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ABSTRACT

HYDROTHERMAL CHARACTERIZATION OF METAL FOAM-
CLADDED PIN FIN ARRAY HEAT SINK

Giiler, Nursel
Master of Science, Mechanical Engineering
Supervisor: Assoc. Prof. Dr. Ozgiir Bayer
Co-Supervisor: Prof. Dr. Ismail Solmaz

April 2024, 65 pages

The advancement of technology has given rise to a growing demand for effective
cooling solutions for electronic components. Heat sinks are commonly used for
dissipating heat from electronic components to the environment. Along with the
developing technology, the cooling capacity of the heat sinks such as pin fin or plate
fin heat sinks has become insufficient. Therefore, a need for advanced cooling
methods has emerged. Open-cell metal foams are a fascinating class of materials that
combine the structural properties of metals with the unique characteristics of foams.
They are lightweight, strong, and have high heat transfer area to volume ratio. The
aim of this thesis is investigating the heat transfer performance and pressure drop
chraracteristics of a novel geometry by cladding aluminum foam onto the outer
surface of pin fins on heat sink. In order to validate the numerical model, series of
experiments are conducted. After the validation of the numerical model, a metric
which is called as performance evaluation criterion (PEC) is used to compare the
performances of different Pores Per Inch (PPI) valued aluminum foams. After
validating the numerical model, a parametric analysis is performed to see the effects
of different foam cladding thicknesses and porosity on heat transfer performance and

pressure drop. All of the studied cases show an enhancement in hydrothermal



performance. Among the studied geometries at most 46.5% and at least 37.5%

increase in hydrothermal performance compared to the base case is observed.

Keywords: Cooling of Electronic Components, Heat Sinks, Open-Cell Metal Foam,
Metal Foam Cladded Pin Fin
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0z

METAL KOPUK KAPLI PIM KANATCIK DiZiLi ISI KUYUSUNUN
HIDROTERMAL KARAKTERIZASYONU

Giiler, Nursel
Yiiksek Lisans, Makina Miihendisligi
Tez Yoneticisi: Dog. Dr. Ozgiir Bayer
Ortak Tez Yoneticisi: Prof. Dr. Ismail Solmaz

Nisan 2024, 65 sayfa

Teknolojinin ilerlemesi elektronik bilesenler i¢in etkili sogutma ¢éziimlerine yonelik
talebin artmasina neden olmustur. Giiniimiizde 1s1 kuyular1 genellikle asir1 1sinin
elektronik bilesenlerden c¢evreye aktarilmasi i¢in kullanilir. Gelisen teknoloji ile
birlikte igne ve plaka kanatgikli 1s1 kuyularmin sogutma kapasitesi yetersiz hale
gelmistir. Bu sebeple yeni bir ¢oziim ihtiyact zorunlulugu ortaya ¢ikmistir. Acik
hiicreli metal kopiikler, elektronik bilesenlerden salinan asir1 1s1yla basa ¢ikmak i¢in
miikkemmel adaylardir. Metal kopiikler, metallerin yapisal 6zelliklerini kopiiklerin
benzersiz ozellikleriyle birlestiren biiyiileyici bir malzeme sinifidir. Hafif, giiclii ve
yuksek 1s1 transfer alani/hacim oranina sahiptirler. Bu tezin amaci, pim kanatgik
dizili 1s1 kuyusunu aliiminyum k&piik kaplayarak 1s1 transfer performanst ve basing
diistim ozelliklerini incelemektir. Sayisal modelin dogrulanabilmesi i¢in bir dizi
deney gerceklestirilmistir. Sayisal modelin dogrulanmasinin ardindan, farkli ing
basina diisen por sayist (PPI) degerlerine sahip aliiminyum koptklerin
performanslarini karsilagtirmak icin bir performans degerlendirme kriteri (PEC)
kullanilmigtir. Sayisal model dogrulandiktan sonra, farkli kopik kaplama

kalinliklarinin ve gozenekliliginin 1s1 transfer performansi ve basing diislisi

vil



iizerindeki etkilerini gdrmek i¢in parametrik bir analiz gergeklestirilmistir. Incelenen
durumlarin tiimii hidrotermal performansta bir artis gostermektedir. Ele alinan
geometriler arasinda hidrotermal performansta baz duruma gore en fazla %46.5 ve

en az %37.5 oraninda artig gézlenmistir.

Anahtar Kelimeler: Elektronik Bilesenlerin Sogutulmasi, Is1 Kuyusu, A¢ik Hiicre

Metal Kopiik, Metal Kopiik Kapli Igne Kanatgik Dizisi
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CHAPTER 1

INTRODUCTION

In an era defined by rapid technological advancement and widespread utilization of
digital technology, electronic components stand as the cornerstone of modern
civilization. The precedented pace has led to the development of increasingly
sophisticated and powerful electronic devices that have become an inseparable part
of our daily lives. From the palm-sized smartphones that connect us to the world, to
the data centers that drive the digital infrastructure, these electronic devices have

redefined the boundaries of human capabilities [1].

With the improvement of technology, a critical concern has emerged which is the
need for effective cooling solutions. The escalating demand for processing power,
coupled with the shrinking size of components, has led to the generation of
substantial heat within these devices [2,3]. This heat, if not adequately managed, has
the potential to damage the electronic component. Pedram and Nazarian [4] in their
paper states that thermal problems are the main reason or over 50% failures observed

in integrated circuits.

To manage this excess heat, using conventional heat sinks for cooling becomes
insufficient. At this point, heat sinks produced using open-cell metal foam have
begun to be used as a good alternative with their lightweight, high surface
area/volume ratio and high flow mixing capability [5]. However, metal foams have
lower effective thermal conductivity (ketr) compared to their bulk form, which creates
a significant disadvantage in heat transfer applications. Therefore, metal foams are

mostly integrated into conventional heat sinks.



In this thesis, a novel heat sink is manufactured. The heat sink consists of eight pin
fins with staggered orientation and aluminum foam is cladded onto these pin fins.
Hydrothermal characterization of aluminum foam cladded pin fin heat sink (FC-
PFHS) for two different pores per inch (PPI) value is studied experimentally. Then
numerical model is validated with experimental results and eventually, a parametric

study is conducted in order to see the design extends.

1.1 Cooling Methods

1.1.1 Passive Cooling

This technique relies on the principles of thermodynamics and natural convection to
dissipate heat without the need for mechanical components. Passive cooling methods
can be utilized for low heat flux applications. Since this method doesn’t require a
mechanical component, there will be no noise resulted from it and also the cost will
be low [5]. Heat sinks, phase change materials and radiative cooling are examples of

passive cooling methods.

Heat sinks are passive cooling devices which are made of thermally conductive
materials such as aluminum or copper. They are designed with fins or other structures
to increase the surface area available for heat dissipation. Heat sinks transfer heat

from a hot surface to the surrounding air through convection [6,7].

Phase change materials (PCMs) absorb and release heat during phase transitions,
such as melting and freezing, at specific temperatures. They are often used to store
thermal energy and maintain consistent temperatures within a system. Common

applications include building insulation and thermal management in electronics [8].

Radiative cooling as a passive cooling technique leverages materials with high
infrared emissivity to radiate heat away from surfaces to the atmosphere. Radiative
cooling is particularly effective during nighttime when the surroundings are cooler

than the emitting surface [9].



1.1.2 Active Cooling

Active cooling is a technique which utilizes mechanical components such as pumps,
fans, or other devices to remove heat from a system. When natural convection alone
is insufficient for adequately cooling a system or component, active cooling systems
become necessary. Natural convection relies on the natural movement of air due to
density differences caused by temperature variations, but it may not provide enough
airflow to dissipate heat efficiently, especially in systems with high heat loads or
limited airflow. By utilizing active cooling techniques, systems can effectively
manage heat dissipation, prevent overheating, and maintain optimal operating
temperatures, ensuring reliable performance and longevity of components [1,5]. The
active cooling system can be classified into forced air cooling, liquid cooling and

liquid evaporation.

