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Abstract

Heatsinks are widely used in various industrial l@ggons to cool electronic,
power electronic, telecommunications, and autoneotemponents. Those components
might be either high-power semiconductor deviceg,, @liodes, thyristors, IGBTs and
MOSFETs, or integrated circuits, e.g. audio amgid] microcontrollers and
microprocessors. More precisely, the passive cgdii@atsinks are widely used in CPU

cooling, audio amplifiers and power LED cooling.

In the work herein, steady-state external natuaavection heat transfer from
vertically-mounted rectangular interrupted finne@atsinks is investigated. After
regenerating and validating the existing analyticabults for continuous fins, a
systematic numerical, experimental, and analysbadly is conducted on the effect of the
fin array and single wall interruption. FLUENT a@®MSOL Multiphysics software are
used in order to develop a two-dimensional numemgadel for investigation of fin
interruption effects. To perform an experimentaidst and to verify the analytical and
numerical results, a custom-designed testbed weslajged in Simon Fraser University
(SFU). Results show that adding interruptions tdiea@ rectangular fins enhances the
thermal performance of fins and reduces the wedglthe fin arrays, which in turn, can
lead to lower manufacturing costs. The optimumrmogation length for maximum fin
array thermal performance is found and a compdatioaship for the Nusselt number
based on geometrical parameters for interruptedswal presented using a blending
technic for two asymptotes of interruption length.

Keywords: natural convection; air cooling; thermal managemaett transfer; fluid
flow; numerical modeling; heatsink design; expermta study; passive
cooling; electronic cooling; power electronics; rabadg



Executive Summary

Heatsinks are widely used in various industry aggions to cool down electronic
components. Those components might be either hoghepsemiconductor devices, e.g.,
diodes, thyristors, IGBTs and MOSFETSs, or integtat@cuits, e.g. audio amplifiers,
microcontrollers and microprocessors. More pregjsitle passive cooling heatsinks are
widely used in CPU cooling, audio amplifiers andvpo LED cooling. The constitutive
element that defines the geometry of a heatsiitk fns. A fin is usually a flat plate that
extends from a heatsink; it is used to increaserdke of heat transfer to or from the
environment by increasing the convective heat feansurface area. Some of the
common fin geometries that are being used in tdestry and studied in the literature
include: straight, circular, and pin-shaped. Intpted fins are a more general form of fins
and they can include both, continuous rectanguidr@n fins, see Fig. 1-2. At a closer

look, continuous fins and pin fins are two extrerases of interrupted fins.

A proper selection of interruption length leadsatdigher thermal performance.
This expectation is based on the fact that intéedifins disrupt the thermal boundary
layer growth, thus, maintaining a thermally devélggflow regime along the fins, which,
in turn, leads to a higher natural heat transfeaffement. Additionally, fin interruption
results in a considerable weight reduction and et lead into lower manufacturing
costs. On the other hand, adding interruptions sletad a heat transfer surface area
reduction, which decreases the total heat tran3leese two competing effects clearly
indicate that an “optimum” fin interruption exidtgat provide the maximum heat transfer
rate from naturally-cooled heatsinks.

Despite numerous existing studies in the area ef rthtural convective heat
transfer from fins, as shown in the literature eswiChapter 1, no in-depth study has been
performed to investigate the natural convectiont iemsfer from interrupted fins for
external natural convective heat transfer.



Motivation

The work herein has been impelled by a collabogatigsearch project with
Analytic Systems Ware (ASW), a local company thatnofactures electronic power
conversion systems located in Delta, BC. Some efdbmpany products, which are
cooled via naturally-cooled enclosures (heatsinksperienced an excessive heating
which created reliability and performance issues ASW's clients. The company
contacted Dr. Bahrami and a research venture wiistéa to resolve the thermal

management problem.

As the first step, a testbed was designed and huiimon Fraser University
(SFU) and six enclosure heatsinks made by ASW wested; the electronic enclosures
were made of aluminum by extrusion process. Thretosures were finned, the original
ASW design at three different lengths, while theeo$ had the fins milled off, down to
the bottom of the fin base, as shown in Fig. l.iBgithe milling process, no alterations
were made to affect the enclosure dimensions. fiéeral test results did not show any
noticeable heat transfer enhancement betweenrthediand un-finned enclosures with
the same length; however, the enclosure weight, igdoroduction cost, in bare
enclosures was reduced by almost 84%. The reasahdbindistinguishable difference
in the cooling capacity of the two enclosures redith the improper design of the fin
geometry on the heatsink.

After proper thermal analysis, testing, and heétgirototyping, several new fin
designs for ASW enclosures were proposed by SFl&natosure made by ASW based
on the findings of this project, which led to arsfgant average surface temperature
reduction, 22°C, under the maximum operational poagwell as to an average 26%
weight reduction, when compared to the original A8&gign.
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Figure I: The enclosure designed by the industriatollaborator, Analytic System Ware (ASW), a)
finned enclosure manufactured via extrusion, b) bagd (the fins were machined down to the base) of
the enclosure. The length of both enclosures wasr&hes.

Research Objectives

* To develop new models for natural convection hesatstfer from interrupted
rectangular fins based on geometrical parameters.

* To predict the optimum value for fin interruptienigths in fin arrays for
maximum heat transfer rate.

Methodology

In this study, a systematic approach is adoptesdtudy the natural convection
heat transfer from the interrupted rectangulartie@iy-installed fins. The natural heat
convection heat transfer is complex since the maeamerand energy equations are highly
coupled and non-linear, which makes finding a gan@mnalytical solution highly

unlikely. As such, the following methodology hasbedopted.

The focus of this study is on developing compaslyga-use thermal models that
can predict the natural convective heat transtanfmterrupted, rectangular walls to the
ambient. Two asymptotes are specified and a blgntichnique is implemented to
devise a compact relationship for the Nusselt nurbased on a new characteristic length

scale, which is called the effective fin length.

Vii



The fin array problem is numerically studied, usiftpent and COMSOL
Multiphysics software, and a relationship for thgimum fin array interruption length is

developed to obtain the maximum natural convediaa transfer.

Two new experimental test beds have been desigmkdult at SFU to verify the
developed models and the proposed correlationserirpntal studies with various
testing samples at different scales were perforrReglre 1l shows the project road map

and the deliverables of this thesis.

Natural convection from interrupted vertical regalar bodies

Interrupted fin

Interrupted walls

array
|
[ | [ |
Analytical Experimental Numerical Experimental Numerical
Compact analytical relation for Compact semi-empirical relation for
natural convection heat transfer from | optimum interruption length for natural
vertical interrupted wall convection heat transfer from fin array

Figure Il: Research road map.

This dissertation is divided into five chapters.a@ter 1 includes an introduction
including a background on the natural convectivat iansfer from rectangular fins. The

numerical procedure is presented in Chapter 2. Thapter includes the problem
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definition, the governing equations, boundary ctads, assumptions, mesh size, and
numerical results. The present experimental stadyescribed in Chapter 3; where, the
two test-beds and the experimental procedure grkieed in detail, and an uncertainty
analysis is performed. The effects of fin interraps on thermal boundary layer and the
relationships for the Nusselt number are presentedChapter 4. Summary and

conclusions of the dissertation is presented inp@eb. This last chapter also includes
potential future work endeavours. Appendix 1 inelsidall the experimental and

numerical data collected from various sources as®tiun the dissertation. Appendix 2

contains the reports prepared for ASW for the nealesure design.
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Chapter 1.

Introduction

1-1 Power Electronics Cooling

The design of efficient cooling strategies is etiséfor reliable performance of
high power density electronics. A number of failtmechanisms in electronic devices,
such as inter-metallic growth, metal migration, aoél formation, are related to thermal
effects. In fact, the rate of such failures neakybles with every 10°C increase above
the operating temperature (~80°C) of high powettedaics [1]. Besides the damage that
excess heat can cause, it increases the movemgaedlectrons within semiconductors,
causing an increase in signal noise [2]. Consegyesiectronics thermal management is
of crucial importance as is reflected in the marKétermal management products show a
growth from about $7.5 billion in 2010 to $8 bilian 2011, and it is expected to grow to
$10.9 billion in 2016, a compound annual growtheratcrease of 6.4%. Thermal
management hardware, e.g. fans and heat sinksurasctor about 84% of the total
market. Other main cooling product segments, eoffware, interface materials, and
substrates, each account for between 4% and 6¥%eaharket, respectively. The North
American market will maintain its number one pasitithroughout this period, with a
market share of about 37%, followed by Asia-Paaifith approximately 23% to 24%

[3].This power dissipation generates heat, whichlxy-product in many engineering



applications. This unwanted by-product can decre¢hseperformance of the systems
since almost every engineering system is desigoeudotk within a certain temperature

limits. Exceeding these limits by overheating, cblelad to a system failure.

Currently, the thermal losses of power electroreeickes are increasing. At the
same time, their sizes are decreasing. Consequémhisinks have to dissipate higher
heat fluxes in every new design. Therefore, degigfficient cooling solutions to meet
these challenges is of paramount importance andlinast impacts on the performance

and reliability of electronic and power electrodevices.

1-2 Passive cooling solutions

The techniques used in the cooling of high powersidg electronic devices vary
widely, depending on the application and the reslicooling capacity. The heat
generated by the electronic components has to thssgh a complex network of
thermal resistances to the environment. Passiviengomethods are widely preferred for
electronic and power electronic devices since thewide low-price, noiseless, and
trouble free solutions. Some passive cooling tepes include: heat pipes, natural
convection air cooling, and thermal storage usihgse change materials (PCM). Heat
pipes can efficiently transfer heat from heat sesrin high power density converter
components to a heatsink based on phase changavarfkang fluid [4, 5]. Air-cooling
also is recognized as an important technique irtiteemal design of electronic packages,
because besides its availability, it is safe, du@scontaminate the air and does not add
vibrations, noise and humidity to the system in ahhit is used [6]. Such features of

natural convection stimulated considerable researchthe development of optimized



finned heatsinks and enclosures [7, 8, 9]. Using s one of the most inexpensive and
common ways to dissipate unwanted heat and it kas Buccessfully used for many

engineering applications.

Fins come in various shapes; such as rectangudan)ar, pin fin rectangular, pin
fin triangular, etc., see Fig. 1-1, depending oa dpplication. Rectangular fins are the
most popular fin type because of their low producticosts and high thermal

effectiveness.

(a) (b)

Figure 1-1: Different fin types, a) rectangular b)radial ¢) pin fins.

Natural convective heat transfer from vertical aagjular fins, shown in Figure 1-
2, and from pin fins is a well-studied subject e tliterature. It has been investigated
analytically, numerically and experimentally. Thellédwing paragraphs provide an
overview on the pertinent literature on the subjdot previous studies are grouped into
analytical, numerical, and experimental works; mdetailed reviews can be found

elsewhere, see for example [10].



Figure 1-2: Heatsink with continuous rectangular fns.

1-3 Background

The focus of this study is on natural convectiomatheansfer from interrupted,
vertical and rectangular fins. However, a more gangverview on pertinent literature in
the area of natural heat transfer from fins is @ed in this section. A variety of
theoretical expressions, graphical correlations @&mdpirical equations have been
developed to represent the coefficients for natocoalvection heat transfer from vertical
plates and vertical channels. These studies werstlyndocused on geometrical
parameters of the heatsinks and fins, such agpénisg, fin height, fin length, as well as,

fin directions.

Table 1-Table 1-1presents a summary of the literature review agritains to analytical,

numerical or experimental type of work.

