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 خلاصــــــــــــــــة
( ٍصػْفةخ اةبةؼخ اتظةزمداً  Heat Sinksحسازَخ ) َغبططى اّزقبه اىحسازح أداءٍقبزّخ  عسد ىقد

 اىحسازٌ. َغططدزعبد اىحسازح و اىعسع خلاه اىوذىل ثدزاظخ رىشَغ 

 

شػةبّ   وحةسازٌ ذ ٍغططوهٍ  الأىَُْىًحسازَخ ٍصْىػخ ٍِ ٍبدح  َغبططىزّخ اىَقب عسدىقد 

 وذ ٌحةساز ٍغطةط, شػةخ ثكةنو ٍزؼب ةتقطةغ ٍىاىَ ٍسثؼةخشػةبّ  ٍعةَبزَخ  وذ ٌحةساز ٍغطةط طىىُخ,

حَةو حةسازٌ  عةسٌ وثبظةزمداً , فٍ ظةسو  أَضبٍىشػخ ثكنو ٍزؼب ت  شػبّ  ٍعَبزَخ داةسَخ اىَقطغ

ذىةل اىحةسازٌ و َغطةطُخ ىزقيُو خعةبزح اىضةغظ خةلاه اىىقد اظزمدٍذ اىصػبّ  اىطىىاىهىاء مَبةغ رجسَد. 

اىحةةسازٌ ثىاظةةطخ اىحصةةىه ػيةةً امجةةس ٍعةةبحخ ظةةطحُخ تّزقةةبه  الأداءومةةرىل ىزؼصَةةص ُةةو اىةةدواٍبد ثزقي

 اىحسازح.

 

دزعةخ  (24) إىةً (04) اُ ٍؼظٌ اتعهصح اتىنزسوُّخ رؼَو فٍ ٍدي دزعبد حسازح رزساوػ ٍبثُِ

ىفةُ  اىحةسازٌ ٍةِ صةب ومةرىل  َْةب ثزغُُةس ا\( 2ًصةب إىةً )\( 6ً)ىرىل  َْب ثزغُُس ظسػخ اىهةىاء ٍةِ  ىَخئٍ

  ىيحصىه ػيً ٍدي دزعبد اىحسازح اىَطيىثخ. ( واط04( واط إىً )64)

 

 ٍغطةطحةسازٌ ىنةو  ( ٍزحعةط 51اىحةسازٌ ثبظةزمداً ) ىَغطةطخةلاه ا ازحدزعبد اىحةس ُعذ 

اىحةةسازٌ ثبظةةزمداً ٍقُةةبض  ىَغطةةطىهةةىاء خةةلاه ااظةةسػخ   ُعةةذ و .ثكةةنو ٍزعةةبو حةةسازٌ ٍىشػةةخ ػيُةة 

 ىحسازح واىعسػخ فٍ ّفط اىَنبُ.ٍزحسك ىقُبض دزعبد ا

 

و  اىْظسَةخ ثبظةزمداً ظةس( ىيقُةبً ثبىدزاظةخ   ANSYS Software Packageاظزمدً ثسّةبٍظ )

اىزةٍ ػبىُخ ىحعبة اىعةسع و اىضةغىط و فحةل اىةدواٍبد . هرا اىجسّبٍظ ذو أٍنبُّخ صبثذ اىحسازح اىغسَبُا

 اىحسازٌ. َغططاى ػجساىغسَبُ  أصْبءرحدس ّزُغخ اتصطداٍبد ثبىصػبّ  اىطىىُخ و اىَعَبزَخ 

 

فقةظ,  الأفقةٍفةٍ حبىةخ اىى ةغ  الأثؼةبدصلاصُةخ  َّةبذط(  َْب ثدزاظةخ ANSYS) أهثَعبػدح ثسّبٍظ 

حُةةش ظةةهىىخ و ةةغ ورغُُةةس اىظةةسو  اىحدودَةةخ خةةلاه اىجسّةةبٍظ و اىزةةٍ رزضةةَِ عَُةةغ ٍةةدَبد اىعةةسع 

ٍؼبدىةةخ   ةةبً ثحةةو  هةةرا اىجسّةةبٍظ و ىةةصط. ٍىقةةد مةةبُ اىغسَةةبُ ظُةةس اّظغةةبطاىَعةةزمدٍخ فةةٍ اىدزاظةةخ اىؼَيُخ.

 ). (K-ε model اتظزَسازَخ و ٍؼبدىخ اىؼصً  ثبظزمداً ٍىدَو ا طساثٍ

قبوٍخ اىحسازَخ، اىَقبوٍخ اىحسازَخ اىْعجُخ، ٍؼبٍو اّزقبه اىحسازح، رىشَةغ اىعةسع َعسد ٍقبزّخ اى

 .و دزعبد اىحسازح ىضلاصخ اّىاع ٍِ اىَغبطط اىحسازَخ



ظُس ٍزأصس و ا و ٍقبوٍخ حسازَخ ٍةِ زٌ ذو اىصػبّ  اىطىىُخ اظهس ا و مَُخ هىاء اىَغطط اىحسا

، وذىةل تُ اىصػةبّ  ٌثب ٍ اىكنيُِ اِخسَِ فٍ حبىخ وعىد اىفُ  اىحسازٌ ػْد  بػدح اىَغطةط اىحةساز

 .حسازٌٍعبحخ حَو  ساىطىىُخ رَزيل امج

ازَخ ّعجُخ ٍِ ثب ٍ اىزصََُُِ حسٍقبوٍخ  أػيًاىَغطط اىحسازٌ ذو اىصػبّ  اتظطىاُّخ ََزيل 

 . وذىل ىحعِ رىشَغ اىعسع حىه اىصػبّ  اىداةسَخ.ِتخسَا

اّ  ػْدٍب رَزيل اىَغبطط اىحسازَخ ّفط ٍعةبحخ اىحَةو اىحةسازٌ رنةىُ اىصػةبّ   أظهسداىْزبةظ 

ٌ فةأُ َغبطط اىحسازَخ ّفط ٍعبحخ اىزىصةُو اىحةسازىاُبز الأفضو, اٍب فٍ حبىخ اٍزلاك اتخز تظطىاُّخا

    طىىُخ هٍ اتفضو وذىل تّهب رؼطٍ امجس ٍعبحخ حَو حسازٌ.اىصػبّ  اى
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ABSTRACT 

In this study has been compared the heat transfer performance of various 

commnly fin geometries by studying the temprature and velocity distribution. 

  

Comparitive thermal tests have been carried out using aluminum heat sinks 

with extruded fins, staggered square pins, and staggered cylinderical pins in 

forced convection air flow environments. The extruded fin heat sink was 

designed to minimize the pressure losses across the heat sink by reducing the 

vortex effects to enhance the thermal performance by maintaining large exposed 

surfaces area available for heat transfer. Experimental and theoretical 

investigation were carried out. 

  

The most electronic components operates in the range of temprature 

between (84)
o
c and (:4)

o
c therfore in the experimental tests, air velocity was 

varied from (6) m/s to (:) m/s and the heat flux from (64) Watt to (84) Watt are 

used to obtain the range of temprature.    

  

The temprature of the solid structure was measured experimentally by 

using (59) thermocouple. They are distributed on the heat sinks uniformly.The 

velocity and temprature of the flow field in the test section was measured 

experimentally using portable anemometer. 

  

A software packages (ANSYS 9.8) was used to carry out the theoretical 

study using adiabatic flow condition. This gives a good ability to calculate the 

velocity and pressure distributon and sketching the eddies wake behind the pins 

and fins in the core of the heat sink. 

  

By the aid of this software package a three-dimemsional model was built 

by putting horizontal orintation only. The model boundary condition can be 

easily  varied through (ANSYS 9.8), including all ranges used in the present 

study. The flow was analyzed for three-dimensional steady, adiabatic, 
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incompressible and viscous. Navir-stocks equations and continuity equation were 

solved. A two-equation K-  model (turbulence model) was also solved by this 

program. 

   

 A comparision of thermal resistance, relatave thermal resistance, heat 

transfer coefficient, velocity and temprature distribution for three types of heat 

sincks are presented. 

 

 The straight fin experienced the lowest amount of flow by-pass over the 

heat sink. For this particular application, where the heat source is localized at the 

bottom of the heat sink base plate, the overall thermal resistance of the straight 

fin was lower than the other two designs mainly due to fins have large area of 

convection. 

 

The relative thermal resistance for cylinderical pin-fin heat sink was higher 

than the other tow designs. This is due to the improve distribution of air flow 

around the circular pin. 

 

The result show that when the heat sinks have the same area of convection,  

the cylinderical pin-fin heat sink was the best choice while when the heat sinks 

have the same area of conduction the straight fin was the best choice because it 

give large exposed surface (large area of convection). 
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Nomenclature 

The following symbols are used generally throughout the text. 

Others are defined when used. 

 

 

Symbol Description Unit 

A Conduction Area m6 

Aconv. Convection Area m6 

c Specific Heat KJ/kg.
o
c 

D Cylinder Pin Diameter mm 

H Pin-Fin Height mm. 

Hb Sink Base Thickness mm 

h Heat Transfer Coefficient W/m6 
.
o
c 

k Thermal Conductivity W/m.
o
c 

L Heat Sink Length mm 

L Square Pin Side Length mm 

M Heat Sink Width mm 

N Total Number of Finite Element Nodes - 

n Current Global Iteration - 

P Pitch Distance mm 

Pr Perimeter m 

Qv Volumetric Heat Source Watt 

qConv. Heat Convected Watt 

qTot. Total Power Supplies Watt 
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qloss Heat Losses Watt 

Rth Thermal Resistance 
o
c/Watt 

Re Reynolds Number - 

T Temperature 
o
c 

     TB Base Temperature of Heat Sink 
o
c 

     Tb Base Temperature of Pin-Fin 
o
c 

      T∞ Ambient Temperature 
o
c 

t FinThickness mm. 

t Time sec 

u Velocity in x-Direction m/s 

V Velocity m/s 

v Velocity in y-Direction m/s 

pa Pascal N/m6 

w Velocity in z-Direction m/s 

x Horizontal Coordinate mm. 

y Vertical Coordinate mm. 
 

 

Abbreviations 
 

AHTC Adiabatic Heat Transfer Coefficient - 

BFC Body Fitted Coordinate  

CFD Computational Fluid Dynamics - 

Coef. Coefficient - 

Eq. Equation - 

Fig. Figure - 

FEA Finite Element Analysis  - 

PGA Pin Grid Array - 

  SKF Super Position Kernal Function - 



 IX 

Ref. Reference - 

Temp. Temperature 
o
c 

Tran.           Transfer - 

Vol. Volume cm7 

 

Greek Symbols 
 

α Thermal Diffusivity  cm6/s 

ρ Density kg/cm7 

t Time s 

  Gradient - 

Ф Degree of Freedom  

μ Laminar Viscosity Kg/m.s 

μe Effective viscosity Kg/m.s 

μt Turbulent Viscosity Kg/m.s 

υ Kinematics Viscosity cm6/s 
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1.1 General 

Electronic equipment has made its way practically through every aspect of 

modern life, from toys and appliances to high power computers.  

 

The reliability of electronics of a system is a major factor in the overall 

reliability of the system. Electronic components depend on the passage of 

electric current to perform their duties, and they become  potential sets for 

excessive heating, since the current flow through a resistance is accompanied by 

heat generation. Continued miniaturization of electronic system has resulted in a 

dramatic increase in the amount of heat generated per unit volume, comparable 

in magnitude to these encountered at nuclear reactors and the surface of the sun. 

unless properly designed and controlled, high rate of heat generation results in 

high operating temperatures for electronic equipment, which jeopardizes its 

safety and reliability. 

 

The failure rate of electronic equipments increases exponentially with 

temperature. Also, the high thermal stress in the solder joints of electronic 

components mounted on circuit boards resulting from temperature variation are 

major causes of failure. Therefore, thermal controls have become increasingly 

important in the design and operation of electronic equipments
[1]

. 

 

Due to advances in packaging design and increased chip power densities, 

improvements in integrating the box and board level thermal design are required 

 

Chapter 
Introduction 
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in order to continue using air as a coolant of choice for desktop computers. Air 

flow is not ducted within present desktop computers and as a results, the thermal 

performance of compact heat sink is not fully realized due to by-pass flow. Until 

recently, electronic package designs yielded chip junction-to-case thermal 

resistance greater than (0 .5) 
o
C/W. 

 

During the past few years, the electronics industry has been demanding more 

and more efficient heat exchanger designs. In particular, the speed of electronic 

chips is seriously bounded by the thermal power that the chips produce. As a 

consequence, electronics chips have to be intensively cooled using specially 

designed heat exchangers submerged into air or water flow as in printed circuit 

board, central processor unit, sparsely populated card, uninterruptible power 

supplies, telecommunications systems, airplanes, satellite, space vehicles, ships, 

submarines and missiles. 

 

In today's electronic equipments, total system dissipated power levels are 

increasing with every new design. Increase in power levels combined with the 

market expectation of reduced package sizes lead to heat problem. This problem 

if uncontrolled can significantly shorten the life of the electronic components.  

 

Although this "increased power- decreased size" scenario has been prevalent 

for many decades, the industry's ability to make smaller electronic components 

reduces size cooling components. 

Market demands have shifted attention to decreasing the volume and 

increasing thermal efficiency. For some electronics (typically uninterruptible 

power supplies and telecommunications systems) the market also demands 

reduced floor space and places sever limitations on acoustic noise. These 

limitations force designs toward more expensive heat removal techniques. 

 

Total power level is not the only problem. Heat density, or Watts per square 

centimeter, at the semiconductor is a growing problem, too. This is the result of 

denser electronics and increased clock frequencies. High heat flux densities 
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combined with high overall power levels are the main problems for thermal 

management. These thermal challenges can cause failure even if the heat sink 

surface area and air flow are sized correctly.   

 

The constant demand for speed and performance  in electronics is 

unfortunately accompanied by ever increasing thermal dissipation. Air heat 

exchanger or " heat sink " continues to be the most viable thermal solution for 

the electronic industry primarily because of low cost and high reliability.  

 

Heat sink for electronics  depends on conduction from the electronic package 

to the heat sink base, followed by conduction into the extended surfaces and 

convection to the cooling fluid.  

 

A unique aspect of heat exchanger used in electronics is the possibility that 

the flow can bypass the heat exchanger core entirely, and leak from the core to 

the bypass duct. 

