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งานวจิยัน้ีเป็นการศกึษาเชงิทดลองในการหาค่าสมรรถนะทางความรอ้นและลกัษณะของความ
ดน้ลด  ที่เกดิขึน้ภายในอุปกรณ์ระบายความรอ้นที่ใชข้องไหลนาโนเป็นของไหลท างาน  โดย
อุปกรณ์ระบายความรอ้นทีใ่ชใ้นการทดลองม ี2 ลกัษณะ คอื แบบทีม่ลีกัษณะเป็นครบีแทง่กลมที่
มขีนาดเล็กมาก (Miniature circular pin fin ,MCFHS) และครบีแท่งเหลี่ยมที่มขีนาดเล็กมาก 
(Miniature square pin fin, MSFHS)   นอกจากนัน้ของไหลนาโนทีใ่ชใ้นการทดลองกม็ ี2 ชนิด 
คอื ชนิดที่ใส่อนุภาคของ ZnO และ SiO2 ลงในน ้า โดยมคีวามเขม้ขน้โดยปรมิาตรเท่ากบั 0.2, 
0.4 และ 0.6 vol.%  และไหลผ่านอุปกรณ์ระบายความรอ้นภายใต้สภาวะฟลกัซ์ความร้อนคงที ่ 
โดยการศกึษาน้ีไดร้ายงานผลของลกัษณะของครบีระบายความรอ้น, ความเขม้ขน้ของของไหล
นาโน และเลขเรย์โนลด์   ที่มีต่อสมรรถนะการถ่ายเทความร้อนและความดันลดที่เกิดขึ้น  
ส าหรบัสภาวะที่ใช้ในการทดลอง คอื เลขเรยโ์นลด์อยู่ระหว่าง 700 และ 3,700  อุณหภูมขิอง
ของไหลเท่ากับ 15 องศาเซลเซียส ฟลักซ์ความร้อนอยู่ระหว่าง 2 ถึง 5 วัตต์ต่อตาราง
เซนตเิมตร  ส าหรบัเสน้ผา่นศูนยก์ลางไฮดรอลกิซข์องช่องทางการไหลของอุปกรณ์ระบายความ
รอ้นทัง้ 2 แบบ ถูกออกแบบใหเ้ท่ากนัที่ 1.2 มลิลเิมตร  และพืน้ที่ผวิการถ่ายเทความรอ้นของ
อุปกรณ์ระบายความร้อนแบบครีบแท่งกลมและครบีแท่งเหลี่ยม เท่ากับ 1,430 และ 1,565 
ตารางมลิลเิมตร ตามล าดบั และท ามาจากอลูมเินียมขนาดประมาณ 28 x 30 มลิลเิมตร   โดย
ขอ้มูลจากการทดลองของของไหลนาโนจะถูกน าไปเปรยีบเทียบกบัขอ้มูลการทดลองของน ้า   
จากผลการทดลองพบว่าสมรรถนะในการถ่ายเทความรอ้นของของไหลนาโนจะมคี่าสูงกว่าน ้า
และแปรผนัตามเลขเรย์โรลด์และความเขม้ข้นของของไหลนาโน   โดยของไหลนาโนชนิดใส่
อนุภาคของ SiO2 ลงในน ้าให้ค่าสมรรถนะการถ่ายเทความรอ้นที่สูงกว่าน ้าระหว่าง 4 ถึง 13 
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เปอร์เซ็นต์ ส่วนของไหลนาโนชนิดใส่อนุภาคของ ZnO ลงในน ้า ให้ค่าสมรรถนะการถ่ายเท
ความรอ้นที่สูงกว่าน ้าระหว่าง 7 ถึง 20 เปอร์เซ็นต์  นอกจากนัน้จากผลการทดลองยงัพบว่า 
อุปกรณ์ระบายความรอ้นแบบครบีแทง่กลมใหค้่าสมรรถนะการถ่ายเทความรอ้นทีด่กีวา่ครบีแบบ
แท่งเหลี่ยม   ในส่วนของความดนัลดนัน้ จากผลการทดลองพบว่าผลของอนุภาคนาโน, ความ
เขม้ขน้และลกัษณะของครบีระบายความรอ้นมผีลต่อค่าก าลงังานในการป ัม๊ของไหลน้อยมาก  
สุดทา้ย ในการศกึษาน้ีไดน้ าขอ้มลูจากการทดลองทัง้หมด มาสรา้งสหสมัพนัธส์ าหรบัท านายค่า
เลขนัสเซลและความดนัลด จากการไหลของของไหลนาโนทีไ่หลผ่านอุปกรณ์ระบายความรอ้น
แบบทีม่คีรบีแท่งกลมและครบีแท่งเหลี่ยมขนาดเลก็ ซึ่งรปูแบบของสมการจะมรีปูแบบทีง่า่ยต่อ
การใชง้าน  
 
ค าหลกั : ระบายความรอ้นดว้ยของไหลนาโน, อุปกรณ์ระบายความรอ้น, เลขนสัเซล, ก าลงังาน
ในการป ัม๊ 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Abstract 
 
Project Code: MRG5580118 
 
Project Title: Heat Transfer and Pressure Drop Characteristics of Nanofluids flowing 
Through Microchannel Heat Sinks 
 
Investigator:  
Asst. Prof. Dr. Weerapun  Duangthongsuk 
Mechanical Engineering Department, Faculty of Engineering,  
Southeast Asia University 
 
E-mail Address: wdaungthongsuk@yahoo.com, weerapund@sau.ac.th 
 
Project Period: 2 July 2012 – 30 June 2014 
 
The research reports an experimental investigation on the thermal performance and 
pressure drop features of the nanofluid-cooled heat sinks with miniature circular pin fin 
(MCFHS) and square pin fin (MSFHS) structure. ZnO and SiO2 nanoparticles dispersed 
in DI water with particle concentrations of 0.2, 0.4 and 0.6 vol.% are used as working 
fluids and flow through both heat sinks under constant heat flux condition. The effect of 
pin fin configuration, particle concentration and Reynolds number on the heat transfer 
performance and pressure drop are presented. Reynolds number ranging between 700 
and 3,700, fluid temperature of 15 oC and heat flux ranged between 2 and 5.W/cm2 are 
tested. Hydraulic diameter of MCFHS and MSFHS are equally designed at 1.2 mm, and 
the heat transfer area of MCFHS and MSFHS is around 1,430 and 1,565 mm2, 
respectively. MCFHS and MSFHS are made from aluminum material with dimension 
about 28x30 mm. The data for nanofluid-cooled heat sink are used to compare with the 
data for water-cooled heat sinks.  The experimental results indicated that the heat 
transfer coefficient increased with increasing Reynolds number and particle 
concentrations. The data also showed that the heat transfer performance of nanofluid-
cooled heat sink was larger than the water-cooled heat sink around 4-13% for SiO2-
water nanofluid and 7-20% for ZnO-water nanofluid. MCFHS gave larger heat transfer 
performance than the MSFHS at a given condition. For pressure drop data, the 
measured data showed that particle types, particle concentration and channel 
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configurations had a small effect on the pumping power. Finally, the heat transfer and 
pressure drop correlation were proposed in the simple form to predict the Nusselt 
number and pressure drop of nanofluid-cooled heat sink with pin fin structures.        
 
Keywords : nanofluid-cooled, heat sink, Nusselt number, pumping power 
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CHAPTER 1 INTRODUCITON 

 

 

1.1 Rationale 

Now a day, the next generation of the modern electronic device (such as electronic chip) 

turn into smaller and high heat flux will be generated. Because of limitation of the heat 

transfer area, unprecedented high load was created. Thus, removing of high heat 

generated from these equipment is a major target for designing the future electronic 

system. In general, there are three approaches for increasing the cooling performance of 

advanced electronic devices with high level of heat generation. The first is to find an 

optimum geometry of cooling devices in which the cooling performance is maximized. 

The second is to reduce the channel diameter for enhancing the heat transfer coefficient 

which is reported by Tuckerman and Pease [1]. The last is to improve the heat transfer 

performance of coolants. So, using of nanofluid as coolant is a new idea to increase the 

cooling performance of the advanced electronic devices. In order to solve this problem, 

concept of nanofluids combined with heat sinks with optimum configuration and small 

size of flow channel can be established and are expected for effective heat removing 

from modern electronic system. Using of some ultra-fine solid particles for dispersing in 

the common heat transfer fluid was firstly introduced in 1993 by Masuda et al., [2]. 

Later, in 1995, Choi [3] was first introduced the name of “Nanofluids” which means 

that the conventional fluids with nanoparticle suspension. Many researchers stated that 

replacing of common heat transfer fluids with nanofluids provided greater heat transfer 

performance than that of the common base fluids for several times. At the same time, no 

or tiny penalty drop in pressure were obtained (Daungthongsuk and Wongwises [4, 5, 6 

and 7]).  Similarly, concept of microchannel heat sink (MCHS) was first explored by 

Tuckerman and Pease [1] in the 1981. Their results showed that MCHS gave high heat 
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transfer removal potential. . They were also suggested that in order to increase the heat 

transfer performance, decreasing in the channel diameter should be done. Finally, heat 

sinks with optimal structure called “miniature pin fin configuration (MPF)” was an 

alternative way to improve the heat transfer performance of the heat sink. Thus, the 

present work was aimed to study the advantage of different ways for enhancing the heat 

transfer performance of nanofluid-cooled microchannel heat sink with miniature 

circular fin (MCFHS) and square fin (MSFHS) configuration. Two different types of 

nanoparticle were tested. Moreover, pressure drop across the heat sink block was also 

investigated.           

