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Abstract

reat sinks are widely used in various industrial applications to cool electronics and
automotive components like diodes, IGBTs, CPU, power LED and engine etc. The
‘ncreasing heat output of modern electronic devices requires good heat sink. If heat is
not dissipated rapidly to its surrounding, this may results into rise in temperature of
the system components. This high temperature leads to the system failure. The
zenerated heat within the system must be rejected to its surrounding to maintain the
"vstem at recommended temperature for its efficient working. It is necessary to
mprove the performance of heat sink to avoid system failures. The performance of

1eat sink depends on geometric parameters such as, fin height and fin spacing and

nase to ambient temperature difference.

“resent study deals with heat transfer enhancement by varying the geometrical
parameters under the steady-state natural convection, mixed convection for vertical
‘ectangular plate heat sink on a vertical base. The effects of various geometric
~arameters on the heat transfer rate of plate heat sink were determined. It is observed
‘hat effect of fin spacing on heat transfer rate was more dominant than other
zcometrical parameters. The effects of orientation of inclination on plate heat sinks
vere also studied. It is observed that natural convection heat transfer rate was more at
vertically oriented heat sink than horizontal orientation. CFD simulation is used to

inderstand the airflow structure through vertical and inclined plate heat sink.

—

's apparent from experimental results that optimum fin spacing of heat sink lies
etween 7 mm to 9.5-mm. Optimization of fin spacing was carried out for improved
'eat transfer rate using response surface optimizer. The optimum spacing obtained

Tom RSM is close as that of experimental result

-0 validate experimental results, response surface methodology (RSM) is used for
-ormulating the mathematical models of convective heat transfer rate and temperature
“iiierence for heat sink. Result shows that models are true and accurate. In addition to
=>ML artificial neural network (ANN) analysis is also carried out to validate the

model developed. RSM and ANN results are in better agreement.




Acknowledgement ...........ooeueiunieioeecee e 11
OIRRINES o oa i smmms sy e i K 0 S S ES et o 111
LASE OF TN s vsosinicnssnsiiuiisHiRTis s asssse soremenmmem e ————— S eSS AR S et Vv
FAOUREE (RO orcmvorensonimeom vt ARG o e e e V111
NOMIENCIAMITE .1:cs10sesusassasesnasensnsmensassnssssnsnssssusasnsistasasensssassbissesstonsssenmsmnmmnnnenne e 1X
LISE OF ADDIEVIALIONS ........oucvucerceeeseresaessecsseeeeessessssssseessessses s X1
LISE OF PUNNTICRIIONS oo ccasasisssinsossiiains sonssanssasrmssmmeasesros e e smme e sss esbes s s e X11
CH;&PTER 01- INTRODUCTION L AR AT R N RN TR Y A X RN PEdEAaEERS LA A ER R Y ll‘l.‘liilllllllIiililillllll-llii lll
L,L  IIOCREIPOENE cuncsssacicssssiosonss iniiasiisiins sk mmse ees mmmremensere smremmes e et e i 1.1
.2 Heat Transfer Enhancement Techmique ..o 1.1
1.3 Natural Convection over Surfaces..........oooovoovooooooo 1.2
1.4 Natural Convection for Finned Surface .......oooooooovo 1.3
1.5 Assisting Flow Mixed Convection.............coooovvvooo 1.4
1.6 Heat Sink Applications ..............cc.eeuveeemuevremsemoosoooooooooooooooe 1.5
1.7 Problem Statement ...............o.cevueueeeeommeeresreeoseooooooooooo 1.6
1.8 Objectives of the Study ...........co.ooeeveeereeoooooooo 1.7
1.9 Organization of the ThesiS...............ocooeoomeooooo 1.7
I: H‘APTER O2i LITERATURE REVIEW L AR SRR R DY FFrERAGREES A R R R AN Y] 'illillll'lll-llllllﬁ llllll A XY ] 2'1
=1 INtrOdUCHION..........cevuiietceeeeeeeeee e 2.1
-2 Vertical and Inclined Flat Plates ...........oocovoovooooo 2.1
2.3 Vertical and Horizontal Plate Heat IR e i B o e e 2.3
-+ Inclined Plate Heat Sink..............ccooomvmveemeooooo 2.17
R L ———— 2.18
-6 Concluding Remark eeereeeeaereeee e et e nreeetsasantanrensersessssnnennnnnsnnnnsesserenenes 2. 1O

-HAPTER 03. EXPERIMENTAL METHODOLOGY SUSPROTI—————.. 1 |

-

L R —— 3.1

22 Experimental Setup.........c..vuveeeeeeeeeeeeeeeoeoooo 3.1

111




3.3 Calibration of Experimental Set-up ..........cooooovvvooooo 3.5

3.4 Testing Procedure of Heat SinK ........oooooovvooovooo 2.11]
3.5 Experimental Procedure.............oooooeeoeooooo 312
CHAPTER 04. MATHEMATICAL MODELING AND OPTIMIZATION ... 4.1
1 INtrOAUCHION. ...t 4.1
4.2 Response Surface Methodology ...........oovveeoooooo 4.1
4.3 Mathematical Modeling...........c.ccoovevemeeooeoooo . 4.1
34 ANOVA TESE ..t 4.2
4.5 Regression Equations for Vertical Plate Heat Sink .....o.ovovovovoo 4.2
+.6  Regression Equations for Inclined Plate Heat Sink .....ooovooeo 4.5
4.7 Regression Equations for Mixed Convection Heat Sink ..o 4.6
4.8 Artificial Neural Network ..........c.cooooeoeovooooooo 4.8
+.9 OpUMIZALION ...ovovveeereeeeeeeeee oo 4.21
CHAPTER 05. RESULTS AND DISCUSSIONS S S—————erl . B |
3.1 INtrOdUCHON. ....c.veveieceeeee e 5.1
5.2 Vertical Plate Heat SInK .............ooovuoeeoovoooooooooo 5.2
5.3 Inclined Plate Hent Sink...... .o s 5.6
D4  MIXCd CONVBOLON. .....cuumisunisrisssssssionsensosnensasemmosssomessses essmas ssssessee . 5.10
5.5 Computational Fluid Dynamics .........oooovoveoooooooo 5.12
3.6 Simulation ReSultS ............ooeveeeeeeeeeeeeeeeeoeoeoeoooooo J5.16
>.7 Validation of RSM and ANN ReSults ..........ocoovovo 5.18
- HAPTER 06.CONCLUSIONS.......coocueeeireeeeeseeesesessssesssssssesessss e 6.1
“EFERENCES

ippendix A Sample Calculations
ippendix B Observation Tables

sppendix C ANN Plots and Error Tables

ippendix D CFD Images

1V




Nomenclature

— e e —_— ——e

- —

Svmbols List of Symbols
AS Surface area, m*
h Convection heat transfer coefficient, W/m?°C

g G

. : .
ravitational acceleration, m/s

e ————

7 Angle of Inclination from vertical.®
I i ———
H Fin height, mm
' J___.___-____'_'_ - = —— : .____+
K Thermal conductivity, W/m°C

B e

L Fin length, mm

Volumetric thermal expansion coefficient, 1/K

ﬁ —

—_— —_

— e -

= —_—

3T Grashof number

—_—

<=2 | Rayleigh number

E—

\u Nusselt number

— — e — — e - —

Prandult Number

Richardson Number

Reynold number

_—

Number of fins

oe

i

- e — — A

Fin spacing, mm
-t B -
F1n thickness, mm

B

ase plate width, mm

—_—

A T )
Alr kinematic viscosity, m?*/sec

B e SR —

. ' ) - - 2 - - . - - S— - - ——__I1
I hermal diffusivity, m~/sec
Emissivity

—_— —_ — e — —_ m—

—_— — = % — ﬁ — — ﬁ

Stefan-Boltzmann constant, W/m?K*

P —
Ambien

t air temperature, °C

—_— - — —_— —

Average base temperature, °C

e — —

_ ——

3ase-to-ambient temperature difference, °C

R —

— — — e

1X




— — — e — —— — e —

T'¢ Film temperature. }( - o
- I - g — — . R - — - — SRS |
Q Heat input to the heater, W
o emen et e 3 etk i 2]
Qc Convection heat transfer rate, W
Qr_ _Rac;liati:)n l:eat t-l-'ans-fer rate, _W - - -
Ap J Base pla;e al:ea, r;12 - -
V Velocity of air m/s )
V i V;)lta-ge ,,\-/olt _ o - _ -
1| Curent,Amp - ]




List of Abbreviations

Abbreviation

RSM

ANN

CFD

Nu McA

Nu ¢

Nu con

—_—

e

Description ]

Resp(;nsé Surface W&:_’[ho-clolog}7

Artificial Neural Network

Computational Fluid Dynamics

Mac Adams Correlation for Nusselt number

Churchill chu’s 1 corr-elat_ion_for- Nusselt Number

Churchill chu’s 2™ correlation for Nusselt Number

ANOVA

An;:llyéis of Variance

— — — —_ m— | — = —

X1




“ackground

—

ind digitalisation of the system results into compact and tiny components.

- £ g —

--u;*—ﬂ‘

-nermal management of the system. This has made the design of cooling

s used to absorb and dissipate the heat. Heat sinks are an extremely

-
- ' L

2s increase their overall thermal efficiency and performance. Most of

pe—1

—_— ame

== numbers of fins are protruding out of the surface. These fins produce

- 2rea. which enhances the cooling performance of the devices.

-

.

—

* Iransfer Enhancement Techniques

“eaied surfaces. It employ special surface geometries or fluid additives

) ;.lengmg.

“umize the fin spacings.

CHAPTER 1

INTRODUCTION

clectronics components, heat dissipation is one of the important
demands for improved cooling system designs. To maintain

n of these devices, it is necessary that heat should be removed in

aggressive competition has increased substantially

ing size of the components results into increased failure rate. In

- 2=vices, 1n order to increase the speed of the circuits, the circuit power has

T

2 which lead to the temperature rise. Increase in temperatures creates

t that can be used to lower the maximum temperature of electronic

metal devices, which consist of base as a flat surface. On top of this

most appropriate heat sink for a particular application is very
“2ough many design options are available. Plate heat sinks offer a low
operation. This study focuses on the performance of vertical and

=2t sink 1in natural convection and vertical heat sink under mixed

ancement techniques can be classified as either passive techniques

s. Passive techniques generally consist of modifying or adding

1.1

to provide
“esigned components in electrical and electronic applications. New




« transter enhancement i.e. no direct application of external power. Passive
“ioass include treated surfaces, rough surfaces, extended surfaces. and di splaced
-=ment devices, swirl flow devices, coil tubes, surface tension devices,

‘or liquid and additives for gases.

