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ABSTRACT

This thesis deals with a study of heat transfer coefficient for multi – jet air impinging 
cooling. Research and development for enhancement heat transfer using multi – jet air 
impinging cooling system shows variety possibilities. The required performance must 
be achieved in other to boost user satisfaction. The main objectives of this thesis are to 
study the effect of heat transfer coefficient by multi – jet impinging cooling system, and 
define the relationship between the heat transfer coefficient with the jet flow and the 
distance from exit nozzle to the heat source. The thesis described the methodology 
utilize and the result comparison among the jet used. Single, 4, and 9 jet nozzles with 
constant nozzle diameter, 4 mm were studied in this thesis with different jet flow and 
also various exit nozzle to heat source spacing. The heat source plate is constant at 
100℃. Compressed Air as the coolant medium at room temperature with laminar flow at 
nozzle exit was studied along with 500, 950, 1960 and 2300 Reynolds numbers. From 
the results, it is observed that the experiment data using 9 jet array nozzle produced the 
highest Nusselt number in the range of  95 ℃ to 105 ℃ correspond to low temperature 
distribution due to many stagnation point formed. This shows the most efficient cooling 
system. The graph pattern shows the maximum and minimum point in view of the fact 
that there are many stagnation points. However, the single jet and 4 jet nozzle produced 
low Nusselt number. The Nusselt number graph trend is linearly decreased for single jet 
and linearly increased for 4 jet nozzle. The results concluded that the additional number 
of nozzle with higher Reynolds number and narrow spacing of exit nozzle to heat source 
plate being used, the more efficient performance produced. More stagnation point 
created during the impingement on the heat source will produced more effective cooling 
system. The experiment results are significant to improve the overheat component 
problem nowadays. The results can also significantly increase the performance of the 
needed component in order to improve product reliability and customer confidence.
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ABSTRAK

Tesis ini membincangkan mengenai kajian berkaitan pekali pemindahan haba untuk
penyejukan hentaman berbilang jet. Penyelidikan dan pembangunan untuk peningkatan 
pemindahan haba dengan menggunakan sistem hentaman jet dapat menunjukkan 
pelbagai kemungkinan. Prestasi yang diperlukan harus dicapai untuk meningkatkan
kualiti produk dan kepuasan pengguna. Objektif utama tesis ini adalah untuk mengkaji 
kesan dari pekali pemindahan haba oleh sistem penyejukan hentaman jet berbilang, dan 
menentukan hubungan antara pekali perpindahan haba dengan aliran jet dan jarak 
daripada hujung nozel ke sumber haba. Tesis menerangkan metodologi dan keputusan 
perbandingan antara jet yang digunakan. Satu (1), empat (4), dan sembilan (9) jet nozel 
dengan diameter malar, 4 mm dikaji dalam tesis ini dengan jet yang berbeza aliran dan 
juga pelbagai jarak bagi hujung nozel hingga sumber haba. Sumber haba adalah tetap
pada suhu 100 ℃. Udara mampat dijadikan sebagai media penyejukan pada suhu bilik 
dengan aliran laminar pada hujung nozel dengan nombor Reynolds jet 500, 950, 1960 
dan 2300. Daripada keputusan yang diperolehi, data menggunakan 9 jet nozel didapati 
menghasilkan bilangan nombor Nusselt tertinggi pada lingkungan 95 ℃ 
sehingga 105 ℃. dan sesuai dengan taburan suhu rendah kerana banyak titik genangan
terbentuk. Hal ini menunjukkan sistem penyejukan paling berkesan. Graf menunjukkan 
polar maksimum minimum berdasarkan fakta bahawa terdapat banyak titik genangan
terbentuk pada 9 jet nozel. Namun, satu jet nozel dan 4 jet nozel menghasilkan nombor 
Nusselt yang rendah. Graf menunjukkan penurunan pada nombor Nusselt bagi satu jet 
manakala untuk 4 jet nozel pula menunjukkan peningkatan pada nombor Nusselt.
Rumusan yang didapati adalah semakin bertambah jumlah tambahan nozel dengan 
peningkatan nombor Reynolds dan semakin kurang jarak hujung nozel ke sumber haba, 
maka semakin bertambah prestasi yang dihasilkan. Semakin bertambah titik genangan
terhasil oleh hentaman jet, maka semakin bertambah berkesan sistem penyejukan
tersebut. Keputusan ini dapat digunakan untuk memperbaiki masalah komponen yang 
terlalu panas pada ketika ini. Hasil ini juga dapat meningkatkan prestasi komponen yang 
diperlukan untuk menambah mutu produk dan kepercayaan pelanggan.
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CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION

The demand for high performance electronic has increased from time to time. 

There is a competing race among electronic manufacturers to produce new high 

performance electronic products to satisfy users. Nowadays, more and more customers 

require electronic components to be faster, smaller, and able to handle a higher amount 

of power and be more reliable than ever before. In such electronic components, there 

will be problems arising due to smaller size and higher power which lead to high heat 

fluxes that need to be removed to avoid failure. The surface temperature of the devices 

or components must be decreased to a lower temperature to improve speed and 

reliability.

So the demand for effective cooling systems has made the industry to adapt 

several techniques. For example, traditional cooling systems are used with an air flow 

produced from an electric fan. But this method does not fulfill high performance 

requirements nowadays. It does not efficiently cool the electronic devise so that the 

performance can be increased. Therefore as a promising technique, industrial 

engineering is paying attention on a cooling system which is known as ‘’Spray Cooling 

Technique‘’. This technique can be implemented by means of liquid jets or air jet 

impingement cooling system.