 

1.2 Objectives 

1. To investigate the heat transfer performance and pressure drop characteristics of 

nanofluids flowing through miniature heat sinks with circular fin (MCFHS) and square 

fin (MSFHS) structure and having small size of flow channel.  

2. To study the effects of the Reynolds number, particle concentration and channel 

configuration (MCFHS and MSFHS) of heat sinks on the heat transfer performance and 

pressure drop characteristics of nanofluids-cooled heat sink compared with water 

cooled- heat sink. 

3. To propose the new correlations to predict the Nusselt number and pressure drop of 

nanofluid-cooled heat sinks for practical use. 
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1.3 Scope 

1. Heat sinks made from aluminum material with dimension of around 28x30 mm are 

tested. 

2. Two miniature pin fin configurations with circular (MCFHS) and square fin 

(MSFHS) are compared.   

3. The SiO2 and ZnO nanoparticles suspended in DI water with particle concentrations 

of 0.2, 0.4 and 0.6 vol.%  are used as coolant.  

4. A 100 W electric heater is used to supply heat load to the each test sections. .  

5. Inlet fluid temperature is about 15 oC.   

 

1.4 Significance and Usefulness 

1. The results obtained from this study are expected to be suitable for applying the 

nanofluid-cooled heat sinks to practical use. 

2. The experimental system can be used to study the other types of the nanofluids and 

test sections.  

3. The new heat transfer and pressure drop correlations can be used to predict the 

thermal and flow behaviors of nanofluid-cooled heat sink which give more accuracy. 

 



CHAPTER 2 FUNDAMENTAL AND LITERATURE REVIEW  

 

The purpose of this chapter is to describe the fundamental and basic theory of 

nanofluids and heat sink, respectively. Moreover, review the literature mentioning the 

heat transfer performance and flow characteristics of nanofluids flowing through heat 

sink with microchannel configuration and pin fin arrangement including the 

experimental and numerical investigations. The detail of above mentioned is expressed 

in the following subsection.    

 

2.1   Fundamental of Nanofluids   

2.1.1 Making of Nanofluids 

Materials for base fluids and nanoparticles are diverse. Stable and highly conductive 

nanofluids are produced by one- and two-step production methods. Both approaches to 

creating nanoparticle suspensions suffer from agglomeration of nanoparticles, which is 

a key issue in all technology involving nanopowders. Thus, synthesis and suspension of 

nearly nonagglomerated or monodispersed nanoparticles in liquids is the key to 

significant enhancement in the thermal properties of nanofluids (Das et al. [8]). 

 

2.1.2 Nanoparticles Materials and Conventional Base Fluids 

Modern fabrication technology provides great opportunities to process materials 

actively at nanometer scales. Nanostructured or nanophase materials are made of 

nanometer-sized substances engineered on the atomic or molecular scale to produce 

either new or enhanced physical properties not exhibited by conventional bulk solids. 

All physical mechanisms have a critical length scale below which the physical 

properties of materials are changed. Therefore, particles smaller than 100 nm exhibit 
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properties different from those of conventional solids. The noble properties of 

nanophase materials come from the relatively high surface area/volume ratio, which is 

due to the high proportion of constituent atoms residing at the grain boundaries. The 

thermal, mechanical, optical, magnetic, and electrical properties of nanophase materials 

are superior to those of conventional materials with coarse grain structures. 

Consequently, research and development investigation of nanophase materials has 

drawn considerable attention from both material scientists and engineers (Duncan and 

Rouvray, [9]). 

1. Nanoparticle material types. Nanoparticles used in nanofluids have been made of 

various materials, such as oxide ceramics (Al2O3, CuO), nitride ceramics (AlN, SiN), 

carbide ceramics (SiC, TiC), metals (Cu, Ag, Au), semiconductors (TiO2, SiC), carbon 

nanotubes, and composite materials such as alloyed nanoparticles Al70Cu30 or 

nanoparticle core–polymer shell composites. In addition to nonmetallic, metallic, and 

other materials for nanoparticles, completely new materials and structures, such as 

materials “doped” with molecules in their solid–liquid interface structure, may also have 

desirable characteristics (Das et al. [8]). 

2. Host liquid types. Many types of liquids, such as water, ethylene glycol, and oil, have 

been used as host liquids in nanofluids (Das et al. [8]). 

 

2.1.3 Methods of Nanoparticle Manufacture 

Fabrication of nanoparticles can be classified into two broad categories: physical 

processes and chemical processes (Kimoto et al. [10], Granqvist and Buhrman [11]). 

Currently, a number of methods exist for the manufacture of nanoparticles. Typical 

physical methods include inert-gas condensation (IGC), developed by Granqvist and 

Buhrman [11], and mechanical grinding. Chemical methods include chemical vapor 
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deposition (CVD), chemical precipitation, microemulsions, thermal spray, and spray 

pyrolysis. A sonochemical method has been developed to make suspensions of iron 

nanoparticles stabilized by oleic acid (Suslick et al., [12]). The current processes for 

making metal nanoparticles include IGC, mechanical milling, chemical precipitation, 

thermal spray, and spray pyrolysis. Most recently, Chopkar et al. [13] produced alloyed 

nanoparticles Al70Cu30 using ball milling. In ball milling, balls impart a lot of energy 

to slurry of powder, and in most cases some chemicals are used to cause physical and 

chemical changes. These nanosized materials are most commonly produced in the form 

of powders. In powder form, nanoparticles are dispersed in aqueous or organic host 

liquids for specific applications (Das et al. [8]). 

 

2.1.4 Dispersion of Nanoparticles in Liquids 

Stable suspensions of nanoparticles in conventional heat transfer fluids are produced by 

two methods: the two-step technique and the single-step technique. The two-step 

method first makes nanoparticles using one of the above-described nanoparticle 

processing techniques and then disperses them into base fluids. The single-step method 

simultaneously makes and disperses nanoparticles directly into base fluids. In either 

case, a well-mixed and uniformly dispersed nanofluid is needed for successful 

production or reproduction of enhanced properties and interpretation of experimental 

data. For nanofluids prepared by the two-step method, dispersion techniques such as 

high shear and ultrasound can be used to create various particle–fluid combinations. 

Most nanofluids containing oxide nanoparticles and carbon nanotubes reported in the 

open literature are produced by the two-step process. If nanoparticles are produced in 

dry powder form, some agglomeration of individual nanoparticles may occur due to 

strong attractive van der Waals forces between nanoparticles. This undesirable 
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agglomeration is a key issue in all technology involving nanopowders. Making 

nanofluids using the two-step processes has remained a challenge because individual 

particles quickly agglomerate before dispersion, and nanoparticle agglomerates settle 

out in the liquids. Well-dispersed stable nanoparticle suspensions are produced by fully 

separating nanoparticle agglomerates into individual nanoparticles in a host liquid. In 

most nanofluids prepared by the two-step process, the agglomerates are not fully 

separated, so nanoparticles are dispersed only partially. Although nanoparticles are 

dispersed ultrasonically in liquid using a bath or tip sonicator with intermittent 

sonication time to control overheating of nanofluids, this two-step preparation process 

produces significantly poor dispersion quality. Because the dispersion quality is poor, 

the conductivity of the nanofluids is low. Therefore, the key to success in achieving 

significant enhancement in the thermal properties of nanofluids is to produce and 

suspend nearly monodispersed or nonagglomerated nanoparticles in liquids. 

 

A promising technique for producing nonagglomerating nanoparticles involves 

condensing nanophase powders from the vapor phase directly into a flowing low-vapor 

pressure fluid. This approach, developed in Japan 20 years ago by Akoh et al. [14] 

which is called the VEROS (vacuum evaporation onto a running oil substrate) 

technique. VEROS has been essentially ignored by the nanocrystalline-materials 

community because of subsequent difficulties in separating the particles from the fluids 

to make dry powders or bulk materials. Based on a modification of the VEROS process 

developed in Germany (Wagener et al. [15]) Moreover, Eastman et al. [16] developed a 

direct evaporation system that overcomes the difficulties of making stable and well-

dispersed nanofluids. The direct evaporation–condensation process yielded a uniform 

distribution of nanoparticles in a host liquid. In this much-longed-for way to making 
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nonagglomerating nanoparticles, they obtained copper nanofluids with excellent 

dispersion characteristics and intriguing properties. The thermal conductivity of 

ethylene glycol, the base liquid, increases by 40% at a Cu nanoparticle concentration of 

only 0.3 vol%. This is the highest enhancement observed for nanofluids except for those 

containing carbon nanotubes. However, the technology used by Eastman et al. has two 

main disadvantages. First, it has not been scaled up for large-scale industrial 

applications. Second, it is applicable only to low-vapor-pressure base liquids. Clearly, 

the next step is to see whether they can compete with the chemical one-step method 

described below. Zhu et al. [17] developed a one-step chemical method for producing 

stable Cu-in-ethylene glycol nanofluids by reducing copper sulfate pentahydrate 

(CuSO4·5H2O) with sodium hypophosphite (NaH2PO2·H2O) in ethylene glycol under 

microwave irradiation. They claim that this one-step chemical method is faster and 

cheaper than the one-step physical method. The thermal conductivity enhancement 

approaches that of Cu nanofluids prepared by a one-step physical method developed by 

Eastman et al. [18]. Although the two-step method works well for oxide nanoparticles, 

it is not as effective for metal nanoparticles such as copper. For nanofluids containing 

high-conductivity metals, it is clear that the single-step technique is preferable to the 

two-step method (Das et al. [8]).  