Three dimensionless numbers are important in haaisfier: the NusseltNQ)

number, the PrandtlP{) number and Rayleigh numbeRd). These three non-



dimensional numbers are used extensively in the tnaasfer literature for analytical
purposes. The Nusselt number is the ratio of cdimecheat transfer to the fluid

conduction heat transfer under the same conditions.

hl 1-1
Nul =?,

wherel is fins lengthhis the convective heat transfer coefficient, dnis the fluid
thermal conductivity, respectively. The Prandtl tiem is the ratio of momentum

diffusivity (kinematic viscosity) to thermal diffusty.

pr=2 1-2

RI=

wherev is the kinematic viscosity,is the thermal diffusivity of the fluid.

Rayleigh numberRa,is a dimensionless number associated with buoydriggn
flow. Ra is defined as the product of Grashof numb@r, which describes the
relationship between buoyancy and viscosity withifluid, and the Prandtl number, for

cases of both, uniform surface heat flux and unifeurface temperature.

1

0.387Ra® ]
Nu, =40.825 + L+, 1-3
LE
[1 + (0.492/Pr)£]27
R — gB ATL3 1-4
= ad
gB ATL3 1-5
GT‘L = T’



whereg is the gravitational acceleration afdis the thermal expansion coefficient,

respectivelyAT is the temperature difference between the finsaanblient.

1-3-1 Vertical walls

The considered vertical wall geometrical parametegsshown in Figuré-3.

Fin height (H)

Hydrodynamic
boundary layer

L

Fin length (1)

Thermal
boundary layer

e

RDIRERRIRIR R ————————————.

Y

Figure 1-3: geometrical parameters and boundary lagrs of a vertical wall.

Ostrach [11] made an important contribution on gsiah the natural convective
heat transfer from vertical fins. He analyticalgh&ed laminar boundary layer equations
through similarity methods for uniform wall temptne condition and developed a
relationship for the Nusselt number for differerstlues of Prandtl number. As well,

Sparrow and Gregg [12] used similarity solutions boundary layer equations for the

6



cases of uniform surface heat flux. Churchil andi CI8] also developed an expression

for Nusselt number for all ranges of tRa,andPr numbers,

1-3-2 Vertical rectangular fin arrays

A schematic of a vertical rectangular fin array #sdjeometrical parameters along with

the thermal and hydrodynamic boundary layers apa/shn Figure 1-4.

Fin spacing (s)
—— Fin height (H)
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Figure 1-4: geometrical parameters and schematic #rmal and hydrodynamic boundary
layers on vertical fin array.

1-3-2-1 Analytical approach

Pioneering analytical work on vertical channels wasied out by Elenbaas [14].
He investigated analytically and experimentally tkethermal finned heatsinks. The
analytical study resulted in general relations fiatural convective heat transfer from

vertical rectangular fins.



Bar-Cohen and Rohsenow [15] also performed an acalystudy to investigate
the natural convective heat transfer from two paraplates. They developed a
relationship for Nusselt number in terms of the mamber for both, isothermal and
isoflux plate cases and reported a correlatiortferoptimum fin spacing. They claimed
that the value of the Nusselt number lies betwaenextremes that are associated with
the separation between the plates, or, in otherdsyothe channel width. For wide
spacing, the plates appear to have little influemgen one another looking like they are
isolated; the Nusselt number in this case appraaithesolated plate limit. On the other
hand, for closely spaced plates or for relativelyg channels, the fluid velocity attains its
fully developed value and the Nusselt number remdkdully developed limit:

—0.5’

hs 576 2.873
Nug, = —= + 1-6

N CSNCON

whereRa, is the Rayleigh number, which is based on fin sgpdetween two adjacent

fins, s, L is fins lengthhis the convective heat transfer coefficient, &nd the fluid
thermal conductivity, respectively. Most of the r@imentioned coefficients are shown in

Fig. 1-2.

Culhamet al [16] correlated the Nusselt number with charastierlength scale
based on the squared root of the wetted area &thitee dimensional bodies [17] and
[18]. The wetted area of a fin is the surface thaxposed to the air flow. An agreement
of less than 9% between the proposed relationstdglee numerical data showed that the
selection of the squared root of area as the ctaarsiic length for natural convection

from rectangular fins was a suitable choice.



1-3-2-2 Numerical approach

Bodoia and Osterle [19] used a numerical approadhvestigate the developing
flow in the channel and the heat transfer betwegnnsetrically heated, isothermal
plates. They aimed to predict the channel lengtjuired to achieve a fully developed
flow as a function of the channel width and wathfeerature. Ofi and Hetherington [20]
used a finite element method to study the natuoalective heat transfer from open
vertical channels with uniform wall temperature.eylobserved that fluid velocity may
be vertical only Culhamet al [16] also used a numerical code, META, to sinauldte
natural convective heat transfer from a vertical diray, and compared their results to
their experimental data and the models of [17] Hr&] as mentioned in the previous

section.

1-3-2-3 Experimental approach:

Several researchers studied the natural convedtmst transfer in vertical
channels experimentally. Fujii [21] studied the thieansfer from inclined interrupted fin
channels. In this study, it is claimed that theitted boundary layers were interrupted by
the fins; a correlation, as shown in Eq. 1-7, wiisd to the experimental results.

24 l 1-7

Nug = iRas. (i) {1 — e—12.5/[RaS.G)]3/4}’

As it can be seen from this relationship, the aottarsstic length is chosen to be the fin
spacing. The interruption length is kept constamd & does not play any role in the
calculation of the Nusselt number; those featurakenthe above relationship applicable

for a specific interruption length. Figure sBows the fin geometry used by Fuijii.



Figure 1-5 : Fujii's [21] considered geometry for nclined interrupted fins.

Starner and McManus [22] calculated natural heatsfier coefficients for four
different fin arrays and three different base @atelow patterns for each case were
observed by using smoke filaments. Parametersatbeg varied in their study were the
fin spacing and the height, respectively. Wellimgl &Vooldridge [23], who investigated
large arrays with comparable fin heights, confirnieel findings of [22] for the vertically
based fin array orientation. They provided an equodbr optimum value of the ratio of
fin height to fin spacing and showed the importaoicthe fin spacing in their results. The

way the ratio of fin height to fin spacing varieglwtemperature was also reported.

Chaddock [24] investigated the natural convection aadiation heat transfer
from twelve large vertically based fin arrays. Owolye value of base-plate width to the
fin length ratio was employed while the fin thicksenvas kept constant. The fin spacing
and the fin height were varied and they showed ithgortance of the radiation in
calculations of total heat transfer, about 20%hef total heat transfer. The outcome of

that study was a report on the optimum fins-spadiiagicioglu and Yuncu [8] also
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carried out an experimental investigation on natwenvection heat transfer from
rectangular fin arrays on a vertical surface toedaine the effects of fin height, fin
spacing and temperature difference between thédse and the surroundings on heat
transfer. They developed a correlation for optiminmspacing and discussed the effect
of fin height, fin length and fin spacing on theeirierence of boundary layers, flow

pattern, and heat transfer.

Aihara [25, 26] investigated the natural convectand radiation heat transfer
from eleven large vertically based fin arrays.he former work [25], He conducted an
experimental study of the heat transfer from theebpglate. The effect of fin geometry
and temperature on average heat transfer coeffibias been studied and an empirical
correlation was obtained. In their latter work [2&]series of experiments focused on heat
transfer from the fins reported. Based on theiregxpental data, they proposed a

correlated average Nusselt number.

Leunget al [27, 28, 29, 30, 31]and Van de Pol and Tierne?j @Bere mostly
focused on the effects of varying fin geometricapaeters, the array, and base plate
orientation; they proposed a relationship for thesdélt number based on fin spacing for

different ranges dRanumber.

Radiation heat transfer plays an important rolthenheat transfer from fin arrays.
This has been shown by Edwards and Chaddock [38d@bck [24], Sparrow and
Acharya [34], Saikhedkar and Sukhatme [35], Spamod Vemuri [36, 37], Azarkisat

al. [38], and Dharma Raet al [39]. The common conclusion of the aforementioned

11



studies was that the radiation heat transfer douties between 25-40% to the total heat

transfer from fin arrays in naturally cooled hesitsi

There are also studies performed by Karki and Ratgd0] and Cengel and Ngai
[41] that dealt with naturally cooled vertical shded fins. The authors conducted an
experimental study and investigated the effect lmfosds on fins performances. A

summary of the above-mentioned studies is preséem{€dble 1-1.

Table 1-1: Literature review on natural convectiveheat transfer from vertical rectangular fin.

Conditior
Ref. # Method Ra range Correlatiatiu Highlights
S
e Interrupted fins
1 S -12.5/[Ra (5)]3/4
[21] Exp. Nug = ﬁRas'(T) 1—e ™~ s\ e Model cannot see
the effect ofG
. 2 e Applicable for
0.387Ra; _
Nu;, =10.825 + 5 Isothermal plates with
[13]  Analytical all 2127
[1 + (0'492/Pr)16] and isoflux inclination up to
60°
10*
[33]  Empirical Nu, = 0.59 Ra;’*
—10°
3
Analytical 107! Nu, = iRas [1 —exp (_ 35 )]4 Symmetric e Reporteds,p;=
[14] 24 Rag
Exp. —-10° isothermal f (H)
Symmetri
-0.5
N ( 24 )2 N 1 g .
U, = ||— —_—
s Rag 0.59 Rad%®
[15]  Analytical all isothermal e Reporteds,,;
6 \2 1 21705 Asymmetric
=[S + (s
* | \Ras 0.59 Rag*® isothermal
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Conditior

Ref. # Method Ra range Correlatiatiu Highlights
S
Nug . .
Asymmetri  efins are 2D problem
Exp. & 21705
[24] 12 2 1 c Developing+develope
Num. = (S ) + 025
7 Ras 0.619 (fRaS) ' isothermal d flow
L
Nu, = 6.7 X 10™*Rag [1
s<
Symmetric
50mm 7460\ 04417 o Reported
[34] Exp. — €xp ( Ra ) ] isothermal
s Sope=T (H, 9)
horizontal
S >
Nug = 0.54Ra22°
50mm
Nug = 0.135 Ra2* Ra<250
[42] Exp. Ra<10° .
Nug = 0.423 Ra}  250<Ra%0®
Nug = 0.144 Ra2*® Ra<250 Small fin
[42] Exp. Rad40° X
Nug = 0.490Ra>  250<Ra0° heights

Figure 1-6 shows the comparison of the data andytaced models existing in
literature for the external natural convective héansfer from isothermal vertical
rectangular continuous fins. Unfortunately mosthaf literature found for the rectangular
interrupted fins were limited to the forced convwaectand intenal natural convection
which is not our case study. Fujii [21] studied teternal natural convective heat
transfer from isothermal vertical rectangular inipted fins and reported a fitted

correlation, but the effect of interruptions, Gneeot be seen in his correlation.

13



Figure 1-6 shows that:
* The experimental data is successfully validateth eie current models

» [15] Predicts the data more accurately than theratiodels in literature

60
¢ MET Culham et al. num. data [16]
50 | A Yovi Culham et al. exp. data [16] .
X Yunc Yovanovich [8]
x  Yunc  Yazicioglu [7] ,
40 | .
BarC Bar cohen & Rohsenow [15] /,/
------------------ Elen Elenbaas [14] /.’. e
. . / //
2” 30 b ---- Miy:  Miyatake et al. [65] &/ /'
/
—-—-0fizc  Ofi & Hetherington [20] v
/O
Present exp. data
20
10
o Il 1 L 1 Il

1.00E+02 1.00E+03 1.00E+04 1.00E+05 1.00E+06 1.00E+07 1.00E+08

Rag
Figure 1-6: Comparison of the data and analytical madels in literature.