=chniques require external power such as electric or acoustic surface
“s. Active techniques include mechanical aids, surface vibrations, fluid

clectro or magnetic fields, injection on suction and jet impinges. The
-=aniques have not found commercial interest because of the capital and

"z cost of the enhancement devices and problems associated with vibrations or
- moise. [80]

“atural Convection over Surfaces
-omvection heat transfer on a surface depends on the geometry of the surface
== 1is orientation. It also depends on the variation of temperature on the
«22 the thermo physical properties of the fluid involved. Some analytical
-wi1st for natural convection, but such solutions lack generality since they are
- “or simple geometries under some simplifying assumptions. Therefore, with
i wton of some simple cases, heat transfer relations in natural convection are
© @xpenimental studies. Various correlations are developed for plates to show
* Setween non-dimensional number and heat transfer enhancement.
"W i empirical correlation for the average Nusselt number (Nu) in natural
: 2iven by following equation [81].
hLe

Nu === = C(GrL,Pr )*) = CRal" . (1.1

4

~ 2 = ihe Rayleigh number, which is the product of the Grashoff and Prandt]

W D5e values of the constants C and n depend on the geometry of the surface
A "=zime. which is characterized by the range of the Rayleigh number. The
S = usually for laminar flow and 1/3 for turbulent flow. The value of the
s normally less than 1.All fluid properties are to be evaluated at the mean

FA e S— - - -

“wture. When the average Nusselt number and the average convection
e | «nown, the rate of heat transfer by natural convection from a solid

T ¢ wwiom temperature [ to the surrounding fluid is expressed by Newton’s

i

1.2




Satural Convection for Finned Surfaces

s of various shapes, called heat sinks, are frequently used in the cooling
—nergy dissipated by these devices is transferred to the heat sinks by
» and from the heat sinks to the ambient air by natural or forced convection,

“2 on the power dissipation requirements. Natural convection is the preferred

wat transfer since it involves no moving parts, like the electronic

» themselves. However, in the natural convection mode. the components

-'ected heat sink may considerably lower the operation temperature of the

“s and thus reduce the risk of failure.

“vection from vertical finned surfaces of rectangular shape has been the
sumerous studies. Bar-Cohen and Rohsenow have compiled the available

arious boundary conditions and developed correlations for the Nusselt
“2 opumum spacing [81]. The characteristic length for vertical parallel
- =5 1ins is usually taken to be the spacing between adjacent fins S, although

=1 L could also be used. The Rayleigh number is expressed as [81]

BT e —T o)
Ras = SETe T=lx o, . (12)

| Cau

B(Ts—Toc)z? i |
Ral, = ESDETNE o o Ras® s F1)

Tt 53

“mended relation for the average Nusselt number for vertical isothermal

s 2
y E: o o .
(Ras §/L)% (Ras S/LY%5

.. (1.4)

[ 576 2 873 ]'9“5

“21 often arises in the selection of a heat sink is whether to select one with

.

== 1ins or widely spaced fins for a given base area. A heat sink with
- tins will have greater surface area for heat transfer but a smaller heat
“-ient because of the extra resistance of the additional fins introduce to
+20 the inter fin passages. A heat sink with widely spaced fins, on the

- have a higher heat transfer coefficient but a smaller surface area.
=< 1s need to find an optimum spacing that maximizes the natural

=2t transtfer from the heat sink for a given base area WxL. where W and




»1dth and length of the base of the heat sink, respectively, as shown in

(Julescent

air. 7

Figure 1.1 Vertical Plate Heat Sink [81]

=zt of the fin and t is the thickness of the fin. When the fins are essentially
:nd the fin thickness t 1s small relative to the fin spacing S, the optimum

ne tor a vertical heat sink is determined by Bar-Cohen and Rohsenow
s, 0.25

S'L) L

=2.714 .. (1.5)

Ral®<=

Sopt 2.?14(

Ras

wzat ranster by natural convection from the fins can be determined from
Qc =h(2nLH)(Ts - Tw) o ( 1.8)
> = 1) = W/S 1s the number of fins on the heat sink and Ts is the

moerature of the fins. All fluid properties are to be evaluated at the average

Lae = (Is+ Too)/2.

“Laed Convection

- flud tlow over heated surfaces, the buoyancy forces are, generally
won the tlow 1s horizontal. However, for vertical or inclined surfaces, the
s exert strong influence on the flow field. Hence, it is not possible to
"¢t of buoyancy forces for vertical or inclined surfaces and heat sink. In
=. both modes have a contribution in cooling. Rectangular heat sinks

norease the heat dissipation rates from systems, because such fins are

1.4




ure ~%z2p and easy to manufacture. The buoyancy forces do have significance
7 the tlow and consequently on the heat transfer rate in such cases the flow

%= 2ody 1s mixture of free and forced convection. Such flows are referred to as
T wvecton, which 1s normally associated with low velocities. Since the
- neat ransfer coefficient is a strong function of the Reynolds number (Re)
m - coovecuon and Grashof number (Gr) in natural convection. The parameter
wwesents the importance of natural convection relative to forced convection.

i wvection is negligible when Gr/Re” < 0.1, forced convection is negligible
“=" > 10. and neither is negligible when 0.1 < Gr/Re” > 10. The ratio Gr/Re’

<ichardson number (Ri), which gives a quantitative indication of the

WS o buovancey on forced convection [81].
-+ ezt Sink Applications

ziectronic devices 1s directly related to its operating temperature. The
S s of thermal management system in electrical and electronic devices is
T “ecause of their low cost, durability and reliability, it is a popular cooling
¢ smmoning deviee 1n this industry. Heat sink finds wide applications for low to
W eer clectronic components in computers, telecommunications devices and
- w=vices. The devices like DC converters, Power modules, IGBTS, Relays,
S = and power handling semiconductors are examples of electrical
Ll © mzod a heat sink to reduce their temperature through increased thermal
SRS e Gissipation. Electronic components such as diodes, transistors etc. are
o » tinned surfaces for the dissipation of heat. Heat sink find wide

wot only 1n electronic industries but also in applications such as tubes of

-nangers e.g. radiator of cooling system, condensers tubes of domestic

il wercooler of air compressors, heat boiler waste, nuclear fuel model and

: head and cylinder of air-cooled engines and compressors are

1.5




Figure 1.3 Heat Sink — Elect. Motor

<ticr heat dissipation. Figure 1.3 shows the application of rectangular

w2t sink for the dissipation of heat from electric motor in natural

Figure.1.4 Heat Sinks of Air Cooled Engine

= “nows application of plate fin heat sink for cooling of internal combustion

swwanted heat generated during combustion is dissipated through the

“muolem Statement

——

- - ciectronic and electrical components become compact and small. The

© flow on these devices and heat transfer rate per unit area increases

=

e large components. Therefore there is need to study such small

= - -

aeat sink. Generally, the plate fin heat sink is placed either vertical or

1.6




W i Zssipation of heat. From certain study observations, if heat sink is
SIS s e tuovancy force act normal to the flow direction of the components,

-

VoI e performance of heat sink. Therefore, it is necessary to study the

L - ozat sink when angle of inclination is change. Heat sinks used in

S w2 fan will produce a more thermally efficient system but sudden
it W “zose 10 failure of system. In such situation, it is necessary to study of
nezt sink under mixed convection mode of heat transfer. Effect of
WIS memmmeters such as fin height, fin spacing and base to ambient temperature

SR Gl oot of angle of inclination on the performance of heat sink are

U R : = LN

“oectives of the Study

" mmestzates the thermal performance of plate fin heat sink for different

| "L ;

wum werucal to horizontal in natural convection and the effect of mixed
s rcal plate fin heat sink. The prime objectives of the study are,

< crucal plate heat sink with different configurations.
inz'¢ of inclination on convective heat transfer rate.
il ~umum fin spacing of plate heat sink.
« pattern of plate heat sink for different inclinations.

muixed convective heat transfer from plate heat sink for vertical

wremzztion of Thesis

i wmameed and organized as follows,

W mmendes general background of different types of heat sink. Convective
S8 mamster from vertical surfaces and inclined plate fin heat sink various

o2t sink and objectives of the work. Particular attention is given on the

s et sinx for wide range of electrical and electronic cooling.

)




SRR L sanorates the previous research studies related to the present work. It consists

nzat transfer from flat plates and vertical and inclined heat sink under

AL

S

PO

=ves detail of the experimental methodology for vertical orientation,

e “wiztion and assisting flow mixed convection. This chapter also provides

T

=xperimental setup and details of the instrumentation required for

—

= -r*

e - ez s owith the mathematical modelling and optimization methods for the

e

e of fin spacing.

Pl =sirate the results and findings of the experimental work and CFD

T ~“=ct ol various parameters on the geometry of heat sink is analysed.

-.'- L.' - ———— C— - l—

anses the conclusions of the experimental and statistical Investigations.

i . == are made for future research in this area.

g wowes the sample calculations.

SRR T oees the detail of the observation tables.
e wwmsist of ANN graphs and error tables.
foveerr smmezmns CFD images.

1.8




CHAPTER 2
LITERATURE SURVEY

= mave worked on fin geometry to improve the heat transfer. Still
we meeced in order to understand the complete behavior of geometry
=“zct on heat transfer and fluid flow application. In this chapter, a

= ated research made with different geometry of heat sink is

mome the literature found, area could be 1dentified which are related to

Iy

w2 z2nd Inchined Flat Plate

so-=2 natural convective heat transfers from flat plates. Patrick H.
wne T Paul [1]. studied natural convective heat transfer from narrow
wch have a uniform surface heat flux. With a narrow plate, the heat

»= Zependent on the flow near the vertical edges of the plate. The
w odze effects depends on the conditions existing near the edges of the
wemerically investigated the effect of the edge condition on the heat
revealed that the dimensionless plate width has to have a

»o2 on the mean Nusselt number for natural convective heat transfer.

= increase with decreasing dimensionless plate width and decreasing
wwer Empirical equations for the mean heat transfer rate from narrow
“erived from the numerical results. The protrusion of the heated

o~ ace tends to increase the Nusselt number, this effect increasing with

™

“ux Ravleigh number.

= heat transfer from flat narrow plates and short cylinders inclined at
-ruical in laminar and transition flow regions with 1sothermal or
~onditions have been numerically and experimentally studied by

s = Oosthuizen [2]. When the narrow plate was inclined to the vertical,
wnees normal to the plate surface arise and these pressure changes can alter
we e magnitude of the edge effects. When two narrow inclined

» 225 of the same size separated vertically or horizontally, the flow

o
e




=on these heated plates can have a significant effect on the heat

20 01 the plate has a considerable effect on the heat transfer rate.

- -

"2 5] conducted experiments for different Prandtl numbers and for
-overing laminar, transition and turbulent regions of flow. Different

—

=rical and inclined flat plate was developed to calculate the Nusselt

zssan and Salah A. Mohamed [4] determined local heat transfer

¢ Soclter-Schmidt flux meter for a flat plate in natural convection.

- =

- - - TI1 T T

Zifferent plate inclinations was carried out. The result shows that

* “asss place along trailing part at positive inclination angles.

»¢ the first who presented experimental local heat transfer results

2on over constant heat flux inclined surfaces using water and air as
“%e data was for Rayleigh numbers from 107 to 10'® and inclination
=zl 10 30" from the horizontal, and included results for laminar,
@ teroulent flow regions. The effect of the leading, trailing and sides
iz on the local heat transfer and flow regions was not investigated as

e

== #mached to each side of the heated plate.