 

The first-ever nanofluids with carbon nanotubes, nanotubes-in-synthetic oil (PAOs), 

were produced by a two-step method (Choi et al. [19]). Multiwalled carbon nanotubes 

(MWNTs) were produced in a CVD reactor, with xylene as the primary carbon source 

and ferrocene to provide the iron catalyst. MWNTs having a mean diameter of∼25 nm 

and a length of∼50µm contained an average of 30 annular layers. Chopkar et al. [13] 

used ball milling to produce Al70Cu30 nanoparticles and dispersed 
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their alloyed nanoparticles in ethylene glycol (Das et al. [8]). 

 

2.2  Heat Sink  

2.2.1 Heat Transfer Principle [20] 

A heat sink transfers thermal energy from a higher temperature device to a lower 

temperature fluid medium. The fluid medium is frequently air, but can also be water, 

refrigerants or oil. If the fluid medium is water, the heat sink is frequently called a cold 

plate. In thermodynamics a heat sink is a heat reservoir that can absorb an arbitrary 

amount of heat without significantly changing temperature. Practical heat sinks for 

electronic devices must have a temperature higher than the surroundings to transfer heat 

by convection, radiation, and conduction. 

 

To understand the principle of a heat sink, consider Fourier's law of heat conduction. 

Joseph Fourier was a French mathematician who made important contributions to the 

analytical treatment of heat conduction. Fourier's law of heat conduction, simplified to a 

one-dimensional form in the x-direction, shows that when there is a temperature 

gradient in a body, heat will be transferred from the higher temperature region to the 

lower temperature region. The rate at which heat is transferred by conduction, Q, is 

proportional to the product of the temperature gradient and the cross-sectional area 

through which heat is transferred. 

 

  
dx

dT
kAQ   (2.1) 
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Figure 2.1 Heat transfer behavior across the heat sink [20] 
 

Consider a heat sink in a duct, where fluid flows through the duct, as shown in Figure 

2.1. It is assumed that the heat sink base is higher in temperature than the fluid. 

Applying the conservation of energy, for steady-state conditions, and Newton’s law of 

cooling to the temperature nodes shown in Figure 2.1 gives the following set of 

equations. 

  )( inoutP TTCmQ    (2.2) 
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Using the mean fluid temperature is an assumption that is valid for relatively short heat 

sinks. When compact heat exchangers are calculated, the logarithmic mean air 

temperature is used. m is the mass flow rate in kg/s. 

The above equations show that 

 When the fluid flow through the heat sink decreases, this results in an increase in 

the average fluid temperature. This in turn increases the heat sink base 

temperature. And additionally, the thermal resistance of the heat sink will also 

increase. The net result is a higher heat sink base temperature.  

 The inlet fluid temperature relates strongly with the heat sink base temperature. 

For example, if there is recirculation of fluid in a product, the inlet fluid 

temperature is not the surrounding temperature. The inlet fluid temperature of 

the heat sink is therefore higher, which also results in a higher heat sink base 

temperature. 

 If there is no fluid flow around the heat sink, energy cannot be transferred. 

 A heat sink is not a device with the "magical ability to absorb heat like a sponge 

and send it off to a parallel universe". 

2.2.2 Thermal Resistance 

For semiconductor devices used in a variety of consumer and industrial electronics, the 

idea of thermal resistance simplifies the selection of heat sinks. The heat flow between 

the semiconductor die and ambient air is modeled as a series of resistances to heat flow; 

there is a resistance from the die to the device case, from the case to the heat sink, and 

from the heat sink to the ambient air. The sum of these resistances is the total thermal 

resistance from the die to the ambient air. Thermal resistance is defined as temperature 
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rise per unit of power, analogous to electrical resistance, and is expressed in units of 

degrees Celsius per watt (°C/W). If the device dissipation in watts is known, and the 

total thermal resistance is calculated, the temperature rise of the die over the ambient air 

can be calculated. 

The idea of thermal resistance of a semiconductor heat sink is an approximation. It does 

not take into account non-uniform distribution of heat over a device or heat sink. It only 

models a system in thermal equilibrium, and does not take into account the change in 

temperatures with time. Nor does it reflect the non-linearity of radiation and convection 

with respect to temperature rise. However, manufacturers tabulate typical values of 

thermal resistance for heat sinks and semiconductor devices, which allows selection of 

commercially manufactured heat sinks to be simplified. 

Commercial extruded aluminium heat sinks have a thermal resistance (heat sink to 

ambient air) ranging from 0.4 °C/W for a large sink meant for TO3 devices, up to as 

high as 85 °C/W for a clip-on heat sink for a TO92 small plastic case. The popular 

2N3055 power transistor in a TO3 case has an internal thermal resistance from junction 

to case of 1.52 °C/W. The contact between the device case and heat sink may have a 

thermal resistance of between 0.5 up to 1.7 °C/W, depending on the case size, and use 

of grease or insulating mica washer.  

2.2.3 Fin Arrangements 

A pin fin heat sink is a heat sink that has pins that extend from its base. The pins can be 

cylindrical, elliptical or square. A pin is by far one of the more common heat sink types 

available on the market. A second type of heat sink fin arrangement is the straight fin. 
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These run the entire length of the heat sink. A variation on the straight fin heat sink is a 

cross cut heat sink. A straight fin heat sink is cut at regular intervals. 

In general, the more surface area a heat sink has, the better it works. However, this is 

not always true. The concept of a pin fin heat sink is to try to pack as much surface area 

into a given volume as possible. As well, it works well in any orientation. Kordyban has 

compared the performance of a pin fin and a straight fin heat sink of similar dimensions. 

Although the pin fin has 194 cm2 surface area while the straight fin has 58 cm2, the 

temperature difference between the heat sink base and the ambient air for the pin fin is 

50 °C. For the straight fin it was 44 °C or 6 °C better than the pin fin. Pin fin heat sink 

performance is significantly better than straight fins when used in their intended 

application where the fluid flows axially along the pins rather than only tangentially 

across the pins. 

 

 
 
 
 

Figure 2.2 Sample of heat sink types (pin, straight and flared fin heat sink) [20] 
 
 
 
 
2.2.4  Engineering Applications 

Heat dissipation is an unavoidable by-product of electronic devices and circuits. In 

general, the temperature of the device or component will depend on the thermal 

resistance from the component to the environment, and the heat dissipated by the 

component. To ensure that the component temperature does not overheat, a thermal 

engineer seeks to find an efficient heat transfer path from the device to the environment. 
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The heat transfer path may be from the component to a printed circuit board (PCB), to a 

heat sink, to air flow provided by a fan, but in all instances, eventually to the 

environment. 

 

 

 

 

 
 
 

 
Figure 2.3 Cooling system of an Asus GTX-650 graphics card [20] 

 

Two additional design factors also influence the thermal/mechanical performance of the 

thermal design: 

 The method by which the heat sink is mounted on a component or processor. 

This will be discussed under the section attachment methods. 

 For each interface between two objects in contact with each other, there will be a 

temperature drop across the interface. For such composite systems, the 

temperature drop across the interface may be appreciable. This temperature 

change may be attributed to what is known as the thermal contact resistance. 

Thermal interface materials (TIM) decrease the thermal contact resistance. 
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2.3  Literature Review 

The concept of nanofluid-cooled heat sink is a new way to increase the cooling 

performance of the electronic cooling system. The published articles on deriving the 

heat transfer performance and flow characteristics of nanofluid flowing through heat 

sink with small size of flow channel (MCHS) and miniature pin fin (MPFHS) 

configuration are discussed as follows:  

2.3.1 Experimental Approach 

Some existing published articles which involve the heat transfer performance 

and flow feature of nanofluids flowing through MCHS and MPFHS are discussed as 

follows:  

 

Jung and colleague [21] investigated the heat transfer coefficient and friction factor of 

nanofluid-cooled MCHS, experimentally. Al2O3-water nanofluids flowing through 

MCHS with rectangular channel under laminar flow condition were tested. The 

measured data indicated that the heat transfer coefficient of nanofluid was greater than 

that of water approximately 30% and increased with increasing particle concentration. 

Moreover, the pressure drop of nanofluid agrees well with that of water data. 

 

Ho et al. [22] reported on an experiment which studied the heat transfer performance of 

MCHS using Al2O3-water nanofluid as coolant and flowing under laminar flow 

condition. MCHS made from copper consists of 25 parallel rectangular microchannels 

was used as the test section. Their data demonstrated that the heat transfer coefficient of 

nanofluid was significantly larger than that of base liquid. Moreover, use of nanofluid 

creates a small penalty in pressure drop. 
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Roberts and Walker [23] experimental investigation on the heat transfer performance 

and pressure drop characteristics of nanofluids flowing in commercial electronics 

cooling systems. Al2O3-water nanofluids were tested. The results indicated that addition 

of nanoparticles in the commercial cooling system can increase the heat transfer 

performance of MCHS. 

 

Jasperson et al. [24] experimental investigated on the thermal performance, hydraulic 

performance and cost of manufacturing of micro channel and micro pin fin heat sink. 

Micro channels and micro pin-fin were made from copper and having same height and 

width (670 x 200 �m). At flow rates above 60 GPM, the results showed that pin fin 

heat sinks gave larger heat transfer performance than those of the micro channel heat 

sinks. However, at low flow rate, vice versa trend were observed.   

