. The decrease in the cross-sectional area causes the nanofluid's velocity to rise as it
approaches and travels past the edge of the pins. The temperature of the pins and nanofluid at the HEK output increases as the
pins' diameter increases. The temperature of the nanofluid at the output is likewise increased by increasing the distance between
the pins. The temperature of the pins rises as their height does. The movement of the nanofluid between the pins shows well in
which parts the nanofluid has had more contact with the heatsink and in which parts the nanofluid has passed less due to the
presence of a low-pressure area behind the pins.

3.2. Graphs for different parameter ranges

Fig. 8 illustrates the nanofluid pressure drop in the HEK by changing pin diameter, pin distance, and pin length in the absence of
nanofluid. Although increasing the length increases the heat transfer, as seen in the figure and also seen in the study of Metzger et al.
[26], it increases the pressure drop. Due to the small dimensions of the HEK and the low velocity of the nanofluid, the pressure drop in
the HEK is small. However, changing the diameter and width of the pins, the distance between the pins has a great impact on the pres-
sure drop. It can be seen that the increment in the diameter of the pins enhances the pressure drop in the HEK because as the pins' di-
ameter is enhanced, they become closer. This causes the pressure drop in the HEK to enhance. An increment in the distance between
the pins intensifies the pressure drop in the HEK. As the distance between the pins is increased, the pins are distributed in all parts of
the HEK, leading to the nanofluid in most parts of the HEK passing through the pins. This causes the pressure drop in the HEK to en-
hance. Enhancing the height of the pins reduces the pressure drop in the HEK. As the height of the pins is intensified, the height of the
HEK is increased. Due to the constant flow rate of the nanofluid, the nanofluid passes through the HEK more easily in a larger space,
which causes a pressure drop. Therefore, the maximum HEK pressure drop, which is equal to 0.94 Pa, occurs for the shortest height of
the pins, the largest distance between them, and the largest value of the diameter of the pins. The minimum value of the pressure
drop, which was equal to 0.0004 Pa, occurs for the shortest and thinnest pins and smallest distance.

Fig. 9 demonstrates the variations of the HTC in the HEK by changing pin diameter, pin distance, and pin length. According to
the study of Metzger et al. [26], increasing the length increases the heat transfer, and the same result was obtained in this study.
The increase in the diameter of the pins causes the HTC between the nanofluid and the pins to enhance. By thickening the pins, the
amount of HTF from the HEK to the nanofluid is increased, enhancing the HTC. The enhancement in the distance between the pins
improves the HTC. By spacing the pins, the nanofluid passes better between them, the HTF is increased and the HTC is enhanced.
But, the increase in the length of the pins significantly reduces the HTF rate. As the height of the pins is enhanced, the velocity in
the HEK is decreased, which causes the HTC between the pins and the nanofluid to reduce. Therefore, the maximum value of the
HTC between nanofluid and HEK, which is 344.17 W/m?K, occurs for the large diameter of the pins, their greater distance from
each other, and the lower height of the pins. The minimum value, which is 49.85 W/m2 K, corresponds to the smallest diameter
and distance of the pins when the distance between the pins is 18.2.
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Fig. 6. Temperature contours (Kelvin) for an external view of the HEK by changing pin diameter, pin distance, and pin length.

Fig. 10 illustrates the heatsink THR changes by changing pin diameter, pin distance, and pin length. An increment in the diameter
of the pins greatly affects the THR of the HEK and reduces it significantly. By increasing the diameter of the pins, the contact surface
between the nanofluid and the pins is enhanced and the heat is better transferred from the HEK bottom to the nanofluid, leading to a
reduction in the heatsink THR. The enhancement in the height of the pins decreases the THR of the HEK. As the length of the pins is
enhanced, more heat is transferred from the HEK to the nanofluid due to the increase in the contact surface. The increase in the dis-
tance between the pins has a slight effect on the THR compared to the other two parameters. It can be seen that the THR is reduced
with the distance between the pins. The easier flow of the nanofluid between the pins reduces the temperature of the HEK and re-
duces its resistance. The minimum value of THR, which is 0.0001 K/W, occurs in the longest and thickest pins and largest distance
from each other. The maximum THR, which is 0.0005 K/W, corresponds to the smallest pins and the shortest distance between pins.