According to many researchers which work on jet impingement cooling systems, 

jet impingement provides a higher cooling performance compared to a duct flow type 

convective cooling systems. This is attributed to a thin boundary layer formed on a 
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heated surface by a jet impingement, which results in a higher convective heat transfer 

coefficient. Due to that reason, many researchers have performed lots of studies on the 

jet impingement heat transfer on smooth targets. Recently, several works on single jet 

impingement heat transfer from extended surfaces such as pin fin, pyramid fin, mesh fin 

and aluminum foam fin have been published and have reported more enhanced heat 

transfer. Among the various types of jet impinging schemes, it has been reported that 

the multi-jet impingement has a characteristic of multiple stagnation zones, thereby 

increasing the overall heat transfer coefficient from a heated surface. Whereas, the 

single jet impingement system provides gradually decreasing local heat transfer 

coefficients in downstream regions of the single stagnation zone.

1.2 PROBLEM STATEMENT

Nowadays, technology has under gone many changes due to IT. So as well as 

the engineering sector too. Many equipments or appliances need to have high heat 

transfer performance to guarantee the quality and also to increase the capability. For 

example in super computers, old cooling systems cannot be used anymore as it does not 

cool sufficiently. This problem can cause damage to the super computer processor. This 

makes it necessary to develop new techniques to meet the demand. So, researchers are 

moving toward the technology of jet impingement cooling systems. This technique 

becomes more interesting using multi-jet impingement cooling systems. Lots of 

researches have to be done in this field to make sure all capabilities required will be 

achieved.

Another limitation caused by excess heat generation is that it directly limits the 

performance potential of the component. A good example of this effect is in the case of 

computer processors. As the speed of the processor is increased, the amount of heat the 

device generates increases proportionally. Since this heat is typically dissipated by some 

external cooling system, the performance of the processor is directly linked to how well 

this system operates, so if it has limitations, those limitations will be reflected back onto 

the performance of the processor. An example of this comes from recent history; In the 

middle of 2005, Apple Computer Inc. announced that they would stop using IBM’s 

PowerPC processor in their computers and switch to Intel’s Core Duo line of 
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processors. (William Chow, 2006) The main motivation behind this switch was the fact 

that IBM’s processor ran at very high temperatures when compared to Intel’s chip. 

Since most modern personal computers are still air-cooled using fans and heat sinks, the 

IBM processor ultimately reached its limit; it could no longer increase its performance 

without exceeding the heat flux capacity of its air-cooling system.

Looking generally at the realm of consumer electronics, allowing a device to 

exceed its ideal operating temperature possesses even more consequences. Not only 

should the  temperature be within the correct operating range for both performance and 

reliability, this ideal temperature should be low enough for safe handling by the 

consumer. For example, a common complaint about portable computers is that they tend 

to dissipate heat poorly, causing the heat from its internal components to radiate through 

the outer casing, making the surfaces hot to touch. This is an obvious deterrent, for if 

the temperature were to reach an unsafe level, the risk of injury would increase. 

Furthermore, the increasing demand for portability in modern electronics only further 

emphasizes the need for more effective methods of high-heat dissipation.

With this inspiration, there is an idea to study on how single jet and multi jet 

impingement cooling systems are working, and what will be the effect on the cooling

system. There must be a comparison among these methods.

1.3 OBJECTIVES

The main objectives of this study are:

i. To study the effect of heat transfer coefficient by multi – jet impinging 

cooling system,

ii. And define the relationship between the heat transfer coefficient with the 

jet flow and distance, S (the distance from exit nozzle to the heat source).
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1.4 SCOPES OF STUDY

This study was carried out using air as the coolant medium that impinge with 

laminar flow region from the nozzles to the heat source which has Reynolds number in 

the range of 500 – 2300 (500, 950, 1960, 2300). This study started with single nozzle 

impingement and continues with 4 and 9 jet array nozzle impingement. The heat source 

is constant temperature at 100 ℃  which used steel as the material with the dimensions 

(12.0 x 12.0 x 0.8) cm with 6.5 cm diameter impingement region. The impingement 

region is specialist with 2.5 cm height wall. The nozzle diameter and length is also 

constant with 0.4 cm inner diameter and 5 cm long respectively. The nozzle material is 

made from brass. This study have diameter ratio, 16 impingement diameter on the heat 

source to the nozzle diameter, D/d. Then, the temperature effect is measured on the heat 

source plate using laser thermocouple by pointing on the heat source plate point 

prepared. This study also consists of designing and fabricating the nozzle together with 

the impingement cooling system.