 

Escher and colleges [25] presented the experimental investigation on the heat transfer 

characteristic and flow behavior of SiO2-water nanofluids flow in three different 

channel widths MCHS in laminar flow regime. Particle volume fraction of 5, 16 and 31 

vol.% and channel width of 50, 100 and 200 mm were used. The measured data were 

used to compare with the data for one-dimensional model. Their results illustrated that 

the thermal conductivity had small effect on the MCHS performance. Furthermore, they 

also suggested that the heat capacity and density of fluid had significant effect on the 

heat transfer enhancement of MCHS. 

 

Fazeli et al. [26] experimentally and numerically investigated the heat transfer 

performance of a miniature heat sink using SiO2-water nanofluids at particle fraction of 

3.5, 4.0, 4.5 and 5.0 vol.% as a coolant. Experimental data described that using of 
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nanofluid instead of water significantly augmented the heat transfer coefficient and 

decrease in the thermal resistance around 10%. 

 

Kalteh and co-workers [27] reported the heat transfer performance of Al2O3-water 

nanofluid flowing through a wide MCHS with dimensions of 94.3x28.1x0.58 mm 

(LxWxH) under laminar flow condition, both experimentally and numerically. Particle 

mass fractions used in their study were 0.1 and 0.2 wt.%. The measured data illustrated 

that the heat transfer coefficient of nanofluids was 22% higher than the common base 

fluid for particle fraction of 0.2 wt.% and decreased with increasing particle size. 

Moreover, they recommended that to simulate the heat transfer performance of 

nanofluid-cooled MCHS, the two-phase model was more suitable than the 

homogeneous model.   

  

Selvakumar and Suresh [28] presented an experimental investigation on the heat 

transfer performance and pumping power of the CuO-water nanofluid flowing through 

MCHS with cross-sectional of 0.3x2 mm (WxH) under turbulent flow regime. The 

results indicated that the Nusselt number and pumping power of nanofluids were about 

30% and 15.11% larger than the common base fluid for the fraction of 0.2 vol.%, 

respectively.  

 

Nitiapiruk et al. [29] investigated on the cooling performance and pressure drop 

characteristic of nanofluid-cooled MCHS, experimentally. Particle fraction used in their 

study were 0.5, 1.0 and 2.0 vol.% and flow through 0.5x0.8 mm (WxH) MCHS under 

laminar flow regime.  Effect of thermophysical models on the thermal performance was 

also presented. Similar to the other researchers, the results showed that the use of 



 
18 

nanofluids as coolant gave higher heat transfer potential than the pure water about 1.24 

times for particle fration of 2.0 vol.%. Their also claimed that the archaic model 

proposed by Maxwell in (1892) for thermal conductivity can be used to predict the 

Nusselt number of nanofluid-cooled MCHS and gave very good agreement compared 

with the other models. 

 

Deshmukh and Warkhedkar (30) studied the air side thermal performance of fully 

shrouded elliptical pin fin heat sink under combined natural and forced convection, 

experimentally. A theoretical model was used to predict the effect of various 

configuration (inline and staggered layout), heat transfer and flow parameters on the 

thermal resistance of the heat sink.  The results indicated that as the fin bundle void 

fraction increased with increasing the fin spacing in longitudinal and transverse 

directions which resulted increases in the heat transfer coefficient. Moreover, 

generalized heat transfer correlations were proposed for elliptical pin fin heat sink.    

 

2.3.1 Numerical Approach 

Similar to the experimental investigation, many researchers devoted to study the heat 

transfer behaviour and pressure drop (or pumping power) of nanofluids flow through 

MCHS and MPFHS.  There are few articles taking the nanofluid into account as the 

multiphase feature.  Some detailed reviews mentioned above are shown as follows: 

 

Lee and Choi [31] presented the thermal performance of MCHS using NF2 and NF3 

nanofluid as coolant compared with pure water and liquid nitrogen, theoretically. Their 

data illustrated that thermal resistances of nanofluid were lower than those of pure water 
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and liquid nitrogen, respectively. In contrast, cooling rate and power density of 

nanofluid were much larger than those for common base liquids.  

 

Chein and Huang [32] introduced a mathematical model to predict the heat transfer 

coefficient and pumping power of nanofluid-cooled MCHSS. In this study, Cu 

nanoparticles dispersed in water with different concentrations were used as coolant. 

Similarly, two specific geometries of MCHSS were tested. The simulation data indicated 

that nanofluids gave significantly higher heat transfer performance than the base liquid 

and the pressure drop concided well with that of the base liquid. 

 

Koo and Kleinstreuer [33] studied the heat transfer and flow characteristics of 

nanofluid-cooled MCHS, numerically. In this study, CuO nanoparticles dispersed in 

water and ethylene glycol were used as coolant. Their results demonstrated that heat 

transfer performance of ethylene glycol was larger than that of pure water. They also 

recommended that high thermal conductivity nanoparticle and MCHS with high aspect 

ratio of channel should be used.  

 

Jang and Choi [34] presented a numerical study on the cooling performance of a MCHS 

using Cu-water and diamond-water nanofluids as coolant. The results showed that the 

diamond–water nanofluid with particle concentration of 1.0 vol.% gave higher heat 

transfer performance than of the base fluid approximately 10%. Moreover, the results 

indicated that use of nanofluids can reduce both the thermal resistance and temperature 

difference between the heated surface of MCHS and the working fluid. They also 

demonstrated that improving the thermal performance of MCHS using nanofluids as 
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coolant is to be the next generation cooling system for cooling the ultra-high heat flux 

devices.  

 

Abbassi and Aghanajafi [35] studied the thermal behavior of MCHS using nanofluid as 

coolant, numerically. In this study, Cu-water was used as working fluid. The thermal 

dispersion model and thermal dispersion coefficient was considered for heat transfer 

analysis. The simulation data illustrated that the use of nanofluid resulted in a 

pronounced in the heat transfer performance compared with base fluid.   

 

Chein and Chuang [36] presented the thermal performance of nanofluid-cooled MCHS 

and using CuO-water nanofluids as coolants. Particle concentrations of 0.2 and 0.4 

vol.% were tested. At a low flow rate, the results showed that the energy absorption of 

nanofluids were greater than those of pure water. On the contrary, there is no 

contribution from heat absorption when the flow rate is high.  

 

Tsai and Chein [37] studied the thermal performance of nanofluid-cooled MCHS, 

analytically. In their study, Cu-water and CNT-water nanofluids were used as the 

working fluid and the porous medium model was considered. Their simulation data 

showed that the temperature difference between MCHS surface and fluid temperature of 

nanofluids were smaller than those of pure water which lead to larger thermal 

performance. 

    

Ghazvini and Shokouhmand [38] studied the thermal performance of a MCHS using 

CuO-water nanofluid as coolant, both analytically and numerically. The fin model and 

the porous media approach were considered in their work. It was found that the use of 
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nanofluids gave greater overall heat transfer coefficient than that of pure water and 

increased with increasing Reynolds number. Moreover, the porous media approach gave 

higher heat transfer coefficient ratio than the fin model.  

 

Ebrahimi et al. [39] studied numerically the cooling performance of a nanofluid-

cooled MCHS using CNTs-water nanofluid as coolant. Their data illustrated the 

thermal conductivity of nanofluid increase with increasing nano-layer thickness which 

leads to decrease in temperature gradient in MCHS.  

   

Mohammed et al. [40] presented the heat transfer and flow characteristics of different 

nanofluids flow in a square shaped MCHS, numerically. The effects of particles type 

and Reynolds number were reported. Al2O3, SiO2, Ag and TiO2 dispersed in water were 

used as working fluids. The simulation results showed that nanofluids gave higher heat 

transfer performance than that of water and there was a small increase in pressure drop.   

 

Shokouhmand at al. [41] simulated the heat transfer performance of the MCHS working 

with nanofluids in laminar and turbulent flow regime using an artificial neural network 

(ANN) technique. Silicon MCHS with rectangular flow channel (Cros. Sec. 100x30 

µm) and Cu-water nanofluids were tested. The results showed that nanofluids can be 

augment the performance of MCHS without increased in the pressure drop and 

optimized geometry was obtained for every particle volume fraction.  

 

Mohammed and co-worker [42] studied the heat transfer and flow characteristics of 

Al2O3-water nanofluids flowing through a rectangular shaped MCHS with cross-

sectional area of 180x430 mm in laminar flow condition. Particle concentration ranged 
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between 1 and 5 vol.% were investigated. The simulation results illustrated that the heat 

transfer performance and wall shear stress increased with increasing particle fraction 

and no penalty drop in pressure.  Moreover, the data also indicated that at particle 

concentration of 5 vol.%, the heat transfer coefficient of nanofluids was quite same for 

the data of pure water. This means that no enhancement in the high particle fraction.       

 

Ijam and Saidur [43, 44] presented a numerical study on the heat transfer and flow 

characteristics of minichannel heat sink working with TiO2-water, Al2O3-water and SiC-

water nanofluids at particle fraction of 0.8, 1.6, 2.4, 3.2 and 4.0 vol.%. The simulation 

data showed that using of nanofluids as coolant provided higher heat transfer 

enhancement that those of the pure water up to 17%. Similarly, the pumping power of 

nanofluids was quite the same at a given condition.   

 

Hung et al. [45] presented the thermal performance and pumping power of a 3-D MCHS 

working with Al2O3-water and diamond-water nanofluid, numerically. Their results 

demonstrated that when the particle fraction was increased, the thermal resistance of the 

system was first decreased and will be increased later. MCHS with smaller size of 

nanoparticle yield lower thermal resistance as well as pumping power. Finally, the heat 

transfer performance of Al2O3-water and diamond-water nanofluid was larger than the 

pure water approximately 21.6%. 