1-4 Objectives

The previous section on literature review indicateat the focus of the pertinent
research in the area of the natural convective theasfer from fins has been mostly on
continuous fins and pin fins, and no in-depth stbdyg been performed to investigate the
natural convection heat transfer from interrupted for external natural convective heat
transfer. Interrupted fins have been mostly studednternal natural convection [43],
[44] and forced convection, e.g., [45].The presgatly aims to address this shortcoming
by investigating the effect of fin interruption dhe efficiency with which the heat is

transferred from the heatsink to the environment.

Interrupted fins are a more general form of find aan include both continuous
and pin fins at the limit where the fin interruptiapproaches zero, as it can be seen in
Fig. 1-7. At a closer look, continuous fins and fiims are two extreme cases of the
targeted interrupted fins. We started our analggjgecting that a proper selection of fin
spacing and interruption sizes can lead to a higtermal performance. This expectation
was based on the fact that interrupted fins exlalsthermal boundary layer interruption,
which help increase the heat transfer [21], seenthe chapter for more details on the
concept. Additionally, fin interruption leads togsificant weight reduction, which in
turn, can lower the manufacturing costs. On themhbiand, adding interruptions leads to
a heat transfer surface area reduction, which deerethe total heat transfer. These two
competing effects clearly indicate that an “optiniudim interruption exists that provide

the maximum heat transfer rate from naturally-cddleatsinks.
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Figure 1-7: Continuous and Interrupted rectangularfins
The goal of this study is to investigate the eSeat adding interruptions to fins
and determine an optimum value for different geoitat parameters of the fin array.
Our focus will be mainly on the fin length and firterruption length. Also, in order to
study the natural convective heat transfer frorariofpted fins, a new concept, effective
length, is introduced and a new relationship fer flusselt number is developed based on

the non-dimensional geometrical parameters.
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Chapter 2.

Numerical Analysis

Our literature survey indicates that there is & latin-depth understanding of the
effects of various fin parameters, as showfigure 2-1 on the thermal performance of
interrupted fin arrays. This thorough understandilgy a cornerstone of any
comprehensive modeling and development progransugh, we will investigate natural
convection heat transfer in the general interrufiitedrray shown in Figs. 2-1 and 2-2. It
should be noted that the targeted fin array hathalrelevant and salient geometrical fin
parameters and covers the targeted fins rangimg é@ntinuous straight rectangular fins
to pin fins. In the following paragraphs, the plegdieffect of adding interruptions to the
fins on natural convective heat transfer is diseds©n the following subsections, the
governing equations, numerical domain and the spomeding boundary conditions, the
assumptions and the mesh independency are discusset of the present numerical
results are also presented in this chapter and amdmgainst well-established analytical
model available in the literature. The validatioh the numerical data with our
experimental data is done at the end of this chaphe details for the experimental

procedure are discussed in the next chapter.

17



() g (b) :
AT —————— T LA
A L L
L R |
Il L
X,U Tnnnnnn B
L aaupunt | i vy
e e
; s i : S
:l '; < »
W W

Figure 2-1: Schematic of the considered heatsink gmetry: a) continuous rectangular finned
heatsink and b) interrupted rectangular finned heasink.

2-1 Problem statement

When a vertical heatsink is heated, the buoyanmefoauses the surrounding fluid to
start moving and, as a result, thermal boundargriagtart to develop at the bottom edges
of the opposing surfaces of the neighboring fihs; houndary layers eventually merge if
the fins/channels are sufficiently long, creatindudly developed channel flow [46].
Interrupted fins disrupt, and ideally reset thertied boundary layer growth, maintaining
a thermally developing flow regime, which, in tuteads to a higher natural heat transfer

coefficient; this concept is schematically showrrig. 2-2.
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Figure 2-2: Effect of adding interruptions on the lbundary layer growth in natural heat transfer
from vertical fins.

2-2 Governing Equations

We seek a solution for steady-state laminar nattoalective heat transfer from an
interrupted vertical wall and fins. Figure 2-1 shlsothe geometry of the considered
interrupted fin array. The conservation of massymaotum and energy in the fluid are

based on assuming a fluid with constant propedies the Boussinesq approximation

[46] for density-temperature relation:

ou O0v
a‘l‘@: 2-1
ou Juy 0P 5
p(ua+v$)——a+uVu 2-2
ov dvy 0P 5
,0<Ua+v$)——$+,uv v—pg 2-3
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aoT oT
(u— + v—) = aV?T, 2-4
0x dy
wherey is the direction parallel to the gravitational elecation andx is the direction
normal to the gravitational accelerationis the flow velocity inc-direction andv is the
flow velocity in y-direction, respectively, 4, anda are the fluid’s density, dynamic
viscosity and thermal diffusivity, respectively.

Since the pressure is only a function of longitadliposition only [46] we have:

oP 0P,
dy dy 2.5

Further thabP,/dy is the hydrostatic pressure gradient dictatethbyreservoir fluid of

densityp,, , therefore:

0k _ X 2-6

Plugging equations 2-5 and 2-6 into momentum equé&i3 yields:

(6”+ a")— Vv — (p — p.,) 2-7
Plugz tvg,) =17 = —pog -

To express the net buoyancy force, which is eqoal-Go — p..)g, in terms of
temperature difference, the volumetric thermal esjen coefficient should be defined
first. This parameter represents the variatiorhefdensity of a fluid with temperature at
constant pressure:

#=5(0), 2t
In natural convection studies, the condition offln&l located sufficiently far away from

the hot or cold surface is indicated by the sulps¢mfinity”. That subscript serve as a
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reminder that this is the value of a certain enditya distance where the presence of the

surface is not felt [47]. Equation 2-8 can be ré&en as:

14p 1

B~=ar =5l

poo_p>

T T at constant P 2-9

Plugging the expression gfinto Eq. 2-7 yields to:

(6v+ 617)_ v2 T—T 2.10
Plugx tVgy) = HV U 9Bp(T = T,) -

where in the numerical simulation using COMSOL team,—gfp.(T —T,.), is
inserted as a body force.

Isothermal boundary conditions have been assumeideowalls, i.e.,
T=T, at x=F-,0<y<l, 2-11

whereT; is the surface temperature.
A symmetry boundary condition is assumed for thermption region, as shown in Fig.
2-3:

ar

— =0 at x=$§,l<y<l+G.

dx 2-12

The inlet and outlet boundary conditions for thendo considered are the following:

P=P,;y, at y=Ly=0. 213
Boundary conditions used to solve the domain ae sthown schematically in Fig. 2-3.
Radiation heat transfer from a surface to the swmdongs, at an ambient

temperaturd,,,, can be calculated from E@Q-13. More details on the subject can be

found in Racet al[34]:
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3
Qrad = O-S(Tw4 - Tamb4) z AiFiy [W]'
= 2-14

whereF is the surface view factog, is the surface emissivity coefficient, amrdis the

Stefan—Boltzmann constafib7 x 1078 W /m?2. K*, respectively.

(@) (b) (© )

5

Pressure outlet

Isothermal fins

/

Symmetry

: .
<+ Pressure inlet

Figure 2-3: Schematic of the considered numericalanain: a) continuous fins; b) interrupted fins;
¢) boundary conditions for continuous fins; d) bouary conditions for interrupted fins.
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2-3 Summary of Assumptions
The following is a summary of the assumptions madaodel the fluid flow and

heat transfer in a vertical finned heatsink.
» steady state, laminar flow, i.e., Rayleigh numBex <10°, [47]
» incompressible flow, i.e., Ma < 0.30);

(Ma, Mach number is a dimensionless quantity repriisg the ratio of speed of

an object moving through a fluid and the local sheksound. [47])
» two-dimensional flow and heat transfer inside tharmels; [24]
» symmetric flow and identical heat transfer in b thannels;

* isothermal boundary condition for the base plat fars;

* negligible air entrance in side channels. (Thehfras inflow and outflow
from the open sides of the outmost channels wadl smmpared to the air

flow entering from the bottom of the fin array. [%#8

The effect of fin interruption is investigated ugim two dimensional numerical
simulation using FLUENT [49] and COMSOL Multyphysi€50] for the fins and walls.
In order to investigate the effects of fin intertiop and to determine an optimum
interruption ratio, we started by using the exigtanalytical models as reported in [15].
Based on the models, the optimum fin spacingan be calculatedThe idea is to
decouple the effect of fin spacing from the firemtiption. Our strategy is to keep the fin
spacing constant, at its optimum value calculatgdhe model of [15]. The present

numerical simulation results have been validateduryexperimental data; the simulation
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results were within a mean relative difference o 4 and the maximum relative

difference 14 % of experimental values.

2-4 Computational domain and boundary conditions

2-4-1 Fin array simulation

For modeling the channel, since the geometry reptslf, a single channel has been
chosen to represent the computational domain, earslin Fig. 2-3 According to the
flow visualization and velocity measurement of flosv field for a finned plate reported
in [48], as mentioned in the assumptions, the fegsinflow and outflow from the open
sides of the outmost channels was small compareitiecair flow entering from the
bottom of the fin array. Therefore, the effectlud side fins exposed to the ambient is not
expected to be significant and the selection ohgle channel instead of whole domain is
justified. Additionally, the influence of the flom the direction normal to the base plate
was shown to be negligible [48]. Thus, a two-dimenal analysis (instead of three
dimensional) is adequate for the purpose of oumukition. For the domain dimension
selection, the optimum fin spacing),is estimated using the existing analytical maazfel
[15]. The effect of fin spacing was decoupled fbe tsimulation of interruptions in
interrupted fins, keeping the fin spacing constahtthe optimum value, which is
determined with the following relationship for teagmmetric isothermal plates [15]:

Sopt = 2.71(Ras/s3L)™%%> [m], 915
whereRais the Rayleigh numbes,is the fin spacing and is fins length, respectively.

In Eqg. 2-15, the,,, changes with the temperature difference; the vaful” = 22°C

is chosen to calculate the fin spacing by substiut in Ra

24



gPATs3
Rag ==—2-—, 2-16

The pressure inlet boundary condition is applieth®fin array’s inlet, the bottom of
the fin array channel, and that defines the stmioge pressure at the inlet boundary. The
value of that pressure is interpreted as the spaéissure of the environment from which
the flow enters.

For the top of the domain, i.e., the outlet of fimearray channel, the outlet boundary
condition is applied. The symmetry boundary cowoditwhich is equivalent to a no-heat
flux in the direction normal to the fins surfaceamp® was chosen for the interruption
region. A no-slip flow with isothermal solid suriacs considered for the walls. Figure 2-
3 shows a schematic of the domain considered ®ntlmerical simulation, along with

the chosen boundary conditions for continuous atetriupted fins.

For solving the system of partial differential etioas introduced inChapter 3
ANSYS-Fluent 12.1.4 [49] has been employed; as,weAMBIT 2.3.16 was used for
mesh generation. Boundary layer mesh was usedefpons that are closer to the fin
surface, in order to capture the flow behaviouhvaithigher resolution. Figure 2-4 shows

a segment of the domain and the generated mesloritinuous and interrupted fins.
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Figure 2-4: Grid used in the numerical model for a)}continuous and b) interrupted fin array.