1.5 PROCESS FLOW CHART

Figure 1.1 shows the separation of information or processes in a step-by-step 

flow and  easy to understand diagrams showing how steps in a process fit together. This 

makes useful tools for communicating how processes work and for clearly due time 

limitation on how a particular job is done in FYP 1 and FYP 2.
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ABSTRACT



This thesis deals with a study of heat transfer coefficient for multi – jet air impinging cooling. Research and development for enhancement heat transfer using multi – jet air impinging cooling system shows variety possibilities. The required performance must be achieved in other to boost user satisfaction. The main objectives of this thesis are to study the effect of heat transfer coefficient by multi – jet impinging cooling system, and define the relationship between the heat transfer coefficient with the jet flow and the distance from exit nozzle to the heat source. The thesis described the methodology utilize and the result comparison among the jet used. Single, 4, and 9 jet nozzles with constant nozzle diameter, 4 mm were studied in this thesis with different jet flow and also various exit nozzle to heat source spacing. The heat source plate is constant at 100 Compressed Air as the coolant medium at room temperature with laminar flow at nozzle exit was studied along with 500, 950, 1960 and 2300 Reynolds numbers. From the results, it is observed that the experiment data using 9 jet array nozzle produced the highest Nusselt number in the range of   to correspond to low temperature distribution due to many stagnation point formed. This shows the most efficient cooling system. The graph pattern shows the maximum and minimum point in view of the fact that there are many stagnation points. However, the single jet and 4 jet nozzle produced low Nusselt number. The Nusselt number graph trend is linearly decreased for single jet and linearly increased for 4 jet nozzle. The results concluded that the additional number of nozzle with higher Reynolds number and narrow spacing of exit nozzle to heat source plate being used, the more efficient performance produced. More stagnation point created during the impingement on the heat source will produced more effective cooling system. The experiment results are significant to improve the overheat component problem nowadays. The results can also significantly increase the performance of the needed component in order to improve product reliability and customer confidence.

















 















ABSTRAK



Tesis ini membincangkan mengenai kajian berkaitan pekali pemindahan haba untuk penyejukan hentaman berbilang jet. Penyelidikan dan pembangunan untuk peningkatan pemindahan haba dengan menggunakan sistem hentaman jet dapat menunjukkan pelbagai kemungkinan. Prestasi yang diperlukan harus dicapai untuk meningkatkan kualiti produk dan kepuasan pengguna. Objektif utama tesis ini adalah untuk mengkaji kesan dari pekali pemindahan haba oleh sistem penyejukan hentaman jet berbilang, dan menentukan hubungan antara pekali perpindahan haba dengan aliran jet dan jarak daripada hujung nozel ke sumber haba. Tesis menerangkan metodologi dan keputusan perbandingan antara jet yang digunakan. Satu (1), empat (4), dan sembilan (9) jet nozel dengan diameter malar, 4 mm dikaji dalam tesis ini dengan jet yang berbeza aliran dan juga pelbagai jarak bagi hujung nozel hingga sumber haba. Sumber haba adalah tetap pada suhu 100 ℃. Udara mampat dijadikan sebagai media penyejukan pada suhu bilik dengan aliran laminar pada hujung nozel dengan nombor Reynolds jet 500, 950, 1960 dan 2300. Daripada keputusan yang diperolehi, data menggunakan 9 jet nozel didapati menghasilkan bilangan nombor Nusselt tertinggi pada lingkungan  sehingga. dan sesuai dengan taburan suhu rendah kerana banyak titik genangan terbentuk. Hal ini menunjukkan sistem penyejukan paling berkesan. Graf menunjukkan polar maksimum minimum berdasarkan fakta bahawa terdapat banyak titik genangan terbentuk pada 9 jet nozel. Namun, satu jet nozel dan 4 jet nozel menghasilkan nombor Nusselt yang rendah. Graf menunjukkan penurunan pada nombor Nusselt bagi satu jet manakala untuk 4 jet nozel pula menunjukkan peningkatan pada nombor Nusselt. Rumusan yang didapati adalah semakin bertambah jumlah tambahan nozel dengan peningkatan nombor Reynolds dan semakin kurang jarak hujung nozel ke sumber haba, maka semakin bertambah prestasi yang dihasilkan. Semakin bertambah titik genangan terhasil oleh hentaman jet, maka semakin bertambah berkesan sistem penyejukan tersebut. Keputusan ini dapat digunakan untuk memperbaiki masalah komponen yang terlalu panas pada ketika ini. Hasil ini juga dapat meningkatkan prestasi komponen yang diperlukan untuk menambah mutu produk dan kepercayaan pelanggan.
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CHAPTER 1





INTRODUCTION





1.1 INTRODUCTION



	The demand for high performance electronic has increased from time to time. There is a competing race among electronic manufacturers to produce new high performance electronic products to satisfy users. Nowadays, more and more customers require electronic components to be faster, smaller, and able to handle a higher amount of power and be more reliable than ever before. In such electronic components, there will be problems arising due to smaller size and higher power which lead to high heat fluxes that need to be removed to avoid failure. The surface temperature of the devices or components must be decreased to a lower temperature to improve speed and reliability.



	So the demand for effective cooling systems has made the industry to adapt several techniques. For example, traditional cooling systems are used with an air flow produced from an electric fan. But this method does not fulfill high performance requirements nowadays. It does not efficiently cool the electronic devise so that the performance can be increased. Therefore as a promising technique, industrial engineering is paying attention on a cooling system which is known as ‘’Spray Cooling Technique‘’. This technique can be implemented by means of liquid jets or air jet impingement cooling system.



	According to many researchers which work on jet impingement cooling systems, jet impingement provides a higher cooling performance compared to a duct flow type convective cooling systems. This is attributed to a thin boundary layer formed on a heated surface by a jet impingement, which results in a higher convective heat transfer coefficient. Due to that reason, many researchers have performed lots of studies on the jet impingement heat transfer on smooth targets. Recently, several works on single jet impingement heat transfer from extended surfaces such as pin fin, pyramid fin, mesh fin and aluminum foam fin have been published and have reported more enhanced heat transfer. Among the various types of jet impinging schemes, it has been reported that the multi-jet impingement has a characteristic of multiple stagnation zones, thereby increasing the overall heat transfer coefficient from a heated surface. Whereas, the single jet impingement system provides gradually decreasing local heat transfer coefficients in downstream regions of the single stagnation zone.