When free convection is not enough, small fans or blowers are commonly used to
provide forced air cooling for electronic components. This method is well
established, commonly used for data center cooling, reliable and simple in design.
Since there exists a fan or blower, noise can occur in the system. They are often
attached to heat sinks or directly to the components themselves. Fans increase the
airflow around the components, enhancing heat transfer and improving cooling

efficiency [10].

Liquid cooling systems use a pump to circulate coolant through channels or cold
plates attached to the electronic components. The coolant absorbs heat from the
components and carries it away to a radiator or heat exchanger where it is dissipated
into the surrounding environment. Liquid cooling is particularly effective for high-

power components where air cooling may be insufficient [11,12].

In liquid evaporation, heat is applied to a coolant and liquid coolant becomes vapor
then the latent heat of the fluid can be used for cooling. This method provides the

highest heat transfer among other methods and therefore is not suitable for small



devices. Since it requires heating, installation, maintenance operating costs are

higher compared to the rest of the cooling methods.

1.2 Pin Fin Heat Sinks (PFHS)

Heat sinks are used for dissipating excess amount of heat from a heat generating
surface to the ambient. Pin-fin heat sinks (PFHSs) are one of the most frequently
employed types of heat sinks. PFHSs may have different shapes such as, cylindrical,
elliptical, triangular, and square [13]. PFHSs dissipate heat generated by electronic
components, such as processors, transistors, or integrated circuits to the ambient.

They prevent overheating and ensure optimal performance and reliability.

To characterize pin fins, extensive research has delved into understanding the
parameters influencing the hydrothermal performance of these structures.
Investigations have been conducted on a range of factors, including the height-to-
diameter ratio of the pin fins, the specific shape of the pins, dimensions in both the
spanwise and streamwise directions, the arrangement of the pins, and the operating

conditions involving both natural and forced convection [14].

Metzger et. al. [15] studied the effects of the shape of the fin and the array orientation
on heat transfer performance and pressure drop (AP) characteristics. The authors
found out that oblong PFHSs increased the heat transfer rate by 20% compared to
the circular pin fins. They have also stated that for circular pin fins, orientation with
respect to the flow direction has a significant effect on both heat transfer and pressure

drop.

Chapman et al. [16] and Khan et al. [17] conducted experimental research to assess
the thermal performance of pin fin heat sinks with square, circular, and elliptical
cross-sections. Their findings revealed that, in forced convection, pin fins with
elliptical cross-sections outperformed their square and circular counterparts in terms

of air-side performance.



Jonsson and Bjorn [18] also conducted experimental research on the thermal
performance of heat sinks with various fin designs, such as straight fins and pin fins
with circular, square, and elliptical cross-sections. The evaluation of thermal
performance involved comparing the thermal resistance of these heat sinks with
equal average velocity and equal pressure drop. They have found that the use of
elliptical pin fins for high velocities and circular pin fins for mid-range velocities are

recommended.

Chyu [19] experimentally investigated the effects of arrangement of the pin fins on
heat transfer performance and pressure drop. The author concluded that staggered
arrangement exhibits better heat transfer performance than in line arrangement but

at the expense of high pressure drop.

The analysis of PFHSs extends beyond the fin geometry, encompassing a

comprehensive study of various airflow patterns and their corresponding effects.

Issa and Ortega [20] conducted experimental research to explore the thermal and
hydraulic characteristics resulting from jet impingement on pin-fin heat sinks. The
finding of this investigation revealed that as pin density and pin diameter increased,
the pressure loss coefficient also increased. On the other hand, the pressure loss

coefficient decreased with higher pin height and clearance ratio.

There had been a notable improvement in enhancing the performance of PFHSs.
However, the growing demands driven by technological advancements necessitated

the search for a new material.

1.3 Metal Foam Heat Sinks

The need for better cooling solutions started a quest for better heat transfer
performance heat sinks. Therefore, instead of modifying the orientation or changing
the shapes of the conventional heat sinks, a better way of cooling the electronic

components has been found.



Metal foams are porous materials with a high surface area to volume ratio, and this
makes them a great candidate for excess heat dissipation. Metal foams can be
categorized as open cell and closed cell. If all the pores are connected to each other
these types of foams are called open cells and if the cells are separated by walls or
there is a gas inside them then these types of foams are called as closed cell. Open

cell and closed cell metal foams are depicted in Figure 1.1.

Figure 1.1 Metal foams, (a) Closed cell [21] and (b) Open cell [22]

Calmidi and Mahajan [23] have performed series of experiments by using air and
water as working fluids to predict the effective thermal conductivity of metal foams.
The authors aimed to increase the usage of metal foams by estimating their thermal

conductivity.

Zhao et. al. [24] studied with 12 different metal foams with a range of pore sizes and
porosities (€) both experimentally and numerically. Experiments are conducted for
the pressure drop and heat transfer performances. They concluded that cell size has
a greater effect than porosity in terms of heat transfer. And an optimal porosity value

is achieved for an optimal heat transfer and pressure drop value.

Hsieh et. al. [25] experimentally investigated the heat transfer performances of

aluminum foams with different PPI value and porosity. A correlation between the



Nusselt number (Nu) and the Reynolds number (Re) has also been achieved. The

experimental results showed that high porosity and high PPI value increases the Nu.

Likewise, Kurtbas and Celik [26] performed experiments on a horizontal channel
with different aspect ratios and different PPI values of aluminum foam. The authors
concluded that as the PPI value increases, the average Nu increases. The authors also

observed that the Nu is proportional to the aspect ratio.

Tamayol and Hooman [27] studied forced convection flow to a metal foam heat
exchanger theoretically. The authors have created a model which can be used for
deciding the key parameters on overall heat transfer coefficient. It is stated that foams
with higher PPI value result in higher heat transfer rates. However, foams with high

porosity have lower heat transfer rates with lower pressure drop.

Mancin et. al. [28] experimentally investigated the aluminum and copper foams with
different porosity, foam core height and PPI values. The authors concluded that
copper foam shows better heat transfer performance than aluminum foam. For the
same porosity valued foams, 40 mm high foam did not show a superior heat transfer
performance even though its surface area is twice as the 20 mm high foams. 20 mm

high foams showed higher hydrothermal performance than 40 mm high foam.

Metal foams have indeed showcased remarkable improvements in heat transfer
performance, yet their application as standalone heat sinks faced a challenge with
elevated pressure drops, necessitating substantial pumping powers. Relying solely
on metal foams as heat sinks didn't emerge as a viable solution for achieving high-
efficiency cooling. To capitalize on the exceptional features of metal foams and
sustain optimal system performance, the integration of pin fin heat sinks is
introduced in conjunction with the use of metal foams. This strategic combination
not only uses the exceptional characteristics of metal foams but also ensures effective

heat dissipation, thereby enhancing overall cooling efficiency.



14 Metal Foam Included PFHSs

Usage of metal foams brings great advantage of high surface area and high flow
mixing capacity but the effective thermal conductivity of them is significantly low
compared to the bulk aluminum. As a result, it negatively affects the conduction heat
transfer rate perpendicular to the flow, causing substantial thermal gradients and
consequently, the heat sink's efficiency decreases. Therefore, to eliminate this effect,
using metal foams together with the conventional pin fins emerges as a promising

solution for optimizing heat transfer performance.