In order to investigate the effect of interruptiarsnatural convective heat transfer, a
comprehensive parametric study has been performédre experimental data and the

numerical results are discussed in Chapter 4 acwgiyd

Table 2-1 presents the geometrical specificatinas,the fin and interruption lengths
of the numerical domain geometry. Fin lengths héeen varied in the following
sequence t = t, 2, 5, 1& and 1%, wheret is the fin thickness; similarly, interruption
lengths have been varied as pgér=1/2, 1, 21, 5, 10|, in some case& was varied up to
201, 44, 80 and 225 As a result, thirty six different heatsink georrest have been
investigated overall. The selection of the rangebfath| andG were arbitrary selections
to cover a wide range for each parameter. The chbseand interruption lengths are

given in 2-1.

This set of geometries is meant to cover a widgeaiy = G/I.
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Table 2-1: Geometrical dimensions of the consideredterrupted fin array in numerical analysis.

Considered numerical Geometry case studies#y = Gl t(mm) s(mm)
1-5 0.5 25 9.5
6-10 1 25 9.5
11-15 25 9.5
16-20 25 9.5
21-25 10 25 9.5
26-28 20 25 9.5
29-32 40 25 9.5
33-35 80 25 9.5
36 255 25 9.5

Fin length and fin width is constant in all the gemetries,L = 1.4 m ands= 9.5 mm

~——mm e ——

[ ——

/) G=20mm G=30 mm G=40 mm

Figure 2-5: Temperature distribution contours of fin arrays, and the effect of interruption length
on thermal boundary layer. The thermal boundary andits growth can be seen in the temperature

27



A

N=0

I

I

1

N=3

l

N=4

Figure 2-6: Numerical simulation, temperature contairs, for fin arrays, and the effect of multiple

interruptions on thermal boundary layer.

Figure 2-5shows the temperature contours, and the effeattefruption length

on resetting the thermal boundary layer could barty observed. Figure 2-5 also shows

the effect of frequent interruption on resettinge tthermal boundary layer and

temperature distribution in the channels. The fesjuesetting causes a delay in flow to

get to the fully-developed condition.

2-4-2 Interrupted single vertical wall simulation

Interrupted vertical walls are simulated in orderbe used in developing a new

compact relationship for the natural convectivetheansfer and the corresponding

Nusselt number. The domain is shown in Fig. 2-# Pphessure inlet boundary condition

is applied to the bottom of the domain. For the &opl sides of the domain, an outlet

boundary condition is applied. For the interrupticegion, the symmetry boundary
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condition was chosen. This type of boundary coadiis equivalent to a no-heat flux in
the direction normal to the wall surface plane. i&imto the fin arrays, a no-slip
isothermal solid surface is considered for the svdfigure 2-&hows a schematic of the
domain considered for the numerical simulation,nglowvith the chosen boundary

conditions for walls.
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Figure 2-7: a) Schematic of the numerical domain ahboundary conditions for interrupted single
vertical walls. b) Grid used in the model for interupted walls.

For solving the system of partial differential etjoas introduced in Section 2-2 and also

for mesh generation, COMSOL software has been graglo

Table 2-2shows the specifications of the numerical domaiongetry. The wall
length and the interruption length have been variespectively, in the following ordelr:

=t, 5, 7.8, 1Q, 15, wheret is the wall thickness. The interruption lengthiadb the
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wall length,y, was varied from 0.5 to 120. Forty four differevell geometries have been
investigated overall. In this set of simulatione ttumber of walls where kept constant,
= 50; however, due to the above considerationstatag length of the walls was varied.
The selection of the range for bdtland G was an arbitrary selection to cover a wide

range.

Table 2-2: Geometrical dimensions of the consideredterrupted walls in numerical analysis.

Considered numerical Geometry case studiet§mm) (¢ = I/t y =G/l
1-10 2.t 1 [0.5-60]
11-21 12.t 5 [0.5-60]
22-31 7.5 7.t [0.5-50]
25-34 12.t 10 [0.5-40]
35-44 37.5 15 [0.5-38]

General note: Fin numbers and fin thickness were k& constant in all the geometriesn = 50

andt=2.5mm.

2-5 Mesh independency

2-5-1 Fin array simulation

A mesh independency study has been performed éon@nuous fin case, with
seven different mesh sizes in Wadirection, i.e., parallel to the gravitational aelration
direction, shown in Fig. 2-3, and four different shesizes in the-direction, i.e. normal
to the gravitational acceleration direction. Fig@& shows the results of the mesh
independency study along and normal to the wadlspectively. According to this study,
the optimum size for vertical meshes has been chimsbe 1 mm. For mesh sizes smaller
than 1 mm, the increase in the Nusselt number Bnbf 0.5%; therefore, the accuracy

will not improve significantly thereafter. As fdné mesh number, 50 has been used in the
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horizontal space between two fin surfaces in otddrave less than 0.5% error and still
save significant computational time. It should bmted that the mesh structure was
distributed unequally on the horizontal spaces idlénser in the vicinity of walls in order

to increase the accuracy of the results.
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Figure 2-8-a: Grid independency studyRa = 1.6- 16; in vertical direction

(horizontal grid number = 50).
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Figure 2-8-b: Grid independency studyRa = 1.6 10% in horizontal direction

(vertical grid number = 300).
2-5-2 Interrupted wall simulation

The computational domain, shown in Figure 2-7,dionulating the heat transfer
in the walls was created in COMSOL Multiphysics][4Bhree different number of mesh
elements were used for each different geometryscasd compared in terms of local
temperature and total heat transfer rate to ensuremesh independent solution.
Accordingly, for the case of = [/t = 1, i.e., pin fins, ang¢ = G/l =1, choosing a mesh
number of 2.3x1D, we found that the simulation of walls gives apgmmately 2%
deviation in heat transfer rate from walls as comgao the simulation of walls with
mesh number of 5.0x10Similarly, the heat transfer rate for the simislatof walls with
1.0x1d mesh elements deviate up to 9% as compared t@ tfiom the finest one.
Therefore, we chose a mesh size of 2.3eléments considering that it was sufficient for

the numerical investigation purposes. As mentiobefbre, in the ANSYS meshing, a
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finer mesh size was applied near the wall to resaelith an enhanced accuracy the
boundary layer and an increasingly coarser meshchasen in the middle of the domain

in order to reduce the computational time.

5.4 Numerical results validation

Figure 2-9 and 2-10 show the validation of the @nésnumerical simulation.
Simulation results for only one continuous fin chelp experimental sample called cont-
1-10-17, withs = 9.5 mm,L = 305 mmH = 17 mm, are compared to our experimental
data and to the analytical model presented by [4&@; Chapter 3 for more details on the
experimental procedure. As mentioned before, th#iatian is deduced from the
experimental data analytically, based on the awermmperature measured via the
thermocouples. The emissivity was considered OPfandtl number equal to 0.7, air
thermal conductivityk equal to 0.026 W/m.K and the average temperat@a&sared via
the thermocouples was considered as the wall teahper Natural convective heat
transfer is calculated after deducting the baste@ad radiation heat transfer from the
data. Figure 2-9 and 2-10 show the results for botitinuous and interrupted fins. As it
can be seen, there is a good agreement betweemmarical simulation results and both
analytical and experimental results with a mearmtired difference of 4.6 % and a
maximum relative difference of 14 %. Similarly irgEre 2-10 it can be seen that there is
a good agreement between our numerical simulasults and both analytical and
experimental results with a mean relative diffeeeint 3.5 % and a maximum relative

difference of 4.6 %.

In Figs 2-9 and 2-10, the shown measured tempesatuave been averaged to
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calculate a wall temperature for the experimensthdTo calculate the experimental
data, convective heat transfer from the base ptatomputed based on an analytical
relation as reported in the literature for vertipddtes, Eq. 2-17, by [13]; the natural
convective heat transfer is then deducted frontdted heat transfer rate so that only the
heat transfer from the fins is considered. In addjtthe radiation heat transfer, which
can be as high as 40% according to [51], has bekwulated based on Eq. 2-20 and
deducted from the data. This operation was donausecthe simulation was performed

for convection heat transfer only.

1

0.387Ra’
Nu, =14 0.825 + =t 2-17

[1 +(0.492 /Pr)%];

QNC = Qtotal - Qrad (W], 2-18

inns = QNC - Qbase (W], 2-19
3

Qrad = O-S(TW4 - Too4) Z AiFi4 [W]l 2-20
i=1

whereRa; is Rayleigh number based on the base plate leRgtls, the Prandtl number,
0,44 is the radiation heat transfer rag,. is the natural convective heat transfer rate,

e is the surface emissivity, arfdis the radiation shape factor, aAds the radiative

area.Q,,s.iS the heat transfer rate from the base pIate,Qf;ng is the heat transfer rate

from the fins.
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Chapter 3.

Experimental Study

The objective of the experimental study is to irtigede the effects of fin
interruption length as well as fin spacing on tla¢unal convection heat transfer from the
considered rectangular vertical fins. To enable thvestigation, two new custom-made
testbed were designed and built at SFU. A numbéreatsinks and single wall samples,
with various geometrical parameters, were prepaliredotal, two series of tests were
undertaken. The first series of tests was desigméuvestigate the effect of interruptions
and their comparison to the non-interrupted (cardus) channels. The second series of
tests were undertaken to validate the numericad daed for calculating the Nusselt

number for the vertical fins.

3-1 Testbed design

3-1-1 Testbed design for interrupted and contindmss

A new testbed has been designed for measuringatatonvection heat transfer
from the finned heatsinks, as shown in Fig. 3-1 3& The set-up included an enclosure
made of poly(methyl)methacrylate (PMMA) which wasulated by a layer of foam with
a thickness of 15 mm. The testbed also includedn2@ng Chromalox strip heaters (120

V, 150 W) purchased from Omega Engineering (Toro@tN), which were attached to
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the backside of the fins base-plate, and a dataisiign system (DAQ), TAC80B-T

supplied by Omega (Toronto, ON).

Plexiglascast
Thermocouple g

K-
Base plate o

frmmmm————— 1 30 cm °
I DAQ

Insulator foar

<\

/
>

/\
S Y B . ¢ !
| . | |
‘\ J~ Thermocouple —»  Heatr
\;\ IL__________J 1610crr%:
(a) (b)

Figure 3-1: Schematic of the heatsink test-bed.
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Figure 3-2: A continuous fin in the heatsink test-bd.
Thermal paste was used to decrease the thermadotamtsistance between the
heater and the heatsink base plate. The voltagethendurrent of the supplied power

were measured with an EXTECH 430 digital multimeter

3-2-2 Testbed design for interrupted single walls

Another new testbed was designed for measuringalatanvection heat transfer
from interrupted single wall heatsinks, as showhestatically in Fig. 3-4. The set-up
included a metal framework from which samples wenag and an enclosure made of
foam with a thickness of 20 mm to insulate the bsidke of the samples. The testbed also
included a power supply, two electrical heatersictviwere attached to the backside of
the fins base-plate, and a DAQ system. Thermalep@3tnegatherm ®201) was used
to decrease the thermal contact resistance betthedmeater and the heatsink base plate.

Some of the testbed components are shown in R3g. 3-
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Figure 3-3: The testbed components: a) Extech 430uttimeter, b) SC-20MVariac, c)NI 9214DAQ
system.

(b)

—Thermocoupl

Figure 3-4: a) Schematic of the single wall test-lle b) an interrupted single wall shown in the
testbed.
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3-2 Sample Preparation

3-2-1 Interrupted rectangular vertical fin arrays

Two sets of heatsinks featuring: i) continuous aegtlar and ii) interrupted
rectangular fins were prepared and tested to eddibthe testbed against the existing
theoretical model of [15]. As shown in Figure 3d€gmples were machined by the
industrial partner, Analytic Systems Ware (ASW)reguested by SFU team. The tested
heatsinks were made from 6063-T5 aluminium allothva thermal conductivity of =

130W/mK at20°C and an emissivity of approximatety= 0.8 at20°C.