1.2 PROBLEM STATEMENT



	Nowadays, technology has under gone many changes due to IT. So as well as the engineering sector too. Many equipments or appliances need to have high heat transfer performance to guarantee the quality and also to increase the capability. For example in super computers, old cooling systems cannot be used anymore as it does not cool sufficiently. This problem can cause damage to the super computer processor. This makes it necessary to develop new techniques to meet the demand. So, researchers are moving toward the technology of jet impingement cooling systems. This technique becomes more interesting using multi-jet impingement cooling systems. Lots of researches have to be done in this field to make sure all capabilities required will be achieved.



	Another limitation caused by excess heat generation is that it directly limits the performance potential of the component. A good example of this effect is in the case of computer processors. As the speed of the processor is increased, the amount of heat the device generates increases proportionally. Since this heat is typically dissipated by some external cooling system, the performance of the processor is directly linked to how well this system operates, so if it has limitations, those limitations will be reflected back onto the performance of the processor. An example of this comes from recent history; In the middle of 2005, Apple Computer Inc. announced that they would stop using IBM’s PowerPC processor in their computers and switch to Intel’s Core Duo line of processors. (William Chow, 2006) The main motivation behind this switch was the fact that IBM’s processor ran at very high temperatures when compared to Intel’s chip. Since most modern personal computers are still air-cooled using fans and heat sinks, the IBM processor ultimately reached its limit; it could no longer increase its performance without exceeding the heat flux capacity of its air-cooling system.



	Looking generally at the realm of consumer electronics, allowing a device to exceed its ideal operating temperature possesses even more consequences. Not only should the  temperature be within the correct operating range for both performance and reliability, this ideal temperature should be low enough for safe handling by the consumer. For example, a common complaint about portable computers is that they tend to dissipate heat poorly, causing the heat from its internal components to radiate through the outer casing, making the surfaces hot to touch. This is an obvious deterrent, for if the temperature were to reach an unsafe level, the risk of injury would increase. Furthermore, the increasing demand for portability in modern electronics only further emphasizes the need for more effective methods of high-heat dissipation.



	With this inspiration, there is an idea to study on how single jet and multi jet impingement cooling systems are working, and what will be the effect on the cooling system. There must be a comparison among these methods.



1.3 OBJECTIVES



	The main objectives of this study are:



i. To study the effect of heat transfer coefficient by multi – jet impinging cooling system,

ii. And define the relationship between the heat transfer coefficient with the jet flow and distance, S (the distance from exit nozzle to the heat source).









1.4 SCOPES OF STUDY



	This study was carried out using air as the coolant medium that impinge with laminar flow region from the nozzles to the heat source which has Reynolds number in the range of 500 – 2300 (500, 950, 1960, 2300). This study started with single nozzle impingement and continues with 4 and 9 jet array nozzle impingement. The heat source is constant temperature at 100 which used steel as the material with the dimensions (12.0 x 12.0 x 0.8) cm with 6.5 cm diameter impingement region. The impingement region is specialist with 2.5 cm height wall. The nozzle diameter and length is also constant with 0.4 cm inner diameter and 5 cm long respectively. The nozzle material is made from brass. This study have diameter ratio, 16 impingement diameter on the heat source to the nozzle diameter, D/d. Then, the temperature effect is measured on the heat source plate using laser thermocouple by pointing on the heat source plate point prepared. This study also consists of designing and fabricating the nozzle together with the impingement cooling system.



1.5 PROCESS FLOW CHART



	Figure 1.1 shows the separation of information or processes in a step-by-step flow and  easy to understand diagrams showing how steps in a process fit together. This makes useful tools for communicating how processes work and for clearly due time limitation on how a particular job is done in FYP 1 and FYP 2.
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Figure 1.1: Process flow chart
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CHAPTER 2





LITERATURE REVIEW





2.1 INTRODUCTION



	Over the past few years, electronic devices performance has been increasing at a dramatic rate. In order to generate new performance, for example for super computers which have more transistors, they are drawing more power and have higher rating. This leads to greater heat production by the device in the computer. Heat sinks have been added to all modern PC CPUs to help to alleviate some of the heat from the processor into the surrounding environment, but as the fans get louder and larger new solutions are being looked into, namely jet impingement cooling method.



2.2 JET IMPINGEMENT COOLING 



2.2.1 Jet Impingement Overview

	

	Jet impingement cooling has been studied by many researchers because of the high heat transfer rates that are achievable. It is used in a variety of applications in the sheet metal industry, for example to cool laser and electronic equipment. The jet can be submerged, which means that it flows within the same fluid in the same state, for example gas into gas or liquid into liquid, or free surface, which means that the liquid jet is injected into a gaseous environment. (Matteo Fabbri et al., 2003)



	Gas jets are typically discharged into a quiescent ambient from a round nozzle of diameter, D or a slot (rectangular) nozzle of width, W. Typically, the jet is turbulent at the nozzle exit and characterized by a uniform velocity profile. However, with increasing distance from the exit, momentum exchange between the jet and the ambient causes the free boundary of the jet to broaden and the potential core, within the uniform exit velocity is retained to contract. Downstream of the potential core the velocity profile is non-uniform over the entire jet cross section and the maximum (center) velocity decreases with increasing distance from the nozzle exit. The region of the flow over which conditions are unaffected by the impingement (target) surface is termed the free jet. It is illustrated as shown in Figure 2.1 and it is for single jet only.