Bhattacharya and Mahajan [29] conducted series of experiments with different PPI
aluminum foams and different number of fins. The authors stated that including fins
to the foams increases the heat transfer. The thermal performance of the finned metal
foam heat sinks is better than conventional finned heat sink by a factor of 1.5 and

better than metal foam heat sinks by a factor of 2.

Seyf and Layeghi [30] conducted a numerical analysis for an elliptical PFHS with
and without aluminum foam with different porosities and permeabilities (Kr) to
observe the heat transfer performance and pressure drop. The results showed that Nu
for the aluminum foam included pin fin is higher. Increasing porosity resulted in a
decrease in Nu while low KFr results in high pressure drop. The authors suggested
that one needs to be careful about selecting the foam for the best hydrothermal

efficiency.

Feng et. al. [31] broadly compared the performance of metal foam heat sinks and
finned metal foam heat sinks. The authors have conducted a series of experiments
with heat sinks of different heights. The results showed that with a constant power,
the heat transfer performance of finned metal foam heat sinks are 1.5-2.8 times
higher than the metal foam heat sinks. For constant power, heat transfer performance
for the metal foam did not change with the height while for the finned metal foam

heat sink heat transfer performance increased with the height.



Mohammadian and Zhang [32] studied five different cases in order to investigate the
aluminum foam usage inside a battery pack. The authors found that using aluminum
foams as pin fins or directly embedding it to the channel didn’t increase the heat
transfer rate for thermal management. But the combination of aluminum foam with

aluminum pin fins is determined to be a better option for thermal management.

Li et al. [33] proposed a metal foam together with pin fins. The authors introduced
thermal contact resistance and observed its effects. They concluded that thermal
performance ratio of metal foam together with pin is 1.6 times higher than
conventional one. In another research the same authors [34] compared the
performance of aluminum foam heat sink and aluminum foam heat sink together
with pin fins. The authors found that thermal performance of aluminum foams
together with pin fins is 1.5 times that of aluminum foams alone with the same

pumping power.

Wang et al [35] conducted an experiment to observe the heat transfer and flow
characteristics of three copper foam heat sinks with fins under impingement flow.
The authors showed that inserting copper foam increases thermal performance and
concluded that the performance of foamed heat sinks is always better than
conventional heat sinks with the same pumping power. They also stated that the heat

transfer enhancement is better for lower heights and higher PPIL.

Ranjbar et. al. [36] conducted a numerical study with five different porous fin
geometries which are increasing, decreasing, V-shaped, rectangular and wedge
shaped. The authors studied the effect of the arrangement of the pin fins. In order to
compare the performance of heat sinks, PEC is used. The authors concluded that
decreased and in line pin fin configuration gives the best hydrothermal performance

among the studied cases.

Panse et al. [37] aimed to develop different foam-based cooling options. The authors
have used 5, 20 and 40 PPI Al foams. They concluded that increasing pore density
also increases the heat transfer and pressure drop. The authors also stated that 40 PPI

foam resulted in the highest heat transfer rate.



Among all of the studies in literature, the different design options of heat sinks with
foams are limited. The prevailing studies primarily focus on two main approaches:
either utilizing metal foams as standalone heat sinks or integrating fins into the

structure of metal foams.

1.5 Motivation and Novelty

This thesis investigates a novel geometric approach that has not been previously
explored. While existing literature typically integrates metal foams into conventional
pin or plate fins. It has been observed that these structures often result in a
considerable pressure drop, consequently necessitating high pumping powers
[29,38]. Therefore, this study diverges from conventional approaches by seeking to
enhance the thermal performance of traditional PFHSs without inducing a significant

pressure drop.

The methodology involves cladding metal foams onto the outer surface of the pin
fins on a heat sink to improve heat transfer rates while maintaining a manageable
pressure drop. This approach aims to increase the hydrothermal efficiency of heat

sinks.

In order to study the hydrothermal performance, initially, an experimental series will
be conducted using PFHS and FC-PFHS with varying PPI values. Subsequently, a
numerical model will be developed and validated using the experimental data. Once
validated, the numerical model will be employed to identify the FC-PFHS with the
most favorable hydrothermal performance. Finally, utilizing the validated numerical
model, a parametric study will be carried out on the selected FC-PFHS to determine

the parameters influencing its hydrothermal performance.
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CHAPTER 2

METHODOLOGY

2.1 Experimental Work

In order to investigate the hydrothermal behavior of PFHSs with or without cladding
and validate the numerical model, a series of experiments have been conducted. Two
different geometries have been involved in the investigation. The first geometry is a
PFHS with 8 pin fins in staggered orientation, each of 10 mm diameter while the
second one is FC-PFHS with 5 mm pin fin diameter and two hollow cylinder-shaped
aluminum foams of 2.5 mm thickness are cladded onto the outer surfaces of these
pin fins. Two different aluminum foams with 20 PPI and 40 PPI value have been

used in the experiments.

2.1.1 Pin Fin Manufacturing

In order to investigate the effect of cladding the metal foams on PFHS, firstly, a
conventional 6061 aluminum PFHS with 167 W/mK thermal conductivity [39] is
manufacutered by computer numerical control (CNC) machining. The heat sink is
designed in staggered orientation since in literature there are many studies which
show that staggered arrangement has advantages on in-line arrangement [40,41].
Sahin et al. [38] studied the performance of in-line and staggered arrangement pin
fins both numerically and experimentally. They have concluded that, although
staggered arrangement has less number of pin fins, the in-line arrangement did not
show any superiority in terms of heat transfer enhancement and pressure drop

characteristics.
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Figure 2.1 Schematic view of PFHS (dimensions in mm)

The heat sink consists of 8 pin fins in staggered orientation with 10 mm diameter
and 20 mm height. The dimension of the base plate is 60x60x3 mm. The detailed

dimensions of the manufactured heat sink is provided in Figure 2.1.

In literature, the optimal spanwise (S1/D) and streamwise (S1/D) spacings and the
fin diameter to fin height ratio have been studied extensively [15,42,43]. Chyu et al.
[43] stated that for staggered pin fins, a ratio of pin height to diameter value of 2
gives the best heat transfer performance. While Sara [44] stated that if the ratio of

fin spacing to diameter decreases, a better heat transfer performance is established.

The geometrical design parameters utilized in this thesis are based on the findings of

these prior studies.

In order to clad aluminum foams onto the outer surface of the pin fins, initially two
identical heat sinks with 8 pin fins of 5 mm diameter in staggered orientation and 20
mm height have been manufactured. The dimension of the base plate is kept as
60x60x3 mm. The detailed dimensions of the manufactured heat sink are provided

in Figure 2.2.
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Figure 2.2 Schematic view of PFHS before foam cladding (dimensions in mm)

Figure 2.3 Machined PFHSs, (a) 10 mm diameter, (b) 5 mm diameter
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For the experiments, the aluminum foams are cladded onto the outer surface of pin
fins on heat sinks. For the experimental study, the thickness of the aluminum foam
cladding is determined to ensure that the outer diameter of the pin fins remains

identical for all heat sinks studied. The machined PFHSs are provided in Figure 2.3.

2.1.2 Aluminum Foam Preparing and Properties

This study utilizes two aluminum foams with distinct PPI values: 20 PPI and 40 PPI.
The selection of these two PPI values enables an exploration of their respective
impacts on heat transfer performance and pressure drop characteristics. The foams
are supplied from ERG Aerospace (Duocel) [45]. The unmachined foams are

depicted in Figure 2.4.

Y $= L

Figure 2.4 Aluminum foams, (a) 20 PPI, (b) 40 PPI (scale bar length=10 mm)

The manufacturer of the aluminum foams does not supply the porosity information
directly. Therefore, the € value of the aluminum foams needed to be evaluated. The
¢ is defined by the ratio of the void volume (Vvoid) to the total volume (Viotar) of the

aluminum foam as given in Eqn. (2.1) [46].
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g = Lvoid 2.1)

Vtotal

Firstly, the aluminum foams are weighed with Radwag AS 60/220.R2 device. Then
with the mass information, the aluminum volume of the foams is calculated so that

the void volume of the foams can be deducted.
The physical properties of the aluminum foams are provided in Table 2.1.