 

Manay et al. [46] reported the heat transfer performance and pressure drop of Al2O3-

water and CuO-water nanofluids flow in MCHS with a square channel (0.4x0.4 mm) 

under laminar flow condition using the finite volume method combined with the 

mixture model. Particle concentration of 0.5, 1.0 and 2.0 vol.% were investigated. Their 
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data illustrated that highest heat transfer performance was took place at particle fraction 

of 2.0 vol.% and Reynolds number of 100 for CuO-water nanfofluids which was about 

3.21 times larger than the water.    

 

Tokil and co-worker [47] presented the thermal performance of a interrupted 

microchannel heat sink (IMCHS) by using Al2O3-water, CuO-water and SiO2-water 

nanofluids for particle fraction ranging between 1 to 4% as coolants, numerically. The 

results illustrated that the Nusselt number of IMCHS was higher than the common 

MCHS with a small rise in drop of pressure. Also, the SiO2-water gave greater heat 

transfer performance than the Al2O3-water, CuO-water nanofluids, respectivey. 

 

Hashemi et al. [48] determined the thermal performance of nanofluid-cooled miniature 

heat sink, numerically. Plate fin type heat sink and SiO2-water nanofluids with particle 

concentration of 3.5, 4.0, 4.5 and 5.0 vol.% were tested under laminar flow regime. 

Similar to the other researchers, they identified that the use of nanofluid-cooled heat 

sink creates higher heat transfer performance than that of the case of water-cooled heat 

sink and increases with increasing particle concentration.  

 

Tabrizi and Seyf [49] presented the entropy generation and convective heat transfer 

behavior of Al2O3-water nanofluids flowing through tangential MCHS in laminar flow 

regime, numerically. The results indicated that use of nanofluids can enhance the heat 

transfer performance of MCHS and increased with increasing particle fraction. On the 

contrary, the heat transfer coefficient decreased with increasing particle size. For the 

case of entropy generation, the results showed that the total entropy generation 

decreased with increasing particle fraction and decreasing particle size. 
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Effect of Brownian motion and particle size effect on the thermal performance of 

nanofluid-cooled MCHS was numerically explored by Seyl and Nikaaein [50]. Al2O3, 

ZnO and CuO nanoparticles dispersed in 60:40 (by mass) EG-water were used as 

coolant. The results indicated that Brownian motion had significant effect on the 

thermal conductivity enhancement of nanofluids and use of nanofluid can increase the 

heat transfer performance of MCHS. Moreover, Al2O3 dispersed in common base liquid 

have lower thermal resistance than the ZnO and CuO, respectively. 

 

Seyl and Feizbakhshi [51] reported the heat transfer performance and pressure drop of 

CuO-water and Al2O3-water nanofluids working with micro-pin-fin MCHS, 

numerically. Their measured showed that the Nusselt number of CuO-water nanofluids 

was tiny larger than the Al2O3-water nanofluids and increased with increasing Reynolds 

number as well as particle fractions. Finally, they concluded that the Nusselt number of 

CuO-water nanofluids decreased with decreasing particle size while increased for 

Al2O3-water nanofluids. 

 

Shafeie et al. [52] investigated on the convective heat transfer of heat sinks with micro 

pin-fin structure under laminar flow regime. A water cooled heat sink on a 1x1 cm 

substrate was studied. In their study, MCHSS and PFHSS with different patterns 

(oblique and staggered) were used. At the same pumping power, their data illustrated 

that the heat removal of the PFHSS was lower than the MCHSS at medium and high 

pumping power. However, at small pumping power, the reverse behaviors were 

obtained.   
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John and co-workers [53] presented numerical investigation on the thermal and 

hydraulic performance of water flows through micro pin fin heat sink with square and 

circle shaped. The results indicated that at Re less than 300, the heat transfer 

performance of circular pin fin was higher than that of the square pin fin. However, vice 

versa was observed at Re above 300.   

 

As mentioned above, there are a lot of published papers revealed the use of naofluids as 

coolant for dissipating heat load from the various types of microchannel (MCHS) and 

pin-fin heat sinks (MPFHS).  These attempts are done to discover the best suitable way 

for enhancing the heat transfer performance of high power density electronic devices, 

both experimentally and simulation. Heat transfer potential of MCHS and MPFHS 

working with nanofluids have been addressed by a number of researchers. However, 

experimentally research articles on the heat transfer performance and pressure drop 

characteristic of MCHS and MPFHS are quite small compared with the numerically 

investigation. Thus, the authors would like to present the alternate way to study the heat 

transfer and pressure drop characteristics of nanofluid-cooled heat sink which having 

small flow channel and small pin fin simultaneously. Heat sinks used in the present 

study are miniature circular pin fin (MCFHS) and square pin fin heat sink (MSFHS). 

They are made from aluminum material with dimension about 28 x 33 mm. Similarly, 

SiO2-water and ZnO-water nanofluids with particle concentrations of 0.2, 0.4 and 0.6 

vol.% are used as coolant. This study is a series works of the authors which try to find 

the heat transfer performance and flow characteristic of different nanofluids flowing 

through heat sink with different configurations. 



CHAPTER 3 SAMPLE PREPARATION, EXPERIMENTAL 

APPARATUS AND PROCEDURE 

 

 

This chapter presents the method to prepare the nanofluid solution, experimental system 

and experimental procedure, respectively. For the experimental system, the apparatus 

are conducted for measuring the convective heat transfer and pressure drop of 

nanofluids flow through MCFHS and MSFHS. The details are described in the 

following sections. 

 

3.1 Sample Preparation 

Nanofluid preparation is of crucial importance when using the nanofluid as a working 

fluid.  The term “nanofluid” does not mean a simple mixture between solid particles and 

base fluid. In order to prepare nanofluids by dispersing the nanoparticles in a base fluid, 

proper mixing, and stabilization of the particles is required. Normally, there are three 

effective methods used to attain stability of suspension against sedimentation of the 

nanoparticles which are outlined as follows: 1) control the ph value of the suspensions, 

2) add surface activators or surfactants, 3) use ultrasonic vibration. All of these 

techniques aim to change the surface properties of suspended nanoparticles and 

suppress the formation of clustering particles in order to obtain stable suspensions. In 

this study, two different nanoparticles are used as working fluid. Firstly, SiO2 

nanoparticles with mean diameters of 15 nm. Secondly, ZnO nanoparticles with mean 

diameters of 20 nm. Particle volume fractions used in this study are 0.2, 0.4 and 0.6 

vol.%.  Foe preparation of nanofluids, small amount of CTAB (0.01%) was first mixed 

with water to ensure better stability and proper dispersion of nanofluid. Nanofluid with 
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various concentrations were then prepared by dispersing a specific amount of the 

nanoparticles in the deionized water (DI water) base fluid. Moreover, an ultrasonic 

vibrator was used to sonicate the solution continuously for about two hours in order to 

break down agglomeration of the nanoparticles. The thermophysical properties of 

nanoparticle were expressed in the following table. 

 

Table 3.1 Thermophysical properties of nanoparticle used in the present study 

Properties SiO2 nanoparticle ZnO nanoparticle 

Density (kg/m3) 2,648 5,600 

Specific heat (kJ/kg oC) 0.742 0.514 

Thermal conductivity (W/m2oC) 1.37 13 

Mean diameter, d (nm) 15 20 

 

3.2 Convective Heat Transfer and Pressure Drop Measurement 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Schematic diagram of the experimental apparatus 
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In the present study, experimental approach is used to investigate the heat transfer 

performance and flow characteristics of nanofluids flow in heat sink with miniature 

circular pin fin (MCFHS) and square pin fin (MSFHS) structure. The experimental 

system is shown schematically in Figure 3.1. It mainly consists of two test sections, two 

storage tanks with temperature controller, a pump with inverter and a receiver tank. 

MCFHS and MSFHS configurations are shown in Figure 3.2. They are made from 

aluminum material with sized of 28x30 mm. In order to study the effect of pin fin 

configuration on the thermal performance and flow characteristic of nanofluid-cooled 

heat sinks, same hydraulic diameter of both heat sink are performed. A 80 W electric 

heater is attached at the bottom of the MCFHS and MSFHS to supply heat load. Two 

storage tanks with 15 L capacity are made from stainless steel. The storage tank No.1 

with a 3.5 kW cooling coil, 2 kW electric heaters and a thermostat is used to adjust the 

nanofluid temperature. Similarly, the storage tank No. 2 with a 3.5 kW cooling coil and 

a thermostat is used to reduce the nanofluid temperature leaving from the test section to 

the same value of tank No.1 in order to meet steady state condition. A pump with 

inverter is used to adjust the nanofluids flow rate. T-type thermocouples and a 

differential pressure transmitter are installed at both ends of the test section to measure 

the bulk temperature and pressure drop of the nanofluid, respectively. Similarly, 2 

thermocouples are inserted at two different positions on the surface of test section for 

measuring the temperature gradient in order to calculate the surface temperature of the 

test section. The receiver tank is used to measure the nanofluid flow rate by the time 

taken for a given volume of nanofluid to be discharged. Calibrations of all instruments 

used in this study are performed for estimating the accuracy of the measured data.  
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All of the T-type thermocouples were calibrated with a standard thermometer which has 

a maximum precision of 0.05 oC. The differential pressure transmitter was calibrated 

using an air operated dead weight tester. The uncertainty of the pressure measurement is 

 0.050 kPa. Moreover, the nanofluid flow rates were determined by electronic balance. 