[image: surface impingement.jpg]



Figure 2.1: Surface impingement of a single round or slot gas jet



Source: Incropera et al. (2006).



	Within the stagnation or impingement zone, flow is influenced by the target surface and is decelerated and accelerated in the normal (z) and transverse (r or x) directions, respectively. However, since the flow continues to entire zero momentum fluid from the ambient, transverse acceleration cannot continue indefinitely and accelerating flow in the stagnation zone is transformed to decelerating in the wall jet. Hence with increasing r or x, velocity components parallel to the surface increase from a value of zero to some maximum and subsequently decay to zero. Velocity profiles within the wall jet are characterized by zero velocity at both the impingement and free surfaces. If  and/or, convection heat and/or mass transfer occur in both the stagnation and wall jet regions. (Incropera et al., 2006)



	The flow field of an impinging jet configuration has three distinctive flow regions namely free jet region, a deflection region (or stagnation region) and a wall jet region. The velocity difference between the potential core of the jet and the ambient fluid creates a shear layer. (J.Badra et al., 2007) The mean shear strain is zero in the free jet region and the production of kinetic energy is exclusively due to the normal straining. As the flow approaches the wall, the centerline velocity decays until it reaches zero at the stagnation point. The proximity of the solid boundary causes the deflection of the jet and a strong streamline curvature region is observed. Downstream the stagnation point, a wall jet evolves along the wall. Turbulence energy is increased due to the mean shear strain which dominates in the near wall region.



	In most study cases, a laminar jet is involved as theoretical work. This can be summarizing that the jet impingement flow can be divided in four regions. (Matteo Fabbri et al.) Region 1 is the stagnation zone where it was found that the thickness of the hydrodynamic and thermal boundary layer is constant. In region 2, both boundary layers are developing and none have reached the free surface. Region 3 is characterized by the fact that the hydrodynamic boundary layer has reached the free surface, whereas the thermal boundary layer is still thinner than the film thickness. Finally, in region 4, both boundary layers have reached the free surface of the liquid film.



	For multi jet impingement, the previous study had found that, the flow in three slot turbulent jets can be illustrated as in the Figure 2.2. 



[image: multi-jet nozzle flow.bmp]



Figure 2.2: The flow field characteristics of three turbulent slot jets



Source: Y.-T. Yang and T.-P. Hao, (1999).



	For three turbulent slot jets, the individual jets which comprise a multi-jet system may be influenced by two types of interactions which do not occur in the case of single jets. In this application, the lift jets interact strongly with the ground plane for a ground vortex that wraps around the impingement regions and an up-wash fountain resulting from the collision of the wall jets. The flow pattern of three turbulent slot jets can be divided into six characteristics regions: 



i. Free jet region, 

ii. Impinging  region, 

iii. Wall jet region, 

iv. Fountain-formulation region, 

v. Fountain up-wash region,

vi. Entrainment.



	The present work is to extend the calculation to turbulent jets. The study of impinging three slot turbulent jets provides a basis for understanding the essential dynamics of multiple jets.



	There is a little different between single jet and multi jet impingement. (Shaik Feroz and V. S. R. K. Prasad, 2005) One may visualize the hydrodynamics of the impinging jet flow on the target surface as follows: 



	The jets issuing from the nozzle impinge on the target surface and gradually flow radially away towards the outer edge of the target surface or the confining wall of the electrolytic cell, depending on whether it is a free jet or a submerged jet. Authors (Rao et al., 1971; Martin, 1977) have classified the flow regions on the target surface as the impingement region, the transition region, and the wall jet region. The impinging flow from multi-jets shows the same flow regions as a single jet, but in addition there are secondary stagnation zones where the wall jets of the adjacent nozzles impinge upon each other (Gardon and Cobonpue, 1962; Gardon and Akfirat, 1965; Korger and Krizek, 1966; Koopman and Sparrow, 1976). Multi-jets may exhibit 2 types of interactions (Koopman and Sparrow, 1976): 



i. Possible interference between adjacent jets prior to their impingement on the surface, which depends on the spacing between jets and hence, the spacing between nozzle holes and their network arrangement,

ii. The second interaction is the collision of the surface flows (i.e. the wall jets) associated with adjacent impinging jets. 



	The developing bell shape of the flow from the nozzle holes interferes with neighboring similar jet flows and results in local turbulence at the reacting surface. Thus, the flow patterns become more complex and are not so amenable to mathematical analysis. The flow patterns in single- and multi-jets are similar, but they may exhibit different levels of turbulence. In consideration of the complexity of mixed flow-patterns, an attempt has been made to interpret the flow behavior through empirical modeling.



2.2.2 Previous Research



	Below is an example of previous research result that related to this study but using different method. They used numerical method or simulations. The title of the study is “Jet Impingement Cooling” by Colin Glynn, Tadhg O’Donovan and Darina B. Murray from CTVR (Centre for Telecommunications Value-Chain-Driven Research), Department of Mechanical and Manufacturing Engineering, Trinity College, Dublin. In their report, they study about parameters including jet diameter (d from 0.5 mm to 1.5 mm), Reynolds number (Re from 1000 to 20000) and jet to target spacing (H from 0.5d to 6d). (Colin Glynn et al., 2006) The results are presented in the form of local and full-field heat transfer coefficients for the range of conditions indicated.