© 6] examined the effects of backward-facing and forward-facing
* matural convection along a vertical heated flat plate experimentally .
as carried out for a step height of 22 mm and a temperature

==n the heated walls and the free stream of 30°C. The results reveal

_ e

@ Nusselt number occurs near the reattachment region. It was

==y
ais = -
-

eri-facing step, than that of the flat plate value at similar flow and

- - —— =
— =

rmination of the turbulence onset in natural convection on heated

U

© an air environment has been experimentally studied by A.

zmo et al. [7] considered the onset of turbulence has been to take
v fluctuations start to grow. Experiments have shown that the

—_—

1y on the Grashof number defined in terms of the temperature

2.l




Mt =on the heated plate and the surrounding air. A correlation between

.1 25001 and Reynolds numbers has been obtained, fitting quite well the

LR
- 1ml-l

—

~ . = Premachandran [8] studied an experimental and semi-experimental

il ‘=ady laminar natural convection and surface radiation between three

o.ates. viz.. a central hot plate coated with blackboard paint and two

~zies that were polished, symmetrically spaced on each side, with air

wmz medium. The experiments were done for six-plate spacings ranging

- T =

“——- mm and for an order of magnitude range of wall-to-ambient

~“orence. The analysis brings out the significance of radiation heat
T =wem at low temperatures of 310 K. The average convective Nusselt
wme from the experimental and semi-experimental investigation taking

s 2 vanauon of temperature along the plate and under the isothermal

s that the 1sothermal approximation itself was adequate. A

LT ne average convective Nusselt number in terms of Grashof number

Ut w0 was developed.

ezl and Horizontal Plate Heat Sink

L “wom heat transter from different types of heat sinks has been
L e Lierature both theoretically and experimentally. The selection of a
T, “s depends on the required thermal performance and application

my “iire. the most common studied heat sink was the rectangular plate fin

AT

w7 investigated the distinct role and performance of fin spacing,

T -

I se-i-ambient temperature difference under free convection from

—

----- L - meciangular fins. It was found that fin height has strong effect on

‘I-' - r —

ance and for a specific height, there was optimum fin spacing, which

e =moerature difference.

- -
k = - il - — -
; i s |

_____ the effects of a wide range of geometrical parameters like

weznt. fin length and temperature difference between fin and

Bl ne “cat ranster from horizontal fin arrays. They concluded that since

D
2




s wiace more dominant single chimney flow, the overall value for the heat

0 wowent reduces with fin length.

W s semo (11 developed a correlation for optimum fin spacing, which will
S neat transfer rate. For this purpose experimental data from previously
“mmenmcs for heat dissipation from five aluminum, horizontally oriented fin

ool Eifect of fin length and fin spacing was investigated. Two sets of
L = Ceveloped to predict effect of these geometrical parameters on

ez v manster. Results of mathematical modeling showed that fin length and

B o smaecing were main parameters, which affected convective heat transfer
)

- ©. >:h-Pin Liaw and Ming Chang [12] analyzed the effect of optimum
g notudinal fin arrays in force convection. Four different fins array was

woiuded that the optimum aspect ratio as well as spacing was the
canzular fin and smallest for concave-parabolic profile fin. The

W ezt duty was largest for concave-parabolic fin array and was smallest

2

= — e T r
. 1\
— . . = sl -

L > Wang, W.Q. Tao [13], conducted a numerical study to investigate
T wwecuon heat transter around a uniformly heated thin plate with
@ e meson They found that for inclination angle less than 10°, the flow and
gL wrzcienistics were complicated and the average Nusselt number cannot

2= equation while for inclination angle greater than 10" the average
snwer can be correlated. They also found that for inclination angle less than

it © matural convection heat transfer was very different for the upper and

.arasimham.et al.[14], developed mathematical formulation of
“wom neat and mass transfer over a shrouded vertical fin array . The base
S mmmimoned at a temperature below the dew point of the surrounding moist

ccurs condensation of moisture on the base plate, while the fins may

- v wet. [he result shows that beyond a certain stream wise distance,

wr Zoes not improve the sensible and latent heat transfer performance.

2.4




© = zmaivsis used under moisture condensation conditions, the overall heat

- e underestimated by about 50% even at low buoyancy ratios.

~ “mam. Premachandranset al. [15], did an experimental and investigation of
S mimar natural convection and surface radiation between three parallel vertical
it sz vsis brings out the significance of radiation heat transfer rate even at
i

—— — - __*""'ﬁ
ssof 310K
- — s 0 N e L]

1uncu [16] studied the effects of fin spacing, fin height and fin length
mamucs were 1nvestigated. Two different types of buoyancy flow were
= which were up and down type flow and single chimney type flow. The

notn rzuo of the fin was found important for affecting the flow pattern.

~==mana [17] investigated heat dissipation from miniaturized vertical
» erravs. Experiment was conducted under steady state heat on 10 sets of

-ngth was considered 25 mm and 49 mm that was very less as

T

on lengths from literature. It was observed that convective heat

©7zcted due to variation in fin spacing. Optimum fin spacing was
=m. [t was also concluded that effect of the parameter W/L on heat

as relatively less for the vertically base array.

b —wperimentally investigated the natural convection heat transfer and
weractenistcs 1n horizontal and vertical narrow enclosures with heated
B Tmmec base plate at a wide range of Rayleigh number for different fin
o= engths. It was found that increasing Ra increases Nusselt number
e ' etiectiveness.Nusselt number and finned surface effectiveness
secreasing S/H until S/H reaches a certain value beyond which the

= znc hinned surface effectiveness start to decrease with further

~wssed air-cooling characteristics of a uniform square modules array
< heat sink. For this purpose various square modules array were
wwestigated. The results indicated that the average heat transfer
S e mereased with increasing the modules array temperature, but the

-

cmeticantly higher with increasing the flowing air velocities. The

2.




L madiic 1o channel height ratio seems to increase the average heat

o = =

i | -U] studied natural convection from an array of horizontal

AL == with short lengths attached on a horizontal base plate. The three

woo governing equations of laminar flow and heat transfer were

“—

e e voiume scheme. They found that, the fin spacing S = 7 mm for fin
! - —= @ives higher heat transfer rate. For the fin arrays with H/L >
ams . air can only enters into the channel from the fin end regions.
e =w vaives of H/L < 0.24 and higher values of S/L > 0.2, air can also
i wene! from the middle parts between fins. Natural convection heat
ncreases with increasing temperature differences and fin spacing

g » ©in length. The fin thickness and fin height does not affect the

1 “ios ezt transter coefficient considerably.

S _ mcu [21] performed experiments over thirty different fin

>0 mm and 340 mm fin length. Optimum fin spacing of

Mo “mzoar nins on vertical base was examined. The range of base-to-
W emre was kept quiet wide from 30°C to 150°C for fin height and fin

Ve ek - mm and 4.5 to 85.5 mm, respectively. It was found that optimum

S s for each fin height, which was between 6.1 and 11.9 mm. They
om0 evaluate the optimum fin spacing value and corresponding
wmsier rate at given fin length and base-to-ambient temperature

“ucz base fin array. They concluded that the larger fin height results

- neat transfer from fin array but for low base-to-ambient

B =moe. 1t was nsignificant.
= Zoveloped to investigate optimum fin spacing of vertically based
L wmees by Burak Yazicioglu and Hafit Yiincii [22]. The fin length range

fitur w w0 200 mm., the fin height from 5 mm to 90 mm, the fin thickness
i . the width of rectangular base plate from 180 mm to 250 mm.
i ¢ ciness was from 1 mm to 19 mm, the fin spacing from 3 mm to
o wrznt from S mm to 90 mm, the width of base plate from 180 mm to

Tl relative improvements in convection heat transfer rates from
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woml Tin arrays for fin heights of 5, 15 and 25 mm were 37.44 %, 39.01
wspectuively. They concluded that the convection heat transfer rate
wwwses as fin spacing decreases, attains a maximum and then starts to

w Turther decrease in the fin spacing.

o recuction of the base-plate dimensions as on the steady-state
we rate of natural convection heat transfer was investigated by Filino

_~  Thev found that a reduction in the base-plate were by 74 percent
avection coefficient by 1.5 times to 26.0 Wm™ K™ for single fin

~es to 18W m™ K for fin arrays. It was found that increasing the
suoing the base-plate area through reducing L under conditions of
ans n. has the effect of increasing the average natural convection

 wmzvs. They suggested that the fin length L and the number of fins »

B i 3 iTiﬁb]ES.

w2t al. [24] have done investigation for external natural convection
= verucally mounted twelve rectangular interrupted fin arrays. The
we nierrupted fins not only reduces weight of heat sink but also

e periormance. The optimum interruption length for maximum fin

eset the thermal boundary layer associated with the fin in order

e fesisiance.

o Cheng et al. [25] studied the heat-transfer characteristics of 128

= neat sinks used 1n a supercomputer chassis with CFD simulation.

wns in thickness were the two most important parameters of the
:7zct the heat-transfer characteristics of heat sink greatly. They
-cuive heat-transfer coefficient was sensitive to fin pitch and fin
moereC with conductive thermal resistance, convective thermal
=« was a dominant factor affecting the heat transfer of heat sink.

“om weazs applicable to estimate the Biot number of large-scale plate-fin
-mterion was not applicable for small-sized plate-fin heat sink,

w2n 3 mm. The optimal fin pitch was observed as 1.2-2 mm.
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@ ©.5 Das [26] performed an analytical study to investigate performance
T Cesign analysis of four fin array types. In this regard, longitudinal
= array. annular rectangular fin array, longitudinal trapezoidal fin array

« wapezowdal fin array under convective cooling conditions were
nsiderable effect of the conduction through the supporting structure

=-ton from the interfin spacing was observed. A method was also
simizing the fin dimensions when the total fin volume and the

JDmE wWere given.

@m0 [ 27] analyzed the problem of the optimum thermal design of free
wvecton fin arrays composed of longitudinal fins with constant
“ifierent cases were considered, the minimization of the weight for a
02 the maximization of the heat flow for a given weight. They have

. 8¢ convective heat transfer coefficient depends on the dimensions of

7acing. both in natural and in forced convection. The available heat

s for open array compared to closed array. The fin efficiency was

=< array and 40% for the open array respectively.

sz Ling [28] designed a novel and high efficient diffusion welded
“iztor (HEPR) for electronic cooling. They experimentally investigated
o< parameters on thermal performance of HFPR: the working fluid
scuum degrees and the airflow velocities .A series of tests were

e Zisulled water and ethanol as working fluids, to find the influence of
“iimeters on steady-state heat transfer characteristics of HFPR. T'hey have

=2 ratio and vacuum degree had a significant influence on thermal

" - — —

w2 Dawel Liu [29] analytically and numerically determined the
"¢ o0 verucal rectangular fin arrays in natural convection for maximum
&= found that, the optimal plate-to-plate spacing was 4/3 of velocity
wosness. In a fixed two-dimensional volume, the shorter length of

el 10 enhance heat transfer.
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W = welra) [30] carried out the modeling and simulation of parallel
=sinz computational fluid dynamics package. They have observed
@nce of heat sink depend on various geometric parameters such as
= length, fin height, and base height. The DOE methodology was
= opumum parameter of the heat sink. The result shows that, 20
2 2Umm fin height and 7.5mm base height gives lower thermal

“i&ner heat transfer compared to all other geometries.

= 2L [51] suggested the correlation for estimating the fin Nusselt
-onvective heat sinks with vertically oriented plate-fins. The
~wizztions were performed for various channel widths, heights and
wumernical simulation was conducted to verify experimental results

c ©'uid flow and heat transfer characteristics of a natural convective
oserved that, the optimal channel width was independent of the
sependent of the heat sink length, the difference between the heat

wmient temperatures, and fluid property.

crasanna Devi, et al. [32] presented an approach for the
mizzaton of the flat plate heat sink using Taguchi design of
=3 relational analysis. Firstly, heat sink modeled using an soft
mucture Simulator (HFSS) software version 12 and the value of the

== obtamed from simulation. The experimental investigation was

wermental results were validated with the simulation model.

2 =xperiments was performed by using Minitab software. The
“zrec for optimization as length and width of the heat sink. fin
mamber of fins, and fin thickness. They also carried out, ANOVA

»= contribution and impact of each heat sink design factor towards
' the heat sink.