Table 2.1 The physical properties of the workpieces

Total Void
Density  Mass
PPI , Volume Volume Porosity
(kg/m’)  (kg)
(m?) (m?)

Foaml 20 2700  0.017178 0.000147 0.000141  0.956860
Foam2 40 2700 0.018836 0.000147 0.000140  0.952697

To establish the numerical model, the kefr, K, and inertial coefficient (Cr) values are
essential. While conducting a series of experiments is one approach to determine
these values, the extensive research conducted on ERG aerospace aluminum foams
in existing literature provides an alternative source. It is feasible to obtain these

values from previous literature works.

Calmidi and Mahajan [47] conducted a study on aluminum foam with a porosity
value of 0.9546 to determine its Kr, Cr and ketr values. The porosity value of the 20
PPI aluminum foam in this thesis is 0.9568, which closely aligns with the value from
Calmidi and Mahajan's work. Thus, leveraging the thermophysical properties
established by Calmidi and Mahajan for the studied aluminum foam appears feasible.
For 40 PPI, the porosity value of the aluminum foam is 0.9527. Phanikumar and
Mahajan [48] have studied the thermophysical properties of aluminum foam with a
porosity value of 0.9586. Likewise, the thermophysical properties established by

Phanikumar and Mahajan for 40 PPI aluminum foam can be utilized.
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Table 2.2 Related literature studies for properties of aluminum foam of 20 PPI

g Ki;})os Cr (W}(I;K) References

0.9 3.12 0.0105 5.1 Leong and Jin [49]

0.93 5.31 0.020 - Jeng and Tzeng [50]
0.9546 13.00 0.093 3.735 Calmidi and Mahajan [47]
0.9005 9.00 0.088 7.213 Calmidi and Mahajan[47]

0.932 8.24 0.065 - Mancin et al. [28]

0.93 5.35 0.0498 - Mancin et al. [28]

0.92 10.60 0.1023 3.130  Phanikumar and Mahajan [48]
0.9353 11.70 0.0982  4.963  Phanikumar and Mahajan [48]

The selected values for Kr, Cr and ket are highlighted for 20 and 40 PPI in Table 2.2
and Table 2.3, respectively.

Table 2.3 Related literature studies for properties of aluminum foam of 40 PPI

€ KZ:zl)OS Cr (WiilelﬂlK) References

0.93 2.71 0.020 - Jeng and Tzeng[50]

0.9 2.80 0.0155 5.9 Leong and Jin [49]
0.9586 5.98 0.09126 3.385  Phanikumar and Mahajan [48]
0.9272 6.10 0.089 5.504 Calmidi and Mahajan [47]
0.9132 5.30 0.084 6.607 Calmidi and Mahajan [47]
0.926 2.97 0.0503 - Mancin et al. [28]

0.93 6.34 0.086 - Mancin et al. [28]

0.93 4.79 0.076 - Cavallini et al. [51]
0.9091 5.06 0.08254 6.963 Phanikumar and Mahajan [48]
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2.13 Foam Cladding onto Pin Fins

For the ease of the assembly aluminum foams have been cut into hollow cylinders.
The foams are brought to the desired shape by wire erosion method. Wire erosion is
a method to cut a workpiece precisely by using the electrical sparks between the
workpiece and the wire [52]. The detailed dimensions of the FC-PFHS are provided
in Figure 2.5.

20 a10
< > >
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SL/D:2 ST/D:2

Figure 2.5 Schematic view of FC-PFHS (dimensions in mm)

Then by using EPO-TEK H20E silver epoxy [52], the aluminum foams are cladded
onto the outer surface of the pin fins on heatsinks. After the application of the

epoxy, according to the instructions provided by the manufacturer, it has been cured

at 150 °C for 1 hour.

During the curing process, aluminum foams are secured onto pin fins using copper
straps. This ensures proper cladding of the aluminum foams and minimizes contact
resistance between the aluminum foam and pin fins. Figure 2.6 illustrates the heat

sinks after the aluminum foam cladding operation.
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Figure 2.6 FC-PFHSs, (a) 20 PPI and (b) 40 PPI

2.14 Experimental Setup

An experimental setup is designed and constructed for the pressure drop
measurements and to determine heat transfer characteristics of the manufactured heat
sinks. The experimental setup is provided in Figure 2.7 (a). The experimental setup
comprises an inlet channel (marked as 1) constructed from plexiglass, measuring 60

cm in length, and an outlet channel (2) with a length of 30 cm.
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Figure 2.7 (a) Experimental setup (b) Enlarged view of inlet channel, heating
section and outlet channel
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To ensure uniform airflow, three honeycomb structures (3) are carefully positioned
within the inlet channel. The enlarged view of the inlet channel, heating section and
outlet channel is provided in Figure 2.7 (b). The inlet channel is linked to an
Ebmpapst R2E120-AR77-05 fan (4), with its frequency regulated by a Siemens
Sinamics V20 inverter device. The fan and the inverter device used in the experiment

are provided in Figure 2.8.

Figure 2.8 The fan and inverter device

The inlet channel is tied to the heating section (5) which consists of the heat sink.
The detailed view of the heating section can be depicted in Figure 2.9. Thermal paste
with a thermal conductivity of 8 W/mK is applied to the bottom of the heat sink
which adheres the heatsink to the 1 mm copper plate. The copper plate is used for
the uniform and constant heat transfer from film heater. 15 T-type thermocouples are
fixed by aluminum tapes to the bottom surface of the copper plate to measure and
register the average temperature of the heatsink. Under the copper plate there exists
a thermal pad which is used for eliminating thermal contact resistance between the
film heater and the copper plate and for uniform heat transfer. The thermal pad has

a thickness of 3 mm, and its thermal conductivity value is 1 W/mK. Under the
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thermal pad, there exists a film heater with 4.3 Q resistance value. Beneath the
heating section lies a cestamite layer (6) with a very low thermal conductivity,

effectively preventing heat dissipation.

X = Thermocouple

PFHS/FC-PFHS

Copper Plate

Thermal Pad

Heater

Figure 2.9 Detailed view of the bottom of the heating section

In order to adjust the power of the heater, Agilent Technologies N5771A DC power
supply [53] is used (7). The velocity of the air is measured with AIRFLOW TA2 hot
wire anemometer [54]. The measurement is taken from inlet channel, after the
honeycombs. The pressure measurement is done by using Mesens MPS590.420 air
differential pressure transmitter [55] (8) and its power is supplied by Agilent E3649A
DC power supply [56] (9). The anemometer and the differential pressure transmitter
are depicted in Figure 2.10. All temperature and pressure measurements are recorded
by using a computer (10). The pressure readings and thermocouple readings are done

using Agilent 34901A switch cards and Agilent 34972 A [57] data acquisition device.
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L B
Figure 2.10 Anemometer and differential pressure transmitter

A differential pressure transmitter is an electrical device or pressure-measuring
gauge designed to assess pressure differentials within a sealed container, like a pipe,
utilizing two components. Various sensors, including those based on differential
capacitance, vibrating wire, or strain gauges, are employed to generate an electrical
signal. This signal is then transmitted to the electronics housing, where it undergoes
processing, and resulting in a current or voltage output that can be interpreted by the
control system and can be converted into pressure difference value [58]. The pressure
measurements are taken from the inlet and exit channels for each Re as defined in

Eqgn. (2.2).

pUiDp

Repy, = (2.2)

where p and p are fluid density and dynamic viscosity of the fluid which is air for
this study. The values of the density and the dynamic viscosity of the air used are
1.164 kg/m® and 1.869x107° kg/m.s respectively. Ui is the inlet air velocity. The
hydraulic diameter (Dp) is calculated as 0.03 m from Eqn. (2.3) with dimensions of

W and H are given in Figure 2.1.