	A full field distribution of the heat transfer coefficient from the surface to an impinging air jet is presented in Figure 2.3. The two dimensional plane measures 10 diameters square and the stagnation point heat transfer coefficient can be identified as the maximum that occurs at the geometric centre of the impinging jet. The near axisymmetry of the full field distribution about the geometric centre allows future results to be presented as heat transfer profiles through the geometric centre from -5d to +5d.



[image: p.result2.bmp]



Figure 2.3: Full field heat transfer coefficient distribution; d = 0.5 mm, Re = 5000;

                         H/d = 1 (Air Jet)



Source: Colin Glynn et al., (2006).



	The results presented in Figure 2.4 are heat transfer profiles to an impinging air jet for a range of Reynolds numbers and distance of the jet from the impingement surface. It is apparent that, even at relatively low Reynolds numbers, high heat transfer coefficients can be achieved by small diameter nozzles. As expected the maximum heat transfer coefficient is recorded at the stagnation point, and decreases with increasing radial distance for the range of parameters reported in this figure. For each of the two Reynolds numbers presented, both the peak and the area averaged heat transfer coefficient decreases as the distance between the jet exit and the impingement surface increases. For a jet diameter of 0.5 mm the maximum Reynolds number tested was 5000 due to the large pressure drop across the jet orifice at such small diameters.
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Figure 2.4: Local heat transfer coefficient; d = 0.5 mm; H/d = 2, 4; Re = 1000, 5000;

                       (Air Jet)



Source: Colin Glynn et al., (2006).



	The results presented in Figure 2.5 illustrate the effect of varying jet diameter on the heat transfer distribution for a Reynolds number of 5000 and H/d = 2. The increase in heat transfer with decreasing jet diameter is clear. This is due to the high air flow velocities involved for smaller diameter jets. An increase of over 60% is observed for a decrease in jet diameter from 1.5 mm to 0.5mm.
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Figure 2.5: Local heat transfer coefficient distribution; d = 0.5 mm, 1 mm, 1.5 mm;

                        H/d = 2; Re =5000; (Air Jet)



Source: Colin Glynn et al., (2006).



	It is worth noting that Figure 2.5 displays the heat transfer coefficient distribution for the dimensionless radial distance, r/d. The maximum dimensional radial distance shown in figure 5 is 2.5 mm for the jet diameter of 0.5 mm compared to 7.5 mm for the jet diameter of 1.5 mm. The higher stagnation heat transfer coefficients combined with the smaller effective heat transfer area makes the use of arrays of small diameter impinging jets an attractive option. 



	Figure 2.6 shows the variation in the heat transfer coefficient distribution with dimensionless jet-to-target surface spacing (H/d) for a jet diameter of 1.5 mm and Reynolds number of 20000. Flattening of the heat transfer distribution about the stagnation point and secondary peaks are present in all cases with the radial peaks most prominent for H/d = 1. The heat transfer coefficient is a local minimum at the stagnation point and increases to a radial peak at approximately 0.5 to 1d. This is thought to be due to thinning of the wall jet boundary layer as the wall jet air flow escapes from the lip of the impinging jet flow. At low H/d (≤ 2) the magnitude of the heat transfer coefficient is similar for the entirety of the distribution. This is attributed to the uniformity of the arrival jet velocity and turbulence intensity when the impingement surface is located within the potential core of the jet. Beyond the core of the jet (H/d = 4) the arrival velocity has decreased and therefore so too does the heat transfer coefficient.
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Figure 2.6: Local heat transfer distribution; d = 1.5 mm, H/d = 1, 2, 4; Re = 20000;

                        (Air Jet)



Source: Colin Glynn et al., (2006).



	Results have also been obtained for impinging water jets and Figure 2.7 presents heat transfer distributions for a 1 mm diameter jet and H/d = 1 (left) and 2 (right). Overall the magnitude of the heat transfer coefficients is far greater for the water jets than it is for air. Flattening of the heat transfer distributions is more obvious at the lower H/d = 1. At H/d = 1 and Re = 10000 the heat transfer coefficient is a local minimum at the stagnation point and two peaks are located at radial locations of approximately r/d = 0.5 and 2. These peaks are attributed to the thinning and the transition of the wall jet boundary layer respectively. Unusually, the peaks are not as pronounced when H/d = 1 and Re = 20000. This could be due to the confinement condition.
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Figure 2.7: Local heat transfer coefficient distribution; d = 1 mm; (Water Jet)



Source: Colin Glynn et al., (2006).



	At the larger jet to impingement surface spacing of H/d = 2, the heat transfer distribution is more uniform and has a lesser magnitude. This indicates that the core length of the water jet is quite short, especially in comparison with the air jet results presented previously in Figure 2.6.



Figure 2.8 shows a comparison of the heat transfer distributions for both air and water for a Reynolds number of 10000, a diameter of 1 mm and a range of jet to impingement surface spacing. It is once again apparent that the flattening of the heat transfer distributions to an air jet is more substantial and occurs up to a larger H/d for air than it does for water. While secondary peaks occur in the heat transfer distribution for a water jet with a Reynolds number of 10000 at H/d of 1, both the magnitude and the shape of the profile at H/d = 2 indicate that the jet is fully developed at this stage.
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Figure 2.8: Local heat transfer distribution; d = 1 mm, Air jet (left), Water jet (right)



Source: Colin Glynn et al., (2006).