 

As the power density in electronic systems continues to increase, there is a 

growing interest in the cooling design of electronic package. In particular, since 

the use of geometrically complex heat sinks is prevalent in the cooling of all 

computers (from laptops to mainframes), the need for effective modeling tools 

which are preferably well integrated with a mechanical design tool is very 

important. These models, if used appropriately, will significantly reduce the 

time required for new products.  

 

In contrast to the previous, where the heat exchanging structures are 

isothermal, the heat exchangers in the electronics industry consist mostly of 

highly conducting materials. This further complicates numerical calculations as 

well as experimental work due to the conjugate nature of heat transfer. 

 

In view of the proliferation of office environment computing, air-cooling has 

gained considerable attention. Due to the poor thermal properties of air 

compared with water, it become necessary to resort to using extended surfaces, 
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commonly termed as heat sinks. Even in the high-end servers or supercomputer 

products, air-cooling is gaining grounds due to the lower hardware cost and 

higher reliability. 

 

The use of heat sinks to improve the heat transfer rate from a module has to 

be implemented with great care. The increased surface area usually requires an 

increase in the air pressure drop in that region, and if there are other paths for 

the air to flow through at a lower pressure drop, the resulting air starvation in 

"enhanced" region may actually result in a lower heat transfer rate. Careful 

analysis or testing is therefore necessary under the actual system condition to 

ensure effectiveness of the design. 

 

Flow through heat sinks refers to heat sinks wherein the flow inters the heat 

sinks from one end and travels more or less in a straight line to exit from the 

other end. One of the simplest, and most cost-effective heat sink designs used is 

the linearly extruded aluminum heat sink. Aluminum has many characteristics 

that make it an excellent heat sink material. It is easily in fine detail with 

inexpensive tooling. These heat sinks can be extruded to a maximum fin density 

ratio (the height to width spacing between fins) of approximately (5) to (1). This 

limit is a result of manufacturing costs and tolerance control, as described by 

Kiley and Soule (1991)
[2]

. Such heat sinks are commonly used for many 

applications, but are limited to relatively low-power dissipation due to the 

limitation of total surface area per volume. Higher aspect ratios of up to (25) or 

more can be attained by using epoxy-bonded fin heat sinks as described             

an Fig. (1-1). 

 

 

 

 

 Fig. (1-1) Epoxy-bonded fin heat sinks. 
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These heat sinks consist of an extruded or machined base, which is flat on the 

module-facing side and grooved on the fin side. The fins are then epoxies into 

the grooves. The epoxy interface does, however, add a thermal resistance to the 

system. This difficulty can be overcome by brazing or soldering the fins to the 

base, resulting in reduced overall resistance at a higher cost, Kiley and Soule 

(1991)
[2] and Soule (1993)

[3]
. Both aluminum and copper can be used to 

construct this type of heat sink, depending on the system requirements and 

allowable overall weight. 

 

Pin-fin heat sinks are also commonly used and have the add advantage of not 

requiring specific positioning relative to flow direction. Pin-fin heat sinks can be 

manufactured either by starting with a linearly extruded parallel plate heat sink 

and then cutting the plates to form the pins, or by building them using more 

costly specialized techniques such as epoxy bonding, brazing and soldering. 

Round pins or other cross-section shapes can also be manufactured using casting 

as shown in Fig. (1-2). 

 

 

 

 

 

 

 

 

Other less commonly used heat sinks included folded-fin heat sinks where 

sheet metal (00005) to (0000) cm is corrugated to form fins as in Fig. (1-3). 

 

 

 

 

 

Fig. (1-2) Pin-Fin heat sinks. 
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For parallel plate heat sinks it is important to design the heat sink accounting 

for all air flow paths, since the air can be by-pass the heat sink if other low-

resistance paths exists.            

 

1.2 The Objective of the Present Work 

The objective of the present thesis is to study temperature and velocity 

distribution of three types of heat sinks at different inlet velocity and heat flux 

by using experimental and numerical techniques. The inlet velocity of air  varies 

from (2,3,4 to 6) m/s and heat flux from (20,30 to 40) Watt. 

 

An experimental study has been carried out in the heat transfer Lab in 

Babylon University by using Free and Forced Convection Heat Transfer Units 

which are made by P.A.Hilton LTD (England). Changes in some of its  parts are 

made to suit our study. These changes will be described in Chapter Four. 

 

A numerical study has been obtained by using Computational Fluid 

Dynamic techniques. A three-dimensional solid model was constructed using 

Ansys package. Its dimensions are equal to the actual dimensions. 

 

In the theoretical calculation we can calculate velocity values in three 

dimensions, resultant velocity, velocity vector, are predicted. 

 

Fig. (1-3) Folded fin heat sinks. 
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1.3 Model Description 

In the present work, three types of heat sinks which are commonly used to 

cooling electronic components were made, Square pin-fin, Cylindrical pin-fin 

and longitudinal fins (extruded fin). All the heat sinks are made of aluminum 

with thermal conductivity (155) W/m.
o
C and the base dimension of the heat sink 

are (110) mm Length, (100) mm Width, and (15) mm Thickness. The height of 

the fins are kept at (60) mm. The three types of heat sink have the same area of 

conduction. Fig. (1-4) describes  three types of heat sink configurations.           
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Fig. (1-4) Description of geometries of the present study. 

Longitudinal fin heat sink. 

Cylindrical pin-fin heat sink. 

Square pin-fin heat sink. 
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1.1 Introduction 

Enhancement techniques are frequently called for assist in the dissipation 

of a given heat load and in attainment of thermal control. The attachment of fins 

(i.e. extended surface) to primary heat transfer surface is a common approach to 

enhancement. A wide variety of fining arrangements is now in use and, among 

these, particular attention will be given here extruded fin and pin-fin. A 

longitudinal fin, cylindrical and square pin-fin attached perpendicular to a 

primary heat transfer surface and, in most applications, it is customary to use an 

array of fins and pin-fins to attain the desired enhancement. In conventional 

practice, an air stream moves parallel to the primary heat transfer surfaces and 

passes in cross flow through the fins and pin-fins.     

 

A numerical and experimental investigation was conducted in order to 

demonstrate potential thermal performance that can be achieved by utilizing 

ducted air, compact heat sink design and by utilizing a chip carrier package 

which minimizes junction-to-case thermal resistance. 

This chapter deals with recent developments in advanced air cooled heat sinks. 

 

2.2 Experimental Works 

 The earliest experimental study for the flow and heat transfer between the 

fin array was performed by Sparrow  and Ramsey (1991)
[4]

, and Sparrow et 
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al (1911)
[5]

 had conducted experimental studies on in-line and staggered pin-

fin arrays, with various pin-tip clearance. 

  

The pressure drop was measured across the arrays, and the heat transfer 

was measured by applying the analogy between heat and mass transfer to mass 

transfer coefficients measured via the Naphthalene sublimation technique. 

 

 The description of the apparatuses is facilitated by references to the 

diagram shown in Fig. (2-1). 

 

 

 

 

 

 

 

 

 

The open circles depict the deployment of the cylinders that comprise the 

in-line arrays studied here while the black circles depict the deployment of 

staggered array. The quantities (ST, SL and D) are identical for the two arrays, 

with (ST/D=3) ,(SL/D= 23 ) (ST/D≈ 2.6), (D=6.556) cm. The experiments 

encompassed h/H ratio of (6.20), and (6.8.5) with (H=1.01) cm. For most of the 

cases studied, the row-by-row heat transfer coefficient was found to vary only in 

the initial rows, and attained a fully developed heat transfer coefficients were 

also found to be insensitive to the pin height, that is to tip clearance. The 

coefficients increased moderately as the fin height increased (and thus the 

clearance decreased).         

 

The pressure drop was very sensitive to the fin height; it was also found 

that in-line arrays had a lower heat transfer coefficient, but also had a lower 

D 

ST 

SL 

H 
h 

Fig. (2-1) Diagram description of the pin-fin. 

arrays. 
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associated pressure drop across the heat sink, probably due to the increase of air 

by-pass. 

 

Sparrow an Hajiloo (1911)
[6]

 had studied experimentally the heat 

transfer and pressure drop characteristics of an array of staggered plates. 

During the course of the experiments, the plate thickness and Reynolds number 

were varied parametrically. Fig. (2-2) describes the apparatuses under study.  

 

 

 

 

 

 

 

 

 

 

 

The length (L=2.5) cm and the ratio of thickness to the length (t/L) are 

(6.64), (6.68) and (6.12), (H=6.66.) cm, the Reynolds number  ranges between 

(1666) and (0666) for each of the three plate thicknesses investigated. 

 

Mass transfer measurements employing the Naphthalene sublimation 

technique were made to obtain the heat transfer results via the heat-mass transfer 

analogy. For a given operating condition, the per-plate heat transfer coefficients 

were found to be the same for the second and all subsequent rows. The fully 

developed heat transfer coefficients increase with Reynolds number for all the 

plate thickness investigated, but in different manner for all the different 

thicknesses. In general, thicker plates give rise to higher heat transfer 

coefficients, especially at the large layer Reynolds number. 

 

Fig.(2-2) Test section. upper diagram: placement of the staggered plates; 

lower diagram: built-up side wall showing recesses for positioning of 

plates. 
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The measured friction factors also increase with plate thickness. For the 

thickest plates the friction factor was found to be independent of the Reynolds 

number, signaling the dominance of inertial losses. 

 

Tuckerman and Pease (1911)
[9]

 had designed a silicon micro heat sink 

based upon this principle and were able to dissipate very high heat flux levels, 

(.06) Watt/cm
2
 with associated water temperature rise of (.6) 

6
C based upon 

the same principle (micro channels). 

 

Sparrow and Larson (1912)
[1]

 had performed an experimental study to 

determine per fin heat transfer coefficient for pin-fin arrays exposed to a novel 

air flow arrangement. The flow enters the array longitudinally but, owing to 

blocking action of the fin base surface, is forced to turn and exit the array with a 

predominantly cross flow orientation. The effect of two dimensionless geometric 

parameters on the heat transfer and pressure drop characteristics was studied.  

 

These parameters are the ratio (H/D) of the pin-fin height to diameter and 

the ratio (S/D) of the pin-fin center-to-center spacing to the diameter.             

 Three values of (H/D) were employed in the experiments, namely, (4),(8) 

and (12), while the selected nominal values of the (S/D) ratio were (2) and (4). 

 

The larger of the fin diameter was (6.635) cm. for this diameter and with 

the side dimension (L) of the base plate equal to (..684) cm, It is readily 

calculated that for a (36) fin array of the type shown in the diagram of Fig.(2-3), 

the center-to-center spacing (S) is (1.416) cm. 

  

This yields an (S/D) ratio of (2.22), which is an adequate approximation 

of the desired nominal value S/D = (2). The fins were first fabricated with the 

height (H=12D) (H is the fin height that is exposed to the air flow).  

 

Once the experiments for the (H/D) ratio were completed, the height was 

reduced to correspond to (H/D=8). When the data runs for (H/D=8) had been 
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carried out, a further reduction in height was made so that runs for (H/D=4) 

could be made. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The smaller of the fin diameter was (6.35.) cm, and the corresponding 

center-to-center distance was (1.465) cm, which yields an S/D ratio equal to 

(4.16)  (approximating the nominal (S/D) value of (4.6)). Again the fins were 

initially fabricated with a height (H=12D), and the height was successively 

reduced to (H/D=8) and to (H/D=4) as the experiments proceeded. 

 

For each geometric configuration, the Reynolds number was varied over 

an order of magnitude. In general, the results show that the fins situated adjacent 

to the edges of the array have higher heat transfer coefficients than those situated 

in the interior of the array. The Nusselt numbers for the edge- adjacent fins are 

virtually independent of (H/D) and (S/D) when they are correlated with 

Reynolds number based on a cross flow velocity. 

S 

D 

L 

H 

Fig.(2-3) Schematic of pin-fin array and air flow arrangements. 
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The result show that the equation (3-1) is remarkably close to the least 

square fit of the data for the corner fin (1). 

625.0
Re385.0 CSh   …(2.1) 

 The Sherwood number data for location (4) and (5) are interleaved, they 

have been fit with a common least squares power law 

582.0
Re357.0 LSh   …(2.2) 

 

The data for location (6) (nearest the center of the array ) are the lowest of 

all, and they have been fit to a separate least square line, The deviation between 

equation (3-2) and (3-3) is about (363). 

 

626.0
Re190.0 LSh   …(2.3) 

 

For the interior fin, Reynolds number based on a longitudinal flow 

velocity was used to achieve a correlation which was insensitive to (H/D) and 

(S/D).  

 

The pressure drop across the array was measured and presented in 

dimensionless form relative to a specially defined velocity head which gave         

a universal pressure drop resulting for all operating conditions.    

 

Sparrow et al. (1912)
[9]

 had studied the experimental investigation of 

heat transfer and pressure drop for air flow in arrays of heat generating 

rectangular modules deployed on one wall of a flat rectangular duct. 

Experiments were performed with fully populated arrays, arrays in which there 

are missing modules, arrays where barriers are implanted to obtain heat transfer 

enhancement, and arrays in which there are both a missing module and barrier. 
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Fig. (2-4) shows the array of rectangular modules along one wall of a flat 

rectangular duct. The dimension ratios defining the array and its related flow 

passage are; 

(t/L=3/8),       (S/L=1/4),      (H+t/L=1) 

             

 

 

 

 

 

 

 

 

 

 

 

 

 

Two barrier heights (b) were employed in the heat (mass) transfer 

experiments with the heights specified by; 

 

              b/(t+H)=(1/2) and (5/8) 

  

For the fully populated array without barriers, row-independent (fully 

developed) heat transfer coefficients were encountered for the 5
th

 and all 

subsequent rows can be represented as 

72.0Re0935.0Nu  …(2.4) 

 

MISSING 

MODULE MISSING 

MODULE 
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b 

Fig.(2-4) Array of rectangular deployed along one wall of a flat 

rectangular duct. 
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 When there is a missing module in the array, the heat transfer 

coefficients at neighboring modules are increased, with greatest enhancement 

about (46 %) occurring when the missing module is just upstream of the module 

of interest. 

 

The enhancement due to side-by-side pairs of missing modules differs 

very little from that which induces a single missing module. The implantation of 

a barrier in the array is shown to be an effective enhancement device, with the 

greatest effect about a factor of (2) being felt in the second row downstream of 

the barrier but with residual enhancement persisting considerably further          

downstream. Under some conditions, the enhancing effects of a missing module 

and a barrier were found to be mutually reinforcing. Pressure distribution were 

measured in arrays with and without barriers, and the barrier induced pressure 

losses were identified. 