_2XHXW
T (H+W)

n (23)
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2.1.5

Experimental Procedure

Experiments have been conducted to measure pressure drop values and to obtain heat

transfer characteristics of three different heat sinks. The experiments are carried out

at four Re values based on hydraulic diameter (Repn) while maintaining a constant

heat flux. The experiment matrix is provided in Table 2.4.

Table 2.4 The experiment matrix

Experiment Number Heat Sink Type PPI Repn
1 PFHS - 1121
2 PFHS - 1495
3 PFHS - 1868
4 PFHS - 2242
5 FC-PFHS 20 1121
6 FC-PFHS 20 1495
7 FC-PFHS 20 1868
8 FC-PFHS 20 2242
9 FC-PFHS 40 1121
10 FC-PFHS 40 1495
11 FC-PFHS 40 1868
12 FC-PFHS 40 2242

The experiments are conducted as follows.

ii.

1il.

1v.

Firstly, the inlet and outlet sections are carefully fixed to the experimental
setup by screws. For all the experiments the inlet and outlet sections
remained fixed while modifications are only applied to the test section.

The film heater and beneath it the isolation material are placed on the bottom
of the test section.

On top of the film heater the test piece is carefully placed.

After placing the test piece, the plexiglass channel is put on top of the test
piece. The plexiglass is screwed to the experiment setup’s base and also
silicone is applied to it in order to ensure the air tightness.

Before starting the experiment, an assessment of heat loss from the test

section to the environment is conducted. The power supply of the heater is

23



vi.

vil.

Viil.

IX.

X1.

2.1.6

set to different values and the temperature readings from the bottom of the
test piece and from the ambient are recorded. Then the heat loss for each
power is determined. This operation is done only once in every test piece
change.

The power supply is set to 4000 W/m?. In order to decide this value, the
temperature of the heat sink is measured with different power values when
the fan is at its lowest velocity value for the experiment. 4000 W/m? is the
safest value for the heat sink not to reach 150°C which is the maximum
allowable temperature for the components in the experiment work safely.
The working frequency of the fan is set by the inverter.

After starting the fan, the velocity of the air is measured at the entrance
channel and the inverter is arranged accordingly until the desired velocity
for the fan is reached.

The pressure difference for the inlet and outlet section is measured by the
pressure transmitter. One pipe is placed at the end of the inlet section and
the other pipe is placed at the inlet of outlet section and these two pipes are
connected to the pressure transmitter.

At each air velocity, the pressure drop measurements and the temperature of
the bottom of the heatsink and the environment are recorded until the
temperature change in 15 minutes would not be more than 0.2°C which is an
accepted value for reaching steady state condition [59].

When the experiments are over for one test piece, starting from item 3, the

whole procedure is repeated in the same order.

Investigation of Heat Dissipation to Environment

The heat flux supplied to the film heater is calculated by multiplying the current (I)

and voltage (V) value from the power supply and dividing it to the base area of the

heater. For the heat dissipation to environment from the heater an experimental

method which is suggested by Bogojevic et al. [60] and by Alam et al. [61] is used.
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In order to calculate the heat dissipated to the environment (the remaining part of the
heat supplied by the heater and not transferred to flowing air), a series of experiments

1s conducted.

The power supply is set to different values and the fan is turned off. For each power
value, the temperature measurements for the environment (T«) and the bottom of the

heat sink (Tpase) are recorded until steady state conditions are reached.

When the steady state condition is reached, average temperature values for these two

temperatures and their difference are calculated.

After calculating the differences in temperature, it is possible to fit a linear curve to

the temperature difference and power supplied.

Then the heat dissipated to the environment (q”env) can be expressed as a function of

temperature difference as provided in Figure 2.11 and Eqn.s (2.4), (2.5) and (2.6).

After calculating the heat dissipated to the environment, then the net heat supplied

to the flowing air can be calculated as in Eqn. (2.7).

For PFHS:
q"env = 28.25(Tpase — Too) (2.4)
For 20 PPI FC-PFHS:
q",,., = 27.32(Tpase — Two) (2.5)
For 40 PPI FC-PFHS:
q",,, = 26.64(Tpase — Tw) (2.6)
And the net heat flux:
q”net = q”supp o q”env (2'7)
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Figure 2.11 The heat dissipation for (a) PFHS, (b) 20 PPI FC-PFHS and (c) 40 PPI

FC-PFHS

2.1.7

Performance Metrics

Nu is a dimensionless parameter which is used for the thermal performance

evaluation of the FC-PFHSs. Nu can be calculated as,

Nu =

n n
(@ 5upp=q" env)Pn
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where q"supp 1s the heat flux supplied to the heat sink. q”env 1s heat flux dissipated to
the environment. Thase 1S the average base temperature of the heat sink, Tj is the inlet

air temperature and kr is thermal conductivity of air.

Performance evaluation criterion (PEC) represents the influence of the attempt on
heat transfer enhancement with the pressure drop compared to a reference
configuration [62]. This parameter is used commonly in literature for evaluating the
heat transfer enhancement compared to the pressure drop [38,63,64]. It can be

defined as follows:

Nu/Nug
&)
APg

where Nuo and APy stands for the Nu and pressure drop for the base case which the

PEC =

(2.9)

performance will be compared.

2.1.8 Uncertainty Analysis

Uncertainty values of the quantities measured in the experimental study are

calculated using the Gauss error propagation law given in Eqn. (2.10) [65].

we = J(Zwa) 4 (L) o+ (Low,) (2.10)

9x1 9x, dxn

In this formula, R is the measured value as a function of xi, X2, ... Xn and wy, 1S the
uncertainty value of the nn measured value. The uncertainty value of the

measurement devices are the catalog values provided for each device.

Table 2.5 Uncertainty values of the measuring devices

Measuring device Uncertainty
T-type thermocouple [66] +1°C
Anemometer [54] +0.05 m/s
Pressure transmitter [55] +0.5%
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Then the maximum uncertainty values for Re and Nu for the experiment are
calculated as 8% and 5.8%, respectively. Despite the potential fluctuations or
uncertainties, this value is not as high as to have a significant impact on the behavior
of the flow, particularly due to the low velocities observed in the experimental

conditions. Thus, it can be deemed acceptable.

2.2 Numerical Study

A numerical model is created in order to further analyze the hydrothermal
characteristics of FC-PFHSs. The model is firstly validated with the experimental
results and after validation parameters affecting the heat transfer and pressure drop
characteristics of FC-PFHSs have been investigated. The porosity of the metal foam
and the geometry of the heat sink are among these parameters. Due to constraints in
both time and cost, it is not feasible to experimentally investigate the effects of these
parameters. Therefore, within the scope of this thesis, the effects of these parameters

are studied with the validated numerical model.

2.2.1 Computational Domain

The geometry of the aluminum foam is too complicated to be implemented in the
computational domain. Therefore, the conjugate heat transfer model is not utilized.
Instead, porous domain is defined for the cladded aluminum foams. At the end of the
simulations, in order to validate the numerical model, the results of the simulations

are compared with the experimental ones in terms of Tpase and AP.