2.3 THEORY



2.3.1 Basic Concept in Heat Transfer



Heat travels from a hot body (or fluid) to a cold body (or fluid) and there must be a temperature difference to enable the heat to flow. This elementary fact can easily be forgotten in design. In practice it means that it is impossible to heat a fluid up to exactly the same temperature as the heating fluid or, similarly, to cool a fluid down to exactly the same temperature as the cooling fluid. The last small fraction of heat transfer would require an exchanger of infinite size because the temperature difference would have fallen to zero. (D Butterworth, 1977) 



Heat can be transferred from hot fluid to the cold fluid by three processes which can operate together or separately. These processes are conduction, convection, and radiation. For cooling jet impingement cooling system, it uses convection process since the heat is transferred through a fluid by motion of the fluid.





2.3.2 Laminar Boundary Layer



Fluids flowing past solid bodies adhere to them, so a region of variable velocity must be built up between the body and the free fluid stream, as indicated in Figure 2.9 below. This region is called a boundary layer, which will often abbreviate as b.1. The b.1 has a thickness, . The boundary layer thickness is arbitrarily defined as the distance form the wall at which the flow velocity approaches to within  of. The boundary layer is normally very thin in comparison with the dimensions of the body immersed in the flow. (John H et al., 2008)
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Figure 2.9: A boundary layer of thickness,



Source: John H et al., (2008).



Figure 2.10 shows the overall boundary layer on a long flat surface with a sharp leading edge from laminar region till the fully turbulent boundary layer and the formula on how to calculate the thickness of boundary layer for both, laminar and turbulent.
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Figure 2.10: Boundary layer on a long, flat surface with a sharp leading edge



Source: John H et al., (2008).



Figure 2.11 below is an illustration of boundary layer inside the nozzle or tube when fluid is being injected a long the nozzle based on laminar – turbulent flow transition experiment with certain velocity.
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Figure 2.11: Laminar – turbulent flow transition experiment



Source: John H et al., (2008).

2.3.3 Nozzle Geometry



There are several researches on nozzle geometry in jet impingement cooling system since impinging jets have been actively studied for application in diverse situations such as drying, steel mills, and turbine – blade cooling. Jet impingement is also being adapted for use in cooling electronic components. The increased power dissipation in chips with ever higher component densities has necessitated the search for more effective cooling techniques. The influence of nozzle geometry on the heat transfer obtained from impinging liquid jets is investigated with jet and heat source dimension that are representative of electronics cooling applications.



The most important parameters that have been widely considered in jet impingement are nozzle diameter, nozzle length, nozzle to target spacing and Reynolds number. (S V. Garimella and Boris Nenaydykh, 1996) But, since laminar flow was being conducted in this experiment, the nozzle geometry is almost being neglected because the Reynolds number is small and the velocity profile is performed easily along the nozzle. Compared to turbulent Reynolds number, the impingement heat transfer is affected by the nozzle aspect ratio primarily through the velocity profile and turbulent levels at the nozzle exit, which depend upon its diameter and length.



S V. Garimella and Boris Nenaydykh had proved that the nozzle geometry has influence the jet impingement cooling in their study titled “Nozzle – Geometry Effects on Heat Transfer”. The influence of nozzle geometry on the local heat transfer coefficient distribution on a small, square heat source was investigated in their study for submerged and confined liquid jet impingement. The nozzle (length – to – diameter) aspect ratio and diameter were explored as variable at different nozzle to heat source spacing and jet Reynolds numbers. At very small nozzle aspect ratios (nozzle plate thickness with nozzle diameter), the heat transfer coefficient are the highest. As the aspect ratio is increased to values of 1 – 4, the heat transfer coefficients drop sharply, but with further increases up to 8 – 12, the heat transfer coefficients gradually increase. (S V. Garimella and Boris Nenaydykh) A possible explanation for these trends is provided in terms of flow separation and reattachment in the nozzle, and its effect on exit velocity profile. The effect of nozzle ratio is less pronounced as the nozzle to target spacing is increased. The jet Reynolds number does not appear to influence the role of nozzle aspect ratio on heat transfer.



The nozzle diameter has a definite effect on the heat transfer coefficient obtained for fixed Reynolds number; aspect ratio and distance between the confining plates to the nozzle diameter, the local Nusselt number for different nozzle diameter are distinct. The differences in local Nusselt numbers obtained with different nozzle diameters are most pronounced over a region of about one nozzle diameter around the stagnation point. (S V. Garimella and Boris Nenaydykh) It is possible that this dependence of the Nusselt number on diameter is due to the increase in turbulence intensity as the nozzle diameter is increased, for fixed Reynolds number. Correlations for the stagnation point Nusselt number are proposed in terms of jet Reynolds number, nozzle to heat source spacing, and nozzle aspect ratio.