Base plate dimensions of the prepared samples theresame; however, the
number and dimensions of the fins were differestlisted in Tables-13-1 and Tables-2

3-2.

The continuous fins were prepared to allow thebcation of the testbed with the
existing experimental and theoretical results ie tlierature. More importantly, the
continuous fins enabled verification and establishimof the optimum fin spacing,

between the neighbouring fins. The verificatioplissented in Chapter 4, in Fig. 4-3.

Table 3-1: Dimensions of the finned plate samplespntinuous fins.

Sample narr s (mm) N H (mm) I (mm)
Cont1-1C-17 9.E 8 17 -
Cont-1-6-17 6.C 12 17 -
Cont-1-14-17 14.C 6 17 -
Cont1-1C-1C 9.E 8 10 -
Cont1-1C-25 9.E 8 25 -

General note: Heatsink base length and width are ewstant in all the samplesL. = 305mm andw =
101 mm.
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The interrupted fin samples were prepared to inyast other salient fin
geometric parameters, including length, interruptitength, and the number of

interruptions.

Table 3-2: Dimensions of finned plate samples, inteipted fins.

Sample name s(mm) N  H(mm) | (mm) n (number of interruptions) G (mm)

Int-1-20 9.5 8 17.4 142.5 1 20
Int-2-2C 9.t 8 17.4 88.c 2 20
Int-3-2C 9.t 8 17.4 61.c 3 20
Int-4-20 9.8 8 17.4 45.C 4 20
Int-5-20 9.8 8 17.4 34.2 5 20
Int-4-30 9.8 8 17.4 37.C 4 30
Int-4-4C 9.t 8 17.4 29.C 4 40

General note: Heatsink base length and width are ¢wstant in all the samplesL = 305 mm andW =
101 mm
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Figure 3-5: Examples of tested samples, a) continus fins heatsink and b) interrupted fins heatsink.

3-2-2 Interrupted vertical wall

For the second series of tests, in which verticed fvere used, seven heatsinks
with interrupted walls were prepared. The baseeplatth of the samples was the same;
the number of fins was chosen such that the flowlevoeach a fully-developed state. To
fully investigate the thermal boundary layer growifimensions of the fins and

interruptions were varied, as listed in Table 3-3.
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Table 3-3: Dimensions of finned plate samples; inteupted walls

Sampl

name # I (mm) n G (mm) L G/l I/t
SwW-1 50 14 50 1.45 1 5
SW-2 50 7 15C 1.4¢ 3 5
SW-3 20 17 40 1.04( 2 2
SW-4 20 14 60 1.14 3 2
SW-5 10 20 30 1.452 6.2 1
SW-6 50 17 25 1.32¢ RS 5

General note: Fin length base land width are constd in all the samples,H = 100 mm,t = 10 mm, and
W =101 mm

3-3 Test procedure and data collection

3-3-1 Vertical fin arrays

The enclosures were tested in a windowless rootrhéichan environment free of
air currents. During the experiments, the input @osupplied to the heater and surface
temperatures was measured at various locatiortseabdck of the base-plate. Electrical
power was applied using the AC power supply. Théage and the current were
measured with two digitdixtech® 430 multimeters to determine the power input ® th
heater. The accuracy of voltage and current readimgs 0.3% for both. Five self-
adhesive, T-type, copper-constantan thermocoupiéis an accuracy of 1°C were
installed in various locations on the surface ef émclosures, as shown in Fig. 3-2-b. All
thermocouples were taped down to the inside surfs#fcéhe enclosure, to prevent
disturbing the buoyancy-driven air flow in front thfe fins. An additional thermocouple
was used to measure the ambient room temperaturengduhe experiments.
Thermocouples were plugged into the DAQ. Tempeeatueasurements were performed
at five points in order to monitor the temperatuagiation on the tested heatsinks. The
average of these five readings was taken as the fplate temperature. Since the fin
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heights were small, maximum fin height was 25 mimeyt were assumed to be
isothermal. For each of the twelve heatsinks, #peBmental procedure was repeated for
power inputs of 16, 25, 36, 42.2 and 49 W, respelti The base-plate temperat(ig,

the ambient temperatufe, and the power input to the heafer considering that the
power factor equals 1, were recorded at steadg-stdte steady state was considered to
be achieved when 100 minutes elapsed from the aitdhte experiment and the rate of
temperature variations with respect to tird€/dt for all the thermocouples were less

than 0.2C/hour. Figure 3-6 show the steady state experirhdata from tested samples.
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Figure 3-6: Experimental results for interrupted fins heatsinks.

It should be noted that the error bars correspagndim the power measurement
uncertainty are not visible due to their relativmadl values as compared to the
uncertainty values for the temperature differen&lso note that these are only raw

experimental data, the results are discussed matetails in the next chapter.

3-3-2 Interrupted vertical single walls

Similar to the interrupted fins array experimergedcedure explained in Section
3-3-1, during the experiments, the input power $#adpto the heaters and surface
temperatures were measured at various locatiotiedtack of the base-plate. Electrical
power was applied using a variable voltage transéorfrom Variac, model SC-20M
(China). The voltage and the current were measiarekttermine the power input to the
heater. Eight self-adhesive, T-type, copper-cotatathermocouples were installed in
various locations on the backside surface of thenadium samples, as in Fig. 3-2. All

thermocouples were taped down to the backside curéd the enclosure to prevent
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disturbing the buoyancy-driven air flow. An addited thermocouple was used to

measure the ambient room temperature during thergments. Thermocouples were

plugged into an NI 9214 thermocouple module supdbg National Instruments (Austin,

TX). Temperature measurements were performed &t pgnts in order to monitor the

temperature variation on the heatsink. The aveodghese eight readings was taken as

the base plate temperature. Since the measurecttatuge difference between the fins

and the base plate was less than 1°C, the fins agsuamed to be at the same temperature

with the base plate. For each of the seven heatsihle experimental procedure was

repeated for various power inputs. The base-plamperaturely,, , the ambient

temperaturd,,,,,, and the power input to the heaferassuming that the power factor

equals 1, were recorded at steady-state. The sttatywas considered to be achieved

when 150 minutes elapsed from the start of the riaxpat and the rate of temperature

variations were less than @Cthour.
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Figure 3-7: Experimental results for interrupted single walls.

Also note that the experimental data and the olsetiends are discussed in

Chapter 4 in detail.
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3-4 Uncertainty analysis

Voltage ) and current I} were the electrical parameters measured in our
experiments, from which the input powéy,,,.., can be calculated, see Eq. 3-3. The total
accuracy in the measurements was evaluated basélddeoaccuracy of the employed
instruments, which was stated in subsection 3-3te accuracy of the voltage and
current readings were 0.3% for voltage and also%0.3or the current,
respectivelyExtech® 430 multimeter. The reported accuracy values wgven with
respect to the instruments readings, and not thdnmian value of the readings. The
maximum uncertainty for the measurements can bairgdd using the uncertainty

concept provided in [52].

To calculate the uncertainty with the experimemtaasurements the following

relation is used [52]:

1/2

- [5]

wherewy, is the uncertainty in resul(x,, x,...x,), andw; is the uncertainty of the
independent variable; . If the results functionR(xy, x,...x,), takes the form of a
al..a2

product of the independent variabl@s= x" x5 ... x7", and Eq. 3-1 could be rewritten

as:

Wp _ a; 2 1/2

712G
The final form of the uncertainty for the input povbecomes, Eg:4 3-4:
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Pinput =V.I (W], 3-3

OPinpuc _ (5_" )2 + (ﬂ)z , 3-4
Pinput 4 1
8 2 2 2 2 2
000 _ [, () (OTemn)®, 07 01700y s
QR TW Tamb l H t
QNC = Pinput - QR (W], 3-6

Plugging the values fdf, I, T, T,mp, |, H, andt, respectively, into 3-4 and 3-5
above, the maximum uncertainty value 5. was calculated to be 8%. The calculated
temperatures uncertaintdT was 2°C, which was twice the accuracy of the
thermocouples. The calculated uncertaintiesQfgs and forAT were reported as error
bars in the experimental results. It should beahthat the error bars corresponding to the
power measurement uncertainty are not visible du¢heir relative small values as

compared to the uncertainty values for the power.

Table 3-4: uncertainty analysis parameters

Paramete Maximumuncertaint
sV IV 0.3%
811 0.3%
é6P/P 0.4%
6T +1°C
6H 0.1 mm
6l 0.1 mm
ot 0.1 mm
5QNC/QNC 8%
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Chapter 4.

Results and Discussion

In this chapter, the effects of different importgebmetrical parameters on the steady
state natural convection heat transfer rate fromh loterrupted and continuous fins are
discussed.

In the first Section, 4-1, the effects of paramgten the natural convective heat
transfer rate from continuous rectangular fins @malysed as a parametric study. The
impacts of fin spacings, fin height,H, for continuous fins on the average wall
temperature are discussed in detail. Another inaportparameter is the fin
interruption,G.The influence of this parameter on the natural ective heat transfer rate
from interrupted rectangular walls is studied irct®m 4-2. Later in this Section, a new
closed form correlation is developed for Nusselinbar based on the Rayleigh number
for different values of and(’, wherer is a dimensionless parameter that represents the
ratio of the interruption lengtlg, to the fin length|, y = G/l and{ is the aspect ratio of
the fin length/, over its thickness, { = [/t. See Fig. 1-2.

In order to verify the numerical results, severedént heatsinks with interrupted fin
arrays, and six different heatsinks with interruptgalls were prepared and studied
experimentally, as described in detail in Chaptefl8 averaged surface temperature was

measured for various heat dissipation rates. Therage surface temperature was
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calculated using the existing relationships forurat convection and radiation heat

transfer rate; please see Chapter 1 for more detail

4-1 Continuous finned heatsinks

In the present experimental study, five differemntmuous finned plates were
investigated and the results were compared to nlaéytcal existing model of [15]. To
investigate the effect of geometrical parameteest ransfer rates from the prepared
heatsinks are plotted as a function of average t@aiperature. Figures 4-1 and 4-2 show
the heat transfer rates obtained when varying ithééightH from 10 to 17 and to 25
mm, and keeping the fin lengthconstant at 305 mm; the fin spacisagvas varied from
6.0 to 9.5, and to 14.0 mm as showiTable 3-1. As expected, the heat transfer rate from
the heatsinks depends on the fin height, fin spaaid the average wall temperature. The
conclusion is that the heat transfer rate is irgirgpwith an increase in the fin height and
wall temperature. Heat transfer rates measured floee different fin heights are close
to each other at low wall temperatures, while ghbr wall temperaturdgse., Ty,q =
100°C, the heat transfer rates tend to diverge, as showing. 4-1. As it can be seen in
Fig. 4-1, the experimental data and analytical rhofi¢15] are in good agreement; the
mean relative difference is 4.6 % and the maximefative difference is 14 %. To
calculate the total heat transfer rate from thednalato the ambient, we have to calculate
the convective heat transfer rate using Eq. 1dn.tthe heat transfer rate from base plate

and the radiation heat transfer rate, from Eq. 2¢®4also added.
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Figure 4-1: Comparison of the present experimentadiata with the theoretical predictions of
[15] for different fin heights-continuous finned hatsinks; see Table 3-1 for the dimensions of

the heatsinks.
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Figure 4-2: Comparison of the present experimentadlata with the theoretical predictions of [1] for
different fin spacing-continuous finned heatsinkssee Table 3-1 for the dimensions of the heatsinks.