The uncertainty of the electronic balance is  0.0006 kg. Therefore, the uncertainty of 

the heat transfer coefficient is around 5%. After steady state reached, wall temperatures, 

inlet and exit temperatures of the nanofluids, mass flow rates of the nanofluids, and 

pressure drop across the test section are recorded. 
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Figure 3.2 Configuration of the pin fin heat sinks used in the present study 
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Table 3.2 Dimension of heat sink used in the present work 

Dimension MCFHS MSFHS 

Heat sink width, 1  (mm) 28.15 28.15 

Heat sink length, W1 (mm) 33.05 33.05 

Base thickness, B (mm) 1 1 

Channel width, Wch (mm) 1.2 1.2 

Fin width, Whs (mm) - 1.2 x 1.2 

Fin or channel height, tch (mm) 1.2 1.2 

Fin diameter,  (mm) 1.25 - 

Hydraulic diameter of flow channel, DH (mm) 1.2 1.2 

Heat transfer surface area, As (mm2) 1,430 1,565 

Number of pin fin, n 143 143 

 
 

3.3 Experimental Procedure  

Experiments were conducted with various mass flow rates of coolant and heat loads 

whereas the temperature of nanofluid was kept constant at desired values. The coolant 

flow rate (water and nanofluids) was adjusted using an inverter for controlling the speed 

of pump.  The nanofluid temperature at the inlet of the test section was kept constant at 

a required value using the cooling coil controlled via temperature controller. Similarly, 

the heat load supplied to the test sections can be varied by adjusting the power of heater.   

During the test run, the system was allowed to approach the steady state before any data 

was recorded. After stabilization, inlet and exit temperatures of the nanofluids, wall 

temperatures, flow rates of nanofluid and pressure drop across the test section block 

were recorded. The test runs were done at inlet temperatures of nanofluid at 15oC. The  

mass flow rate ranged between 0.66 and 3.3 kg/min. The heat loads of the test section 

were ranging between 30 and 70 W.   



CHAPTER 4 DATA REDUCTION 

 

The objective of this chapter is to explore the data reduction of the measured data. The 

data reduction to provide the heat transfer coefficient, Nusselt number, Reynolds 

number and pumping power of nanofluids flow in MCFHS and MSFHS which is 

concluded as follows: 

 

4.1 Heat Transfer Performance and Pumping Power Calculation 

The heat transfer performance and pumping power of nanofluids flowing through 

MCFHS and MSFHS can be calculated from the following equation. 

 

The heat transfer rate into the nanofluid is calculated from: 

 

 nfinoutnfnfnf TTCpmQ )(    (4.1) 

 

where Qnf is the heat transfer rate of the nanofluid, Cpnf is the specific heat of the 

nanofluid, Tout and Tin are the nanofluid temperature at outlet and inlet of the test 

section, respectively  and nfm is the mass flow rate of the nanofluid. 

 

The heat load of the test section is defined as follows: 

 

 VIQTS   (4.2) 

 

where QTS is the heat load of the test section, V is the electric voltage and I is the 

electric current supplied to the heater.  
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In this study, the energy differences between nanofluid and heat load of the test section 

are approximately 10%. 

 

The experimental heat transfer coefficient and Nusselt number of the nanofluid are 

computed from the following equation. 
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where hnf is the heat transfer coefficient of the nanofluid, Twall is the average 

temperature of the wall, Tnf is the bulk temperature of the nanofluid, Nunf is the Nusselt 

number of the nanofluid, DH is the hydraulic diameter of the test section based on each 

of the flow channel width and knf is the thermal conductivity of the nanofluid. 

 

The Reynolds number based on each of the flow channel width of the test sections is 

expressed as: 
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where uch is the flow velocity based on each of the flow channel width, Ach is the cross-

sectional area of each of the flow channel width and pch is the periemter of each of the 

flow channel width. 

 

Similarly to the heat transfer performance, the pumping power across the test sections is 

calculated from: 

 

 PVPow    (4.7) 

 

where Pow is the pumping power across the test sections block, P  is the measured 

pressure drop across the test section block, and V is the volume flow rate of the 

working fluid. 

 

4.2 Thermophysical Properties of Nanofluid 

The density and specific heat of the nanofluids presented in the above equation are 

calculated by use of the Pak and Cho [54] correlations, which are defined as follows: 

 

 wpnf  )1(   (4.8) 

and 

 wpnf CpCpCp )1(    (4.9) 

 

where Cpnf  is the specific heat of the nanofluid, Cpp  is the specific heat of the 

nanoparticles and  Cp w  is the specific heat of the base fluid. 
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For the measured thermal conductivity of nanofluids, the following equations can be 

used to calculate the thermal conductivity of nanofluids, which are defined as follows. 

 

One well-known formula for calculating the thermal conductivity of nanofluid is the 

Hamilton and Crosser [55] model (H-C model), which is expressed in the following 

form: 
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 3n  (4.11) 

 

in which n is the empirical shape factor and  is the sphericity, defined as the ratio of 

the surface area of a sphere (with the same volume as the given particle) to the surface 

area of the particle. The sphericity is 1 and 0.5 for the spherical and cylindrical shapes, 

respectively. Moreover, knf is the thermal conductivity of the nanofluid, kp is the thermal 

conductivity of the nanoparticles and kw is the thermal conductivity of the base fluid. 

 

Murshed et al. [56] introduced the Bruggeman model to predict the thermal 

conductivity of nanofluids, which is defined as follows: 
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Wasp [57] proposed a model for calculating the thermal conductivity of nanofluids, 

which is expressed as follows: 
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For spherical particles, the results given by the Wasp model concur with those of the H-

C model. 

 

An alternative formula for calculating thermal conductivity was introduced by Yu and 

Choi [58], which is expressed in the following form: 
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where  is the ratio of the nano-layer thickness to the original particle radius. Normally 

=0.1 is used to calculate the thermal conductivity of nanofluid. 

 

Timofeeva et al. [59] suggested the effective medium theory to calculate thermal 

conductivity of nanofluids, which is expressed as follows: 

 

   wnf kk 31  (4.16) 

 

Similar to the thermal conductivity, the viscosities of nanofluids can be calculated from 

the existing well-known models, as follows: 
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Batchelor [60] introduced a correlation to predict the viscosity of nanofluids with 

spherical shape nanoparticles which is defined as: 

 

   wnf  22.65.21   (4.17) 

 

Drew and Passman [61] suggested the well-known Einstein equation for calculating 

viscosity, which is applicable to spherical particles in volume fractions less than 5.0 

vol.% and is defined as follows:  

 

 wnf  )5.21(   (4.18) 

 

Brinkman [62] has modified the Einstein equation to a more generalised form which is 

expressed as follows: 
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Furthermore, Wang et al. [63] proposed a model for calculating the viscosity of 

nanofluids which is defined as: 

 

   wnf  21233.71   (4.20) 
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where  is the volume concentration, nf  is the viscosity of the nanofluid and  w is the 

viscosity of the base fluid. 

 

Furthermore, Duangthongsuk and wongwises [64] presented the thermal conductivity 

and viscosity correlation to predict the thermal conductivity and viscosity of nanofluid 

with temperature dependent. The correlations were expressed as follows: 

For thermal conductivity  

 ba
k

k

w

nf   (4.21) 

where a and b are constant values which are described as follows: 

Temperature (oC) a b 

15 1.0225 0.0272 

25 1.0204 0.0249 

35 1.0139 0.0250 

  

For viscosity  

  2



cba
w

nf   (4.22) 

where a, b and c are constant values as follows: 

Temperature (oC) a b c 

15 1.0226 0.0477 -0.0112 

25 1.013 0.092 -0.015 

35 1.018 0.112 -0.0177 

 

The properties of the nanofluid shown in the above equations are evaluated from water 

and nanoparticles at average bulk temperature. 
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CHAPTER 5 RESULTS AND DISCUSSION 

 

The objective of this chapter is to present the results and discussion of the heat transfer 

performance and pumping power of the SiO2-water and ZnO-water nanofluids flowing 

through MCFHS and MSFHS. The results of the present study were expressed as 

follows: 

 

5.1 Data for SiO2-Water Nanofluids 

5.1.1 For Miniature Circular Fin Heat Sink (MCFHS) 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 Variation of the average heat transfer rate as a function of Reynolds number 

and particle volume concentration (data for MCFHS) 

 

The average heat transfer rates used in the present study are shown in Figure 5.1. It can 

be clearly seen that the heat transfer rate of nanofluids are rather higher than that of the 
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pure water under the same mass flow rate. This is an advantage of using of nanofluid to 

replace the conventional heat transfer fluids.    

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 Comparison of the wall temperature between the pure water and nanofluids 

(data for MCFHS) 

 

As shown in Figure 5.2, the wall temperature of test section increases with increasing 

wall heat flux (see Figure 5.1). From this figure, the important thing is the use of 

nanofluids lead to decrease in the wall temperature. This is due to the addition of 

nanoparticles in the base fluid enhances the heat transfer process, which leads to an 

decrease in the wall temperature. Thus, higher thermal performance of nanofluid-cooled 

heat sink is obtained to compare with the water-cooled heat sink.     
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a) Heat transfer coefficient 

 

 

 

 

 

 

 

 

 

 

b) Nusselt number 

Figure 5.3 Heat transfer coefficient and Nusselt number for water and SiO2-water 

nanofluids versus Reynolds number at various volume concentration (data for MCFHS) 
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As shown in Figure 5.3a-b, the heat transfer coefficient and the Nusselt number of the 

nanofluids are higher than those of the base liquid, and they increase with increasing 

the Reynolds number as well as the particle volume concentration.  The possible reason 

for this enhancement may be associated with the following: 1) the nanofluid with 

suspended nanoparticles increases the thermal conductivity of the mixture and 2) a 

large energy exchange process resulting from the chaotic movement of nanoparticles.  