S sammad Mahdi Naserian, et al. [33] investigated the natural
@msicr coefficient on extended vertical base plates. The CFD
wmed out using fluent software. They have observed that the

rale from fin arrays depends on fin height, fin length, fin
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nase-to-ambient temperature difference. The convective heat transfer

T

we in arrays increases with fin height, fin length and base-to-ambient

1 H e I wiw] &
= - W = -

momacet al|34] studied the natural convection heat transfer from
~ » arravs on a vertical base. They have observed that, the average heat
e went decreased as the number of fins increased, since the flow rate of
=miening the spaces between the fins decreased and the air was heated

= account of the reduced space between fins. The increasing the

e = more than optimum number decreases natural convection heat transfer.

Rt . souHvung et al. [35] suggested the closed form correlations for
L wizzton of vertical plate-fin heat sinks under natural convection. In order
T =2 form correlations, the volume averaging approach was used to
W sounons for velocity and temperature distributions for the heat sinks
M sume -aspect-ratios. From the analytical solutions, explicit correlations
el o opumal fin thickness and optimal channel width, which minimize

WS e Tor ziven height, width, and length of heat sink.

B = 20 [36] analyzed natural convective heat transfer of nanocoated
gL wwmz laguchi method. Carbon nano tubes using PVD to enhance the
S e of fins coated the rectangular aluminum fins. The convective heat
z2d and non-coated surfaces were calculated and compared. The

B e e ranster characteristics were investigated using Nusselt, Grashof,
S ot numbers and also optimized by Taguchi method and ANOV A
wwectuve heat transfer and Nusselt number increases for coated

W e oe 1o considerable increase 1n surface area of carbon nano tube
“semmiore difference between coated surface and ambient temperature.

S memement 1n fin efficiency was 5 % for coated aluminum surface.

T “omo Ferraro, et al.[37] performed the theoretical and experimental
~« with vertical orientation in natural convection. The results

S mecoently compared with the heat sink properties provided by the

e ¢ waooes suggested by the manufacturer’s characteristic curve were




Jam 1hose recorded experimentally therefore it was necessary to

# WEL 50 as 1o avoid encountering overheating problems.

g . % presented the multi objective design optimization of a plate-fin
i e ‘=aching-learning based optimization algorithm. The entropy
S S s matenal cost with five constraints were taken to measure the

T 4= Beat sink. Number of fins, height of fins, spacing between two fins

& & velocaty were considered as the design variables. The dynamic heat

W erimmance of plate-fin heat sink was investigated using finite element

»> 12.1. The results obtained by using the TLBO algorithm were
* ©5¢ other optimization methods it was found that the TLBO algorithm

mpetiive to the other optimization algorithms.

“inz Suneet al. [39] experimentally and numerically studied the
=25 on the fluid flow and heat transfer of rectangular fin heat sinks
mvection. The performance was evaluated for different rectangular fin

=zt onentations. The results indicated that denser fin arrays were more

=wiztion. They proposed the Nusselt number correlations in a simple

-

"2 for various orientations and Rayleigh numbers. It was observed that

T “iponent m almost the same for 45, 135, 225° and 315° orientation.
* 2<tween the heat rejection area and natural convection flow and the

-onvection flow were the two dominant factors that deteriorate heat

= experimentally investigated the heat transfer and flow pattern
mzontal rectangular fin array under natural convection. TI'hey were

“oerature mapping and the prediction of the flow patterns over the fin

“e2< 1in spacing. The single chimney flow pattern was observed from &

% mecing. The average heat transfer coefficient was very small at 100 W
- @ [he h was very small (1.12-1.8 W/m” K) at 100 W for 24 mm fin

«=d fin array end condition. The central bottom portion of fin array

- contribute much in heat dissipation for S = 24 mm. The optimum

werved in the range of 8—10 mm. They also found that the average

W 2= 2 tunction of Grashof number and fin spacing to height ratio.
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R . - Papanicolaou, et al. [41] evaluated the performance of a novel
-sccuion plate-fin heat sink that employs rectangular channels of
M wioc diameter. It has been found that fluid friction in the third heat
scale dimensions accounts for approximately 95% of the overall

oo, which was found to be 1n the range 484-961 Pa.

o2 Yi-Jin Chen [42] employed the theoretical approach to

1gn parameters of an arrayed plate-fins heat sink based on

—

/)

N eaeate ae

L ——

' hev have studied geometric parameters such as the fin space,
fits. nen and fin thickness. The effect of radiation on heat transfers was
oy wzve observed that, increasing the dimensions of geometric |
e wes the heat dissipations up to critical value but when the fin space

e wzes 10 a critical value then the heat flow will start diminishing.

'

3] studied natural convection heat transfer from a finned
P wmemar and turbulent regimes. The computations were performed for
T woer 0w varving the fin-height-to-sphere-diameter ratio and the fin-
W ~ameter ratio. The numerically obtained Nusselt number for a simple
! soarel wath that of the previous correlations. It was found that the

. e height of the fins should be lowest for a sphere with non-

Wi —zxmum heat transfer and should be maximum for a sphere with

oy » mur~uient heat transfter.

am -— nvestigated the performance of rectangular fins on a vertical
n heat transfer. During experiments, the length, width and

» wrravs were kept fixed, but other parameters such as fin spacing

) :med. The effects of fin height, fin spacing and base-to-ambient
T woe on the heat transfer performance of fin arrays was observed for
e wocording to the experimental results,it was deduced that fin
. mportant parameter in the thermal performance of fin arrays
s o spacing can be found for every fin height, for a given base-to-
S Gitterence. This result revealed that optimum fin spacing

; man parameters, fin height and base-to-ambient temperature

D
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s concluded that for vertically based fin arrays, higher heat transfer

o = be achieved.

a_ e

- =3 have investigated natural convective heat transfer from annular

e 2 v tighteen sets of annular fin arrays were tested to observe their

SR setormances. The fin arrays were heated with several heat inputs and

B sesme and ambient temperature differences were recorded. Using the

i “mumons were subtracted from total heat dissipations to obtain essential
S maemsier rates. It was concluded that the convection heat transfer rate

e wmivs depends on fin diameter, fin spacing and base-to-ambient

©. =5 tested micro-fin geometry under natural convection. Copper
W o sonzontally oriented to determine effect of micro fin height and fin
e T saignt ranging from 0.25 to 1.0 mm and fin spacing from 0.5 to

e - ne highest value for convective heat transfer coefficient of was

. =<t oin height of 0.25 mm and spacing of 1.0 mm.

i = vere tested by S.S. Sane, et al.[47].They found 41.82%
e war Zissipation through notch fins. Fluent software was used for

bt . —»mamic analysis. Increase in height of fin, at air entry ends of fin

Pl - ncoctvity of fin material. Thus for an area compensated fin,

< ©. =% have studied combined convection and radiation analysis.
et « comcucted for horizontal fins over vertical base. Natural convection

MR s mmster from a vertical base and horizontal fins in a fin array was

. « oomserved that convective heat transfer rates from a fin array
s swmz of 1in length at all fin spacing
S o (491 studied the conjugated free convection heat transfer

Sy ¢ wertcal heat sink.The analysis 1s done using CFD for optimizing
Samciaced that an optimal spacing requires atrade off between the

i comvectuion and the heat transfer area available per unit length of

~J
S
I




“nx wall, which increases and decreases with increase in the fin spacing

pecuvely.

: Chiang et al.[50] analyze an effective procedure of response surface
=0logy (RSM) has been successfully developed finding the optimal values of
—~nz parameters of a pin-fin type heat sink. Various design parameters, such as
©70 and diameter of pin-fin and width of pitch between fins were explored by
wment. The thermal resistance and pressure drop were considered as the multiple
“ma performance characteristics. The results identify the significant influence

o minimize thermal resistance and pressure drop.

- songz Horng[51] An effective artificial neural network together witha genetic
7 have been demonstrated for predicting theoptimal thermal performance of

¢ =2ie-Iin heat sinks in a ducted flow under multi-constraints such as pressure
wass.and space limitations. A series of constrained optimal designs can be

+ performed. Comparisons of the optimal results between the artificial neural

- it genetic algorithm (ANN-GA) and the response surface methodology
“ucnnal quadratic programming (RSM-SQP) methods were made.

wer and McManus [52] investigate in detail the thermal performance of natural
7 heat sinks as a function of the geometry (spacing and height) and angle of
S s onentation. Four different fin array configurations with three base types

i honizontal, and 45°) were investigated and heat transfer coefficients were

~ e from experimental data, it was found that heat transfer rates for vertical
©em were generally lower than the values those of similarly spaced parallel
M +as concluded that fin height, fin spacing and base orientation have

w 2iiect on rate of heat transfer from fin arrays.

¢ @2 Wooldridge [53] summarize the experimental findings of natural
g * Trom a vertical rectangular fin array, which was almost isothermal. Results

& anster are found to lie between the heat transfer results of vertical plate
i sware ductinfinite parallel plate. The effect of boundary layer interference

W =7 heat transfer was observed for the case of closely spaced fins that
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=2 2ir motion over the fin surface. Maximum heat transport was found

mum Tin height to spacing ratio.

-

-

2= report experimental findings of the optimum fin spacing for

angear fins on a horizontal base undergoing natural convective heat

e

-2t transfer coefficient was determined by measuring temperature
@ wath the aid of interferometer. Average heat transfer coefficient of

== then determined by integrating the measured local heat coefficients.

-

=Ticients measured thus was solely due to convection component

“sZizuon component, 1f any. The fin spacing was turned out to be the

merameter, which affects the heat transfer performance.

anus [535] present experimental finding on the free convection heat

crucal fin array attached to a horizontal base. Two series of

-

- - —

smguiar Gin arrays having the same spacing and height were compared.
w2ving shorter fin length showed considerable higher average

woiemis. This indicates that the fin length was an important factor to

». the optimum fin spacing for the maximum rate of natural

-
- — -
-

inster from vertically placed fins in the laminar flow regime and

—o.auon which relates the ratio of average heat transfer coefficient

2 1o vertical heat transfer coefficient.

=stization on free convection from the vertical rectangular fins

1 honizontal as well as vertical rectangular base is extended by

ittt THh )

-cping base temperature constant. The effect of fin length on

=

= was reported. It was revealed that heat dissipation rate per unit
sszs wath the increase in fin length for both vertical and horizontal

sZtonally, the optimal fin spacing on horizontal base was found to

- oy i ¥ —: £ =5
-

wased fin length. All these consequences revealed that the effect

=2t ranster performance of fin arrays was significant.