 

Metzger et al. (1913)
[11]

 and Steuber and Metzger (1916)
[11]

 had 

conducted a similar extensive experimental investigation of the heat transfer and 

pressure losses from partial length pin-fins in high aspect ratio rectangular ducts. 

Twenty-five pin-fin array configurations were studied. They found that the heat 

transfer coefficients were higher for fin extending the entire height of the 

channel. However, the associated pressure drop was also higher. 

 

Goldberg (1914)
[12]

 had proposed a laminar flow copper heat sink for air 

cooling capable of delivering heat flux in excess of (25) W/cm
2
 at the chip level 

with an associated air temperature of (66) 
 6
C. 

 

Sparrow and Kadle (1916)
[13]

 had studied the effect of tip to shroud  

clearance on the resulting heat transfer. 

 

In this experimental study the flow was turbulent, and the clearance above 

the fins was parametrically varied. It was determined that the heat transfer 

dropped significantly for increased clearance above the fins. 
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For clearance of (16),(26) and (36) percent of the fin height it was 

determined that the heat transfer rate was (85),(.4) and (64) percent of the no 

clearance case. 

 

Mahalingham and Andrews (1911)
[14]

 had conducted an extensive 

experimental study of micro channel silicon heat sinks with air as the cooling 

medium. Two channel widths were studied, (6.625) and (6.612.) cm with 

corresponding fin height of (6.1.) and (6.114) cm.  

 

The resulting aspect ratios where therefore (6.8) and (0). The heat sinks 

were built by machining the silicon and then housing it to prevent air leakage. 

 

The resulting heat sinks resembled a miniature extruded straight finned 

heat sink. Temperature and pressure drop measurements were taken at the inlet 

and exit section of the heat sinks. The pressure drop was found to increase 

linearly with the air flow rate for the range investigated. 

 

A simplified non-compressible flow analysis (Mach number<6.3) was 

introduced, and the results of the analysis were in good agreement with the 

measurements. 

          

 Minakami et al. (1992)
[15]

 had reported a flow through cooled heat sink 

using miniature pins, the side length of the copper pins had only                      

(6.10) mm manufactured by etching. It was found that the pin spacing in the 

flow direction, for optimal thermal performance had about (4.5) pin diameters. 

The heat transfer increased monotonically as the transverse fin pitch decreased, 

with an associated penalty in pressure drop increase. 

 

Hollworth and Durbin (1992)
[16]

 had conducted an experimental study 

to determine the performance of a system of low velocity air jets used to cool          

a simulated electronic package. The test model consisted of a uniform array of 

rectangular elements to a circuit board. 
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Each element was cooled by a cluster of four jets, and the spent fluid was 

vented at one end of the channel formed between the circuit board and the plate 

from which the jets were discharged. Results indicate that                                    

(for the geometry tested) the largest portion of the total pressure drop occurs 

across the jet orifices. Further, the cross flow of spent air appears to enhance 

heat transfer for those elements near the exit end of the channel. 

   

Writz et al. (1994)
[19]

 had investigated experimentally the effect of fin 

density on the flow by-pass and hence on the thermal performance of the heat 

sink for straight fin heat sink. The heat sinks were made of aluminum with fixed 

fin thickness of (2.3) mm. The results for the fin height were varied from 

approximately (8) mm to (32) mm and the number of fins were changed from 

(6) to (0) to (12) fins to obtain flow by-pass. 

 

The results showed flow by-pass values according to their definition up to 

(66 %) and showed that the effective influence of flow by-pass was to reduce 

the overall heat transfer rate. 

          

 Azar and Mandrone (1994)
[11]

 had studied experimentally circular pin 

heat sinks with base dimension (3.1.5 × 3.1.5) cm and (1.2.) cm pin height. 

Since the air was allowed to by-pass the heat sink it was found that increasing 

the pin density at first increased the heat transfer but a further increase in pin 

density reduced the heat transfer due to greater air by pass. Thus reaching an 

optimal density. Results were reported mostly for a pin diameter of (2.20) mm 

for different upstream air speed. 

 

Pressure drops were not reported; however, it is expected that when 

sufficient by-pass space exists, more or less similar air-speed upstream of the 

heat sink will produce similar pressure drop if the velocity measurements are 

made sufficiently upstream of the heat sink. 
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Tahat et al. (1994)
[19]

 had performed an experimental optimization of             

a ducted flow-through heat sink. 

 

The circular pin material was aluminum, with a fixed diameter and pin 

height of (6.35) mm and (66) mm, respectively, in both in-line and staggered 

configurations on a (366 × 1.6) mm base. The number of pins was varied. It 

was found that the optimal pin spacing in the transverse direction was between 

(1) mm and (3) mm and the longitudinal spacing was about (..8) mm for both 

staggered and in-line arrays to obtain the maximum heat transfer rate. Pressure 

drop data were reported but was not considered in the optimization. 

 

Marline (1994)
[21]

 had studied many experimental procedure were used 

to compare thermal performance characterization for similar shaped air-cooled 

heat sinks manufactured from metallic and non metallic materials as shown                

in Fig. (2-5). 

 

 

 

 

 

 

 

 

 

 

 

The heat sink geometry was designed and optimized with the intent of 

cooling a single die which is dissipating (166) Watts in desktop, work station 

environment. One of the heat sinks was fabricated by bonding a copper base to     

a machined. Graphite fin structure which has a unidirectional thermal 

.6.5m

m 

.6.5mm 

3.1.5mm 

12..*12.4mm chip/heat source 
Pedesta

l 

Bas

e 

6.5mm Fin (36) 

38.25m

m 

Fig.(2-5) Schematic diagram of fin heat sink. 
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conductivity of (866) W/m
 o
C. at the air velocity of (156 linear feet per minute) 

(1fm) and an estimated pressure loss of less than (6.630) inches of water, the 

measured sink-to-air thermal resistance was (6.53)
 o

C /W for this 

copper/graphite hybrid design.  

 

Measured junction-to-sink thermal resistance were less than (6.2) 
o
C

 
/W. 

when a commercially available land grid array package was used to direct attach           

a copper heat sink to a (6.5
"
 × 6.5

"
 × 6.615

"
) thermal test chip. Measured heat 

sink thermal resistance were in relatively good agreement with predicted heat 

sink resistance values for sea level atmospheric conditions. A modelling 

simplification technique is presented which allows the numerical computational 

time to be reduced by at least (56) percent for heat optimization studies. 

 

Shaukatullah et al. (1996)
[21]

 had reported an experimental optimization 

study of pin-fin arrays in cross flow with low velocities. Pin-fin arrays from 

(4×4) to (8×8), heights from(5 to 25) mm and width from (1.5 to 2.5) mm. 

Results showed that a different optimal heat sink design existed from every flow 

velocity. All results are for a (25) mm base. 

 

Wirtz et al. (1999)
[22]

 had reported an experimental results on the 

thermal performance of model fan-sink assemblies consisting of small axial flow 

fan which impinges air on a square array of pin-fins. Cylinder, square, and 

diamond shape cross-section pin-fin shapes were considered. The overall heat 

sink thermal resistances, R were evaluated at fixed applied pressure rise and 

fixed fan power. 

 

It was concluded that cylindrical pin-fins gives the best overall fan-sink 

performance. In addition, only impinging flow drawn through the fin arrays was 

considered.    

 

Mario et al. (2112)
[23]

 had conducted experimental results on the heat 

transfer characteristics of in line square pin fin heat sinks with and without top 
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by pass. A self consistent set of aluminum heat sinks were utilized, were the pin 

height was varied from (12.5) mm to (22.5) mm; the pin pitch was varied from 

(3.4) mm to (5.8) mm, and the base dimensions were kept fixed at (25 × 25) 

mm. The overall base to ambient thermal resistance was measured as a function 

of Reynolds number and by-pass height. It was determined that the overall 

thermal resistance for the tallest pins increase by no more than (25 %) from its 

zero clearance value to its value at a clearance ratio of (3.6). 

 

2.3 Theoretical Works 

        The earliest analysis work for the flow and heat transfer between the fins 

arrays was performed by Sparrow et al. (1991)
[24]

 They made an analysis of the 

laminar heat transfer characteristics of an array of longitudinal fins with        an 

adiabatic shroud situated adjacent to the fin tips. The analysis involves the 

solution of the velocity field in the inter-fin space and in the shroud clearance 

gap beyond the tips, after which the governing energy equations for the fluid and 

the fins are solved simultaneously. Solutions are obtained for representative 

values of dimensionless parameters which describes the system geometry and 

the fin conductance. It is shown in Fig. (2-6), where the fin spacing parameter 

(S=s/H=6.1 and 6.5), clearance parameter (C=c/H=6.6, 6.625, 6.5 and 1.6). 

 

 

 

 

 

 

 

 

 

Shroud 

s/2 

x 
y 

H 

C 

t s 

Base Surface 

Fig. (2-6)  Schematic cross sectional view of the shrouded fin array. 
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In the analysis, the following dimensionless coordinates and geometrical 

grouping will be employed. 

H

s
S

H

c
C

Hw
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z

Z
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X 
























 ,,,,



 
…(2.5) 

For hydrodynamically  developed flow, the momentum equation reduced 

to balance between the viscous and pressure forces. In dimensionless terms, the 

reduced momentum equation can be written as  

01
2

2

2

2











Y

W

X

W
 …(2.6) 

  

Where W is a dimensionless velocity  








 










dz

dpH

w
W



2  …(2.9) 

 

 

The results show that the heat loss is a minimum adjacent to the base and 

increases along the fin in the direction of the tip. 

 

The maximum fin heat loss occurs either at the tip or intermediate 

between the base and the tip, depending on whether or not there is clearance 

between the fin tips and the shroud. The calculated heat transfer coefficients 

vary along the fin and, in some cases, take on negative values. Heat loss 

variations are also encountered along the base surface, the extent of which 

depends on the fin conductance, the inter-fin spacing, and the extent of the 

clearance gap. With regard to the overall heat loss, the fin is, on a unit area 

basis, a more efficient transfer surface than is the base. The results demonstrate 
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that the conventional uniform heat transfer coefficient model is inapplicable to 

shrouded fin arrays. 

 

Webb and Ramadhyani (1915)
[25]

 had analyzed fluid flow and heat 

transfer characteristics for a constant property fluid flowing laminarly through a 

parallel plate channel with staggered transverse ribs and a constant heat flux 

along both walls as shown in Fig.(2-.). 

 

 

 

 

 

 

 

 

 

 

The flow is governed by the continuity and momentum equation 
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The governing equation for the temperature field is 
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Fig. (2-.) Schematic of staggered fin array. 
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 After a finite entry length the flow becomes periodically fully 

developed. Computations were carried out in the fully developed regime for 

different Reynolds numbers, Prandtle number and geometric arrangements. The 

effect of the Reynolds number on the flow and heat transfer was studied by 

varying Reynolds from (346) to (2666) for (S/D=1) and two values of 

(L/D=6.125) and (6.25). The rib height effect was analyzed by varying (L/D) 

from (6.6625) to (6.3.5) for (Reynolds=346) and (S/D=1). Rib spacing was 

studied in the range of (S/D) from (6.5) to (2.6) for (Re=346) and (L/D=6.25). 

The influence of the conducting top and bottom walls on the heat transfer was 

investigated for all of the above cases by obtaining thermal solution for both 

(B/D=6) and (B/D=6.65). The Prandtle number dependence was analyzed by 

solving the energy equation for (Pr=6..) and (Pr=..6) for all the velocity fields 

computed.  

 

The influence of conjugate heat transfer in the top and bottom walls was 

also investigated. The protruding ribs result in the formation of separated zones 

in the flow field yielding substantially higher friction factors. The presence of 

conducting channel walls yields significantly higher overall Nusselt numbers 

due to the lateral redistribution of energy flow.  

 

The geometrical configuration of approximation (L/D=6.25) and 

(S/D=1.5) yields a combination of increased overall Nusselt number and 

comparatively low resulting friction factor. However, The augmentation of heat 

transfer under these conditions is probably only justifiable for high Prandtle 

number fluids such as water or fluorocarbons. The increase in heat transfer for 

gases (Pr=6..) is not substantial enough to offset the added friction factor 

penalty. 

 

Constans et al. (1994)
[26]

 had developed a design tool to study pin-fin 

heat sink optimization. A conduction model was developed for the heat transfer 
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within the pins and boundary conditions were applied using empirical relations 

for the heat transfer coefficient. 

 

The ellipsoid of  algorithm was used to predict the minimized 

temperature, with the outputs as fin height, width, and spacing. The pressure 

drop was not considered  in the optimization and was not estimated for the 

optimized heat sink. 

 

Dereje and Arnold (1995)
[29]

 had presented the application of an 

integrated design tool in thermal modeling of electronic packages. 

The heat sink considered is pinned-finned with a rectangular and circular 

cross section. Two flow cases were considered; impinging and parallel flow as 

shown in Fig. (2-8) with dimensions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

The time averaged Navir-stocks equation for conservation of mass, 

momentum and energy as below 
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Fig. (2-8) Parallel and impingement air flow. 
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…(2.16) 

For the turbulent case 

te    …(2.19) 

 

 The fluid are incompressible, Newtonian fluid and solved for 3D flow 

conditions. The eddy viscosity assumption is used to model the Reynolds 

stresses. For the fixed viscosity model, the turbulent viscosity is modeled as  

tmt LV 01.0  …(2.11) 

 

 Where Vm is a mean flow velocity scale and Lt a turbulent eddy length 

scale.   

 

A novel approach is utilized for solving the simultaneous conductions, 

convection (conjugate) problem. The conduction/convection problem is solved 

using an element based on finite volume technique.  

 

The results for parallel flow show that the chip junction temperature for 

the circular pin heat sink is   (4.8) 
o
C cooler than the square pin under the same 

flow conditions. For impinging flow condition, the chip junction temperature for 
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circular pin is (2.6) 
o
C cooler than the square pin under the same conditions. In 

addition, the chip junction temperature for circular pin heat sink for impinging 

flow is less than for parallel flow conditions.    