4-2 Effect of fin spacing on heat transfer rate

One of the most crucial parameters in designingeatdink is the fin spacing

Closely packed fins will have greater surface dogaheat transfer, but a smaller heat

transfer coefficient, since for closely spaced fandor relatively long channels, the fluid

velocity attains its fully developed profile, leadi to an increased heat transfer
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resistance. A heatsink with widely spaced find halve a higher heat transfer coefficient
but smaller surface area, due to wide spacing. ueh,sthe fins appear to have little
influence upon one another and a developing floginme occurs. Thus, an optimum
spacing exists that maximizes the natural convectimm the heatsink to the

surroundings [15].

Heat transfer rate and heatsink mass are plottedfasction of the fin spacing for the
samples considered in this study in Fig. 4-3. Ta @re for heatsinks with fin lengths of
L = 305 mm, fin heights aff = 17 mm and fin spacing af= 6, 9.5, and 14 mm,

respectively, as shown in Table 1-1.

The power input to the heater was kept constaPf,af, = 40 W. As can be seen
in Fig. 4-3, there is an optimum fin spacing thatxmizes the heat transfer rate for
different average surface temperatures. It shoelddited that the present experimental
data are in good agreement when compared agaiesarnhlytical and experimental
results reported by Bar-Cohen and Rohsenow [15]Tamdayolet al. [51] for optimum

fin spacing.
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Figure 4-3: Heat transfer rate and heatsink mass vsus fin spacing for different average surface
temperatures, fin base lengthd = 305 mm, heightsH = 17 mm;see Table 3-1 for more detail on
samples.

Selection of a proper fin-spacing is very importamce fin spacing could lead to an
inefficient heat transfer and a voluminous heatsiidkmayol et al [51] tested three
different heatsinks with non-optimized fin spacargd compared the sample’s weight and
their heat transfer rate to the same samples witlins on the surface. They showed that

due to small fin spacing in the tested samples f(ild not increase natural convection
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heat transfer. However, the weight of the closeipdd surfaces was 84% higher because

of the additional material used.

4-3 Effects of fin interruption on natural convection heat transfer

4.2.1 Optimum interruption length to the fin leng#tio

Heat flux from heatsinks with interrupted fins asfunction of average wall
temperature for fin length df = 305 mm, fin spacing of= 9.5 mm, and fin height df
= 17 mm are plotted in Figs. 4-4 and 4-5. Thesarég show the effect of interruption
length on natural convection heat transfer. In ttase, four interruptions were made
along the fin array and the interruption length wased in steps of 10 mm, froth= 20
mm toG = 40 mm, as shown in Table 3-3.As it was expectied, heatflux improves
asG increases. In Figl-5 the effect of number of interruptions is shothe interruption
length was kept constant at 20 mm, and one, tweetHour, and five interruptions were
added to the fins, respectively. Both Figs 4-4 &rsishow the present experimental data
and the comparison with our numerical results. &s lbe seen from Fig. 4-5, increasing
the number of interruptions would cause an incréaseat flux, which is a result of the
frequent resets, which are imposed on the therncaindary layer due to adding

interruption along the fins.
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fin interruption lengths (i.e., 20, 30 and 40 mm)dr constant number of fins in a rowN = 4
interruptions; see Table 3-2 for more detail on sales.

Figure 4-4 shows the results of the numerical sathorh as discussed in Chapter 2,
which accounts for the effect of fin interruption the heat transfer rate from the fins.
The interruption sizes started from zero, the limgt case which represented the

continuous fins.
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Figure 4-5: Comparison between experimental data ahthe present numerical results for different numbe
of interruptions (N) for constant interruption value of G = 20 mm; see Table 3-2 for more detail on samples.

The following can be concluded from Figs. 4-4 arist 4
* Increasing the fin interruption length causes acrdase in the heat flux
because of “better” interruption in the thermal bdary layer.
* Increasing the number of interruptions increaseshtat flux as well, which is

a result of the frequent resets imposed on tohteertal boundary layer.

60



(M) arel uonedissip reaH

o 0 me m
& N 1o
1 " "
= =
5 < <
R A e o n_ .........
I c N\)
L K] &~
1 &0 I |8
_ b =
iy =
R =
) =
S -
> -
P
£ ~=5
..m. _ - S|~
OQ\\\ ~—
— I
\\\\\\ £
=
||||||||||||||||||||||||||| P
© e} o) e} < o) ™ o)
Ty} < ™ 1N

10

y=Gl

| =12.5 mm

AT =30C

(M) ares uonedissip yeaH

y=Gll

(b)

Figure 4-6: Effect of the interruption length on the total natural convection heat transfer from the

Ts - Tamb)

5 mm and b) fin lengthl =12.5 mm. AT =

fins (numerical results): a) fin lengthl

61



In Figure 4-6 the non-dashed lines show the nurakdiata for heat transfer rate from
each fin, and the dashed curve lines show thaaektip fitted to the maximum points of
each curve for different temperature difference. (£q4) Since the results show a rather
flat curvature in the vicinity of the optimum pagindnd more importantly, that the
heatsinks work over a range of temperature difie@erthe optimumy = G/1, is
demarcated as a region - as marked with dashexidm&igure 4-6.

One can conclude the following from Fig. 4-6:

* There is an optimum interruption length that maxmsi the total heat transfer rate
from the heatsink.

» The optimum interruption length is a function offage temperature and fin length.
In this study, a new compact correlation is devetbthat can accurately predicts
the optimum fin interruption as a function of sedatemperature for different

lengths (2.5 mm <4 < 25 mm) and fin surface temperatures , as follows:

G Tw — Tamp. _
Yopt. = (7) = U (——)72 4-1
Opt. amb

4-4 Model development for interrupted vertical walbk

We seek a solution for steady-state laminar natoaVective heat transfer rate from
an interrupted single wall.

A new concept, effective wall length, is introdudedcalculate the Nusselt number
for the natural convective heat transfer rate altmg interrupted vertical walls. The

effective length is defined so that the heat transite from an equivalent continuous
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vertical wall with the effective length would beusd to the heat transfer rate from the
interrupted (actual) walls. For this purpose, tladcalated heat transfer rate from the
interrupted walls is made equal to the heat transfee from a continuous wall with

effective length, and from that mathematical exgi@sthe effective length is calculated.
The heat transfer from an isothermal vertical wat be calculated from the relationship

proposed in [11]:

1

Nu,,,, = 0.59 (RaLeff)4, 4-2

knowing that

Llefs 4-3

NuLeff = P

Replacingh = % in Eq. 4-3, yields:

. 2 1
(@ ) (9N s
Legr = (0.59 k) (gﬁ) AT™%2, [m] 4-4

We introduc€ = l/t, which is a non-dimensional number equal to th raf
the wall lengtH, to the wall thicknesg;
{=1/t, 4-5
andy is equal to the ratio of the interruption lendg®,to the wall lengthl,
y=0G/l, 4-6

In order to develop a general model for various am® ofy, two asymptotes are

recognized and a blending technique [53] is implee@® to develop a compact
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relationship for the wall effective length and teeresponding Nusselt number. The first
asymptote is developed for small, where y - 0, for which the flow behaviour

resembles the flow over a vertical plate that lasterruptions with a total length of
L=N.l [m], 4-7

whereN is the number of walls. The second asymptote snyh- oo; that is the limiting

case where the walls are located far enough frarh etner, leading to an individual wall
limit; in other words, the walls boundary layer wibt be affected by the previous walls
boundary layers. For the first asymptagtey 0, the effective length is correlated using

the present numerical data.

Lesr, v o0
AL Y20 022y 4+ 1, )
N1 |4 4-8

For the asymptotg — oo, Eqgs. 4-10 through 4-12 available in literature IZ] are used
to calculate the heat transfer from walls. Nata@ivective heat transfer from the walls
in this asymptote is obtained by calculating thathieansfer from each side of the wall
and adding them up. The relationships used forutatiog the heat transfer from the
upper and lower and vertical sides of the wallgiven in [54] and they are the same as

Egs. 4-10 and 4-12.

Qt = Qhorizontal sides + Qvertical sides » [W] 4-9
1
NUyerticat sizges = Nu; = 0-59Ra? ’ 4-10
1
Nuporizontal sides = NUyp = 0-56Ra: ) 4-11
1
Ny, = 0.27Rat, 4-12
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The natural convective heat trans§eras calculated from the equations above,
could be substituted in Eq. 444 order to calculate the asymptotelgf, for larger
values ofy, L.sr, .. As aresult, for the upper, lower and vertigdes of the walls, we

can calculate the ratio of the effective lengthNd as:

3 4/3

L 0.83 (%)4 +1

eff,y—- o 1
—_— N3
N.l

4-13

)

Having Leffy—e and Lesr, o available, a compact relationship fégs; can be

developed by using a blending technique, introdume@hurchill and Usagi [53].

—-c —cy—1/c
Lesr = [(Lesr, yo0) 4 (Legr, yow) ] 0 [ml, 4-14
wherec is a fitting parameter, and its value is found domparison with the present

numerical data to be = 3. This fitting parameter minimizes the maximymarcent

difference between the model and the exact soluéisis shown in Fig. 4-8.

Nuy,,, is calculated by substituting, s into Eq. 2-9. The final relationship is a

function ofy, ¢, Nand the Rayleigh number, which, in turn, is a fiorcof temperature

difference, as shown below:

—1y —1/4

)
} " 4-15

( 3 4
hL 1\s
Nuy,,, = ;ff = 0.59 Ra}/*N3/* i(o.zzy +1)3+|N <0.83 <E)4 + 1)
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wherel is the wall length{ is the aspect ratio of the wall length of the wall
thickness{ = l/t, v is the ratio of the interruption length to the Wahgth, y = G/l . N
is the number of walls amkla,; is the Rayleigh number based on wall length, retspedy.

_gBATP
a9

4-16

Ral

L.sy is the effective length for the walls, the relasbip proposed fdkluLeff is valid for

the following range(5 < ¢ = i < 15).
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Figure 4-7: Numerical data and asymptotes for natual convective heat transfer from interrupted

walls.

Figure 4-7 highlights the tendencibat the two asymptotes, introduced in

Chapter 2, exhibit based gnTwo different trends can be seen in the presatat fibr the

extreme values of, wherey is the ratio of the interruption length to the Weahgth,

y = G/1. The first trend is showing small values pfind it can be seen that the data in

this region have been collapsed, as shown in FR). Bhe second trend of data, which
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corresponds to relatively large valuesjyaf shows a plateau. i.e., data converge to a

specific value, which is the asymptote for wallshameffective length equal to the wall

length C.¢r = I), see Chapter 2 for more explanation.

O numerical data {=5 :
A numerical data =10 ! =5
35 | X numerical data =7.5 ! /./‘E""—
1"
(o

numerical data {=15 “n 7=75

Log /(N.)

L./N.I=0.22+1

0.1 1 10 100
y =Gl

Figure 4-8: Numerical data and analytical relation&ip - natural convective heat transfer from
interrupted walls.

A new general relationship, Eq. 4-17, is develofmedetermine the Nusselt number
that characterizes the natural heat transfer frotarrupted walls. The calculation is

performed using a blending technique [53] basedhennon-dimensional geometrical
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parametery = G/l and{ = [/t. This Nusselt number can be used to calculatehéiad

transfer rate for any rectangular interrupted wathe range of < { = % < 15.

-1 -1/4

3 4
Nuy, .. =059 Ra;/*N3/44(0.22y + 1) + |N <O.83 (%)4 + 1) , 4-17

where | is the wall length{ is the aspect ratio of the wall length of the wall
thickness{ = l/t, y is the ratio of the interruption length to the Wahgth, y = G/l . N
is the number of walls an®a; is the Reyleigh number based on wall length,

respectively.