- = 0 Frobert [58] have studied the effect of varying the fins’ length on

-
=

- 2z of heat loss from rectangular-based heat exchanger. The
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:s carned out with a base width of 190mm, a duralumin fin thickness
2 2 protrusion of 60mm. The optimal fins length, to achieve a maximum
ransfer under natural convection conditions. They concluded that the

"=ih system was preferred because the magnitude of (Q /WL) was then

“2s been made to study the detail flow and heat transfer mechanisms for
~z=mely an 1sothermal vertical fiat plate, a single fin attached to a heated
2s¢ and a fin array by C. B. Sobhan and Venkateshan.et al.
menially. They concluded that Maximum values of local heat fluxes were
- 2t a height of 20%- 30% from the fin base for both single fin and
wravs 1n all steady cases analyzed. An optimum fin spacing was noticed

==+ . which depends on the thermal conductivity of the fin material.

peoned Plate Heat Sink

rizsh [60] investigated steady state natural convection from heat sink of
== on a vertical base. The effects of geometric parameters and base-to-
moerature difference on the heat transfer performance of fin arrays were
‘e optimum fin separation values were determined. Thirty fin
vere tested. Two sets were prepared of fin length 250 mm and 340

»2 these fin length, width and thickness constant fin heights was varied

=m and 25 mm. Fin spacing was also varied from 5 mm to 85.5 mm.
== varied from 25 W to 125 W. It was observed that convective heat
“=ses as fin spacing increases, reaches to maximum at a certain fin
=rmed as optimum fin spacing and beyond that further increase in fin
Jecrease 1n heat transfer rate. In addition, it was found that the
~acing varied between 10 mm to 12 mm for a proposed range of fin

T

@2 height. A correlation for optimum fin spacing was proposed.

=250 [61] have tested heat sink for wide range of angle of inclination
w2 Zownward orientations. By modifying Grashof number with cosine
wm2ic. they suggest the modified correlation, which was best suited for
woc nterval of -60° < 0 < +80°. It was also observed that the flow

e 1in channels of the heat sink was an important phenomenon. For
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"z nclinations, they observed that the flow separation location plays an
150, they found that the optimum fin spacing does not significantly
nations suggesting the value as 11.75 mm. It was concluded that

~cuive heat transfer rate was obtained for vertical orientation.

w0l et al. [62] studied the heat transfer performance of perforated fin

-onvection by varying the diameter of perforation from 4-12 mm and

wation form 0-90°. They observed that, the temperature along the

==2ih was considerably less than that of solid fin. The perforated fins
ransfer rate than solid fins. The magnitude of heat transfer
2epends upon angle of orientation, diameter of perforations and
w2z heat transfer coefficient was increases with increase in angle of
ingle 1.e. vertical surface and horizontal fins, the resistance to the
more. so this obstruction can be reduced by increasing the inclination
207, At 90° angle, obstruction to the flow was very less. The
-nhances the heat dissipation rates and at the same time decreases

- Iin materials. The fins with 12 mm diameter of perforation g1ves

wier at an angle of 45°,

“ulied effect of inclination of base of heat sink on heat transfer.
+as conducted. Five different inclination angles 0°, 30°, 45°,
“=2 Fin length was kept at 153 mm, width at 100 mm. fin thickness
7. rin height was varied for 20 mm and 40 mm. Fin spacing was
=~ mm. It was observed that the convection heat transfer rates were
“=creasing from 30° to 45° and again increasing from 45° to 60°

wzuon for orientation of vertical base with vertical fins.

et Ceavection
W =2 heated flat plate in a wind tunnel to study mixed convection in
nward positions. It was found that the local heat transfer
o7 Zependent on the free stream velocity and the temperature
“ surface and the free stream. The buoyancy effect was more

wcaied plate facing upward. The points of onset of instability




sovancy effect were also examined and correlation was summarized

=2 2nd natural convection in terms of the dimensionless groups.

-~ .Incropera [65] investigated the effects of longitudinal fins on
mvection in airflow between parallel plates. Several aspects of mixed

- »e<n considered for these parallel plates experimentally for relative
- a range of fin spacing’s and Rayleigh numbers. It is observed that
“2 cxhibited lower Nusselt numbers than the corresponding unfinned

=1 was most pronounced for smaller fin heights.

.

w and the heat transfer process in a horizontal channel heated
«Zied experimentally by C.Gau,Y.C.Jeng et al.[66] The channel was
=wcal paralle] plates With one of the plates heated uniformly and the
nsulated. The gap between the parallel plates was small and the |
* the channel cross section was 6.67. Both flow visualization and
72 the heated wall were measured. The effect of the Reynolds

ancy parameter on the heat transfer was studied. A correlation of '

»= averaged Nusselt number in terms of the buoyancy parameter

merzmetric study was made by M.Dogan et al. [67] to investigate
. 1n height and magnitude of heat flux on mixed convection heat
@mouiar fin arrays heated from below in a horizontal channel. For
-2t transfer, the results obtained from experimental study show
pacing which yields the maximum heat transfer was S = 8-9

nzcing depends on the value of Ra.

nvestigated mixed convection heat transfer in a horizontal and
~2ct under bottom wall constant heat flux conditions has been
v, It was concluded that the flow acceleration and the

—znster enhancement increase with increase in the inclination

sxpenimentally studied combined free and forced convection

= 20t in laminar region. The importance of mixed convection is

2.18




2.ue of the Richardson number (Ri). It was observed that the mixed
=t transter was observed in the lower range of Reynolds number. It was
»= intluence of Richardson number (Ri) on the average Nusselt number

= promunent at low Reynolds number than that for higher Reynolds

L

1

wmaly et al. [70] described the local Nusselt numbers for mixed
on vertical, inclined, and horizontal flat plates are presented for the

“vection regime over a wide range of Prandtl numbers. Simple

e sustons provide local and average mixed convection. Nusselt numbers
" 7 W<l with the analytically predicted values for both buoyancy assisting
S o conditions. It was found that the buoyancy or forced flow effect

B e e surface heat transfer rate from pure forced or pure free convection by
oL 0. [71] found that as the fin length increases the effective thermal

T

“scs. which corresponds to an increasing performance. At air velocity

it ™ = 1he natural convection starts to dominate heat transfer mechanism.
e wwa performance of fin heat sink was improved when fin length was
| ~~ studied experimental study of heated horizontal rectangular fin
WS s and assisting mode of mixed convection. Mainly two type of flow

| w22 single chimney flow pattern and sliding chimney flow pattern

SIS e s than 6 mm or so. It was envisaged to use mixed convection in
“oie wo convert shiding chimney to single chimney flow pattern and take

#e= 2rea due to small S and favorable flow to augment heat dissipation

© &2y, An empirical equation has been developed to correlate the
namoer as a function of Re, Gr and S/H.

Swimgz Remark
R wnoar finned heat sink geometries were investigated, most of the

~ wmec ot for limited range of fin configurations. The main objective of

w=iormune the effects of geometric parameters and base-to-ambient

W Emce on the heat transfer rate and optimum spacing of the finned

ot lterature indicates that not much attention has been paid on
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st was effect of angle of inclination on the performance of heat
h mixed convection. This work gives novel way not addressed in
= 1he narrow plate heat sink. Correlation developed by different

S znt role in the development of heat transfer equation.




CHAPTER 3

EXPERIMENTAL METHODOLOGY

praduction
m »e industry. 1t 1S common practice to increase the heat transfer rate by

-_

surface area and varying the geometry of the heat sink. The main

= research 1s to perform experimentation to verify the effect of the
i merzmeters on heat transfer. This chapter deals with brief introduction of
w2 instruments used for the experimentation. It also gives information

L n of the set up.

rerimental Setup
w2 set-up primarily consists of enclosure, concrete block and control
ure 1s mounted on single shaft which has bearing at the support. At
i s snatl protractor is kept in-built so as to measure the inclination of the

wont surface of the frame is covered with acrylic sheet, which has

T wpiace heat sink. The test section was kept in controlled room to
i i convection over heat sink. A schematic view of the experimental set-
T ~oonvecuon and mixed convection are shown in figure 3.1(a) and 3.1(b)
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sz 5.1 (a) Experimental Setup for Natural Convection
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sre 2.1 (b) Experimental Setup for Mixed Convection

- muxed convection is same, which is used for natural convection
zn blower. Heat sink samples, concrete block. heater and control

are the important part of the experimental setup. Brief

mponents of the experimental setup are given below.

Ms Samples

=+ thermal conductivity (205W/mK), low cost, low weight, and
wence 1tis selected as material for heat sink. The plate heat sinks
“oons were manufactured on milling machine. The fins were
wme-piate. For all heat sink specifications, the base-plate thickness.
e width of the heat sink were kept constant at 5 mm, 2.5 mm

=+ 1he lengths of all heat sink were kept 200 mm.The samples

»x 15 shown in the figure 3.2.

..........
= A

~1gure 3.2 Heat Sink Samples
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we neat sink and the symbols used to denote the dimensions are

- Table 3.1 shows the specifications of heat sink used for the

Figure 3.3 Dimensions of Heat Sink

Table 3.1 Heat Sink Specifications

Fin
height
| H(mm)

Fin Fin
| thickness
t(mm)

Fin
spacing
S(mm)

75 | 25 | 5 | 55 9 |

73 25 | 5 1 |7

73 25 | 5 | 95 6

5 | 25 s | 135 | 5

75 25 5 |17 4

75 2.5 10 55 | 9

s | 25 [ w0 | 7 |7

75 | 25 10 9.5 6
5

75 2.

’a 2.5

10
10

135 |

A e MM S e S WS -~ W=

17

73 2.5

15

5.5

75 2.3

75 £ed

15
15

7
9.

~]| O |+~

B 6
s | 25 | 15 | 135 | 5
s | 25 | 15 | 17 | 4
73 25 [ 20 5.5 9
75 25 | 20 | 71 | 1
5 | 25 20 9.5 6 |
75 2.5 20 135 | 5
s |25 [ 20 [ 17 [ 4 ]
75 25 25 | 53 9
73 2.5 2 | 7 7
75 | 25 | 25 | 95 | 6
75 | 25 25 | 135 5
75 2.5 25 | 17 4
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e <ok
- mezzier plate 1s placed on the concrete block. The concrete block has

w=zier plate nto it. A unidirectional heat transfer takes place from

= concrete block has high insulation quality, high temperature

<= oe shaped easily for necessary processes .The concrete block,

shown 1n figure 3.4.

serwed Concrere Block

Heat Sonk

Loncrete Slock

~1zure 3.4 Concrete Block with Heat Sink

atrol Panel
»cat the heat sink samples. Heater wattage was adjusted by

= controlled by 480V, 5A; power supply. The mica plate heater

cx2! chromium ribbon wire wound around a mica sheet which

-

— - -

-

—
.

s of dimmer stat, voltmeter, ammeter, and multi point digital

% calibrated voltmeter and ammeter is used to measure the heat
wnzle phase-2 wire AC supply with input voltage range of 50-

s=ter 1s used to measure the current supply to the heater plate.

= paase-2 wire AC supply with input current range of 50mA-5A.

“antan) calibrated thermocouples were used to measure the

-

)T the heat sink. In order to perceive the variations along the

were mounted at five locations as shown in figure 3.5. The




= semperature was used for the analysis. To avoid disturbance of the

- were not measured at the fin tips. Since fin material (aluminum) has
e, wiacovity and fin heights are short, it was assumed that the
S me Te fin and at the fin tip did not vary significantly from the base-

" mimens temperature was noted. All the thermocouples were connected to

il [T Epemsture indicator.

=z 2.5 Locations of Thermocouples on Heat Sink

aptranon of Experimental Set—up

———— T e o,

- 1he convective heat transfer performance of plate under steady
= = heat losses from the experimental setup should be considered.
(T “pemimental set-up is carried out and the calibration method was

“rting experiments. The total heat, which occurs as a result of the

i =< heaters. 1s dissipated from the surfaces of the test unit by
= 1he surroundings by natural convection and radiation. Since the
S eoients can not be determined by the current experimental method.
o i © o7 15¢ convection heat transfer rate from the plate is not possible.
S wmtng total heat transfer rate, the radiation contribution should be

= - -

© the set-up, the heat transfer rate from the heated base-plate

=2 The experimental set-up and procedure adopted during

3.