Since there is symmetricity with respect to z=W/2 plane, half of the heat sinks are
modeled as computational domain. Also, the inlet and outlet channels are not
included in the domain. The hydrodynamic entry length (xfq,n) for a fully developed
flow corresponds to the length in an internal flow after which the viscous effects
extend over and the velocity profile no longer changes [67]. It can be evaluated for

laminar flows as:
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de’h = 0.05 = ReDh * Dh (211)

For the highest Re considered in this thesis, the value is obtained around 3 m, which
is significantly larger than the channel length in the experiment setup. For the cooling
of electronic components such a length is not feasible. Therefore, in the experiments,
the channel length is constrained to a reasonable value and the inlet and outlet
channels are not included in the numerical study. The computational domain is

provided in Figure 2.12.

Figure 2.12 Computational domain with and without symmetry

2.2.2 Governing Equations and Boundary Conditions

The assumptions used in numerical model are:

e The air is Newtonian, laminar, steady, and incompressible.

e Local thermal equilibrium (LTE) between the foam and the air is assumed,
since the temperature gradient between the fluid and solid structure are low
and the porous foams have very narrow bonds [36].

e Viscous dissipation, natural convection and radiative heat transfer are
neglected.

e Changes in thermo-physical properties of the fluid and solid phases with

temperature are neglected.

The governing equations for air domain are given as follows:
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Continuity Equation:

V.Up, =0 (2.12)
Momentum Equation:
Pair (Uair- VU iy = —VPg; + ﬂairvz Uair (2.13)
Energy Equation:
PairCpairUair- VTgir = V. [Ckair)VTair] (2.14)

The governing equations for porous domain, which includes both the aluminum foam

and the air inside its pores, are given as follows:
Continuity Equation:
V.U,=0 (2.15)

With the assumptions mentioned to describe the fluid flow for porous zone

Forchheimer-Brinkman extended Darcy model is used.

Momentum Equation:

2 (U, V)U, = VB, + V2T, — (”?” + p”—ép |l_fp|)l_f,, (2.16)

And assuming LTE between the porous region and the fluid the conservation of

energy equation becomes:
(PpCpp)Up. VT, = ks V2T, (2.17)
The conduction equation for solid media:

ka V3T, =0 (2.18)
kefr is the effective thermal conductivity which can be calculated as [38]:

keff = Ekal'r + (1 - g)kAl (219)
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U is the velocity magnitude, p is the density, P is the pressure, p is the dynamic
viscosity, cp is the specific heat, T is the temperature, k is the thermal conductivity,

¢ is the porosity, Crand K are inertial coefficient and permeability respectively.
The subscript p indicates porous domain and Al indicates aluminum domain.

The schematic view of the coordinate system and boundaries can be depicted in

Figure 2.13.

Figure 2.13 Schematic view of the computational domain and boundaries

To study the physical characteristics of heat transfer and fluid flow within pin fins,
a variety of boundary conditions including inlet, outlet, wall, and symmetry are

applied within the computational domain.

The boundary conditions used in the numerical simulations are provided in Table

2.6.
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Table 2.6 Boundary conditions

Boundary (x,y,z) Condition
Inlet (x=0, -t<y<0, z) Insulated
Inlet (x=0, 0<y<H, z) Flow inlet, T=Ti (°C), U=U; (mm/s)
Right (x, -t<y<H, z=W/2) Symmetry
Left (x, y, z=0) No-slip and insulated
Top (x, y=H, 2) No-slip and insulated
Bottom (x, y=0, z) No-slip
Bottom (X, y=-t, z) Constant heat flux, q” (W/m?)
Outlet (x=L, -t<y<0, z) Insulated
Outlet (x=L, 0<y<H, z) Pgauee=0 Pa

It is important to note that at the beginning of the iterative numerical solution, a
hybrid initialization method is used to estimate the velocity and pressure fields [68]
using the Euler equation. The initial temperature is assumed to be 20 °C at the first

iteration.

The governing equations with relevant boundary conditions are discretized using the
finite volume method (FVM) with a second-order upwind scheme applied to
pressure, momentum, and energy equations. A Coupled scheme is employed to solve
these equations, incorporating a pseudo-transient time-stepping approach for
improved convergence. The convergence criteria for the residuals of all variables
except energy are chosen to be 10 and for energy, the criterion of 10” is set. The
geometry creation, meshing and solving of the governing equations are done by

using ANSYS SpaceClaim, ANSYS Meshing, and ANSYS FLUENT 2023 R1.

2.2.3 Mesh Independence Study

In order to ensure the reliability of the numerical simulations, a mesh independence
study is conducted. Three different meshing configurations for the highest Re during
the experiments have been studied to observe the effects of the number of the
elements to the results of the temperature and pressure drop. The results are provided

in Table 2.7.
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Table 2.7 The results of the mesh independence study

Thase o AP Yo
Elements Nodes C) Change (Pa) Change
in Thase in AP
1670271 959950 56.11 - 5.65 -

PFHS 3840987 1596130 56.26 0.27 5.72 1.24
9085723 3858842 56.55 0.52 5.76 0.70

20 PPI 2110702 1683635 49.7 - 5.53 -
FC-PFHS 3508660 1974275 49.8 0.20 5.6 1.27
8651487 3047433 49.79 0.02 5.66 1.07

40 PPI 2110702 1683635 53.83 - 6.84 -
FC-PFHS 3508660 1974275 53.88 0.10 6.89 0.78

8651487 3047433 53.87 0.02 6.96 0.93

As evident from Table 2.7, variations in the number of elements only influence the
results by a maximum of 0.52% for the base temperature and 1.27% for pressure

drop.

Given the significantly low maximum variation value and considering computational
costs and efforts, an element number of 3840987 for PFHS and 3508660 for FC-

PFHSs is sufficient to ensure numerical accuracy in the simulations.

The meshing configurations are presented in Figure 2.14.

Figure 2.14 Meshing configurations for (a) PFHS, (b) 20 PPI FC-PFHS
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The detailed meshing configuration on symmetry plane for FC-PFHS is given in

Figure 2.15.

Figure 2.15 Detailed meshing configuration on symmetry plane for 20 PPI FC-PFHS

224 Parametric Study

For the scope of parametric study, the outer diameter of the cladded aluminum foam
(Dar) is increased while the pin fin diameter (Dpr) is kept constant at Smm. Two

different geometries have been created.

As a second parameter, the porosity of the aluminum foams has been changed while
PPI value is kept constant at 20 PPI. With the changing porosity value, the inertial

coefficient and permeability constants also change.

The porosity values are chosen from the literature which the Cr and Kr values are

provided. Each scenario in parametric study is called as “Case”.

The cases are studied for the lowest Re during the experiments, since it results in the
maximum base temperature, which is the critical consideration for electronic

components.

The list of parameters studied is provided in Table 2.8.
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Table 2.8 Parametric study matrix

Case Drr Dar ¢ Cr Kr x 107
(mm) (mm) (m?)
PFHS Base 5 - - - -

FC-PFHS Ref 5 10 0.95 0.093 1.30
FC-PFHS Casel 5 10 0.93 0.098 1.17
FC-PFHS Case2 5 10 0.92 0.102 1.06
FC-PFHS_ Case3 5 10 0.90 0.088 0.90
FC-PFHS Case4 5 15 0.95 0.093 1.30
FC-PFHS_Case5 5 15 0.93 0.098 1.17
FC-PFHS Case6 5 15 0.92 0.102 1.06
FC-PFHS Case7 5 15 0.90 0.088 0.90
FC-PFHS Case8 5 18 0.95 0.093 1.30
FC-PFHS Case9 3 18 0.93 0.098 1.17
FC-PFHS Casel0 5 18 0.92 0.102 1.06
FC-PFHS Casell 5 18 0.90 0.088 0.90

FC-PFHS_ Ref (up to this point this case is called as 20 PPI FC-PFHS, from this
point on it will be stated as FC-PFHS_Ref) is studied both experimentally and
numerically, while all other cases are studied only numerically. For this reason, this

case is specifically named as FC-PFHS Ref.
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CHAPTER 3

RESULTS AND DISCUSSION

In this chapter, the results obtained from both experimental and numerical studies
will be presented and discussed. Initially, the results of the experimental and
numerical study will be provided and the numerical model will be validated.
Subsequently, thermal and hydrothermal performance of heat sinks will be compared
and a parametric analysis will be conducted on the heat sink exhibiting the most
favorable hydrothermal performance. The focus of the parametric analysis will be to
explore the influence of varying geometric configurations and the utilization of
foams with different porosities on hydrothermal performance. This investigation
aims to show how changes in geometry and foam characteristics impact the
hydrothermal behavior of the system. After the parametric study, with the help of
PEC value, the heat sink which has the best hydrothermal performance will be
presented. Furthermore, an investigation into local hot spots will be conducted in
order to ascertain whether there exist local hot spots on the base plate of the heat

sink.