 

 

 

 

 

 

 

 

 

 

Figure 5.4 Variation of the thermal resistance as a function of Reynolds number and 

particle concentrations (data for MCFHS) 

 

Figure 5.4 shows the thermal resistance of SiO2-water nanofluids flowing through a 

MCHFS as a function of particle volume concentration and Reynolds number. The 

measured data indicated that nanofluid-cooled heat sink gave lower thermal resistance 

than that of the water-cooled heat sink and decreased with increasing particle 

concentrations. This reduction due to the decrease of the bulk thermal resistance as well 

as the convective thermal resistance.  
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 Figure 5.5 Nusselt number ratio as a function of particle concentration for the data of 

SiO2-water nanofluids flow in MCFHS 

 

 Figure 5.5 shows the Nusslet number ratio as a function of particle volume 

concentration and Reynolds number. It can be clearly seen that the use of SiO2 

nanoparticles dispersed in base liquid gave greater Nusselt number than the base fluid, 

about 4 to 13 % for the volume concentration range between 0.2 and 0.6 vol.%.  
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Figure 5.6 Comparison of pressure drop across heat sink block obtained from water and 

that from the SiO2-water nanofluids at different volume fraction (data for MCFHS) 

 

As shown in Figure 5.6, the measured data show that the pressure drop of the 

nanofluids across the MCFHS increase with increasing Reynolds number and that there 

is a small increase with increasing particle concentrations. This means that using the 

nanofluids at higher particle volume fraction may create a tiny penalty in pressure drop.  
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Figure 5.7 Relation between heat transfer coefficient and pumping power as a function 

of SiO2 particle concentration (data for MCFHS) 

 

Figure 5.7 also shows the experimental heat transfer coefficients as a function of 

pumping power and the SiO2-water nanofluid at different concentrations. The data 

show that the heat transfer performance of the nanofluids increase with increasing 

pumping power as well as particle concentrations.  Moreover, the results indicate that 

the thermal performance of nanofluid are higher than those of the water at the given 

pumping power and increase as particle concentration increase.   
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Figure 5.8 Measured pressure drop across MCFHS as a function of pumping power and 

SiO2 particle concentration 

 

As shown in Figure 5.8, the pressure drop across MCFHS block increase with 

increasing pumping and addition of the nanoparticle in the common base liquid create a 

small increase in the pumping power. 
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5.1.2 For Miniature Square Fin Heat Sink (MSFHS) 

 

 

 

 

 

 

 

 

 

 

Figure 5.9 Variation of the average heat transfer rate as a function of Reynolds number 

and particle volume concentration (data for MSFHS) 

 

 

 

 

 

 

 

 

 

 

Figure 5.10 Comparison of the wall temperature between the pure water and nanofluids 

(data for MSFHS) 
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a) Heat transfer coefficient 

 

 

 

 

 

 

 

 

 

b) Nusselt number 

 

Figure 5.11 Experimental heat transfer coefficient and Nusselt number for water and 

SiO2-water nanofluids versus Reynolds number at various volume concentration 

 (data for MSFHS) 
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Figure 5.12 Variation of the thermal resistance as a function of Reynolds number and 

particle concentrations (data for MSFHS) 

 

 

 

 

 

 

 

 

 

 

 

 Figure 5.13 Nusselt number ratio as a function of particle concentration for the data of 

SiO2-water nanofluids flow in MSFHS 
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Figure 5.14 Comparison of pressure drop across heat sink block obtained from water 

and that from the SiO2-water nanofluids at different volume fraction (data for MSFHS) 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.15 Relation between heat transfer coefficient and pumping power as a function 

of SiO2 particle concentration (data for MSFHS) 
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Figure 5.16 Measured pressure drop across MSFHS as a function of pumping power 

and SiO2 particle concentration  

 

Similar to the measured data of MCFHS as shown in Figure 5.1 - 5.8, the measured 

data for SiO2-water nanofluid flowing through MSFHS are showed in Figures 5.9 – 5-

16.  Similar trends of the measured data in both heat sinks are observed. 
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5.2 Data for ZnO-Water Nanofluids 

5.2.1 For Miniature Circular Fin Heat Sink (MCFHS) 

 

 

 

 

 

 

 

 

 

Figure 5.17 Variation of the average heat transfer rate as a function of Reynolds 

number and particle volume concentration (data for MCFHS) 

 

 

 

 

 

 

 

 

 

Figure 5.18 Comparison of the wall temperature between the pure water  

and ZnO-water nanofluids (data for MCFHS) 
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a) Heat transfer coefficient 

 

 

 

 

 

 

 

 

 

 

b) Nusselt number 

Figure 5.19 Experimental heat transfer coefficient and Nusselt number for water and 

ZnO-water nanofluids versus Reynolds number at various volume concentration  

(data for MCFHS) 
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Figure 5.20 Variation of the thermal resistance as a function of Reynolds number and 

particle concentrations (data for ZnO-water nanofluid and MCFHS) 

 

 

 

 

 

 

 

 

 

 

 

 Figure 5.21 Nusselt number ratio as a function of particle concentration for the data of 

ZnO-water nanofluids flow in MCFHS 
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Figure 5.22 Comparison of pressure drop across heat sink block obtained from water 

and that from the ZnO-water nanofluids at different volume fraction (data for MCFHS) 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.23 Relation between heat transfer coefficient and pumping power as a function 

of ZnO particle concentration (data for MCFHS) 
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Figure 5.24 Measured pressure drop across MCFHS as a function of pumping power 

and ZnO particle concentration  

 

Similar to the experimental data for SiO2-water nanofluids flow in MCFHS (Figure 5.1 

- 5.8), the measured data for ZnO-water nanofluid flowing through MCFHS are showed 

in Figures 5.17 – 5-24.  Similar trends of the measured data for both nanoparticles are 

obtained. However, as shown in Figure 5.21, the heat transfer performances of ZnO-

water nanofluids are higher than those of the water between 7 and 20 % which are 

higher than those of the data for SiO2-water nanofluids. This may be caused from the 

fact that the thermal conductivity of ZnO nanoparticle is larger than the SiO2 

nanoparticle which lead to an increase in the heat transfer performance. Furthermore, 

for pressure drop data, the results indicate that the pressure data for both nanoparticles 

are quite the same.   
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5.2.2 For Miniature Square Fin Heat Sink (MSFHS) 

 

 

 

 

 

 

 

 

 

Figure 5.25 Variation of the average heat transfer rate as a function of Reynolds 

number and ZnO particle concentration (data for MSFHS) 

 

 

 

 

 

 

 

 

 

 

Figure 5.26 Comparison of the wall temperature between the pure water  

and ZnO-water nanofluids (data for MSFHS) 
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a) Heat transfer coefficient 

 

 

 

 

 

 

 

 

 

 

b) Nusselt number 

Figure 5.27 Experimental heat transfer coefficient and Nusselt number for water and 

ZnO-water nanofluids versus Reynolds number at various volume concentration  

(data for MSFHS) 
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Figure 5.28 Variation of the thermal resistance as a function of Reynolds number and 

particle concentrations (data for ZnO-water nanofluid and MSFHS) 

 

 

 

 

 

 

 

 

 

 

 

 Figure 5.29 Nusselt number ratio as a function of particle concentration for the data of 

ZnO-water nanofluids flow in MSFHS 
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Figure 5.30 Comparison of pressure drop across heat sink block obtained from water 

and that from the ZnO-water nanofluids at different volume fraction (data for MSFHS) 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.31 Relation between heat transfer coefficient and pumping power as a function 

of ZnO particle concentration (data for MSFHS) 
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Figure 5.32 Measured pressure drop across MSFHS as a function of pumping power 

and ZnO particle concentration  

 

Similar to the measured data of ZnO-water nanofluid flowing through MCFHS as 

shown in Figure 5.17 - 5.24, the measured data for ZnO-water nanofluid flow in 

MSFHS are showed in Figures 5.25 – 5-32.  Similar trends of the measured data are 

obtained. 
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5.3 Effect of Pin Fin Configuration on the Heat Transfer Performance 

and Flow Characteristic 

5.3.1 For SiO2-Water Nanofluid 

 

 

 

 

 

 

 

 

 

 

a) Data for water 

 

 

 

 

 

 

 

 

 

 

b) Data for SiO2-water nanofluid at  0.2 vol.% 
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c) Data for SiO2-water nanofluid at  0.4 vol.% 

 

 

 

 

 

 

 

 

 

 

d) Data for SiO2-water nanofluid at  0.6 vol.% 

 

Figure 5.33 Comparison of Nusselt number between the measured data  

for MCFHS and MSFHS (data for SiO2-water nanofluid) 
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As shown in Figure 5.33 (a) – (d), in spite the heat transfer area of the MSFHS is larger 

than the MCFHS by about 130 mm2, the heat transfer performance of the MCFHS are 

higher than the MSFHS by average about 6 to 9 %. This may due to the fact that the 

fluid flow passes the circular pin rather ease compared to the square fin configuration   

which lead to increase in the heat transfer performance. Thus, the author would like to 

conclude that the effect of fin configuration may overcome the effect of surface area 

under the same condition.   
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a) Data for water 
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b) Data for SiO2-water nanofluid at  0.2 vol.% 

 

 

 

 

 

 

 

 

 

 

 

 

c) Data for SiO2-water nanofluid at  0.4 vol.% 
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d) Data for SiO2-water nanofluid at  0.6 vol.% 

 

Figure 5.34 Comparison of pressure drop across MCFHS and MSFHS  

(data for SiO2-water nanofluid) 

 

 

 

 

 

 

 

 

 

 

Figure 5.35 Comparison of the pumping power between MCFHS and MSFHS 

(data for SiO2-water nanofluid) 
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Similar to the thermal performance, figures 5.34 and 5.35 show that the pressure drop 

across the MSFHS are slightly higher than the MCFHS, especially at high flow rate. 