Fitted Line Plot
Qout/Q = 0.6460 - 0.02374 (T1-Ta)/Q

e s PRI Se— -

: b 0.0015635 |
- R-5q 99.2% |
- R-Sq(adj) 98.9% |
.
T @
-
33 Ko e e
(T1-Ta)/Q

Figure 3.7 Calibration curve

e =wcent of the data was determined as 99.2%.Using this plot, the
B was obtained as,
= s IW=Ta -~
B 2374 ot & B
- (3.3)

i oy =50 1s dimensionless and 0.02374 has unit, W/K.

e of Calibration Method

o< validity of the used calibration equations and method, a set

i = conducted on a vertical plate. Using the experimental results,
e Deoretcally estimated Nusselt numbers were compared for
Wi wwer mputs were supplied to the vertical plates. Under steady-state

o - piate temperatures 1w, the ambient temperatures Ta and the

A “= mzzsured. The measurement results and sample calculations are
SR . e total heat transfer rate from vertical plate was calculated by
S esred data into eq.3.3.Then, the radiation heat transfer rate from
T Tated by assuming the environment as a blackbody at ambient

F ... (3.4)

3.8




—_TLiL D

scuve heat transfer rate was calculated as.

_;__-} 0) _-“._]--fQO_) rad

s {35 3)
Sen sumber was defined as,
_ 8xXBxLc*%X(Tw—Ta)
. — sox kacka)

.ru ‘—-"‘*:

. -

mansier coefficient based on the surface area of the vertical plate was

— Q¢

ﬁ

rPr—— .. (3.7)

S mamoers were also evaluated from the definitions as,

.. (3.8)

% <. 1hc length of the vertical plate is the characteristic length. The thermo

-

‘periies necessary to evaluate Rayleigh and Nusselt numbers were taken at

T'w+Ta

aue - mpcrature, Tr o >

. - [ . il
=T ining
—

experimental Nusselt numbers, several correlations from literature

- “0 evaluate and compare the Nusselt numbers.
s s correlation

> 4
0 L:SL.IU.ZS

... (3.9)

- @22 Chu's first correlation (For laminar and turbulent flows)

2
L 0.387xRal/6

- - —— R —————————

r ... (3.10)
Il+(0.492)9/1618/27

Pr

fi g =2 Chu's Second correlation (For laminar flow only)

0.67xRal/4

- - — "-—h

r:_(’04492)9{16]4/9 (3*1 1)

\ Pr
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- Ra Nuplate Nu ¢y | Nu ccpy
31429492 41.3 44.18 | 43.37 39.15
) 45396671 47.8 48.19 48.01 42.64
- - |
33374732 50.1 50.43 50.62 44 .58
L = : T )
- 38069921 52.8 50.82 51.89 45.50
| . : ﬁ
29953266 371 51.46 52.37 l 45.86
- w,-_-_—a_f;ﬁm”/:./'._i} |
; — - X
*— Expt
—8— Mcadam |
Chu |
¥—Chu | ‘
s W . % D
R _a-"rb‘ \-?) "‘r\' éOq/ ‘
...:"t r);\ Qfo c;')
— (,?) (,;b (,)q l

- - —

«mson of Experimental and Theoretical Dimensionless Numbers

“¥2 15 1n a good agreement with the correlations, which is

- 2nd shown in figure 3.8.These results Indicate the validity of

o0 with calibration method, which shows that the experimental

3.10




=ng Procedure of Heat Sink

memimental set-up was calibrated and the calibration method is verified.
w5 were placed into the enclosure. An experimental study is divided into
natural convection for vertical orientation., natural convection for

==iztion and assisting mixed flow convection for vertical orientation.

“wtwrzl Convection for Vertical Plate Heat Sink
»eat sink were mounted on the setup. For each of the heat sink. the
25 adjusted to 10 W initially and the base-plate was heated about e1ght
¢ base temperature was measured by means of five thermocouples
%= base plate. In order to decide whether the heat sink was at steady-state
sermocouple readings were taken at thirty minute intervals and this
== zssumed to be reached when the difference between two successive
o =20 thermocouple was less than 0.5°C.The base-plate temperature Tw.

-mperature la and the power input to the heater Q were recorded at

- ltesting procedure mentioned above was repeated for the power
W. 40 W and 50 W for all the heat sink. The observations were given
* ¢ Appendix B. The calibration equation, 3.3 is employed to evaluate

L « ranster rate from the heat sink. The convection heat transfer rate were

—_— - —

- (0) raq .. (3.12)

“wwra Convection for Inclined Plate Heat Sink.
“w= of natural convection for vertical orientation of plate heat sink is used
@ direction of the gravitational acceleration (g) in order to create the
“ztion without any change in the experimental setup. The experimental

=2 0 such a way that the whole frame is mounted on single shaft which

fl

s & e support. At one end of the shaft, inbuilt protractor is kept to
stion of the heat sink. Same procedure is adopted for the angle of
o 0n. 307,457, 60° and 90°for all heat sink as that of vertical plate heat

wemznons are given as table B2 in the Appendix B. The convection heat

&5 calculated by using eq. 3.12.

3.11




i

—

—_

o _—

w2 Convection for Vertical Plate Heat Sink

=2 heat sink calibration setup by varying the velocity with the help of

=2 Tor mixed convection. The flow velocity is measured with the help

=r Toual five heat sink were tested with different fin spacing of 5.5 mm to

wiant heignt of 25mm. The velocity is varied from 0.8 m/s to 1.2 m/s.All

re carried out with extreme care. The observations are given in table

merimental Procedure

“ation was carried out for vertical flat plate. The temperature readings

“ve vertical plate heat sink with different heat input were tested to

rate and optimum fin spacing. It is apparent from the

at maximum heat transfer rate was obtained for vertical plate heat

Feimgs between 7 mm to 9.5 mm. Therefore, the experimentation for

“aon s carried out only for 15 heat sink with fin spacing of 7mm to

<%= for vertical and inclined plate heat sink shows that the maximum

“= 15 achieved at fin spacing between 7 mm to 9.5 mm for fin height

s Bzat mput Q= 50W. Accordingly the experimentation for mixed

amed out for 5 different heat sink with fin spacing from 5.5 mm to

—mmm and Q=50W.

-

“msl rom experimentation for vertical flat plate, vertical heat sink,

— S
—

=
- =

w= > 5 Results for Vertical Flat Plate in Natural Convection

assisting flow mixed convection are presented in table 3.3, 3.4,

| IR A
Qc(W) Nu Expt. Pr B Gr Ra
e NS, SRS A = — S,
4 35 _4 ] +2Z | 0.70553 | 445_47350 3 1_429'1!92
8.97 64478413 45396671
13.45 5(}]4_ | 0.70259 _759_68533 + - 53_374_732
| 7.96 52.81 0.7014 82791447 58069921
+ ——— - -_—t
X 22.73 | _57.]2 ) 0.70035 85604721 ) 59953266

3.12
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~ < Results for Vertical Plate Heat Sink in Natural Convection

=
- E

H=5mm
e S=7.00mm S=9.5mm S=13.5mm S=17mm
Qc Tw AT Q Tw Tw AT Qc Tw AT
R W) | ") | O | W) | (PO ‘C) | | W) | fO | o
£’ ] 436 609 | 409 4 62 578 61 8 41 8 4 34 H6 46
-3 | 878 | 90 70 909 | 88 - 952 | 752 | 837 | 1048 | 8438
5 11316 | 1184 | 984 | 1349 | 11738 1321 | 125 | 105 | 1291 | 1332 | 1032
3 17.33 |43 3 1233 17.75 142 8 122.8 17 .34 152 132 1691 162 142
&2 21.56 |66 4 1464 | 22.16 1656 145.6 | 21.68 175.6 1556 | 2134 185 165
H=10mm
T S=7.00mm S=9. 5mm S=!7mm
AT Qc Tw AT Qc Tw AT Qc Tw AT
W O O W | (O | (0 W | (o) | (O
=4 4 68 485 28.5 4 90 47 27 4 64 55 35
| . 8 o —al =
E. 9 30 706 506 0 .59 69 8 498 910 832 632
2. 141 00 .5 70.5 l 1449 | 90 l 70 13.77 |08 8%
g2 18 36 1115 | 915 1892 1108 90 8 1826 123 103 17 .86 133 8 103 .8
3 2326 126 4 106 4 2394 1259 1059 | 22098 141 121 224} 156.2 136.2
- S —
H=15mm |
3 i S=7.00mm S=9 5mm S=13.5mm S=17mm
AT Qc Tw AT Tw AT Qc Tw AT
) i Dl W | O | (O O] O w0 (o
224 487 418 218 44 l 24 477 i 489 289 |
9 66 59 39 655 455 9 4] 72 52
b — —
1457 755 555 83 | 63 14.32 92 712
! 1908 | 92 72 102 82 | 8.6 114 04
< 24 26 1034 | 834 2473 1042 | 84 2 24.6 113 05 18.5 1155 955
3 o H=20mm
ro S=7.00mm I §$=9.5mm
I Qc Tw AT Qc Tw AT
W)y | O | O | W | ‘O | (O
.Jr * E—
: 4 98 37.6 17.6 S: 17 37 17
. 392 514 314 1021 51 3]
19] 654 45 4 1537 64 8 44 8 15.05 72 52 14 .69 81 7]
12 69 78 3 58.3 2031 176 57.6 19.60 Y 69 19.14 100 80
-+52 | 884 68 4 25.67 87.8 ‘ 678 ] 2502 09 79 24 38 112 02
H=25mm
.
n S= S=9 5Smm S=13.5mm §5=17mm
= n - | e | — ol =
Tw AT Qc Tw AT (Jc Tw AT
L€ . M) (O]l WM O O]l W | O | o
s S 06 34 8 14.8 5.14 34 ] 14.1 504 382 |82 503 40 20
e | _-T SR i = e |
] 09 46 3 ‘ 263 1016 L 457 25.7 10.05 52 32 0 83 58 38
503 585 385 1563 57 8 378 15.25 65 45 1505
. 2005 49 3 20 .66 68 8 48 8 20.13 78 58 19 83
- - . i _l_
: 528 2569 77 57 2548 X8 68 249




[ 41 878 90 | 70 | 1316 | 1185 | 985 | 1732 | 1433 1233 | 2155 | 1665 | 1465
$3 [ 864 | 92 | 72 | 1303 | 120 | 100 1715 | 145 | 125 [ 2139 | 168 | 148
s [ 849 | 94 | 74 | 1286 | 122 102_| 1696 | 147 | 127 [ 2117 | 170 | 130

148 | 827 | 97 77 1 126 | 125 | 105 | 1667 | 150 | 130 | 2083 173 | 153

20W 30W 40W SOW
S (... W B — P, S,
: AT (¢ Tw AT Q Tw AT | Qc Iw | AT Qc Tw AT
B 2 10 | w | ¢é¢ 1 ¢ (W) | ("0 | (c (W 'C) C (W ('C) %
- [ 2851931 705|505 | 141 [ 905 | 705 | 1836 | 1115 126.5 | 106.5

& 9 |30 [ois 1396 1 92 [ 72 T1819 | 113 | 03 | 2308 | 128 | 108
| 2 32 [ 901 [ 74 5 13.77 | 94 74 | 1797 | 115 95 | 2284 | 130 [ 110
1 T e -

35 (875 ] 77 | 57 [1347| 97 | 77 1764 | 118 [ 98 | 2247 [ 133 | 113
8 [ 849 ) 8 | 60 | 1318 [ 100 | 80 | 173 | 121 | 101 | 2271 T T3¢ 116

20 | IS
' H=15mm, S=7mm T
20W 30W 40W SOW

H=25mm.S=7mm
| 20W 30W 40W 50W
ST Q [ T™w | atr | 0 T w T &7 Qc Tw [ AT Qc | Tw [ AT
| ) | (W) ('C) 'C) c(W) 'C) w) (W ‘) (°C) (W) ('c ')
——— 1511007 | 465 | 265 | 15.14 2003 | 695 | 495 | 2545 | 775 | 575

17 | 9.888 mlm.--m 59
—— 19 19646 | 50 | 30 | 1468 | 62
~ -2 19275 | 53 | 33 [ 1428 | 65 | 45

— .