It should be noted that since the Nusselt numberdased on the wall effective length,
which is an effective length, the value of thesesddlt numbers are not in the normal
range of natural convection Nusselt numketperimental data obtained from interrupted
wall samples is compared against Eq. 4-17 in Fg. # should be noted that out of six
samples tested, three of them could not be use@ $heir fin aspect ratios were out of
the applicable range of the proposed Eqg. 4-17; hewé¢he experimental data were

reported along with the other samples in Appendix 1
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Figure 4-9: Comparison between the present numeritaata and the proposed compact relationship
for Nusselt number of interrupted walls. ¢ =1/t)

The second approach for calculating the Nusseltbeumvas to correlate the
numerical data based on the dimensionless numbieys=0G/l and{ =1/t. The
corresponding data for each case{afiere non-dimensionalized with respect to the
Nusselt number data for [/t =1 , which represents the pin-fins geometry. The
following new correlation is developed for the Neiss)umber based on the square root

of areaNu,jz, as a function of and¢. The area is defined as follows:
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A=({+t)H [m?] 4-18

whereA is the walls area Since all the calculations amedoased on the unit depth of the

interrupted wallH will be equal to 1 m.

0.0125¢ + 1
1 — (0.02 ¢ + 0.17)e(-0-0012¢-0032)(y) 4-19

Nu z/Nuyi, =

where | is the wall length{ is the aspect ratio of the wall length of the wall

thickness{ = l/t, vy is the ratio of the interruption length to the Wahgth, y = G/1 .

The proposed Nusselt number shown in Eq. 4-19 mpemed to the present
experimental and numerical data in Fig. 4-10. Téative difference between the Nusselt

number from the correlation given in Eq. 4-19 dmel data is within 10%.

From the numerical datdu,;,is calculated and a correlation is fitted to the¢adas

follows:

187 + 45.73 y-06
Nitpin = 356 1 y100 4-20
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Chapter 5.

Conclusion

Experimental, numerical and analytical studies weedormed in order to establish
optimized geometrical fin parameters for naturalvaxtion heat transfer from vertically-
installed interrupted rectangular fin arrays. Twewncustom-designed testbeds were
developed at SFU. An experimental investigation plasned in close collaboration with
the project industrial partner, Analytic System @gASW). Twelve fin arrays and
interrupted wall samples were prepared to verify dieveloped numerical and analytical
models over the entire range of fin geometricahpaaters, and also to provide a proof-
of-concept demonstration for the proposed new sacdesigns. The prepared samples
were tested in the lab and collected data were aoedpwith the numerical and analytical
models developed in this study. The numerical amalyéical results were successfully
verified by experimental data; the mean relativifetknce found was 4.6% and the
maximum relative difference was 14%. Optimum finagpg was calculated and
compared to the existing data and models availalitee literature.

The most important element of the present work he tetermination of the
interruption length in natural convection fin arsayrhe purpose of these interruptions is
to reset the thermal boundary layer associated thghfin in order to decrease thermal
resistance [55] [21]. After implementing an optimdim interruption, the experimental

and numerical results show a considerable incrégasbe heat flux from a heatsink
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compared to the equivalent continuous heat fluxnfrbeatsink. A comprehensive
parametric study has been conducted to investigaeeffect of various fin array
geometrical parameters on natural convection laasfer. Our parametric studies show
an optimum interruption length which lead to theximmaum natural heat transfer from the
fin array. A new correlation is developed for tlaptimum fin interruption and the
associated heat transfer coefficient.
The following highlights this project finding:
* There is an optimum interruption length that maxiesi the total natural
convection heat transfer from vertically instalfedarrays.
* The optimum interruption length is a function oftibdhe temperature at the
fin surface and the fin length. The following newarrelation is proposed for
different fin lengths (2.5mm k< 25mm) and fin surface temperatures:

G Tw — Tamop. _
(Pope. = 11(—F—)7%?
amb

* The above proposed correlation is successfullyfiedrivith experimental and
numerical data. A mean relative difference of 4.886 a maximum relative
difference of 14% are observed, predicting theropth natural convection
heat transfer coefficients.

* A new general and compact relationship is develdpethe Nusselt number
for natural convection heat transfer from interagpffins using a blending
techniqgue based on the non-dimensional geometpeshmetersy = G /1

and¢ = [/t. This relationship can be used for calculating weensfer rate for

any rectangular interrupted fin in the rangé&ef { = % < 15.
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* The collected numerical data were correlated, dred relationship for the
Nusselt number ratio to the Nusselt number of pis-fvas presented based on
the square root of area of the walls as a funaifgnand(, 5 < { = % < 15.

Nu 0.0125¢ + 1

¢
1

Nupin 1— (0.02 Z + 0.17)6(_0'0012 {—0.032)( )

Future work

The following directions can be considered as th@inuation of this dissertation:

1. Perform an analytical solution for finding natucainvective heat transfer and a
corresponding Nusselt number for interrupted firags. The methods could be
integral solution or similarity solution.

2. Extend the analysis to other fin orientations, sashinclined fins, or staggered
orientation.

3. Extend the analysis to conductive heat transfedénthe heatsink and fins.

4. Investigate the effects of thermal load variations,, the transient natural

convection heat transfer from interrupted fins.
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Appendices

Appendix 1. Experimental Data

A-1-1 Experimental data for continuous fins

1
T T
' I 3cm
0— b,
T4
8cm
Meagure |
et
T5 T3
30 cm . MeagireV
)
12 PowerP
)
T1
Y

Figure A1-0-1: Testbed configuration for heatsinkswith fin array (both continuous and interrupted)

Note that the samples dimensions are shown in $able 3-2 and 3-3.
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V(V) 40 50 60 65 70
I(A) 0.407 0.515 0.615 0.67 0.732
Power(W) 16.3 25.8 36.9 43.6 51.2
Tamb (°C) 21 21 21 20 20
T1(°C) 39 45 57 64 71
T2 (°C) 40 50 58 67 71
T3 (°C) 41 49 60 69 73
T4 (°C) 46 53 65 72 80
T5 (°C) 41 51 61 69 73
Tave (°C) 41.4 496 60.2 68.2 73.6
V(V) 40 50 60 65 70
I(A) 0.409 0.512 0.617 0.67 0.722
Power(W) 16.4 25.6 37.0 43.6 50.5
Tamb (°C) 21 20 21 20 19.5
T1(°C) 44 58 71 81 87
T2 (°C) a7 59 73 83 90
T3 (°C) 52 62 78 85 93
T4 (°C) 54 66 80 90 98
T5 (°C) 46 60 73 83 90
Tave (°C) 48.6 61 75 84.4 91.6
~ Sample#cont1-10-17
V(V) 40 50 60 70
I(A) 0.41 0.51 0.615 0.718
Power(W) 16.4 25.5 36.9 50.3
Tamb (°C) 21 21 21 21
T1 (°C) 44 50 65 77
T2 (°C) 44 50 68 80
T3 (°C) 45 51 66 81
T4 (°C) 50 57 73 86
T5 (°C) 42 47 64 77
Tave (°C) 45 51 67.2 80.2
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V(V) 30 40 50 60 70
I(A) 0.305 041 051 0.615 0.718
Power(W) 9.2 16.4 255 36.9 50.3
Tamb (°C) 21 21 20 20 20
T1 (°C) 28 38 49 62 77
T2 (°C) 31 40 52 63 80
T3 (°C) 32 41 53 65 81
T4 (°C) 34 45 58 70 86
T5 (°C) 33 41 53 66 77
Tave (°C) 31.6 41 53 65.2 80.2
V(V) 40 50 60 65 70
I(A) 041 051 0.615 0.67 0.718
Power(W) 164 255 36.9 43.6 50.3
Tamb (°C) 21 20 20 20 20
T1 (°C) 43 60 72 80 86
T2 (°C) 46 63 73 80 89
T3 (°C) 47 63 74 82 90
T4 (°C) 49 70 81 88 95
T5 (°C) 48 64 76 83 86
Tave (°C) 46.6 64 75.2 82.6 89.2




Sample calculation for sample# Cont-1-10-17:

The aim is to calculate the Nusselt number for r@tconvective heat transfer rate from
the fins from our experimental data and compate ilhe Nusselt number by [9].

Known and measured parameters:

k=0.026W/m.K, Pr=0.7, 0 =5.6710"8 W/m?2.K* &=0.75
l=03m, s=0.0095m, W=01m, N=8, t=25mm, H=0.017m
l=03m, s=0.0095m, W=01m, N=8, t=2.5mm

Solution:

QNC = Qtotal - Qrad [W];
P =V.I = Qo (In a steady state condition)

3
Qrad = Ug(Tw4 - Too4) z AiFi4- [W];
i=1

3 s §.2,05
;AiFM = N.I {0.45 +2H [1 + (E) ~0.5 (1 + (E) ) l} _ 0.0277

P=V.I=255W

Qraqa = 6.06 W

Qnc = Qtotar = @raa = 195 W
Qfins = One — Qfineips (W1,
Qfintips = hye Are AT [W]

Nul.k
hre ="
ATIB
al = 'gﬁ— — 8 X 107
2
N = [ 0825 + 0.387Ra,”* e
u; =1 0. 1+ (0,492/Pr)9/16)8/27 = 57.
Ase = N.t.1 =0.006 m?
he.s
Nug = ;( :
_ inns
ST AT
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A =1[2.N.H + (W — N.t)] = 0.112 m?
Nuy, =1.73
And the Nusselt number from [9] is calculated by E®

-0.5
hs 576 2.873

B (ST

= 1.58
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A-1-2 Experimental data for interrupted fins

V(V) 40 50 60 65 70
I(A) 0.409 0.512 0.617 0.67 0.722
Power(W) 16.4 25.6 37.0 43.6 50.5
Tamb (°C) 20 20 20 21 20
T1(°C) 37 49 56 64 68
T2 (°C) 40 50 59 66 73
T3 (°C) 42 52 58 63 69
T4 (°C) 44 54 64 72 78
T5 (°C) 41 51 62 70 75
Tave (°C) 40.8 51.2 59.8 67 72.6

V(V) 40 50 60 65 70
I(A) 041 0512 0617 0669 0.72
Power(W) 16.4 256 370 435 504
Tams (°C) 21 20 20 21 20
T1(°C) 38 51 65 71 75
T2 (°C) 39 53 63 74 81
T3 (°C) 41 52 65 73 80
T4 (°C) 42 57 66 80 85
T5 (°C) 42 57 66 77 82
Tave (°C) 404 54 65 75  80.6

V(V) 40 50 60 65 70
I(A) 0.409 0512 0617 0.671 0.722
Power(W) 16.4 256 370 436  50.5
Tams (°C) 20 21 20 21 20
T1 (°C) 52 62 62 73 76
T2 (°C) 55 64 67 74 78
T3 (°C) 58 66 70 77 80
T4 (°C) 60 69 73 81 85
T5 (°C) 56 65 68 75 82
Tave (°C) 562 65.2 68 76 80.2
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V(V) 226 405 50 60 70
I(A) 0.23 0415 0513 0.618 0.72
Power(W) 52 168 257 371 504
Tamb (°C) 21 20 20 20 19
T1(°C) 22 35 43 54 66
T2 (°C) 24 36 48 66 74
T3 (°C) 25 41 49 66 75
T4 (°C) 27 43 52 68 76
T5 (°C) 25 41 47 58 69
Tave (°C) 246  39.2 478 624 72