2.3.4 Reynolds Number



	In calculation to this experiment theory, Reynolds number, Re is one of the most important parameter need to be defined. Reynolds number, Re is a dimensionless number that gives a measure of the ratio of inertial forces () to viscous forces () and, consequently, it quantifies the relative importance of these two types of forces for given flow conditions. It also used to characterize different flow regimes, such as laminar or turbulent flow. Laminar flow occurs at low Reynolds numbers, where viscous forces are dominant, and is characterized by smooth, constant fluid motion, while turbulent flow occurs at high Reynolds numbers and is dominated by inertial forces, which tend to produce random eddies,  and other flow fluctuations. For flow in a pipe or tube, the Reynolds number is generally defined as: (Yunus A. Cengel et al., 2006)







Where:

· V = mean fluid velocity in (SI units: m/s)

· D = d = inner diameter of the nozzle (m)

· μ = dynamic viscosity of the fluid (Pa·s or N·s/m²)

· ν = kinematic viscosity (ν = μ / ρ) (m²/s)

· ρ = density of the fluid (kg/m³)

· Q = volumetric flow rate (m³/s)

· A = pipe cross-sectional area (m²)



	For flow in a pipe of inner diameter D for fully developed flow, laminar flow occurs when ReD < 2300 and turbulent flow occurs when ReD > 4000. In the interval between 2300 and 4000, laminar and turbulent flows are possible transition flows, depending on other factors, such as pipe roughness and flow uniformity. (Yunus A. Cengel et al.)



2.3.5 Entry Length In Laminar Flow



The hydrodynamic entry length is usually taken to be the distance from the tube entrance where the wall shear stress and thus the friction factor teaches within about two (2) percent of the fully developed value since this is the region where the velocity profile develops. The region beyond the entrance in which the velocity profile is fully developed and remains unchanged is called the hydrodynamically fully developed region. The velocity profile in the fully developed region is parabolic in laminar flow. Therefore, the hydrodynamic lengths is given as expressed in Eq. (2.2) below: (Yunus A. Cengel, 2006)







Where:

·  = Hydrodynamic Entry Length (m) 

· Re = Reynolds Number

· d = Nozzle Diameter (m)



	Since, this study used very long tube from the air compressor to the nozzle, the velocity of laminar flow is said to be fully developed.

2.3.6 Heat Convection



	This experiment follows the heat convection theory which in most general terms refers to the movement of molecules within fluids, for example air. There are two types of convection which are, natural and force convection. And in this case, jet impingement cooling systems are force convections by air compressed to the hot flat plate. General formula of convection can be express by Newton’s law of cooling as: (Yunus A. Cengel)







Where:

· h = convection heat transfer coefficient, (W/m2 . ⁰C)

· As = Heat transfer surface area, (m2)

·  = Surface temperature ()

· T∞ = Temperature of the fluid or surrounding temperature ()



	h can be defined as the rate of heat transfer between a solid surface and a fluid per unit surface area per unit temperature difference.



2.3.7 Steady State 



	In this experiment, the flow is assumed to be a steady flow system. The system is said to be steady since there is no change with time at a specified location. (Yunus A. Cengel) These terms also refers to the equality on the rate of mass flow. That is in = out =. When the changes in kinetic and potential energy are negligible, which is usually the case, and there is no work interaction, the energy balance for such a steady-flow system is:



       





And     







Where:

· = rate of net heat transfer, (kJ/s)

·   = mass flow rate, (kg/s)

· Cp  = constant pressure specific heat, (kJ/kg.K)

·     = fluid density, (kg/m3)

· ∆T = (), Temperature different, (K)

·    = Cross-section area, (m2)

· = Volume flow rate ()



2.3.8 Heat Transfer Coefficient



	In this study, heat transfer coefficient, h can be found by equating the general convection formula, (Eq. (2.3)) with the steady state formula, (Eq. (2.4)) which can be written as, (). All the fluid properties are taken from medium properties table at constant room temperature based on the medium used. It will generate a new term that can be express as below:







Where

·  = mass flow rate, (kg/s)

· As = Heat transfer surface area, (m2)

· Cp  = constant pressure specific heat, (kJ/kg.K)

· Ts = Plate Surface (Heat Source) temperature ()

· T∞ = Temperature of the fluid ()

· ∆T = (), Temperature different, ()



2.3.9 Nusselt Number



In the final formula there need also to be consider the Nusselt number, Nu (Yunus A. Cengel) which correspond to the heat transfer coefficient. The Nusselt number, Nu is a dimensionless parameter that used to reduce the number of variables in this study. The basic expression is:







Where

· h = Heat transfer coefficient, (W/m2 . ⁰C)	

· L or r = Radius of the impingement region, (m)

· k = Thermal conductivity (W/m.K)



2.3.10 Humidity



The basic measure of the amount of water in air is called humidity, H or absolute humidity. This is defined as the weight ratio of water to air:







The humidity in Malaysia is very high compared to other country because Malaysia is close to the equator and is a maritime country. The mean monthly relative humidity falls within 70 to 90%, varying from place to place and from month to month. The monthly relative humidity varies from a minimum of about 3% to a maximum of about 15% for any specific area in Malaysia. The mean relative humidity varies from a low 84% in February to a high of only 88% in November in Peninsular Malaysia. The maximum variation can be found in the northwest area of the Peninsula.

	

Figure 2.12 below shows the Humidity or Psychrometric chart based on normal temperature at sea level in SI metric units at barometric pressure 101.325 kPa. It is a temperature – enthalpy – composition diagram for air and water. It shows composition versus temperature at saturation and also at different relative humidity at specific volume. It also shows lines of constant enthalpy which show the path of humidification and dehumidification operations which are adiabatic, example no heat is added or removed. 



[image: ]



Figure 2.12: Humidity or Psychrometric chart based on normal temperature at sea level

                      in SI metric units at barometric pressure 101.325 kPa.



Source: Copyright, Carrier Corporation, USA, (1975).
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