11



B. Heidarshenas et al. Case Studies in Thermal Engineering 55 (2024) 104125

316.34 314.52
315.81 313.77
315.27 313.01
314.74 312.25
314.21 311.49
313.68 310.74
313.15 309.98
b4 312.61 309.22
312.08 308.46
311.55 307.7
311.02 306.95
310.49 306.19
309.95 305.43
309.42 304.67
308.89 303.91
308.5 303.3
323.52 311.64
311.26

322.98 310.89
310.51

322.44 310.14
309.76

321.9 309.39
o 309.02
4 32135 308.64
308.27

320.81 307.89
307.52

320.27 307.14
306.77

4 319.73 306.39
: 306.02
319.18 305.64
305.27

318.64 304.89
304.52

318.1 304.15
303.77

317.56 303.4
303.02

317.02 302.65
302.27

316.47 301.9
301.52

315.93 301.15
315.5 300.6

L=5 L=20

Fig. 7. Temperature contours (Kelvin) on the solid parts of the HEK and the nanofluid flow path with temperature coloring by changing pin diameter, pin distance, and
pin length.
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Fig. 8. Nanofluid pressure drop in the HEK by changing pin diameter, pin distance, and pin length.

Fig. 11 shows the variations of Teta on the HEK bottom by changing pin diameter, pin distance, and pin length. Temperature
uniformity refers to the distribution of temperature in a certain region or system. In a system with good temperature uniformity,
all points or regions experience similar or identical temperatures. This is important in various applications, especially in thermal
management and heat dissipation monitoring, to ensure performance, reliability, and safety. Poor temperature uniformity can lead
to uneven heat distribution thereby producing hot spots, reduced performance, or potential component damage in electronic de-
vices. Therefore, this issue is discussed in this section. The purpose of checking this parameter is to achieve temperature unifor-
mity and maintain optimal thermal conditions in this type of heat sink. Pin length, pin spacing, and pin diameter are important
parameters that affect heat sink temperature uniformity. Longer and thicker pins generally increase the surface area for heat dissi-
pation. This can increase the overall cooling capacity of the heatsink and contribute to better temperature uniformity. However,
longer and thicker pins also increase airflow resistance and affect cooling efficiency. Increasing the value of the diameter of the
pin caused the value of Teta to decrease, which meant an increase in uniformity on the HEK. Better heat transmission from the
HEK's bottom to the pins results from an increase in the pins' diameter. As a result, the nanofluid can cool it more effectively and
lower the HEK's temperature range between the maximum and minimum. The same outcome is obtained with a pin length in-
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Fig. 9. Variations of the HTC in the HEK by changing pin diameter, pin distance, and pin length.

crease. Teta is decreased by increasing the space between the pins. Better distribution of the pins on the HEK bottom leads to the
temperature becoming more uniform and Teta being decreased. The best Teta corresponds to the thickest and longest pins at a
large distance. Reducing the dimensions of the pins as well as the distance between them enhances Teta in the HEK.

4. Conclusions

This article analyzes a new-design HEK numerically using the FEM. Several circular pin fins are placed in the HEK. The values of
pressure drop, Teta, THR, and HTC are estimated by changing their diameter and height, as well as their distance using machine
learning. Nanofluid flows inside the HEK. The results demonstrate.

1 The best Teta corresponds to the thickest and longest pins at a large distance. Reducing the dimensions of the pins as well as the

distance between them enhances Teta in the HEK.

2 The minimum value of THR, which is 0.0001 K/W, occurs in the longest and thickest pins and largest distance from each other.
The maximum THR, which is 0.0005 K/W, corresponds to the smallest pins and the shortest distance between pins.
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Fig. 10. Heatsink THR changes by changing pin diameter, pin distance, and pin length.
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Fig. 11. Variations of Temperature uniformity on the HEK bottom by changing pin diameter, pin distance, and pin length.
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3 The maximum value of the HTC between nanofluid and HEK, which is 344.17 W/m?.K, occurs for the large diameter of the pins,
their greater distance from each other, and the lower height of the pins. The minimum value, which is 49.85 W/m2K,
corresponds to the smallest diameter and distance of the pins when the distance between the pins is 18.2. With the increase in the
diameter of the pins, it can be seen that the value of HTC has increased by 40.4% for the shortest distance and the shortest length,
while it has increased by 59.47% for the longest distance and the shortest length. Also, the lowest reduction of HTC with
increasing pin length in the smallest diameter and the smallest distance was 76.11%.

4 The maximum HEK pressure drop, which is equal to 0.94 Pa, occurs for the shortest height of the pins, the largest distance
between them, and the largest value of the diameter of the pins. The minimum value of the pressure drop, which was equal to
0.0004 Pa, occurs for the shortest and thinnest pins and smallest distance.

5 Increasing the diameter of the pins at their minimum distance increases the pressure drop up to 56.67%, while at the maximum
distance between the pins, the pressure drop increases up to 90.63%.

5. Recommendations

Considering that the flow of Newtonian nanofluids has been investigated in this study, non-Newtonian nanofluids or hybrid
nanofluids can be used for future studies.

It is possible to check and predict operational parameters using machine learning and compare its results with laboratory results.

Turbulent flow can be investigated with different models on this geometry and this investigation can be done at much larger
Reynolds numbers.

Different pin shapes can be analyzed and compared numerically and experimentally.
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