 

The circular pins, with equivalent surface area, are more effective. This is 

due to the improved distribution of air flow around the circular pin. The square 

pins promote dead zone behind each pin. The pressure loss across the circular 

pin heat sink is (2.1) Pa higher than the square pin heat sink. This is likely due 

to the larger pin diameter for the circular pins which results in less space 

available for the flow between the pins. The larger pin diameter was used in 

order to match the surface area of the circular and square pins. 

 

Paul (2111)
[21]

 had performed a set of computational analysis for a 

system level model to test the validity of the concept of the Adiabatic Heat 

Transfer Coefficient (AHTC) and Superposition Kernel Function (SKF) using 

(FLOTHERM) software, a commercial (CFD) tool. The (AHTC) is a special  

sub-set of the general definition of the heat transfer coefficient and is in fact the 

correct heat transfer coefficient for the immediate ambient temperature that a 

surface will see.                                

 

This makes the (AHTC) compatible with the principle of superposition 

and therefore, a useful tool in the design process. 

 

Because (CFD) solves the physics of flow and heat transfer implicitly for 

a model, the concept of the (AHTC) can be used directly without addition 

analysis method except for a quick matrix multiplication process. The method in 

(CFD) requires that each heat source is activated as a unit value in turn and the 

results are stored for any number of probed points in the system. These points 

are then tabulated and post processed with the actual system heat load to 

determine the system temperature. For forced convection system where radiation 

and natural  convection effects are minimal the results of this study have shown 

excellent correlation. 
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2.4 Experimental and Theoretical Works 

Kadle and Sparrow (1916)
[29]

 had measured and analyzed the heat 

transfer rates from shrouded parallel plate heat sinks to a turbulent air stream. 

Average Nusselt numbers were determined by complimentary use of the 

experimental and analytical results and were found to compare with the widely 

used Petukhov–Popov correlation. Fig.(2-0) shows the Nusselt number as a 

function of the Reynolds number. 

 

 

 

 

 

 

 

 

 

 

For channels with very high aspect ratio, H >>W, the hydraulic diameter 

(D) approximately equal (2W). The heat transfer coefficient can then be 

maximized by minimizing W. These results in very narrow channels with a very 

high aspect ratio, a large pressure drop across the heat sink and  laminar flow, 

(Re < 2166).         

 

The limitation on narrowing the channel is basically the high pressure drop 

required to drive the flow. 

 

You (1919)
[31]

 had determined the heat transfer coefficient between a 

complex micro structure and flowing fluid by experimental apparatus to 

demonstrate the usefulness of the proposed method for the determination of the 
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Fig. (2-0) Average Nusselt  number versus Reynolds number. 

H=Fin Height 

W=Channel Width between Fins  
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heat transfer coefficient between the complex microstructure and the flowing 

fluid.  

 

A test model of microchannel was used in which study. The pressure drop 

was measured and found to be compatible with the results for the case of the 

circular tube. The measurements of wall temperatures together with the air 

temprature at entarance and exit sections were used to analytically determine the 

heat transfer coefficient of the microchannel within an air flow. The functional 

relation between the Nusselt number and the Reynolds number which was also 

compatible with analytical solutions for the circular tube reveals that the use of 

the proposed method is satisfactory. 

 

Vivek and Karl (1991)
[31]

 had studied thermal analysis of Pin Grid 

Array chip package and heat sink using a commercial (CFD) code. Experimental 

measurements have been performed on similar (PGA) and heat sink in a wind 

tunnel. It was shown that modeling accuracy is good if it was performed with 

reasonable initial assumptions and boundary conditions. The computed junction 

temperatures and thermal resistance results were within (16 %) of the measured 

results. 

 

Once the numerical models were calibrated against the experimental 

results, the model was used to optimize the thermal performance of a (PGA) 

package. It was shown, that by optimizing a (PGA), thermal resistance of the 

package can be significantly decreased.  

 

A methodology has been presented, showing the way numerical (CAD) 

design tools can be used for optimization and improvement of a package design 

for better thermal performance. 

 

Knight et al. (1991)
[32]

 had studied analytically the optimization for 

straight fin heat sinks under fully ducted conditions. The constraints on the 

optimization of heat transfer rates were the pressure drop, pumping work, heat 
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sink width, length and height. The output of the scheme was the fin and channel 

gaps for which the thermal resistance was computed and a minimum value was 

obtained by changing the number of fins and the pin to channel thickness ratio. 

The results were experimentally verified by changing the number of fins from 

(6) to (12) fins for a fixed fin thickness of (3.1.5) mm. 

 

Mohaney and Vader (1993)
[33]

 had performed an experimental and 

numerical study of a multichip high aspect ratio heat sink with laminar flow.  

A good agreement was found between the experimental measurements 

and heat transfer rates from the heat sinks. The effect of power variation from 

chip to chip was investigated numerically. Different heat sink materials were 

also evaluated. 

 

Christopher and Seri (1994)
[34]

 had developed a numerical and 

experimental study using aluminium heat sinks made with extruded fin, cross-

cut rectangular pin, and elliptical shaped pins in low air flow environments.       

Fig.(2-16) describes the geometry of the heat sinks. 

 

 

 

 

 

 

 

The heat sinks were made of cast aluminium alloy with thermal 

conductivity equal to (168) W/m.
o
C., the elliptical pin-fin heat sink was made 

by an extrusion alloy. The specific pin detail can only be made economically by 

this process. Each pin cross section is in the shape of an ellipse with a major axis 

of (5.54) mm and minor axis of (1.2.) mm. However, the leading and trailing 

ends of the ellipse came to a sharp edge, simulating the air foil feature. The 

Fig. (2-16) Schematic diagram of heat sinks. 
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(165) pins were staggered with an outer grid being (16×6) and an inner grid of 

(0×5).  

 

In order to determine the applicability of this shape in heat sink design 

similar test samples with conversional rectangular longitudinal extruded fins 

were made. The heat sink extrusion chosen for this test has ten (1.52) mm thick 

fins equally spaced across (58.42) mm. The overall height of the profile was 

(20.21) mm with a base thickness of (2.54) mm. Two extruded heat sinks were 

made and one had an additional manufacturing process called cross-cutting. This 

material removal enables air to pass through pins in a manner similar to the 

elliptical     pin-fin design. There were nine cuts along the (58.42) mm length, 

and each cut removed (1.52) mm of material with (4.32) mm long pins. 

 

A commercial package is available which incorporates the above 

expressions. Sauna
،
M from thermal solutions, Inc. is a conjugate thermal 

modelling tool which incorporates computer aided design and heat transfer 

required with (CFD) and (FEA) analysis. This software allows for accurate 

modelling of the heat sink base plate with fin by accounting for conduction heat 

transfer from the exposed surfaces. The thermal gradients are predicted along 

the entire heat sink plate. 

 

The elliptical pin heat sink was designed to minimize the pressure losses 

across the heat sink by reducing the vortex effects and to enhance the thermal 

performance by maintaining large exposed surface area available for heat 

transfer. The performance of the elliptical pin heat sink was compared with 

those of extruded straight and cross-cut fin heat sinks. The results of the straight 

fin were also compared with this obtained by using Sauna
TM

, a commercially 

available heat sink modelling program developed based on empirical expression. 

In addition to the thermal measurements, the effect of air flow by-bass 

characteristics in open duct configuration was investigated. As expected, the 

straight fin experienced the lowest amount of flow by-bass over the heat sink. 
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For this particular application, where the heat source is localized at the centre of 

the heat sink base plate, the overall thermal resistance of the straight fin was 

lower than other two designs mainly due to the combined effect of enhanced 

lateral conduction along the fins and the lower flow by-bass characteristics. 

 

Arnold et al. (1995)
[35]

 had been developed a next generation system, 

based on proven simulation technology, that improves efficiency over currently 

available solutions. The package combines the intuitive characteristics of 

thermal network modelling with powerfull Computational Fluid Dynamics 

technology to model (3D) fluid flow. Experimental thermal measurements for 

several cases are compared to values calculated by the system. 

 

A cross-cut pin-fin heat sink was modelled with a uniform heat load applied to 

the bottom of the sink and air flow across the fins. The sink temperature was 

measured at the centre of base on the aluminium heat sink. A complete 

description of the heat sink as well as the experimental test measurement is 

shown in Fig. (2-11). 

 

 

 

 

 

 

 

 

 

The sink consists of (16) straight fins; (25.4) mm fin height, (1.52) mm 

fin thickness and (6.32) spacing between fins. The fins were cross-cut at nine 

equally spaced points of the sink and each cut removed (1.52) mm of material. 

 

Front View Side View 

Fig.(2-11) Cross-cut pin-fin heat sink. 
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A constant velocity field was defined upstream from the sink. A (46) 

Watt heat loaded was applied to the centre of the sink base over a (25.4) mm by 

(25.4) mm area. Several cases were solved using (6.5) m/s, (1.6) m/s, (2.6) m/s 

and (4.6) m/s inlet velocity at the entrance of the heat sink. In all cases the inlet 

air temperature was (26)
  o

C. 

 

 The result were slightly less accurate at the lower flow of (6.5) m/s. This 

may be partly due to the limitations of predicting precise heat transfer 

coefficients in low Reynolds number turbulent flows. Good correlation with 

experimental results is demonstrated for each of the test cases. In addition, the 

need for flexible modelling tools is demonstrated to facilitate an understanding 

of heat transfer and fluid flow which are an essential part of the thermal 

engineering process. 

 

Sath and Sammakia (1991)
[36]

 had resulted in the recent emphasis on 

low-cost high-end servers and desktop workstation and a renewed interest in the 

development of high –performance air-cooled system. 

 

A new generation of advanced heat sink designs capable of dissipating up 

to (16
5
) Watt/m

2
 have been proposed and developed. 

 

 Better manufacturing tolerance, low defects, and an improved 

understanding of card and enclosure effects have been attained and shown to be 

critical to achieve the desired thermal performance. 

 

 Advanced internal thermal enhancements, encompassing high thermal 

conductivity adhesives and greases have also been implemented. 

 

Adam and Izundu (2111)
[39]

 had studied the thermal characteristics of 

straight-channel longitudinal fin heat sinks under forced air cooling                       

Computational Fluid Dynamic code. 
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The study focused on investigating the viability of employing 

commercially available (CFD) codes as effective and efficient means of 

gathering the vast amount of data required to adequately quantify heat sink 

characteristics in ducted flow. The ducted heat sink assembly is shown in Fig.(2-

12). 

  

 

 

 

 

 

 
 

 

 
 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Definitions of the dimensional parameter nomenclature and dimensional 

values used in the study are summarized in Table (2-1). 

 

The thermal boundary condition consists of a constant heat dissipation of 

(56) Watt at the base of each heat sink. The heat sink material was specified as 

aluminum with thermal conductivity, k, of (266) Watt/m.
o
C. 

 

Fig. (2-12) Ducted heat sink geometry. 
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The parameters studied include the tip clearance and span wise spacing 

across a range of approach flow rate and fin densities. These parameters were 

used to examine the influence of flow by-pass phenomena on the thermal 

resistance and pressure drop across the heat sinks. The numerical results are 

very good agreement with Wirtz 
[19]

. 

 

The result had shown that for the same fin density and tip clearance, that 

the by-bass effect is more pronounced at lower approach flow rates, and 

decreases, albeit gradually at higher flow rates. This effect was even more 

pronounced in Wirtz et al
[19]

 study presumably because of the zero lateral 

clearance used in this study. 

 

Flow by-pass arises because the fins are present on obstruction to the air 

flow. An increase in the fin density increase the flow resistance through the heat 

sink. Thus the fluid will tend to flow toward the regions of lower flow 

resistance, which in this case are the lateral and tip gaps around the heat sink. 

The increased flow resistance with fin density is caused by two factors: 

Increased frictional losses due to increased fluid surface contact area, and 

increased acceleration or form losses due to the more pronounced change in 

flow cross section at the location of the heat sink. 

 

As has been demonstrated by the results obtained  in the present study, 

Computational Fluid Dynamics and Heat Transfer Models offer practical and 

effective means of gathering the vast amount of data required. 

 

Baris et al. (2111)
[31]

 had presented an experimental and analytical study 

aimed at obtaining physical insight into the behavior of square, in-line pin-fin 

heat sinks. In the experimental study, various size aluminum heat sinks were 

utilized, where the pin heights were (12.5) mm and (22.5) mm, and the base 

dimensions were kept fixed at (25×25) mm. A “two-branch by pass model” was 

developed, in which a one- dimensional differential approach was used to model 

the fluid flow through the heat sink and its top by pass duct. Central to the 



 

Page 36 

 

Chapter Two Literature Review 

analysis is the introduction of accurate correlations for inlet, exited and core 

pressure drop within the heat sink. 

 

 Pressure drop predictions correlated with the experimental data when 

pressure drop coefficients measured for the heat sinks were used. Agreement 

was poorer when classical circular tube bundle pressure drop correlations were 

utilized, but the accuracy was high enough for design purpose. Inlet and exit 

pressure losses were as important as the core pressure drop in establishing the 

overall flow and pressure drop. 

 

2.4 Literature Review Conclusion 

      It can be conclude from the literature review that the governing equations 

for conjugate problem is very difficult to solve analytically, especially for the 

complex shape of heat sinks. Hence, some assumptions are used to simplify the 

solution. 

 

For the case of pin-fin heat sinks configuration, however, work is spars. 

The obvious reason for this is that within pin-fin heat sinks, the flow is 

dominated by flow separation and complex three-dimensional flow at the pin-

base junction. Hence, simple closed form analytical model of the friction and 

heat transfer coefficients is not possible. 

 

Pioneers in these efforts typically used general purpose Computational 

Fluid Dynamics (CFD) programs and Finite Element (FE) or Finite Difference 

(FD) based thermal analysis programs. The general purpose nature of these 

products, as well as the state of (CFD) technology, dictated that users are to 

achieve any reasonable results. 

 

Recent advances in Computational Fluid Dynamics and heat transfer 

simulation have recently introduced several commercially available software 

packages. These packages are increasingly utilized by thermal engineers as 

design tools for thermal engineering. 
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In the present study had been attempt to compare the heat transfer 

performance of various commonly  used fin geometries. Realistic, 

manufacturable geometries are optimized for minimizing thermal resistance at 

moderate turbulent air velocities. The basis of comparison was chosen to be that 

all of the heat sink fins have the same area of conduction and same area of base 

plate. CFD simulation were carried out an a Three-dimensional adiabatic flow. 