This behavior may due to the fact that the flow passes the MSFHS rather hard 

compared to the MCFHS. Thus, higher pressure drop are obtained.      
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5.3.2 For ZnO-Water Nanofluid 

 

 

 

 

 

 

 

 

 

 

a) Data for ZnO-water nanofluid at 0.2 vol.% 

 

 

 

 

 

 

 

 

 

 

 

b) Data for ZnO-water nanofluid at 0.4 vol.% 
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c) Data for ZnO-water nanofluid at 0.6 vol.% 

Figure 5.36 Comparison of Nusselt number between the measured data  

for MCFHS and MSFHS (data for ZnO-water nanofluid) 

 

 

 

 

 

 

 

 

 

 

 

a) Data for ZnO-water nanofluid at 0.2 vol.% 
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b) Data for ZnO-water nanofluid at 0.4 vol.% 

 

 

 

 

 

 

 

 

 

 

 

c) Data for ZnO-water nanofluid at 0.6 vol.% 

 

Figure 5.37 Comparison of pressure drop across MCFHS and MSFHS  

(data for ZnO-water nanofluid) 
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Figure 5.38 Comparison of the pumping power between MCFHS and MSFHS 

(data for ZnO-water nanofluid) 

 

 

Similar to the measured data of SiO2-water nanofluid, the effect of pin fin 

configurations on the thermal performance and pressure drop characteristic of ZnO-

water nanofluid are expressed in Figures 5.36 to 3.38.  Similar trends of the measured 

data are observed. 
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5.4 Effect of Nanoparticle Type on the Heat Transfer Performance and 

Flow Characteristic 

5.3.1 For MCFHS 

 

 

 

 

 

 

 

 

 

 

a) at particle fraction of 0.2 vol.% 

 

 

 

 

 

 

 

 

 

 

b) at particle fraction of 0.4 vol.% 
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c) at particle fraction of 0.6 vol.% 

 

Figure 5.39 Comparison of the Nusselt number between SiO2-water and ZnO-water 

nanofluid  at various particle concentration (data for MCFHS) 

 

As shown in Figure 5.39 (a) – (c), the heat transfer performances of ZnO-water 

nanofluids are higher than those of the SiO2-water nanofluid by average about 3 to 9. 

This may be caused from the thermal conductivity of ZnO nanoparticle is larger than 

the SiO2 nanoparticle. Thus, higher heat transfer performance are obtained.  
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a) at particle fraction of 0.2 vol.% 

 

 

 

 

 

 

 

 

 

 

b) at particle fraction of 0.4 vol.% 
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c) at particle fraction of 0.6 vol.% 

Figure 5.40 Comparison of the pressure drop heat sink between SiO2-water and ZnO-

water nanofluid  at various particle concentration (data for MCFHS) 

 

 

 

 

 

 

 

 

 

 

Figure 5.41 Comparison of the pumping power between SiO2-water and ZnO-water 

nanofluid  at various particle concentration (data for MCFHS) 
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For pressure data, the results show that the nanoparticle type has no significant effect 

on the pressure drop across the heat sink. This is due to small amount of particle 

concentrations are used in the present work.   

 

 

 

 

 

 

 

 

 

 

Figure 5.42 Heat transfer coefficient as a function of pumping power and 

particle type at various concentrations (data for MCFHS) 

 

As shown in Figure 5.42, at a given pumping power, the heat transfer performance of 

the ZnO-water nanofluids are larger than those of the data for SiO2-water nanofluids. 

The reason for this phenomena is explained in the above section.   
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5.3.2 For MSFHS 

 

 

 

 

 

 

 

 

 

 

a) at particle fraction of 0.2 vol.% 

 

 

 

 

 

 

 

 

 

 

b) at particle fraction of 0.4 vol.% 
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c) at particle fraction of 0.6 vol.% 

Figure 5.43 Comparison of the Nusselt number between SiO2-water and ZnO-water 

nanofluid  at various particle concentration (data for MSFHS) 

 

 

 

 

 

 

 

 

 

 

 

a) at particle fraction of 0.2 vol.% 
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b) at particle fraction of 0.4 vol.% 

 

 

 

 

 

 

 

 

 

 

c) at particle fraction of 0.6 vol.% 

 

Figure 5.44 Comparison of the pressure drop heat sink between SiO2-water and ZnO-

water nanofluid  at various particle concentration (data for MSFHS) 
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Figure 5.45 Comparison of the pumping power between SiO2-water and ZnO-water 

nanofluid  at various particle concentration (data for MSFHS) 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.46 Heat transfer coefficient as a function of pumping power and 

particle type at various concentrations (data for MSFHS) 
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Similar to the data for MCFHS, same trends of the measured data for MSFHS are 

observed. 

 

5.5 The Proposed Correlations  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.47 Comparison of the Nusselt number of nanofluids flowing through heat 

sinks between predicted values by presented correlation and measured data 

 

As a results, from the measured data for Nusselt number and pressure drop of two types 

of nanoparticle and heat sinks are used to establish a new heat transfer and pressure 

drop correlations for predicting the heat transfer performance of the nanofluids flowing 

through heat sinks with circular and square pin fin structures.  The detail of this concern 

is expressed as follows:  

 

 



 
82 

In general, Nusselt numbers may be related with the parameters as follows: 

 

  Pr,Re
HDfNu   (5.1) 

 

Considering the above mentioned the equation for predicting the heat transfer 

performance of nanofluid flowing through heat sink with pin fin structure was formed 

and is proposed in the following form: 

 

   09.4418.0 PrRe1463 
HDNu  (5.2) 

 

The above equation is obtained by curve fitting all the experimental data for the SiO2-

water and ZnO-water nanofluids flowing through MCFHS and MSFHS. Comparisons 

of the experimental Nusselt number with those calculated by the proposed correlation 

are shown in Figure 5.47. The results show good correspondence between the 

experimental values and the calculated values by the above equation. It is clearly seen 

that the majority of the data falls within  10% of the proposed equation. The authors 

would like to introduce that this equation can be used for predicting the heat transfer 

coefficient of nanofluids flow in heat sink with circular and square pin fin structure and 

with a volume concentration less than 0.6% and a Reynolds number based on hydraulic 

diameter range between 700 and 3,800. Moreover, it is very important to note that this 

equation is only established with respect to the data for SiO2-water and ZnO-water 

nanofluids. 
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Figure 5.48 Comparison of the pressure drop across heat sinks between predicted 

values by presented correlation and measured data 

 

Similar to the Nusselt number correlation, a new correlation which is easy to use for 

calculating the pressure drop of nanofluids across heat sinks with pin fin configuration 

is proposed in the following form: 

 

 767.15 Re1072.5
HDxP   (kPa) (5.3) 

 

As shown in Figure 5.48, the results show that the present correlation gave reasonably 

good agreement with the experimental data. The majority of the data falls within  15% 

of the proposed equation. The limitations of the above equation are the same as that of 

the Nusselt number equation   

 



 CHAPTER 6 CONCLUSION 

 

 

The objective of this chapter is to present the conclusion of the present work. The 

important conclusions of this study are expressed as follows: 

 

6.1 Conclusion 

The convective heat transfer performance and pressure drop characteristic of a SiO2–

water and ZnO-water nanofluid flowing through heat sinks with circular and square pin 

fin (MCFHS and MSFHS) structure was experimentally investigated. The following 

conclusions have been obtained. 

- The use of SiO2–water and ZnO-water nanofluid as coolant gives significantly 

higher heat transfer coefficients than those of the pure base fluid. For MCFHS, 

the heat transfer performance are higher than that of water by about 4 - 12% and 

7 - 20 %, respectively.   

- At the same condition, MCFHS gives roughly 6 – 9% higher thermal 

performance than that of the MSFHS. Moreover, ZnO-water nanofluid gives 3-

9% larger heat transfer performance than that of the SiO2–water nanofluid. 

-  The convective heat transfer coefficient increases with an increasing Reynolds 

number (ReDH) as well as particle concentration.   

- The pressure drop of nanofluids increases with increasing Reynolds number and 

there is a small increase with increasing particle volume concentrations. This 

implies that the nanofluid incurs small penalty of pumping power and may be 

suitable for practical application. Moreover, nanoparticle type has no significant 

effect on the pressure drop data of heat sinks. 
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- New heat transfer and pressure drop correlations for predicting the Nusselt 

number and pressure drop of nanofluids flowing through miniature circular and 

square pin fin structure are proposed in the form of 09.4418.0 PrRe1463 
HDNu  and 

767.15 Re1072.5
HDxP  , respectively. The majority of the data falls within  10% 

and 15% of the proposed equation, respectively. These equations are valid in the 

range of Reynolds number based on hydraulic diameter between 700-3,800 and 

particle volume concentrations in the range of 0 and 0.6 vol.%.  

 

6.2 Recommendations for Future Work  

- The test apparatus can be improved to study the heat transfer performance and 

pressure drop of nanofluids flowing through various heat sink configurations.  
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