-5 | 8896 | 56 | 36 | 1386 | 68 | 48

H=Smm:S=-9. ymm

[ L 20w — T 5w T aow __ SoW_ '
. \T Qc Tw AT Q Tw AT Qc Tw Qc Tw AT |
i 0) ﬂL,_LrJQ) tIC) ol (”(_?)__@ | !.W “C) (wr) LUC ({?C-)
_ 4 38 | 9091 [ 88 ‘_63 1347 | 118 | 98 | 17.73 | 143 22.11 | 166 | 146
- U | 8956 | 90 | 70 | 1331 120 | 100 | 17.55 2191 | 168 | 148
= (8819 % [ 722 | B15 12 N 127 | 21.7 | 170 [ 150 |

| 8611 [ 95 175 | 1291 | 125 | 105 | 17.00 | 130 | 130 T 2139 1751153
8 1 84 [ 98 [ 78] 1266 | 128 | 108 | 1681 [ 153 | 133 176 | 156
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H-10mm $=9. Smm

— | po—

_20W 30w 40W
1 AT Q¢ Tw AT Q Tw AT Qc Tw AT (Qc Tw AT
- O] W™ [O]lf| «aw [ [ W | o | O] W | (‘o[ (o
27 /9575 [ 70 | 50 | 1449 | 90 | 70 | 189 | 111 | 91 1 2393 | 13 106
=9 [ 9419 | 72 | 52 | 1432 [ 92 [ 72| 187 | 113 | 93 | 23.71 | 128 | 108
2l | 026 | 74 | 54 | 1414 | 94 | 74 | 185 [ 115 | 95 | 2349 | 130 | 110
- > | 9019 | 77 | 57 | 1387 [ 97 [ 77 | 1819 | 118 | 08 | 23.15 | 133 113 |
] 7 18774 | 80 | 60 | 1359 | 100 | 80 | 17.88 | 121 | 101 | 2281 | 136 | 11
- ~ H=15mm S=9_§mr_n_ - _—_ L l
l 20W O ~ S0W i
AT Qc Tw AT Q Tw | AT Qc Qc Tw AT
) W) 1O |10 | eW) [foldfg] w W) | (O | (‘)
— == 19864 | 595 | 395 | 149 | 76 | 56 | 19.56 2485 | 104
= 24 19731 ] 61 | 41 | 147 | 78 | 58 | 194 ”24*51 106
6 [ 9552 | 63 | 43 | 145 | 80 | 60 | 19.18 24.37 | 108 33
8 192791 66 | 46 | 142 | 83 | 63 | 18.84 2401 | 111 | o1 |
S J 69 | 49 [ 13.88 | 86 18.49 23.63 | 114 | 94
H=20mm, S=9.5mm -~
_ 0w 30w T aw ] 50W
)C _‘ Tw AT Q Tw AT Qc Tw | AT Qc Iw | AT
: N OO W | OOl W [Colcfal W | | (O)
i 21 | 51 [ 1535 | 1535 | 2027 | 45 | 2027 | 78 -ss 2564 | 88 | 68
02 | 53 [ 1514 | 15.14 | 20.03 | 47 | 20.03 | 80 2539 | 90 70 |
] 82 | 53 19 | 19.79 72
2516 | 58 | 14.58 | 14.58 52 | 19.43 24. 74 95 | 75
"207 [ 61 | 1424 [ 1424 [ 1905 | 55 | 1905 | 88 | 68 | 2434 98 [ 78

=25mm. S=9 Smm

%15

20W 30W
Tw | AT Q Tw [ AT | Q¢ | Tw | AT | Qc | T™w [ AT
O] O |aw) | o [0l w |[col | w (0 | (")
_ -5 | 46 f 26 | 1561 | S8 | 38 | 2064 | 69 | 49 | 26.18 | 77 | 57
| 17 1 48 | 28 | 1537 | 60 | 40 [ 2038 | 71 | 51 | 25091 79
2 48 | 50 | 30 | 1513 [ 62 | 42 [ 2012 | 73 25.64 m
_ 9613 | 53 33 | 1477 | 65 45 | 19.73 76 25.22
27 | 56 36 68 48 | 19.33 -»9 24.79 67 |
) H—‘imm S—]3 ﬁnlm ) - ) _] ‘
20W ] 30W ] \
Tw AT Q Tw AT AT
() [ O] W | ("© | o) 'C)
8 | 95 | 75 lé_).lj! 125 | 103 gle
= 8667 | 97 | 77 | 13.06 | 127 | 107 _' | 157
21 99 | 79 ] 129 [ 129 [ 109 | 159
-7 [ 102 | 82 | 1266 | 132 | 112 162
> | 105 [ 85 | 1242 | 135 | 115 165
H= Iﬂmm S—l: ‘?mm )
20W ) 30\& N
Tw | AT Q | Tw | AT Qc AT
| OO W) | ‘O ]lCfo | W ("C)
82 | 77 | 57 11409 ] 9 | 79 | 1836 120
_ 1 79 [ 59 [ 1392 [ 101 | 81 | 18.16 122
3 % 81 | 61 | 1374 | 103 | 8 | 1796 124
_ 4 [ 84 [64 [ 1348 | 106 | 86 | 17.66 | 120 | 109 | 22 127
* [ 87 ] 67 | 1321 | 109 | 8 [ 1735 [ 132 | 112 | 21.98 | 150 130




 H=15mm.S=13 5mm

— e —

20W ] 30W [ 4w | 50w |
! X Tw | AT | Q | Tw | AT | O Tw | AT | Qc Tw | AT
M O j@@fawm Ol ] W [fO]lf] w || cg
622 | 655 | 455 | 1464 | 8 | 63 | 1913 [ 102 [ 82 | 243 | 115 | 95
196 | 67 47 | 1446 | 85 | 65 | 1892 | 104 | 84 | 2407 | 117 97_|
26 |r 69 49 1427 87 67 18.71] 106 86 7’3&1 119 99__1
| 67 72 52 1398 90 70 1838 109 89 2348 122 102
- 75 | 55 1368 | 93 | 73 ) 1805 | 112 | 92 | 2312 | 125 | 105
_ H=20mm.S=B5mm ]
_ 20W ~ 30W ] 40W { SOW
e Tw [ AT [ Q | Tw | AT Qc Tw | AT Qc [ Tw [ AT |
: w) 1« (;L_f“C) (W) | (O) | (’C W) | (O | (O W (‘0 | (O |
! #836 | 58 | 38 | 1505 | 72 [ 52 | 196 | 8 | 69 | 2502 | 99 [ 79
3 63 ou 40 | 1485 | 74 | 54 | 1938 | 91 | 71 | 2478 | 101 | 81
& 462 | 62 | 42 | 14.64 '76 56 | 19.14 73 2453 | 103 | 83 |
9175 | 65 | 45 | 1433 59 | 1879 24.15 | 106 | 86
“ 8882 | 68 | 48 m 89
) _ H5mm S=B35mm
) 20W | 30W 40W | SOW '—J
X | Tw [ AT Q [ Tw [ AT | Qc | Tw | AT Qc [ Tw | AT
W (E}Cl L E:{. Vv} (-UC) (ﬂc) (Wr) (UC ) (ﬂC) ( \V) ‘ UC') {.mCl
i 005 | 32 | 1525 | 65 | 45 | 20.13 734‘!753_ 2548 | 88 [ 68 |
_ 985 | 34 | 1503 | 67 | 47 | 1989 | 80 | 60 | 2522 | 90 | 70
£ 5 644 36 | 1481 | 69 | 49 | 1965 | 82 | 62 | 24965 | 92 | 72 |
£ 933) 39 | 1447 [ 72 | 52 | 1927 | 85 | 65 | 2455 | 95 | 75
© 9012 42 | 1412 [ 75 [ 55 [ 1889 | 88 | 68 ‘ 24.14 | 98 [ 78

> Results of Vertical Plate Heat Sink in Mixed Convection

—_ — —_— — —_— — — e — =

v=0.8 s ] _ ~
i & | AT(C) QC(W h(\’w’m i

- 33

» [ 8 26.37 73- 53. 49 35030530 9249 41 041

55 | 2572 7] 5123 41788180 8012.507 | 0.52
64 | 2521 | 698 } 49.58 | 46012851 8693 .29 0.60

el

hW/m C [ Nu Gr | Re Ri
530 | 3868 36212002 1149491 0.27 |

| h 777 57.04 33910084 1162939 | 025 |
: 46

| 58 2527 6,63 17.53 431 :40_68 11047.77 035

66 | 2479 | 656 46.42 47141651 10807.54 | 0.39
) SO [ QW) [ hWm™ | Nu | Gr | Re | Ri |

42 25.17 5.64 4131 35080580 | 13874.12 | 0.18

36 27.37 8.85 65.29 31446839 | 1412047 | 015

1 27.12 8.73 63.98 34500293 1391458 | 0.17
60 24.96 45.27 | 43993003

70 24.50 6.30 4446 | 47861266 | 1282956 | 0.29
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0dology (RSM) is used to frame the mathematical models for

IJ,II

“er rate and average base to ambient temperature difference.

— - ‘
—

« meural network (ANN) is used to predict the response. Artificial

= “= response surface methodology are compared for their prognostic

- ———

w=ssion analysis is used to derive mathematical models for
s when combinations of these parameters interact. Response

“umize fin spacing for minimum temperature difference and

. @ - o - = -
L - - i
ll- -y - -

— e W .

Wi 7~ rface Methodology

4 -='» accepted statistical technique used for experimental

croceeds with carrying out statistically designed experiments.

s ¢ coefficients in a mathematical model and the prediction of

|b- - - .-"‘-:-

= 1he sufficiency of the model. It is very useful for modeling

Rty “put atfected by a number of input variables with the aim of

1 TSNS _5'*‘

* 7esponse surface methodology are as follows.

etz “Zcpendent input and output variables.

T e

= cxpenments and develop the regression equation.

b

— e

“ance (ANOVA) for the independent input variables to validate

L I-':l-lt.‘,

T “imal design parameters with the design constrains.

ezl Modeling

“c s relationship between input and output variable. It explains

"< 25 a function of the input parameters. It gives organized

I -—_.” S — B

-mimental data. The most common forms of mathematical

4.1




-

"5t or second-order regression equation. Multiple regressions is used for

-xperimental models required in response surface methodology. To

-mpirical model relating the response y for input variable x; and x,. A

“=sponse surface model describe this relationship as below.