The air velocity was in the range (2) to (6) m/s. 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

parameter Range Modeled 

N, number of fins {9112} 

a, component package height 6 mm 

bf, sink base thickness 4 mm 

w, sink/package width 56 mm 

L, sink/package width 56 mm 

t, fin width 2.5 mm 

s, fin gap width (w-N*t)/(N-1) 

hf, fin height hf  = 24 mm 

h, total package/sink height h = hf + (a+bf) = 34 mm 

H, duct height H={34mm,44mm,54mm} 

W, duct width W = {56mm,211mm) 

Table (2-1) Summarized dimensional values 

of study by Adam
[39]

. 
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Table (2-2) Abstract of the Literature Review.  

 

The Reference 

 

 

Type of the Work 

 

Tow or Three 

Dimensions 

Parallel or 

Impingement Flow 

Sparrow, [4] Experimental - Parallel 

Sparrow, [5] Experimental - Parallel 

Sparrow, [6] Experimental - Parallel 

Tuckerman,[.] Experimental - Parallel 

Sparrow, [8] Experimental - Impingement 

Sparrow, [0] Experimental - Parallel 

Metzger, [16] Experimental - Parallel 

Steuber, [11] Experimental - Parallel 

Goldberg, [12] Experimental - Parallel 

Sparrow, [13] Experimental - Parallel 

Mahalingam. [14] Experimental - Parallel 

Minakami, [15] Experimental  Parallel 

Holleorth, [16] Experimental - Impingement 

Wirtz, [1.] Experimental - Parallel 

Azar, [18] Experimental - Parallel 

Tahat, [10] Experimental - Parallel 

Marlin [26] Experimental  Parallel 

Shaukatullah, [21] Experimental - Parallel 

Wirtz, [22] Experimental - Parallel 

Mario, [23] Experimental - Parallel 

Sparrow, [24] Experimental - Parallel 

Webb, [25] Theoretical (2-D) Parallel 

Constans, [26] Theoretical (2-D) Parallel 

Dereje, [2.] Theoretical (2-D) Parallel 

Paul, [28] Theoretical (3-D) Parallel 

Kadel, [20] Theoretical (3-D) Parallel 

You, [36] Exp.and Theo. (2-D) Parallel 

Vivek, [31] Exp.and Theo. (2-D) Parallel 

Knight, [32] Exp.and Theo. (3-D) Parallel 

Mohaney, [33] Exp.and Theo. (3-D) Parallel 

Chrstopher, [34] Exp.and Theo. (3-D) Parallel 

Arnold, [35] Exp.and Theo. (3-D) Parallel 

Sath, [36] Exp.and Theo. (3-D) Parallel 

Adam, [3.] Exp.and Theo. (3-D) Parallel 

Baris, [38] Exp.and Theo. (3-D) Parallel 
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9.1 Introduction 

A study of heat sink fin technologies has given information for the 

important design criteria for practical cooling of electronic components. 

 

The design of pin-fin heat sinks challenges existing thermal modeling 

techniques. It is generally accepted that the most comprehensive modeling for a 

heat sink system would be Computational Fluid Dynamics (CFD). Either by 

using a finite volume or finite difference method, the actual phenomena at the fin 

surface can be quantified. Unfortunately, significant modelling and run time is 

needed to accurately represent small pins with complex meshing. A second 

technology, Finite Element Analysis(FEA) can also be useful in determining 

performance, especially conductivity gradients. The heat transfer coefficient can 

be determined by using advance (FEA) codes which incorporate fluid mechanics. 

However, each pin must be individually discredited, increasing the modelling 

time substantially. 

 

Most of the numerical models in the past have focused on low density 

rectangular fin array as the modeling for denser fins and resulted in a grid size 

that surpassed the capacity of the computer system available to a practicing 

engineer. Also, there has been very little effort in computational modeling of 

cylindrical and other non-Cartesian fins as most of the available commercial 
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(CFD) codes did not have Body-Fitted-Coordinates (BFC) or unstructured 

meshing capability. 

 

Even for those codes that had (BFC), the modeling of a high density fin 

array was impossible due to the higher number of required control volumes. 

 

It is to be emphasized that if the problem cannot be solved in a reasonable 

time, the model is not of too much practical value as it would be difficult to 

perform a parameterized study when each simulation takes a significant amount 

of time. According, most models have consisted of decoupling the conduction 

heat transfer from the convective heat transfer. This is accomplished by first 

coming up with a heat transfer coefficient (using a CFD code, or a correlation), 

and then using a finite element code (FEA) to solve the conduction problem. 

 

9.3 Governing Equations 

         The governing equations solved for the flow field are the continuity, 

momentum and energy equations in three dimensions, and these are; 
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Where; 

Vx, Vy, Vz = components of the velocity vector in x, y and z directions. 

 = density 

e = effective viscosity  

Qv = Volumetric heat source 

Cp = specific heat  

k= thermal conductivity.  
 

 The equations above are the Navir-stocks equation and energy 

equation 
[99]

. Some terms must be eliminated when solving the problem. For the 

steady state analysis the time dependent terms must be eliminated. The density 

enters as a constant value. Therefore, the final form of the continuity and 

momentum  

equations is as follows; 
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For the turbulent case the effective viscosity ( te   ). 

 

Where;       

 = Laminar viscosity (fluid property) 

t = Turbulent viscosity  

α = thermal diffusivity. 

 

The governing equation for the solid field (heat sink) is only the right side of the 

energy equation. 
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9.9 Fins Geometries 

          The geometries of the simulation domain follows the geometries of the 

experimental test section used in the College of Engineering Heat Transfer 

Laboratory in University of Babylon. Experimental data are described in Chapter 

Four. 

 

The general arrangements of the heat sink are given in Fig. (3-1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Py 

Px 

Py 

Px 

t 

Fig (3-1) Pin-fins and fins arrangements. 
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The length as well as the width of the heat sink are (1.1) m and (1.11) 

respectively, whereas the height (H) is (1.160) m. The conductive base plate, 

which connects pin-fins, is (1.115) m high. 

 

The heat sinks solid structure, which is exposed to air cross-flow, consists 

of three types of heat sinks: cylinder, square and longitudinal fin heat sink. 

The cylinder pin-fin which consists of 5rows of aluminium pin-fins in the stream 

wise (x-direction) and 7rows in the transverse ( y-direction). 

 

The diameter of the pin-fin is (d=1.11.5) m. The pitch-to-diameter ratio in 

the stream wise direction is set to (Px/d=1.410)  and in the transverse direction to 

(Py/d=....).   

 

For the square pin-fin which also consists of 5 rows of aluminium pin-fin 

in the stream wise (x-direction) and 7rows in the transverse direction                 

(y-direction). The side length of the pin-fin is (Ls=1.111) m. The pitch-to-side 

length in the stream wise direction is set to (Px/Ls=1.6) and the transverse 

direction to (Py/Ls=..5.}.        

 

  The longitudinal fin heat sink consists of 0fins of aluminium in the stream 

wise of (x-direction) which has the thickness (t=1.113.5) m. 

 

The material properties are also taken from the experimental cases. The 

entering flow profile is uniform due to the fan placed in front of the test section. 

 

 The heat sink is heated from below by an electric resistance heater.            

A thermal conduction material (Zinc Oxide) placed between the heater and 

aluminium base sets the thermal conditions at the base bottom. 

 

Similarly, the experimental data were taken at thermal power of (.1), 

(31),and (41) Watt. The numerical simulations are performed at the same thermal 

power. 
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9.0 The Boundary Conditions   

 The boundary conditions for the model equations attempt to represent the 

experimental conditions described previously. For the momentum transport 

equation, no-slip boundary conditions are implemented at all four walls to the 

flow direction. 

 

The boundary condition must be applied on the areas. The model velocity 

varies by varying the velocity of the air at the entrance. The velocity on the 

surfaces of the heat sinks must be set to zero to simulate the solid walls. Also, 

upper, lower and side wall of the duct are given zero velocity where the duct has  

closed test section. The exit of the test section has not specified the air velocity; 

the offset pressure on the exit section must be set to zero. 

 

The temperature field in the fluid results from a balance between thermal 

convection in the test stream wise direction, thermal diffusion and the convection 

heat transfered from the solid structure to the fluid flow. Therefore, the specified 

temperature for the inlet air and four walls of the duct must be applied as the 

boundary condition. Heat load is applied at the bottom of the heat sink as a 

thermal boundary condition and simulation to experimental work. 

 

9.5 Numerical Solution    

 Thermal analysis of heat exchangers system requires the simulation of 

turbulent air flow, conduction, convection, advection and often radiation. Issues 

include, flow non-uniformity, turbulent low Reynolds Number flow as well as 

complex geometry. An ANSYS software package was utilized to simulate the 

thermal and flow behaviour of the heat sink models. Ansys software uses                

a hybrid approach. 

 

An element based on Finite Element method was used for simulating 

conduction and convection. This is coupled with an unstructured element based 

finite element Computational Fluid Dynamics (CFD) code which solves the 
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complete Navir-Stockes equations. A unique thermal coupling method allows 

ANSYS software to simulate convective and conduction heat paths between 

disjoint element meshes on arbitrary geometry. This coupled is very complex in 

the ANSYS software package and does not have enough information, therefore, 

the solution in the present study solves the continuity and momentum equations 

(adiabatic flow) for three dimensional.  

 

The theoretical results presented in this chapter are obtained by ANSYS 

program. This software package solves the fluid flow problem by solving 

momentum and continuity equation. The two equations K-  model (turbulence 

model) is used to over come the turbulence in the flow. By using the finite 

element technique, this program analyzes the flow field through the heat sink 

models. There are many types of meshing controls where the boundary 

conditions can be changed to overcome all the actual boundary conditions. 

 

9.5.1 ANSYS Program 

       ANSYS finite element analysis software enables engineers to perform the 

following tasks: 

 

 Building computer models or transfer CAD models of structures, 

components, or systems. 

 Applying operating loads or other design performance conditions. 

 Studying physical responses such as stress levels, temperature 

distributions, or electromagnetic fields. 

 Optimizing a design early in the development process to reduce production 

costs. 

 Doing prototype testing in environments where it otherwise would be 

undesirable or impossible (for example, biomedical applications). 

 



 

 Page 07 

Chapter Three Theoretical Analysis 

The ANSYS software package has a comprehensive graphical user interface 

(GUI) that gives the user easy, interactive access to program function commands 

documentation, and reference material an intuitive menu system helps users 

navigate through the ANSYS program. Users can input data using a mouse, a 

keyboard, or a combination of both. 

 

9.5.3 ANSYS GUI  

          The easiest way to communicate with the ANSYS program is by 

using the ANSYS menu system called the graphical user interface (GUI). Both 

beginners and experienced Ansys users use the GUI for virtually all interactive 

ANSYS  work. The GUI provides an interface between you and the ANSYS 

program which commands the drive internally.  

 

Each GUI function is a series of picks resulting in an action ultimately 

produces one or more Ansys commands that the program executes and record on 

the input history file (Job name. LOG). The GUI then enables you to perform an 

analysis with little or no knowledge of the Ansys commands. 

   

9.5.9 Performing a Typical ANSYS Analysis 

The Ansys program has many finite element analysis capabilities, ranging 

from a simple, linear, static analysis to a complex, non linear, transient dynamic 

analysis. 

 

The analysis guide manuals in the Ansys documentation set describe 

specific procedure for performing analysis for different engineering disciplines. 

A typical Ansys analysis has three distinct steps; 

 

 Build the model and mesh. 

 Apply loads and obtain the solution. 

 Review the results. 
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9.5.9.1 Model and Mesh Forming 

 

A- Solid Model Form 

    Heat sinks in a duct are a solid model and they must be built to simulate 

the experimental test. A three dimensional model for three types of heat sinks is 

built and meshed. 

Solid models are classified into three regions; 

 

1- Inlet region: 

a. Locating the key point by entering its coordinates; (the number of key 

points of the inlet region duct are (0)). 

b. Locating the volume of the region by joining between the key points. 

 

3- Heat Sink Region (Test Region): 

a. Locating the key point by entering its coordinates; (the numbers of key 

points are (4)). 

b. Locating the volume of the region by joining between the key points. 

c. Locating the volume of the heat sink by entering the coordinates of each 

type. 

d. Distinguishing between the volume of the duct and the volumes of the heat 

sink by the overlap command. 

 

9- Outlet Region:  

a. Locating the key point by entering it coordinate;( the number of key points 

of the outlet region duct are (4)). 

b. Locating the volume of the region by joining between the key points. 
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9.5.9.3 Solid Model Mesh 

          Three regions of each solid model must meshed one after another. To mesh 

any volume the lines of that volume must be divided first. Two factors must be 

noted when creating line divisions. The first factor is the line number of 

divisions. For fin mesh these divisions must be increased. The second one is the 

aspect ratio, which is the relationship among the divisions. If the entered aspect 

ratio number is greater than one, the length of line is increased gradually. 

 

By using this technique, meshed volume has different mesh density as 

follows; 

1. Inlet region which has division (.1) with aspect ratio (-.). The mesh was 

fine toward the heat sink as in Fig. (3-.). 

 

 

 

 

 

 

 

 

.. Heat sink region which has a number of divisions (31) with aspect ratio 

equals to one (regular mesh). The mesh is very fine in that region as in        

Fig. (3-3). 

 

 

 

 

 

 

Fig. (3-.) Mesh of inlet region. 

Fig. (3-3) Mesh of test region. 
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3. Outlet region which has a number of divisions (.1) with aspect ratio (3). 

The mesh was fine nearest the heat sink as in Fig. (3-4). 

 

 

 

 

 

 

 

 

 

 

Free mesh is used because of irregular volume in the region of heat sinks. 

The aspect ratio of every element must be specified the distance between the two 

nodes (in the element) must be decreased when the change in the flow property is 

increased in this direction. Bilinear tetrahedral and three dimensional elements 

which were used to mesh the flow field volumes as shown in Fig. (3-5). The 

shape function equation is; 

pNpoNonNnmNmlNlkNkjNjiNi    

 

Where : the degree of freedom. 
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                                              …(9.13) 

where: s, r, t are the local coordinates  

 

 

Fig. (3-4) Mesh of outlet region. 
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9.5.9.9 Setting FLOTRAN Analysis Parameters  

Options such as turbulence, incompressible flow, etc. must be in order to 

use them to obtain reliable solution, the options of the analysis must be chosen 

carefully. 

 

The follow analysis must be steady state (time independent), turbulence 

(depending on Reynolds number), and adiabatic (temperature independent) to 

solve the momentum and continuity equations and neglecting the energy equation 

and incompressible (depending on the value of Mach number).  