3.1 Validation of Numerical Models

3.1.1 Pin Fin Heat Sink

The comparison between the base temperature and pressure drop values obtained
from both experiments and numerical simulations for the PFHS aims to verify the
accuracy and reliability of the numerical model. The results obtained are provided in

Figure 3.1.
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Figure 3.1 Experimental and numerical results for PFHS

The experimental and numerical results are in good agreement in terms of pressure
drop and base temperature. The maximum deviation for the pressure drop is 8%

while for base temperature it is 3.5%.

3.1.2 FC-PFHS_Ref and 40 PPI FC-PFHS

While cladding foam onto pin fins, it is not possible to clad it perfectly. As a result
of cladding, there exist gaps between the foam and the pin fin which resulted in
thermal contact resistance (TCR) between the foam and the pin fin for both FC-
PFHS Ref and 40 PPI FC-PFHS. In order to determine the TCR value, the existing
literature studies have been investigated. Jaeger et al. [69] has conducted an
experimental study for the investigation of TCR for four bonding methods. The
authors figured out that TCR for epoxy bonding applied under 0.5 MPa pressure is
0.00125 m?K/W. But in this study, the epoxy bonding is applied without any external
pressure. Therefore, the TCR value between the foam and pin fins is taken to be
0.003 m?K/W in numerical modelling. The comparison of the experimental and the
numerical simulation results for FC-PFHS Ref and 40 PPI FC-PFHS are depicted in
Figure 3.2.
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Figure 3.2 Experimental and numerical results for FC-PFHS Ref and 40 PPI FC-
PFHS

For FC-PFHS Ref the maximum variation between the experiments and numerical
study obtained for the pressure drop is 10%. Considering the low pressure drop

value, this variation is acceptable.

On the other hand, for FC-PFHS Ref the maximum variation is 4.2% for the base
temperature. When the Re increases the behavior of the experimental and numerical
results tend to vary. At high Re, numerical calculations estimate higher base

temperature than the experiment while this behavior is opposite for low Re.

For 40 PPI FC-PFHS, the pressure transmitter used in the experiments failed in
measuring the pressures for each Re, since pressure drop values are quite low.
Therefore, pressure drop measurements couldn’t be included in the validation of the
40 PPI FC-PFHS. For the temperature, the maximum variation between

experimental and numerical study is found to be only 3.7%.

The numerical model is in good agreement with the experiments considering the
maximum variation values. Therefore, it can be stated that the numerical model has

been successfully validated and can be utilized for further considerations.
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3.13 Flow Regime

During numerical modelling, the flow is taken to be a laminar flow. In order to make
sure that the flow is laminar throughout the channel for Re used in parametric study,
the flow regime over a pin fin is investigated. The Re values calculated based on a
single pin fin or hydraulic diameter of the channel are always below 2300, so the

laminar flow assumption is valid.

The velocity contours for fluid and porous domain and the temperature contour for
fluid, solid and porous domains when Repy=2242 are given in Figure 3.3. The
velocity contour is taken on xz plane at y=H/2, while the temperature contour is taken
on xy plane on symmetry axis (z=W/2). From the velocity profile it can be observed
that laminar flow consideration is valid since at the entrance the streamlines are
relatively straight and parallel, aligning with the flow direction imposed by the
channel walls. Some initial distortion of streamlines occurs near foam’s surface due
to the interaction between the air and the foam. Streamlines closer to the aluminum
foam and pin fin curve more sharply due to the influence of the FC-PFHS surface. It
can be clearly depicted that streamlines attach to the surface of the pin fin as the air
flows around it which is due to the no-slip condition. After passing the pin fins, the

streamlines gradually separate and straighten out as the flow re-establishes itself.

The velocity profile for both of the FC-PFHS is quite similar while temperature
profile differs from each other. From the temperature contour on the symmetry axis,
it can be observed that the thermal boundary layer above the FC-PFHS Ref'is thinner
than 40 PPI FC-PFHS. Considering the lower base temperature values obtained for
FC-PFHS Ref, this is an expected scenario. Also, the maximum temperature on the

temperature contour on FC-PFHS Ref is lower than the 40 PPI FC-PFHS.
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Figure 3.3 The velocity and temperature contours for (a) PFHS with Dpr=10mm
(b) FC-PFHS Ref, (c) 40PPI FC-PFHS

3.2 Comparison of PFHS and FC-PFHSs with Different PPI Values

With the validated numerical model, the thermal performances of PFHS, FC-
PFHS Ref and 40 PPI are investigated. As provided in Figure 3.4 for all Re, FC-
PFHS Ref demonstrates superior thermal performance, showing a Nu increase of

approximately 20% compared to 40 PPI FC-PFHS and 37.5% relative to PFHS.
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Figure 3.4 Nu for FC-PFHS Ref, 40 PPI FC-PFHS and PFHS
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And the hydrothermal performance of FC-PFHS Ref and 40 PPI FC-PFHS are
compared by using PEC value. For the evaluation of PEC value, the base case which
the performance comparison made is taken to be the PFHS for each Re. In Figure
3.5, PEC value variation of FC-PFHS Ref and 40 PPI FC-PFHS is provided. Since
pressure couldn’t be measured during the experiment of 40 PPI FC-PFHS, PEC value

is calculated by only using the results from numerical study.
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Figure 3.5 PEC of FC-PFHS Ref and 40 PPI FC-PFHS

It can be observed that PEC of FC-PFHS Ref is higher in both experimental and
numerical cases compared to the 40 PPI FC-PFHS. Consequently, in the context of
hydrothermal performance, FC-PFHS Ref demonstrates superior performance
relative to the 40 PPI FC-PFHS. All in all, cladding aluminum foam onto the pin fin
can potentially enhance hydrothermal performance by up to 45% compared to the

PFHS alone.
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3.3  Parametric Study Results

Based on the experimentally validated numerical model, it is observed that the
hydrothermal performance of FC-PFHS_Ref is superior to 40 PPI FC-PFHS. Hence,
the parametric study is specifically focused on the 20 PPI FC-PFHS for all the cases
defined in Table 2.8. Also, the numerical model is validated for both base
temperature and pressure drop for 20 PPI FC-PFHS, which makes the parametric
study justified for this FC-PFHS.

Figure 3.6 depicts the parametric study results for 0.95, 0.93, 0,92 and 0.90 porosity
values. All of the figures include PFHS Base in order to visualize the hydrothermal

performance enhancement.

When the thickness of the cladding increases for the same porosity value Nu
increases due to the enlarged heat transfer area. However, simultaneously, the

pressure drop value also increases with the foam thickness increment.
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Figure 3.6 AP and Nu of parametric study cases

For the cases with same cladding thickness but different porosity value, when
porosity decreases, the pressure drop increases. While the porosity decreases, the
permeability value decreases which results in higher pressure drop. Thus, for
applications with low pumping power requirements, foams with higher porosity may

be preferred.