T Rl
22 X)>TE
'll\_—"fI -

il —

.(4.1)

“ple linear regression model with two independent variables.f3 B; and B,

. coefficient. € is termed as difference between input and output

*=cond order equation response surface model is given by following

Bt B’ Borxs  Broxxote ... (4.2)

- least squares is used to estimate the regression coefficients. Minitab 17
~imating the regression coefficient and formulating the response surface

~==ton. ANOVA checks the appropriateness of the mathematical models.

VOV A Test

cnance (ANOVA) test is performed to verify the fitness of the model.
2re plotted to confirm the assumptions of the AN OVA.MINITAB 17 is

i

~w=matical modeling. Response optimizer is used for multi objective

22 4.4 represents mathematical models developed with the help of
- vertical plate heat sink in natural convection to predict AT and Qc.

"2 =2 shows the residual plots for different responses. Summary of the

ire shown in table 4.1.

——=uon for Temperature Difference

w2 H-41505+3.184 Q+0.11351 H*H + 0.1874 S*S - 0.00993 Q*Q
S HTS-0.07741 H*Q +0.03996 S*Q ... (4.3)

4.2




 —zuauon for Convective Heat Transfer Rate

== ~0.0868H +0.6434S +0.4076 Q -0.003539 H*H -0.02881 S*S -
2 Q%Q +0.000667 H*S + 0.003854 H*Q + 0.000421 S*Q ... (4.4)

¢ regression equations, residual plots are plotted for vertical plate fin

(e

- temperature difference i.e. average base to ambient temperature and

-2 transfer rate as shown in figure 4.1 and 4.2 respectively.

Residual Plots for AT

“wormal Probability Plot Versus Fits
- | S - o -
‘_ - ..-. A ; L Sse . = g
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s -r*‘f"t i - =
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| 4 : e
_ . 10 L
(8. 5 10 O 40 80 120 160
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= =esidual Plots for Average Base to Ambient Temperature Difference

Residual Plots for Qc

vormal Probability Plot Versus Fits
| . = 0.8 o g <
L 4 -
A e g -
l 0.4 -r: " ft - ﬂ"
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cure =.2 Residual Plots for Convective Heat Transfer Rate

s2cquate, the points on the normal probability plots of the residuals

el

2120t line. which means the errors are normally distributed. Normal
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residual are falling on straight line. It indicates that mode] is

story. The histogram shows that residuals are normally distributed.

k. -

- § ]

graph shows residual are distributed randomly and have

_— el W

<sidual vs. order graph specifies that it is not following any

s shows that variables are independent.

¢ nature of graph is analogous; this directs that the entire models

R
- - -
-

«cant and adequate. This shows that the assumption for ANOVA

_—

MemScsace of P Value, R> R? Adjusted and R” Predicted

2biity value. Smaller value of the P indicates that the parameters

- —

sence on the response. R? measures percentage of the variation of

==ression equation. For better assessment of regression equation to

" s50uld be closer to one. The higher value of R2 means the model

P, = . "
Zjusted R™ accounts for the number of predictors in your model

-‘—-—,—-—-

naring models with different numbers of predictors. Predicted

- the model predicts responses for new observations. Larger

- suggest models of greater predictive ability. [83,84]

20i2 4.1 Summary of ANOVA for AT and Qc

£ 1. R value for both AT and Qc are 99.44% and 99.80%. These

IS mace! 1s accurate. P value for both AT and Qc 1s zero which

ST e=rtyarac

represent experimental data.
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“wgression Equations for Inclined Plate Heat Sink

72 =.6 represents mathematical models developed with the help of

-lined plate heat sink in natural convection to predict AT and Qc.

~2.zuon for Temperature difference

0589 -3.025 H-6.115S+3.2576 Q - 6.65 cosO*cos®  + 0.11445 H*H
> - 0009600 Q*+ 0.0025 cosO*H 0.026 cosd*S - 0.002] cosf*(Q)
> -0.07888 H*Q + 0.03395 S*Q is )

Juzton for convective heat transfer rate

Fcos6+0.07378 H+ 0.8128 S + 0.39954 Q+ 0.648 cosO*cosd -
H-0.03792 S*S +0.000149 Q*Q + 0.01989 cos6*H - 0.0166 cosH*S
0 = 0.000076 H*S + 0.004034 H*Q - 0.000352 S*Q ..-(4.6)

Residual Plots for AT

wma Probability Plot Versus Fits

Fitted Value
=ii=togram Versus Order
_—-.__ — 50
i ®
. : 8 L ’,
— ! | W 00+ - &
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zal Pl

ots for Average Base to Ambient T'emperature Difference
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Residual Plots for Qc
‘aem a2l Probability Plot

0.00 025 050 S T

~esidual Fitted Value

=~istogram

Versus Order
0.50 o e = i
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0.00 &~

Resichoal

‘d’
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-0504

.
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.!.-‘--
L&~

Observation Order

e _-_ ——
—_—

=w2ies that residuals are normally distributed. Residual vs. order graph
: » not following any structured pattern. This shows that variables are
*vziue for both AT and Qc are 99.65% and 99.95%.These values

i =<' ruly represent the experimental data.
“wwression Equations for Mixed Convection Heat Sink

- @mZ <8 represents the mathematical models developed with the

[ S—
-

cip of

=2t sink 1n vertical position under mixed convection to predict Qc and

= for Convective Heat Transfer Rate
— 20T Lonvecuve Heat | ranster Rate

-+ ~0.893 Tw-3.21 S+ 1.03 V*V - 0.01192 Tw*Tw - 0.0670 S*S _

- 0588 V*S + 0.0637 Tw*S ...(4.7

~wxmon for Nusselt Number (Nu)

TL76 Tw -1299S +6.70 V¥V -0.0417 Tw*Tw - 0.43] S*S
= <43 V*S +0.311 Tw*S

... (4.8)
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3

e W g

2T - ik = 1 1
= W I‘*‘h

for vertical plate heat sink under mixed convection for

¢ and Nusselt Number are as shown in figure 4.5 and 4.6

Residual Plots for Qc
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igure 4.6 Residual Plots for

=
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! 4

Nusselt Number

zouity curve shows residual are falling on straight line as shown in

't indicates that model is exact and correct. The histogram shows

w= normally distributed.R*value for both Qc and AT are 99.42% and

=% which are close to 100%. This indicates that model 1s fitted well
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wruficial Neural Network

w ozl Neural Network (ANN) is an information processing system that has

Tmamce Ieatures in common with biological neural networks.

- —msists of very simple and highly interconnected processors called neuron are a
-~ mztional structure inspired by biological neural systems. The processors are

~2= 10 biological neurons in the human head. The neurons are related to each
“wr 7 weighted links over which signal scan goes. Each neuron receives multiple
s mom other neurons in proportion to their connection weights and gets a single

e which may be distributed, to several other nerve cells. [79]

- Neural Network (ANN) is one of the most common neural networks used in
" “o¢ engineering problems. Simulation consists of three layers. First laver is
¢ = mput layer. No. of neurons in input layer is equal to the no. of independent

e Second layer 1s known as hidden layer. It consists of two numbers of

“imms [he third layer is output layer. It contains one neuron as one of dependent

- 2t a ime. Multilayer feed forward topology is decided for the network. [79]

»teps in formulation of ANN Simulation

~ wous steps followed in developing the algorithm to form ANN are as under.

- =xperimental data is divided into two groups.i.e. input data or the data of

wieoendent pi terms and the output data or the data of dependent pi terms. The

7 Zata and output data are imported to the program respectively. Fin spacing.
w=izht and heat input are considered as the input data while the convective
ranster rate and temperature difference parameter are the output data. The '

wit zver of the network houses the design parameter in three nodes and output

wouses the response in one node.

“out and output data is read by pre std function and appropriately sized.
0 pre std 1s preprocesses the data so that the mean is 0 and standard

— :-1
- > Jii1 1S "

werrocessing step the input and output data is normalized using mean and

Mmcsarc deviation.

4.8




"2t and output data is then categorized in three categories viz. testing,
© and training. From the observations of each response, 1nitial 75% of

~ations is selected for training, last 75% data for validation and middle

w0z 50% data for testing.
- 1hen stored in structures for training, testing and validation.

- 20 the pattern of the data, feed forward back propagation type neural

“C target data are computed and then the network is simulated.

1 analysis and the representation are done through the standard
< values of regression coefficient and the equation of regression

“resented on the one different graph plotted for the one dependent pi

“mwzram for Vertical Plate Heat Sink

» selected for developing ANN program. The program executed

- Ziiicrent input parameters are as follows.

il
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meant,stdt] = prestd(p,t):
Tax(pn).[125 1],{'logsig’ purelin'},'trainlm"):

moca
- i .

L ooal= 99
OW=200:

o hs=50:
—={).05:

mtal’. 'Neural"):
-* 2nd Neural Network Prediction (Blue) Plot"):
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xntage=100*error./t
TOT_percentage)
ercentage error');

— -100 100));

-mtage Error Plot in Neural Network Prediction):

»eriment No.");

=(a( L.ii))
2l _abs(ii)=(y2(ii,1)):
st )=(a(1,11));

rractical_abs,'r-'x1,yy neur abs,'k-):
=cucal’, Neural");

“erision between practical data, equation based data and neural based data’):
rerimental’);

meanioutput3)

Figure 4.7 Architecture of ANN Model

- mals. 1t was found that a network with 125 hidden neurons produced

o .

ance. The architecture of ANN model is shown in figure 4.7. It has

with tangent sigmoid transfer function at hidden layer with 125

-
- - o

-2r transter function at output layer.

“NN s training the data. Figure 4.8 represents training of network

-onvective heat transfer rate. The train function outputs the trained

4.13




=22 history of the training performance. The errors for heat transfer rate are

' respect to training epochs. The means square error for best fit is 0.01083.

Best Training Performance is 0.01086 at epoch 1

Best

f - Train J

MOan Bgusied Eiior (m 1

i [ f _ g

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
1 Epochs

- & Iraming Performance of ANN for Convective Heat Iransfer Rate

== in authenticating the network for heat transfer rate and temperature

zruical plate heat sink is to generate a regression plot, which shows the

-ween the outputs of the network and the targets. If the training were

“owork outputs and the targets would be exactly equal, but the
=rely perfect in practice.

“0ts represent the training, validation. and testing data. The dashed

= 7. represents the perfect result — outputs = targets. The solid line

ost-fit linear regression line between outputs and targets for heat

» 2-value is an indication of the relationship between the outputs and

- 7 shows experimental data are in perfect agreement with ANN data.

=6. approaching to one shows training data indicates a good fit.

Trqinlng - R=0.__9946$!

Data

' #5414
A
b
\
0
A
J

* 's .1!

h-l»*.;

Target

= = ¥ Regression Plot for Convective Heat Transfer Rate
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hown in figure 4.10.
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~emparison of Experimental and ANN Results for AT and Qc for

vertical Plate Heat Sink

"= tesung and validation of the ANN model was performed using

“a results for the response of average base to ambient temperature

32 convective heat transfer rate is as shown in figure 4.12 and 4.13

Output (Red) and Neural Natwar!( Prediction (Bluu)__Plot
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- “omparison of Expt.and ANN Results for Average Base to Ambient

T'emperature difference

Output (_Ragl) and Neural Network Predlqthn (Blue) Plot
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A
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Experiment No.

20 40 140

= - Comparison of Expt.and ANN Results for Convective Heat

Transfer Rate
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ge error for Qc is 5.10 % and average error for AT is 6.16%. The

=<n predicted value and experimental values are within acceptable

(S

- 5

of the neural network are in agreement with the measured
- 1ables representing the error variations and graphical analysis for
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