 

Air is the chosen fluid SI for analysis and its properties are taken from the 

table in the program depending on nominal temperature (.5 C). 

 

9.5.9.0 Solving the Problem 

The partial differential equations solved by FLOTRAN in two equation 

models, the Turbulent Kinetic Energy equation is  

s 

t 

r 

k(l) i 
Z 

Y 

X 

m (n, o, p) 

Fig. (3-5) Tetrahedral three dimensional elements. 
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And the Dissipation Rate equation is 
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…(9.10) 

 


 

2k
Ct   …(9.15) 

 

The final term in each equation are terms used to model the effect of 

buoyancy are described by Viollet
[04]

. 

 

Default values for the various constants in the standard model are provided 

by Lauder and Spalding
[99]

 and are given in Standard Model coefficients. 

 

C1,C1ε C. C k  t C3 C4 

1.44 1... 1.1. 1.1 1.3 1.1 1.1 1.1 

 

 

 
 

 

Table (3-1) Standard Model Coefficients. 
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9.5.9.5  Examining the Results 

Convergence is the parameter used for examining the results. As                

a FLOTRAN simulation proceeds, ANSYS calculates convergence monitors for 

each degree of freedom every global iteration. Convergence monitors are 

computed for velocities, pressure, turbulent kinetic energy and kinetic energy 

dissipation rate. 

 

The convergence monitors are the normalized measure of the solutions rate 

of change from one iteration to another. Denoted by the general field variable (), 

and any degree of freedom, the convergence monitor is defined as follows; 
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..  …(9.16) 

                    

Where; 

N = Total number of finite element node. 

n = Current global iteration number. 

Ф = Degree of freedom. 

 

Observing the rate of change of the solution and the behavior of the 

relevant dependent variable can monitor the solution convergence of the analysis. 

 

9.5.9.6 Checking Results of Computer Model 

           To verify the results, the procedure listed below should be taken into 

consideration: 

 

1. Checking the mass balance printed as parts of the result summary. 

3. Checking the boundary condition within Ansys to ensure that they are 

accurate. 

9. Checking if the properties are specified correctly. 
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0. If the unexpected results diverge the solution, the finite element mesh may not 

have sufficient resolution, or significant gradients may exist near the outlets. 
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4.1 Introduction  

Heat exchanger can be found in a number of different industrial sectors 

where the need to transport heat between existing media. 

 

Consequently, wide spread use of heat exchangers has caused development 

to take place in a piecemeal fashion in a number of rather unrelated area. The 

technology of heat exchangers, familiar in one sector, has progressed slowly 

across the boundaries of the different sectors. 

  

The conduction-convection heat transfer for forced convection forms the 

basis of most industrial heat exchangers' related equipment. The measurement 

and the experimental work for such circumstances is achieved in heat transfer lab 

in Babylon University by studying the temperature profiles and velocity 

distribution in an air duct with associated three types of extended heat transfer 

surfaces in the present study. 

 

The horizontal duct is so constructed that the air temperature and velocity 

can be readily measured, and a variety of "plug-in" modules of heated solid 

surfaces of known dimensions is presented to the air stream for detailed study. A 

fan situated at one side of the duct provides the air stream for forced convection 

experiments. 

 

 

Chapter 
Experimental Work  
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An independent bench-mounted console contains temperature 

measurement, power control, and fan speed control circuits with appropriate 

instrumentation. Temperature measurement, to the resolution of (1.0)
 o

C, is  used 

thermostat sensors with direct digital read-out in 
o
C. Air velocity is measured 

with a portable anemometer mounted on the duct. 

 

The power control circuit provides a cautiously variable, electrical out put 

of (1-011) Watts with a direct read out in watts. 

Using these instrumentation provided forced convective heat transfer coefficients 

are determined for: 

 

1. An array of fins (finned heat sink) 

2. An array of cylinders (pinned heat sink) 

3. An array of squares (pinned heat sink) 

 

Each module may be used independently, on the bench, to determine 

forced convection coefficient for horizontal flow. 

 

4.2 Experimental Apparatus 

The main aim of the research is to specifying a better performance and heat 

dissipation of three types of heat sinks by studying the velocity and temperature 

distribution and locating the heat transfer coefficient for several air speed and 

heat flux. All these parameter required building up the main experimental rig. 

 

Fig. (4-0) shows experimental apparatus consisting of three types of heat 

sinks, centrifugal fan, test section, control system for power supply to heat source 

and temperature measurement of the base plate of heat sink, and portable 

anemometer, a data acquisition system to be used with PC to control the test 

section and all measurement. All requirements are shown in Fig.(4-2). The 

experiments were carried out in one type of inlet and outlet region. 
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One heat sink location in the duct of several inlet velocities and heat fluxes 

are used in this study. The duct was constructed from aluminum material of 

height  (1.1.0) m, width (1.020) m and length (0) m. 

 

The cooling fluid is air supply by centrifugal fan with inlet velocity (2), 

(0), (4), and (6) m/s. The main rig consists of three types of heat sinks which are 

connected with control system to change the power supply (heat flux) for each 

one (21),(01), and (41) Watt. The temperature measurements in rig are controlled 

by data-acquisition system with (PC). 

 

Velocities at different positions are measured by a portable anemometer. 

Fig. (4-0) shows the experimental apparatus consisting of centrifugal fan. Test 

section control system for power supply heat flux and thermocouples for 

temperature measurement in flow field and on the heat sinks, and portable 

anemometer to measure the velocity at a selector positions are shown in Figs.    

(4-0), (4-4), (4-0). 

 

Moreover a new positions for measured velocity and temperature on the 

heat sink have been chosen to give more accurate results.           

 

4.2.1 Interface Cart and Software Driver 

 Interface cart is logically used to change the measured data (temperature) 

from test section to PC. To take all parameters above building software by visual 

basic version (6.1) was occurred to control the test section from PC. The software 

driver consists of several forms and some function. These procedures are used for 

the dynamic-linked libraries (abbreviated as.dll) available from other resources to 

access the available centronic ports because VB (6.1) doesn’t support any 

commands for port accessing. 
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4.3 Measurement Procedure  

Before starting the reading, two tests are made to check the 

instrumentation. The first test is to ensure that the velocity reading of the portable 

anemometer is zero and its reading of the temperature is corrected with the 

thermocouple reading before running. 

 

The second test is to make sure that the thermocouple was correctly 

attached to the surface of the fins by reading the sensor number in the PC. If there 

is any significant difference for anyone of the thermocouples. The thermocouples 

are not correctly attached to the surface. 

 

4.3.1 Velocity Measurement  

The velocity had been measured at the entrance of the duct to select a 

suitable velocity value which was (2), (0), (4), and (6)  m/s. Also measured 

velocity and temperature in the selecting position as shown in Figs (4-0), (4-4) 

and (4-0) marked by ( A0-0, B0-0, C0-0, D0-0…etc) which was given its coordinates 

(x , y, z) in the test section (heat sink) which gave us body contour for the velocity 

and temperature distribution in the test section . 

 

Fig. (4-0) represents the position for measuring the air velocity and 

temperature for the cylindrical pin-fin heat sink, Fig. (4-4) represents the position 

of measuring the air velocity and temperature for the square pin-fin heat sink.  

Fig. (4-0) represents the positions of measuring the air velocity and temperature 

for the longitudinal fin heat sink. 

 

 The velocity measured by portable anemometer is shown in Fig. (4-6) 

which gives the digital reading of air velocity in one direction. It also gives us the 

temperature of air at the same position. 
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4.3.2 Temperature Measurement 

 In all industrial plants the measurement of temperature is of crucial 

importance in monitoring the performance and correct functioning of the process 

involved. The choice of the most suitable temperature sensing device in any 

given situation is therefore of particular significance in the design, operation and 

maintenance of the plant. 

 

 The ever increasing cost of using energy also places considerable emphasis 

on the measurement of temperatures to ensure that optimum efficiencies are 

being obtained. 

 

 In the present study tow positions of temperature measurement were 

needed. The first position in the core of heat sink to measuring air flow 

temperature, The second position is the surface of pin or fin and the base of heat 

sinks, this positions are marked by (S0, S2, S0, S4, S0 ….etc) as describes in Figs 

(4-0), (4-4) and (4-0). Thermocouple type (K) are used because it was overcome 

temperature range which needed in the study and available in the Heat Transfer 

Lab. 

 

 The calibration of thermocouple type (K) was occur by using Temperature       

Measurement Unit by compare its reading with a platinum resistance 

thermometer. Table (4-0) gives information of thermocouple type as shown 

below. 
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Thermocouple Type 

 

Name of Materials 

 
Useful Application 

Range 

B 
Platinum 01:  Rhodium(+) 

Platinum 6: Rhodium(-) 
1356-1566 

o
C 

C 
Tungsten 0: Rhenium (+) 

Tungsten 26: Rhenium (-) 
1656-2315 

o
C 

E Chromium (+)  

Constantan (-)  
-266-566 

o
C 

J 
Iron (+) 

Constantan (-)  
6-556 

o
C 

K 
Chromium (+) 

Aluminum (-)  
-266-1256 

o
C 

N Nicrosil (+)  

Nisil (-)  
656-1266 

o
C 

R 
Platinum 00: Rhodium (+) 

Platinum (-)  
556-1456 

o
C 

S 
Platinum 01: Rhodium (+) 

Platinum (-)  
556-1456 

o
C 

T 
Copper (+) 

Constantan (-)  
-256-356 

o
C 

 

              

            Temperature measurement in the heat sink was made by two ways: 

0. Temperature measured by the portable anemometer associated with measured 

velocity. This instrument enables us to measure temperature through the heat 

sinks at various locations by using three dimensional transverse mechanism. 

Body contours for temperature distribution for three dimensional of heat sinks 

can be plotted. 

Table (4-0) Thermocouple Reference
[41]

. 
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2. Temperature measurement at various locations in the surface and base of         

heat sinks was determined by the use of an insulated thermocouple type K                                               

(1.2.) mm Chromium-Aluminum thermocouple wire. The thermocouple wire 

was cut into pieces, each pieces of the wire was skinned from both ends and one 

of the ends was spot-welded forming a spherical bead. In all experiments we used 

(00) thermocouples on the surface of fins to determine the temperature value on 

he surface of fins as shown in Fig. (4-.). 

 

All measured data was controlled by using data-acquisition system to 

convert all analog measurement reading to digital reading in (PC.) and recorded 

this data in file during (01) s. 

 

To check that all experiments will be in steady-state condition, choose 

some points to study their temperature value during the time, as shown in   

Fig.(4-8). 

 

Wherever its found that the solution will need about (21) min to receive             

a steady state condition, all data are recorded after (21) min. 

 

4.3.3 Thermal Conductivity Measurement 

The thermal conductivity of the material (Aluminum) used for 

manufacturing heat sinks was measured by using the instrument shown in          

Fig. (4-9).The instrument was manufactured by P.A Hilton Company LTD 

(England). The theoretical basic for the instrument is the Fourier Law where  

cylindrical sample is heated by using an electrical heater. After this, the 

temperature was read over the sides of the sample by digital thermocouples. 

 

The distance between every two thermocouples was (01) mm. This 

thermocouple read the change in temperature over the sides of the sample. 

Through the temperature recorded by the instrument, the curve shown in          
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Fig. (4-01) can be plotted which explains the temperature gradient (ΔT/ΔX)  

applied in the Fourier Law to measure (k). 

X

T
Akq



  ...(4-1) 

 

where 

q; heat flow (Watt) [measured directly from the instrument. A; Area 

perpendicular to heat flow (m
2
). ΔT/ΔX; Temperature gradient, and k; Thermal 

conductivity. 

q (Watt) Th (°C) Tc (°C) k (Watt/m. °C) 

01 02.0 28 000.2. 

00 0..6 00.0 006.00 

21 44.0 06 00..09 

20 00.4 41.2 006.10 

01 06.. 44.0 006.00 

00 60.0 4..0 006.90 

41 6... 00.4 006.20 

Table (4-0) show the test reading to measure thermal conductivity. 

 

By taking the average value of the thermal conductivity from the above 

table, the resulting value of k ≈ 006 Watt/m.
o
C. 

 

4.4 Errors 

 The thermocouple calibration is shown in Fig. (4-00), with an error of less 

than (1.0) 
o
C where the thermocouple is pinned to the surface of the fins to 

measure temperature. The thermocouple was connected with (PC) by interface 

cart to convert all analog measurement data to digital data from (PC) in each 

experiment with an error of less than (1.110 %) 
o
C. 

 

The anemometer temperature was calibrated with the thermocouple 

temperature, as in Fig. (4-02), with error less than (0
.
0) 

 o
C. 

 

The calibration process is very sensitive to the probe alignment, probe 

support and any blockage so the procedure is repeated more times that get 
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smoothing curves where the polynomial curve-fit method fourth-order was used. 

The accuracy of processed data shown in table (4-2) was good with a range of 

errors of approximately not exceeded (± 2.0:)
[42]

. 

 

 

 

 

 

Velocity Vector R in (m/sec) 

 

Actual Measured Error % 

00.6 00.9 0.9 

00.9 06.0 0.2 

00 04.8 0.0 

00.. 06 2.0 

00.0 04.9 0.0 

00.8 06 0.2 

00.9 06.0 2.0 

00 04.. 2 

00.0 00.4 0.9 

   

Table (4-2) Anemometer measurement errors. 
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Fig. (4-2) Photograph of test section. 
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Fig. (4-0) Positions of temperature and velocity 

measurement for cylindrical pin-fin. 
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Parameters Dimensions 

H, pin-fin height 68 mm 

Hb, sink base thickness 00 mm 

M, sink width 001 mm 

L, sink length 011 mm 

d, cylinder pin diameter 02.0 mm 

l, square pin side distance 00 mm 

Px, pitch stream wise direction 0..6 mm 

Py, pitch transverse direction 2...0 mm 

t, fin thickness 0.20 mm 

P, pitch distance 22.8 mm 

HL, by-pass distance 0 mm 

S, fin gap distance 02 mm 

e, inlet distance X-direction 04.20 mm 

b, inlet distance Y-direction  02..0 mm 

A0-0, B0-0, C0-0, D0-0,….etc Positions of temperature and 

velocity  measurements in the 

air flow. 