The variation of porosity value does not affect the Nu for the same cladding
thickness. Changes in porosity lead to corresponding alterations in other parameters
such as permeability, coefficient of inertia and kesr, which are sourced from existing
literature. Consequently, changes in porosity lead to variations in parameters which
are obtained experimentally and at the end, it is not possible to determine the effect
of porosity on thermal performance within studied Re values. For a different study
which has higher Re than current study, it may be possible to observe the effect of

change in porosity on heat transfer performance.

For all of the cases it can be clearly stated that there is a significant improvement in
the thermal performance of the cases studied compared to the base case. For the

hydrothermal performance, PEC value will be utilized in the upcoming sections.
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In order to observe the effect of foam cladding thickness on hydrothermal
performance deeply, the velocity and temperature profiles of three cases have been
investigated. All of the cases have the same porosity value, which the experiments

are conducted.

In Figure 3.7 the velocity contour is taken on xz plane at y=H/2 and the temperature
contour is taken on symmetry plane. The dashed lines in the figures present the outer

boundary of the cladded foam.

As the thickness of the aluminum foam increases, the heat transfer area expands,
leading to a decrease in the maximum temperature observed across the entire

domain.
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Figure 3.7 Velocity and temperature profile for (a) FC-PFHS Ref,
(b) FC-PFHS Case4, (c) FC-PFHS_ Case8

Also, it can be observed that the thickness of the thermal boundary layer decreases
while the cladding thickness increases. A thinner thermal boundary layer comes with
the advantage of higher flow mixing capacity and therefore higher Nu. However, the
enhancement in thermal performance is accompanied by the drawback of an

increased pressure drop, resulting in higher power consumption.

For the overall hydrothermal performance, PEC for all of the cases has been
calculated and provided in Figure 3.8. For all different pin fin diameter cases, the
first, second, third and fourth bars represent cases with 0.95, 0.93, 0.92 and 0.90
porosity, respectively. Among these cases, FC-PFHS Ref demonstrates the most
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favorable hydrothermal performance, showcasing a notable enhancement of 46.45%.
It is noteworthy that all studied scenarios exhibit considerable improvements in
hydrothermal performance, even the case with the lowest enhancement, FC-
PFHS Casell, which still achieves an improvement of 37.5%. Consequently,
cladding foams onto pin fins exhibits improved heat transfer capabilities despite a

noticeable increase in pressure drop.
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Figure 3.8 PEC values for the parametric study

3.3.1 Local Hot Spot Investigation

During the cooling process of electronic components, the distribution of
temperatures across the component may vary, resulting in the occurrence of localized
regions experiencing higher temperatures compared to adjacent areas. This
phenomenon is commonly referred to as local hot spots, where specific zones within

the electronic device exhibit elevated thermal levels.
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Figure 3.9 Local temperature distribution of base plate for (a) FC-PFHS Ref,
(b) FC-PFHS Case4 and (c) FC-PFHS Case8

Ensuring effective cooling is essential for the proper functioning of electronic
components, necessitating a cooling system capable of mitigating local hot spots.
Therefore, in addition to examining the hydrothermal performance of cases within
the parametric study, it is crucial to analyze the behavior of local hotspot generation

to ensure the system operates safely and reliably.
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The temperature distribution on the base plate (xz plane when y=-t) is provided in

Figure 3.9 for FC-PFHS Ref, FC-PFHS Case4, and FC-PFHS CaseS.

The maximum and minimum temperature variations on the base plate for FC-
PFHS Ref, FC-PFHS Case4, and FC-PFHS Case8 are 3.48%, 4.95%, and 4.55%,

respectively.

Maintaining uniform cooling performance is crucial to avoid the formation of local
hot spots. Based on the size of the geometry and temperature distribution observed
in this study, it can be concluded that uniform cooling has been successfully

achieved.
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CHAPTER 4

CONCLUSION AND FUTURE WORK

As technology advances, the demand for effective cooling of electronic components
continues to grow. Traditional cooling methods are often unable to handle the
increasing heat loads efficiently. Hence, there is a pressing need to explore new
solutions to ensure optimal operation of electronic components. Metal foams emerge
as promising candidates due to their high surface area-to-volume ratio, lightweight
nature, and ability to significantly enhance heat transfer. However, increasing the
surface area of the foam introduces the drawback of increasing pressure drop. Hence,
it becomes crucial to determine an optimal threshold where hydrothermal
performance remains favorable. Previous research extensively investigates the use
of metal foams either as standalone heat sinks or in conjunction with pin fins.
However, existing studies are confined by limited geometries in heat sink designs
incorporating both foams and fins. In this study, a novel geometry has been devised
to address this limitation. To assess the cooling performance of this novel
configuration, experiments are conducted wherein aluminum foams are cladded onto
pin fins on heat sinks. The experimental study involves the utilization of PFHS
alongside two variations of FC-PFHSs featuring different PPI values. A comparative
analysis is performed to evaluate the hydrothermal performance of these distinct
geometries. Subsequently, a numerical model is developed and successfully
validated using the experimental results. With the validated numerical model, a
parametric analysis is carried out. This analysis focuses on exploring the impact of
cladding thickness, with two varying thickness values. Additionally, considering the

significance of porosity in foams, four different porosity values are studied for all
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distinct geometries. Ultimately, the study delves into a comprehensive discussion on

the thermal and hydrothermal performance of these cases.

During the experiments, it is observed that the addition of aluminum cladding
enhances the hydrothermal performance of the heat sink. Both the 20 and 40
PPI FC-PFHSs exhibit superior hydrothermal performance compared to the
unclad heat sink with identical outer diameter.

Due to the inability to measure pressure drop in the experiments for the 40
PPI FC-PFHS, a comparison of the hydrothermal performance between the
20 and 40 PPI FC-PFHS is conducted using numerical model results. It is
determined that the hydrothermal performance of the FC-PFHS Ref
surpassed that of the 40 PPI FC-PFHS.

FC-PFHS_Ref exhibits superior thermal performance compared to the 40
PPI FC-PFHS and PFHS.

40 PPI FC-PFHS shows better thermal and hydrothermal performance
relative to PFHS.

A parametric study is conducted using 20 PPI FC-PFHSs, varying cladding
thickness and porosity values. For the calculation of performance evaluation
criterion (PEC), the base case is established with a 5Smm diameter PFHS.

As the diameter of the cladding increases, the thermal performance of the
heat sink also increases. However, as the thickness of the cladding increases,
the pressure drop experiences a tremendous increase which results in high
pumping powers for the fan or pump used for cooling [38].

Altering the porosity does not notably impact the thermal performance of the
heat sink for the studied Re. However, it does lead to variations in the
pressure drop values.

All of the studied cases show an enhancement in hydrothermal performance.
Among all twelve cases studied, 20 PPI 10 mm diameter FC-PFHS with a
porosity value of 0.95 shows the best hydrothermal performance with an

increase of 46.5% compared to the base case.
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As future work, a new set of experiments may be designed in order to investigate the
effect of employing various metal foams for cladding PFHSs, with corresponding
numerical models developed accordingly. Additionally, given the challenge of
measuring pressure drop for all cases in the current study, employing a new pressure

transmitter capable of measuring low pressures could enhance future investigations.

An optimization study may be conducted for using different metal foams for
claddings in terms of cost effectiveness. An optimization study could also explore
whether utilizing metal foams for enhancing heat transfer justifies dealing with the
associated high pumping power requirements. A better integration way of metal
foams onto pin fins may be investigated without creating additional contact
resistance between pin fins and metal foams. Different geometries can be created and
studied both experimentally and numerically which could offer valuable insights for

further enhancing heat sink performance.
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