S0, S2, S0, S4, S0,….etc Positions of temperature 

sensors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table (4-0): Values of geometrical parameters. 
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Fig. (4-.) Measurement of surface temperature. 
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Fig. (4-9) Apparatus of thermal conductivity 
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Fig. (4-02) Calibration curve of anemometer thermocouple. 
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Fig .(4-00) Calibration curve of thermocouple type K, 
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5.1 Experimental Results 

 Four types of experiments are carried out in this study: 

A- Measurement of thermal resistance for the three types of heat sinks and for all 

conditions which included four different inlet velocity (2), (3), (4), and (6)     m/s  

and three different heat flux (22), (32), and (42) Watt. 

B- Measurement of local heat transfer coefficient for the three types of heat sinks 

and for all conditions. 

C- Measurement of velocity distribution for each heat sink  and for all conditions 

at (z= 2.2226) m , (z=2.245) m , and (z= 2.260) m as describe in Figs (4-3), (4-

4) and (4-5).  

D- Measurement of temperature distribution for each heat sink and for all 

conditions at (z= 2.2226) m , (z= 2.245) m , and (z= 2.260) m as describes in 

Figs (4-3), (4-4) and (4-5). 
 

5.1.1 Thermal Resistance 

 
 The total thermal resistance is primary thermal performance parameter for 

the heat sink which is considered in this study as: 

 

 

conv

B
th

q
R 




 …(5.1) 

 

where: 

 

Chapter 
Results and Discussion 
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 TB : Base temperature of heat sink 

 T∞ : Ambient temperature  

 qconv : Heat convected through the heat sink which is given by 

losstotalconv qqq   …(5.2) 

 

where: 

 qtotal : Total amount of power supplied to heat sink. 

 qloss: Total heat losses due to conduction and radiation. 

The heat extract through the heat sink which was reported as (02 % )of the 

total losses was due to forced convection 
[34]

. 

  

Fig.  (5-1) shows the effect of increasing velocity on the thermal resistance 

for each heat sink and for different heat loads. 

  

The results show that the thermal resistance of square pin-fin is higher than 

the thermal resistance for cylindrical pin-fin. Thermal resistance for cylinder pin-

fin heat sink is higher than for longitudinal fin heat sink. 

  

Same behavior is obtained for all heat loads. This is due to the fact that 

velocity distribution was more uniform through the longitudinal fin heat sink 

which increases the heat transfer coefficient and decreases the base temperature 

and decreases the thermal resistance. Also, the areas of convection for 

longitudinal fin heat sink is higher than the area of convection for cylindrical and 

square pin-fin. 

 

The difference between curves reaches a minimum value at maximum   

studied velocity due to higher mass of air across the heat sinks. 

  

Fig. (5-2) shows the relative thermal resistance which was obtained by 

dividing the thermal resistance to the surface area of convection for each type of 

heat sink compared with the results obtained by Arnold 
[35]

. 
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Fig. (5-2) illustrates a good agreement obtained in calculating the steady 

state by experimental results. 

  

The results show that the relative thermal resistance of cylindrical pin-fin 

is higher than the relative thermal resistance for square pin-fin, and the relative 

thermal resistance for square pin-fin is higher than that for longitudinal fin. 

  

This is due to the surface area of convection heat transfer where the 

longitudinal fin heat sink has maximum surface area of convection which is equal 

to (1149.36) cm
2
. The surface area of convection for square pin-fin is equal to 

(529.21) cm
2
, and for the cylinder pin-fin it is equal to (424.022) cm

2
 while the 

three types of heat sinks have the same area of conduction which was equal to       

(3.25) cm
2
. 

 

The longitudinal fin maintains large expose surface area available for heat 

transfer. 

  

Figs. (5-3), (5-4) , (5-5) and (5-6) show the temperature rise (TB-T∞) with 

heat flux for velocity (2), (3), (4), and (6) m/s respectively. 

  

The temperature rise for square pin-fin is higher than the temperature rise 

for the cylinder pin-fin. 

  

The temperature rise for the cylindrical pin-fin is higher than the 

temperature rise for the longitudinal fin heat sink. This is due to the fact that the 

heat convected from the longitudinal fin is higher than the heat convected from 

cylindrical and square pin-fin, and the heat convected from cylindrical pin-fin is 

higher than the heat convected from square pin-fin, therefore, the base 

temperature (TB) for longitudinal fin is lower than the base temperature of 

cylindrical and square pin-fin. 
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The Figs. (5-3), (5-4) , (5-5) and (5-6) show that the temperature rise 

increases with the increase of heat flux due to the increase of the base 

temperature. 

  

The value of temperature rise was minimum for maximum velocity 

because the increases of velocity decreases the base temperature. 

 

5.1.2 Local Heat Transfer Coefficients 

In the present study, the local heat transfer coefficient is calculated according to 

the following equations: 

   

mHsinh
km

h
mHcosh

xHmsinh
km

h
xHmcosh

TT

TT

b 


























  …(5.3) 

       

 
mHsinh

km

h
mHcosh

mHcosh
km

h
mHsinh

TThpkAq b





















   …(5.4) 

 

The above equations are solved for the two unknown h and Tb for each   

pin-fin
[43]

. 

 

The change of local heat transfer coefficient of each heat sink is plotted for 

all conditions in Figs. (5-2) to (5-10).The local heat transfer coefficient for 

longitudinal fin heat sink for all cases is larger than that for cylinder and square 

pin-fin. Also the local heat transfer coefficient for cylinder pin-fin in all cases is 

larger than that for square pin-fin. This is due to the velocity distribution on each 

heat sink. The velocity distribution in the longitudinal fin was more uniform 

along the heat sink from that in cylinder and square pin-fin. 

 

Fig. (5-2) shows the minimum local heat transfer coefficient where the 

heat flux (22) Watt and velocity (2) m/s. Fig. (5-10) shows the maximum local 
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heat transfer coefficient where conditions are (42) Watt heat flux and (6) m/s 

velocity. 

 

The local heat transfer coefficient is increased with the direction of flow in 

longitudinal heat sink while the local heat transfer coefficient is decreased with 

the flow for both cylindrical and square pin-fin. This is as a result of thermal 

boundary layer development from the entrance of the heat sink towards the exit. 

This boundary layer is developed in the case of longitudinal heat sink because the 

flow has no restriction on its flow. 

 

 The heat sink has no clearance above it and no large space in the two sides 

of the heat sink. Also with increasing distance from the leading edge the effect of 

heat transfer penetrates further into the free stream and the thermal boundary 

layers grow. Therefore the thermal boundary layer is more effective in 

longitudinal fin heat sink while the thermal boundary layer is less effective in 

pin-fin because of the small area of attach. 

 

Figs. (5-19) and (5-22) show the local heat transfer coefficient along flow 

direction for (9-Cross Cut fin) and (12-Cross Cut fin) respectively.. For (12-fin) 

heat sink is generally higher than the those for (9-fin) heat sink due to the 

increased surface area [34].  These Figs. are used to compare the behaviour of the 

local heat transfer coefficient through the geometry of heat sinks. A good 

agreement behaviour is obtained. Figs. (5-19) and (5-22) show the same 

behaviour of local heat transfer coefficient obtained from the experimental 

results. 

 

A comparison of the average Nusselt number variation with Reynolds 

number for three types of heat sink are shown in Figs. (5-21),(5-22) and (5-23). 

 

 For clarity, the results are plotted on three graphs for different heat flux 

(22), (32) and (42) Watt. For each geometry ,four simulations were carried out 
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by varying inlet air velocity. The curves represent the lines of best fit through the 

four points obtained in the simulations. 

 

It can be noted that the longitudinal fin heat sink shape yields the highest 

Nusselt number at all Reynolds numbers in the range considered here. The lowest 

Nusselt number is for the square pin-fin heat sink. Fig. (5-21) obviously shows 

that the heat flux (22) Watt leads to the Nusselt number which is much lower 

than the other heat fluxes (32) and (42) Watt. It is interesting to note that the 

staggered cylinder pin-fin is better than the staggered square pin-fin. 

 

5.1.3 Velocity Distribution 

Fig. (5-24) shows the effect of air flow velocity for experimental and 

theoretical results, where significant flow By-Pass is seen with square pin-fin 

heat sink. This is of no surprise since the cross-section of this heat sink represents 

more of an obstruction for air flow. Also, Cylinder pin-fin induced more flow By-

Pass than the straight fin, suggesting increase turbulence and pressure drop for ail 

heat sinks, The largest mount of By-Pass is at maximum air velocity. The 

theoretical results was lower than experimental results this is for adiabatic flow 

were studied for theoretical results.                 

 

In the experimental results we can read the velocity of air in the x-direction 

(vx=u) at given local coordinates (x , y) by using portable anemometer at three 

domains of z-direction (z=2.2226 m) from the base which marked  (a), (z=2.2453 

m) from the base which marked (b) and (z=2.260 m) from the base which marked 

(c). This results enable us to give a good picture of velocity distribution.    

 

This section presents the velocity profiles only for inlet velocity (2) m/s 

and thermal power (22) Watt. Figs. (5-25) to (5-22) show the body contour of 

velocity distribution for each heat sink and for three domains. 

 

Fig. (5-25) shows the velocity distribution for cylinder pin-fin heat sink at 

three domains with entrance velocity which is equal to (2) m/s. 
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Fig. (5-25 a) shows the velocity distribution at first domain where 

(z=2.2226 m) nearest the base. 

 

Fig. (5-25 b) shows the velocity distribution at the second domain where            

( z=2.2453 m) middle the distance of heat sink. 

 

Fig. (5-25 c) shows the velocity distribution at the third domain where                   

(z=2.260 m) at the tip of heat sink. 

 

These Figs. (5-25 a, b and c) show the maximum velocity at the two sides 

of heat sink. This occurs because the air flow tries to take the straight paths which 

have no restriction on it to exit from the heat sink.  

 

This phenomenon decreases the cooling of heat sink. Therefore ,the space 

in the two sides of heat sink must be small. It also forces the air to pass through 

heat sink. These Figs. show the large deformation which is different in value of 

velocity during the core of heat sink. In the middle end of heat sink minimum 

velocity occurs. The maximum values of velocity noticed for body contour have 

the second domain where (z=2.2453) m because this domain is at the middle 

distance of the channel. 

 

Fig. (4-26) shows the velocity distribution for square pin-fin heat sink at 

three domains with entrance velocity which is equal to (2) m/s. 

 

Fig. (5-26 a) shows the velocity distribution for square pin-fin heat sink at 

first domain (z=2.2226) m. 

Fig. (5-26 b) shows the velocity distribution at the second domain where 

(z=.2453) m. 

Fig. (5-26 c) shows the velocity distribution at third domain where (z=2.260) m. 

 

From these Figs. we can show the difference between velocity distribution 

for cylinder and square pin-fin heat sink, which is due to the shape of pin-fin. The 

air flow around is more improved distribution from the square pin-fin. Square 
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pin-fin has a sharp angle in four corners which promote dead zone behind each 

pin. The values of velocity for square pin-fin is smaller than those for cylinder 

pin-fin. 

 

For square pin-fin heat sink of the second domain has large values of 

velocity because it was in the middle distance of the channel. 

 

Fig. (5-22) shows the velocity distribution for longitudinal fin heat sink at 

three domains with entrance velocity which is equal to (2) m/s. 

Fig. (5-22  a) shows the velocity distribution at first domain where (z=2.2226) m. 

Fig. (5-22 b) shows the velocity distribution at the second domain where 

(z=2.2453) m. 

Fig.(5-22 c) shows the velocity distribution at the third domain where      

(z=2.260) m. 

 

Figs. (5-22 a, b and c), we can show that a large difference between the 

velocity distribution on longitudinal fin heat sink and both cylinder and square 

pin-fin. This is due to the geometry of fins and its arrangement. 

 

 In longitudinal fin heat sink the air flow enters the grooves between fins. 

This process is like the flow over flat plate. When velocity enters the grooves the 

velocity boundary layer starts to grow on the surface of fin on the other surface 

the velocity boundary layer starts to grow also. At the distance from the leading 

edge the two boundary layers were attached and the velocity at this point reaches 

its maximum. These grooves represent a good straight path to the air flow to 

move on it. The value of velocity increases toward the flow in this type of heat 

sink. For this reason the velocity distribution for longitudinal fin heat sink is 

more uniform than that in cylindrical and square pin-fin heat sink. There are also 

no large different between the inlet and outlet heat sink velocity. 

 

For longitudinal fin heat sink the maximum value of velocity can be shown 

in the second domain because this domain in the middle distance of the channel. 
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5.1.4 Temperature Distribution 

 

            In the experimental results we can read the temperature of air at given 

local coordinates (x , y) at the core of heat sink by using portable anemometer at 

three domains of z-direction (z=2.2226) m, (z=2.2453) m and (z=2.260) m. 

The detailed temperature fields at different inlet velocity, give an insight into the 

heat transfer conditions in the studied heat sink. 

 

It should be also noted that different heating powers (22), (32) and (42) 

Watt are used on the base-plate, there exists a similarity in force convection heat 

removal from the heat sink structure. 

 

Namely, higher heat input causes higher absolute temperature levels, 

whereas, the form of isothermal changes only slightly, due to the modification in 

air properties. Therefore, this section describes the temperature fields only for (2) 

m/s inlet velocity and for thermal power (22) Watt. The temperature is in Celsius 

scale. 

 

The measured temperature increase through the heat sinks are plotted in 

Figs. (5-20), (5-29), (5-32), and (5-31). For three types of heat sinks and for 

different heat loads, For all Figs. The longitudinal fin heat sink shows the lowest 

temperature increase. Also, the temperature increase decreases with increase 

velocity therefore Fig. (5-31) show the lowest temperature increase for three 

types of heat sinks because the air velocity was maximum (6) m/s. 

 

Figs. (5-32) to (5-34) show the Isothermal contour of temperature  

distribution for each heat sink and for three domains. 

 

Fig. (5-32) shows the Isothermal contour temperature field for cylindrical 

pin-fin heat sink at three domains. 
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Fig. (5-32) marked with (a) present the temperature field in the first domain, 

whereas fig. (5-32) marked with (b) reveals the temperature field in the second 

domain and fig. (5-32) marked (c) presents temperature field in the third domain. 

 

It is evident that the lowest temperature in the air stream is at the beginning 

of the heat sink for this type of heat sink; this is on the left side. The temperature 

raises as the air passes through the heat exchanging structure. Therefore the 

highest temperatures are noted at the exit; this is on the right side. The lowest 

temperature in the domain is in the third domain which is the upper domain and 

the highest on the bottom (first domain) close to the base-plate. 

 

Because the heat flux is a vector perpendicular to the isotherms, a 

qualitative picture of heat flow can be extracted from the calculated temperature 

fields. It can be seen in this fig. that most of the heat is transfered from the solid 

to fluid in the first half of the test section. The highest heat fluxes appear in the 

middle left corner, where the temperature gradients are the highest. 

 

 The second half of the heat sink does not participate in the heat transfer 

process. From these Figs. (5-32), it is revealed that in the nearest to the base-plate 

the temperature field is not fully developed. This means that the air which enters 

the test section is quickly heated due to the nearest to the base-plate and leaves 

the heat sink at the temperature nearest to the base temperature. With increasing 

distance from the base-plate temperature field becomes more developed. 

 

This phenomenon also occurs with inlet velocity increasing where at low 

velocity the temperature field is not fully developed. 

 

This means that air, which enters the test section, is quickly heated due to 

its low velocity and leaves the heat sink at the temperature of the solid-phase, 

unable to receive additional heat from the source. 

 

With increasing inlet velocity, the state of thermal saturation diminishes. 

This means that, with increasing inlet velocity, the air flow leaves the heat sink at 
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lower exit temperature. Such coolant flow is thermally unsaturated, still capable 

of heat removal. Nevertheless, as the average temperature decreases, the role of 

heat conducting base-plate increases. This causes further reduction in the air and 

structure temperatures at the simulation domain exit. 

 

5.2 Theoretical Results 

        The theoretical results are divided into three parts. 

1- Body contour represents the velocity distribution in the x-direction (v=u) for 

three types of heat sinks at three domains: (z=2.2226) m , (z=2.2453) m and 

(z=2.260) m with inlet velocity (2) m/s. 

2- Body contour represents the velocity distribution (average velocity or resultant 

velocity) for three types of heat sinks and for three domains: (z=2.2226) m, 

(z=.2453) m and (z=2.260) m with inlet velocity which is equal to (2) m/s. 

3- Vector plot for three types of heat sink at the middle distance of the height of 

fins. 

 

5-2-1 Velocity Distribution v= u 

            Fig. (5-35) shows the velocity distribution for cylinder pin-fin heat sink at 

the three domains with inlet velocity which is equal to (2) m/s. 

Fig. (5-35 a) shows the velocity distribution at the first domain where 

(z=2.2226)m.         

Fig. (5-35 b) shows the velocity distribution at the second domain where        

(z=2.2453) m. 

Fig. (5-35 c) shows the velocity distribution at the third domain where (z=2.260) 

m.                      

 

 Figs. (5-35 a, b and c) show a good agreement with the velocity 

distribution obtained by experimental work.  
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The results of theoretical work gives us a clearer picture than that obtained 

from experimental results. This is due to the fact that the solution of the 

governing equation occurs in each node in the test section. The test section 

contains a lot of nodes and elements, therefore, the solution is more accurate. Fig. 

(5-35) show that the maximum velocity occurs on each side of heat sink which 

can namely Side-bypass. Therefore ,the Side-by pass of air should be minimized 

to improve the heat dissipation. 

 

Fig. (5-36) shows the velocity distribution for square pin-fin heat sink at 

three domains with inlet velocity (2) m/s. 

 

Fig. (5-36 a) shows the velocity distribution at the first domain where    

(z=2.2226) m. 

Fig. (5-36 b) shows the velocity distribution at the second domain where 

(z=2.2453) m. 

Fig. (5-36 c) shows the velocity distribution at the third domain where       

(z=2.260) m. 

 

 Figs. (5-36 a, b and c) show a good agreement with the velocity 

distribution obtained by experimental work. The results of theoretical work gives 

a clearer picture than that obtained from experimental work. 

 

Fig. (5-32) shows the velocity distribution for longitudinal fin heat sink at 

three domains with inlet velocity (2) m/s. 

 

Figs. (5-32 a, b and c) show the maximum velocity that occurs in the 

grooves of longitudinal fin heat sink this phenomena increase heat dissipation 

from the fins. 
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5-2-2 Resultant Velocity Distribution (Vsum)           

           Figs. (5-30) , (5-39) and (5-42) show the resultant velocity of three 

domains of each heat sink cylinder , square and longitudinal fin heat sinks where 

resultant velocity from the theoretical work. 

. 

222 wvuvsum   
…(5.5) 

     

 5-2-3 Vector Velocity Distribution 

      .     

Figs.  (5-41), (5-42) and (5-43) show the vector plot for three types of heat 

sinks at the middle simulation domain (z=2.2453) m. 

 

Figs. (5-41), (5-42), and (5-43) show the different behaviour of flow through 

heat sink. Notice the symmetry of flow for each heat sink. This is due to the 

nearest from the exact solution. The distribution of flow is quite different for each 

heat sink. For cylinder and square pin-fin, the first two rows of pins and  the side 

rows are the most effective because the maximum velocity occurs at these 

positions. This is also evident for longitudinal fin heat sink which is the most 

effective whereas the cylinder and square pin-fin heat sink.          

 

5.2.4 Experiments 

 

Experiments were conducted  to measure the velocity and temperature 

contours for three types of heat sinks for different inlet velocity and heat flux. 

 

In all experiments the average inlet velocity at the entrance of the duct was 

(2),(3),(4), and (6) m/s. The Reynolds numbers based on hydraulic diameter of 

inlet region was (12543), (15015), (21202), (31631) respectively. For three 
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values of heat flux (22), (32), (42) Watt to study thermal resistance of each heat 

sink and flow characteristics.  

 

Table (5-1A,B,C) specify the experimental tests and the base temperature 

of heat sinks which was carried out in experimental work.  

 

            Heat Flux 

Velocity 
Q=28 watt Q=38 watt Q= 48 watt 

V1= 2m/s 45.64C
T∞=36.214 

47.44C
T∞=36.214 

52.34C
T∞=36.214 

V2= 3m/s 43.74C
T∞=36 

47.34C
T∞=36 

58.44C
T∞=36 

V3= 4m/s 444C
T∞=34.838 

464C
T∞=34.838 

474C
T∞=34.838 

V4= 6m/s 45.54C
T∞=37.457 

44.64C
T∞=37.457 

58.34C
T∞=37.457 

 

 

 

 

 

 

           Heat Flux 

Velocity 

Q=28 watt Q=38 watt Q= 48 watt 

V1= 2m/s 43.74C
 T∞=34.17

 47.34C
 T∞=34.17

 53.74C
 T∞=34.17

 

V2= 3m/s 44.74C
 T∞=36.557

 58.24C
 T∞=36.557

 534C
 T∞=36.557

 

V3= 4m/s 44.34C
 T∞=34.838

 46.54C
 T∞=34.838

 44.64C
 T∞=34.838

 

V4= 6m/s 43.74C
 T∞=34.437

 45.64C
 T∞=34.437

 44.44C
 T∞=34.437

 

 

 

 

 

 

 

 

 

 

Table (5-1A) Base Temperature of 

Longitudinal Fin Heat Sink. 

Table (5-1B) Base Temperature of 

Cylindrical Pin-Fin Heat Sink 
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           Heat Flux 

Velocity 

Q=28 watt Q=38 watt Q= 48 watt 

V1= 2m/s 46.44C
 T∞=35.5374 

 51.74C
 T∞=35.5374

 56.24C
 T∞=35.5374

 

V2= 3m/s 46.74C
 T∞=36.214

 58.74C
 T∞=36.214

 54.34C
 T∞=36.214

 

V3= 4m/s 45.14C
 T∞=34.838

 44.24C
 T∞=34.838

 47.74C
 T∞=34.838

 

V4= 6m/s 44.34C
 T∞=34.234

 46.34C
 T∞=34.234

 44.74C
 T∞=34.234

 

                                                                                                                                           

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table (5-2C) Base Temperature of 

Square Pin-Fin Heat Sink. 
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Fig.(5-2) Comparison of Relative Thermal Resistance 

vs. Air Velocity 
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Fig.(5-3) Temperature Rise vs. Heat Flux for Inlet 

Velocity (2) m/s. 

Fig.(5-4) Temperature Rise vs. Heat Flux for Inlet 

Velocity (3) m/s. 
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Fig.(5-5) Temperature Rise vs. Heat Flux for Inlet 

Velocity (4) m/s. 

Fig.(5-6) Temperature Rise vs. Heat Flux for Inlet 

Velocity (6) m/s. 
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Fig.(5-2) Local Heat Transfer Coefficient along Flow 

Direction for Velocity (2) m/s and Heat Flux (22) Watt. 

Fig.(5-0) Local Heat Transfer Coefficient along Flow 

Direction for Velocity (2) m/s and Heat Flux (32) Watt. 
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Fig.(5-12) Local Heat Transfer Coefficient along Flow 

Direction for Velocity (3) m/s and Heat Flux (22) Watt. 
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Fig.(5-11) Local Heat Transfer Coefficient along Flow 

Direction for Velocity (3) m/s and Heat Flux (32) Watt. 

Fig.(5-12) Local Heat Transfer Coefficient along Flow 

Direction for Velocity (3) m/s and Heat Flux (42) Watt. 
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Fig.(5-13) Local Heat Transfer Coefficient along Flow 

Direction for Velocity (4) m/s and Heat Flux (22) Watt. 

Fig.(5-14) Local Heat Transfer Coefficient along Flow 

Direction for Velocity (4) m/s and Heat Flux (32) Watt. 
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Fig.(5-15) Local Heat Transfer Coefficient along Flow 

Direction for Velocity (4) m/s and Heat Flux (42) Watt. 

Fig.(5-16) Local Heat Transfer Coefficient along Flow 

Direction for Velocity (6) m/s and Heat Flux (22) Watt. 
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Direction for Velocity (6) m/s and Heat Flux (32) Watt. 

Fig.(5-10) Local Heat Transfer Coefficient along Flow 

Direction for Velocity (6) m/s and Heat Flux (42) Watt. 
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Fig.(5-21) Reynolds Number vs. Nusselt Number For 

Heat Flux (22) Watt. 
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Fig.(5-22) Reynolds Number vs. Nusselt Number For 

Heat Flux (32) Watt.  
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Fig.(5-23) Reynolds Number vs. Nusselt Number For 

Heat Flux (42) Watt.  
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in The First Domain (a), Second Domain (b), and 
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Fig. (5-22) Velocity Contour Map for Longitudinal 

Fins in The First Domain (a), Second Domain (b), and 

Third Domain (c). 
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Fig. (5-35)  Velocity Contour Map for Cylindrical 

Pin-Fin in the First Domain (a), Second Domain 

(b), Third Domain (c). 
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Fig. (5-36) Velocity Contour Map for Square  Pin-

Fin in the First Domain (a), Second Domain (b), 

Third Domain (c). 
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Fig. (5-32) Velocity Contour Map for Longitudinal 

Fins in the First Domain (a), Second domain (b), 

Third Domain (c). 
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Fig. (5-30)  Velocity Resultant Contour Map for 

Cylindrical  Pin-Fin in The First Domain (a), Second 

Domain (b), Third Domain (c). 
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Fig. (5-39) Velocity Resultant Contour Map for 

Square Pin-Fin in The First Domain (a), Second 

Domain (b), Third Domain (c). 
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Fig. (5-42) Velocity Resultant Contour Map for 

Longitudinal Fins in the First Domain (a), Second 

Domain (b), Third Domain (c). 
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Fig. (5-41) Velocity Vectors Field for Cylindrical Pin-Fin Heat Sink. 

Fig. (5-42) Velocity Vectors Field for Square Pin-Fin Heat Sink. 
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Fig. (5-43) Velocity Vectors Field for Longitudinal Fin Heat Sink. 
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The following are conclusions drawn from the present investigation and 

suggestions for the future work are given. 

 

6.1 Conclusions 
 In the present study, a comparison of various heat sink geometries has been 

attempted in the heat transfer characteristics of heat sinks have been determined.  

 

1- The result show that longitudinal fin heat sink geometry perform better that 

cylindrical and square pin-fin heat sink geometries when its have the same area of 

conduction because that the longitudinal fin gives high expose area (large area of 

convection). 

2- The cylindrical pin-fin heat sink have highest relative thermal resistance 

than that longitudinal and square pin-fin, this means that cylindrical pin-fin have 

higher performance for the same area of convection. 

3- In fully ducted environment which minimizes by-pass, the flow will be 

early constant in the z-direction, distributed only at the base and end of the fins. 

4- The manufacturing process for longitudinal fin heat sink is easier and 

lower in cost than the manufacturing of staggered cylinder and square pin-fin. 

This is due to the fact that the manufacturing process occurs on the one part of 

material by making grooves on it with dimensions that we need. But for 

staggered cylinder and square pin-fin the manufacturing process occurs on  

higher than one part of materials. The base of heat sink is manufactured alone and 
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each pin is also manufactured alone. This increases the cost and time of 

processing also it increases the thermal resistance. 

5- The shape and arrangement of longitudinal fin heat sink gives more surface 

area than cylinder and square pin-fin heat sink for the same base plate 

dimensions. 

6- The result show that with increasing Reynolds Number the flow thermal 

saturation decreases. The air flow leaves the heat sink at lower exit temperature, 

still capable of heat removal. 

1- There are very high different for the air behavior between longitudinal fin 

and staggered pins. For longitudinal fin heat sink, maximum velocity occurs at 

the core center of heat sink while for staggered pins the maximum velocity occurs 

at the tow sides of the heat sink. 

1- The longitudinal fin heat sink offers ease of production assembly where 

misalignment of the heat sink with respect to the direction of air flow will not 

result in failure. 

9- Variation in overall thermal resistance in total area, therefore there are 

important difference between the heat transfer coefficients for longitudinal fin 

and pins. 

11-  The performed calculations also verify that the developed numerical 

yields like ANSYS Program sufficiently accurate results to be applicable.      

 

6-2 Suggestions For Future Work 

          As related to the present work, the following suggestions for future 

developments: 
 

1- Treating the problem as three dimensional problem, natural convection, 

however the gravity of air and mixed convection is significant and should be 

taken into account. 

2- Considering the time effect, the inclusion of the unsteady-state term in the 

governing equation should be considered. 
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3- Study the same problem experimental and numerically for the condition of 

impingement of flow. 

4- Studying the difference between staggered and in-line pin-fin heat sinks. 

5- Study the optimization of fin spacing and gaps between heat sinks to 

maximize heat transfer from an array of heat sinks. 
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