V(V) 226 405 50 60 70
I(A) 0.23 0415 0513 0.618 0.72
Power(W) 52 168 257 371 504
Tams (°C) 21 20 20 20 20
T1(°C) 24 37 47 57 70
T2 (°C) 26 40 50 63 76
T3 (°C) 27 44 52 66 78
T4 (°C) 29 46 55 68 79
T5 (°C) 27 44 50 58 72
Tave (°C) 266 422 508 624 75

V(V) 40 50 60 65 70
I(A) 0.409 0517 0619 067 0.722
Power(W)  16.4 259 37.1 436  50.
Tams (°C) 20 21 20 20 20
T1 (°C) 34 45 55 60 68
T2 (°C) 36 48 59 63 71
T3 (°C) 38 51 64 70 76
T4 (°C) 42 53 65 71 78
T5 (°C) 40 50 61 65 72
Tave (°C) 38 494 608 658 73
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V(V) 40 50 60 65 70
I(A) 041 051 0.618 0.67 0.722
Power(W) 16.4 255 371 436 505
Tamb (°C) 20 20 20 21 21
T1(°C) 35 45 57 64 65
T2 (°C) 39 47 59 66 70
T3 (°C) 40 50 62 70 75
T4 (°C) 47 54 66 63 85
T5 (°C) 42 52 64 72 78
Tave (°C) 40.6 496 616 67 746




A-1-3 Experimental data for interrupted walls

'e— 10cm
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T1 IlllGL °
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Y

Figure A1-0-2: Testbed configuration for heatsinkswith interrupted walls
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V (V) 38 45 55 70 80 85

1 (A) 079  1.09 112 114 164 174
Power (W) 30.02 49.05 61.6 79.8 1312 147
Tams (°C) 224 224 223 215 222 221
T1(°C) 375 429 489 60.7 68.7  74.2
T2 (°C) 352 406 467 622 69.7  78.1
T3 (°C) 372 429 488 62 678 764
T4 (°C) 39.3 46 529 673 763 832
T5 (°C) 40.8 484 563 719 828  89.8
T6 (°C) 345 391 438 52 593 623
T7 (°C) 322 357 393 463 512  54.2
T8 (°C) 204 321 349 424 46 51.6
Tave (°C) 358 410 465 581 652  71.2

V (V) 38 45 55 70 80 85

1 (A) 078 109 112 114 164  1.74

Power (W) 206  49.05 616 798 1312 147
Tamb (°C) 24 25 23 22 22 23
T1(°C) 38 44 47 57 66 71
T2 (°C) 37 42 44 53 59 64
T3 (°C) 39 42 43 52 58 63
T4 (°C) 40 46 50 63 73 77
T5 (°C) 38 43 46 56 64 69
T6 (°C) 36 40 45 55 62 67
T7 (°C) 35 42 44 54 61 66
T8 (°C) 35 39 39 45 50 54
T ave °C) 37 42 45 54 62 66
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V (V) 40 45 60 70
| (A) 0.81 0.92 1.24 1.43
Power (W) 32.4 41.4 74.4 100.1
Tams (°C) 225 23 22.3 215
T1(°C) 44 50 60 81.5
T2 (°C) 42 48 57.3 77.5
T3 (°C) 42 48 57 77.3
T4 (°C) 41.5 47 56.5 75.5
T5 (°C) 41 445 55.5 73.4
T6 (°C) 40 43 54 70.5
T7 (°C) 39 42 52 68
T8 (°C) 36.5 41.5 48.5 63
Tave (°C) 40.8 455 55.1 73.3

V (V) 40 44 60 70
I (A) 0.85 0.95 1.24 1.43
Power (W) 34 41.8 61.6 100.1
Tamb (°C) 22 24 24 21
T1 (°C) 47.3 53 62 76.5
T2 (°C) 45.5 51 59 72
T3 (°C) 44.5 50 58 70
T4 (°C) 43.5 49 57.4 69
T5 (°C) 43 48.5 56 67
T6 (°C) 43 48 56 65
T7 (°C) 40 46 53 62.5
T8 (°C) 41.5 44.5 51 59.5
Tae (°C) 43.5 48.8 57.3 67.7




V (V) 38 45 55 70

I (A) 0.78 1.09 1.12 1.43

Power (W) 29.6 49.05 61.6 100
Tamb (°C) 24 25 23 22
T1(°C) 39 44 a7 57
T2 (°C) 38 43 46 56
T3 (°C) 37 42 45 55
T4 (°C) 37 42 45 54
T5 (°C) 38 42 44 54
T6 (°C) 36 40 44 53
T7(°C) 35 42 43 52
T8 (°C) 35 39 39 45

Tave (°C) 40.0 46.0 50.0 63

V (V) 40 44 60 70
1 (A) 0.85 0.95 1.24 1.43
Power (W) 34 41.8 61.6 100.1
Tams (°C) 22 24 26 21
T1(°C) 47.3 54 64 79.5
T2 (°C) 45.5 52 61 75
T3 (°C) 44.5 51 60 725
T4 (°C) 435 50.2 59.2 72
T5 (°C) 43 49.5 58.3 70
T6 (°C) 43 49 58.1 65.2
T7 (°C) 40 48 55 61.5
T8 (°C) 41.5 44.5 54 58
T ave (°C) 435 49.8 59.4 69.2




Sample calculation for sample# SW-2 :

The aim is to calculate the Nusselt number for natural convective heat transfer rate
from the interrupted walls from our experimental data.

Known and measured parameters:
T, = 45°C, Tymp =23°C, V=55V, I =112A
k=0.026 W/m.K, Pr=0.7, 6 =5.6710"8 W/m?.K* &=0.75

¥ =158 1075, g = 9.81m/s?
l=005m L=145m, W=01m, n=7, t=10mm, H=0.1m

Solution:

Calculation of natural convective heat transfee iatvery similar to the calculations in

the previous sub-section. After calculatiig,s , Leg is obtained as following:
al % _s
(—) AT 3 [m]

. 4/3
L _ inns
eff —\0.59 k 9B
1

Nuy,,, =059 Raf = 3120
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Appendix 2. ASW Reports

This section contains the reports by SFU providadASW for their naturally cooled
enclosures. Each part contains the geometricalifsyaions for their former design of

the enclosures and a recommended design by SFU.

Report Number: ASW-0811-1/1
Report Date: November &' 2011
Sample Name: Extrusion4-Vertical Test

E

Figure A2-1-1a: Extrusion4 Current Design Figure A21-1b: Extrusion4 Recom. Design
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Temperature difference (T, Tamy

Figure A2-1-2: Real picture of the current design Beclosure
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Figure A2-1-3: Top and side view of the fin array vith geometric parameters
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Figure A2-1-4: Comparison between current and recomended design
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Current Design Dimensions

n (#Fins) s (mm) H(mm)| W (mmb L (mn)) , ¢mm) | § (mm)
Top Plate
20 2.7 7 160 406 3.5 25
) n (#Fins) s (mm) H(mm)| W (mm) L (mm)y¢mm)| t(mm)
Side Plate
26 2.7 7 75 406 3.5 25
c n (#Fins) s (mm) H(mm)| W (mm) L (mm)y¢mm)| t(mm)
aps
P - - - 75 160 1.7 -
Test Results: Current Design
Power (W) 106 89 70 49 37 26
Tsavg('C) 96 89 79 69 52 46
Tams CC) 21 22 21 21 22 22
Recommended Design Dimensions
n* (#Fins) | s* (mm)| H* (mm)| W (mm)| L (mm) ptmm) | & (mm)
Top Plate
10 9 15 160 406 3.5 2.5
) n* (#Fins) | s*(mm)| H(@mm)| W (mm) L (mm) ,{mm)| t(mm)
Side Plate
14 9 10 75 406 3.5 2.5
c n (#Fins) s (mm) H(mm)| W (mm) L (mm)y¢mm)| t(mm)
aps
P - - - 75 160 1.7 -
Estimated Results: Recommended Design
Power (W) 150 106 89 70 49 37 26
Tsavg('C) 74 62 57 52 45 40 36

Current vs. Recommended Design: Thermal Performancimprovement

Power (W) 150 106 89 70 49 37 26

Teurren("C) 105 86 77 67 56 49 a1

Trecon(oc) 74 62 57 52 45 40 36

AT (°C) 31 23 20 16 11 9 6
Summary

» 30°C potential reduction in average surface tempegatfienclosure @ 150 W




Report Number:

ASW-0811-1/1

Report Date:

August 3f' 2011

Sample Name:

Extrusion5-Vertical Test

Figure A2-2-1a: Extrusion5 Current Design,

Weight: 1490 g

E

Weight: 1220 g

Figure A2-2-2: Real picture of the current design Beclosure

Figure A2-2 1b: Extrusion5 Recom. Design,
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Temperature difference (T, Tamo
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Figure A2-2-4: Comparison between current and recomended design
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Current Design Dimensions

n (#Fins) s (mm) H(mm)| W (mm|) L (mm) , gmm) | £ (mm)
Top Plate
20 2.7 10 160 241 3.5 25
) n (#Fins) s (mm) H(mm)| W (mm) L (mm)y¢mm)| t(mm)
Side Plate
26 2.7 15 75 241 3.5 2.5
c n (#Fins) s (mm) H(mm)| W (mm) L (mm)y¢mm)| t(mm)
aps
P - - - 75 160 1.7 -
Test Results: Current Design
Power (W) 142 125 103 84 66 51 37
Tsavg('C) 101 97 85 76 66 57 | 51
Tam CC) 23 26 23 24 21 22 23
Recommended Design Dimensions
n* (#Fins) | s* (mm)| H* (mm)| W (mm)| L (mm) ptmm) | & (mm)
Top Plate
12 8 15 160 241 3.5 2.5
) n* (#Fins) | s*(mm)| H(@mm)| W (mm) L (mm) ,{mm) | t(mm)
Side Plate
18 8 15 75 241 35 2.5
c n (#Fins) s (mm) H(mm)| W (mm) L (mm)y¢mm)| t(mm)
aps
P - - - 75 160 1.7 -
Estimated Results: Recommended Design
Power (W) 142 125 103 84 66 51 37
Ts,a\,g("C) 84 81 71 63 55 50 45
Current vs. Recommended Design: Thermal Performancimprovement
Power (W) 142 125 103 84 66 51 37
Teurren{ C) 101 97 85 76 66 57 51
Trecon{ C) 84 81 71 63 55 50 45
AT (C) 17 17 14 13 11 7 6
Summary

» 20°C potential reduction in average surface tempegatfienclosure @ 150 W

* 18% enclosure weight reduction
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Report Number:

ASW-0811-1/1

Report Date:

August 8" 2011

Sample Name:

TPS-Extrusion
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Figure A2-3-2: Top and side view of the fin array \ith geometric parameters

-

Dimensions
Top | N #Fins)| s(mm)| H(mm) W (mm)L(mm) | t, (mm) | t; (mm) | | (mm) | G (mm)
Plate | 4x37 6.5 17.7 240 | 355 35 25 445 18.7
Side | N #Fins)| s (mm)| H((mm) W (mm)L (mm) | & (mm)| ¢ (mm) | | (mm) | G (mm)
Plate 8 6.7 12.7 95 240 35 2.5 95 -
Test Results: Current Design
Power (W) 142 125 103 84 66 51 37
Teavg("C) 51 47 41 38 37 32 28
Tams (C) 23 22 21 21 21 21 20
Recommended Design Dimensions

Top |Nn(#Fins) s(mm) | H(mm)| W(mm) L (mm) pt(mm) | &(mm) | | (mm) |G (mm
Plate | 4*37 6.5 17.7 240 355 35 2.5 43 22
Side |n #Fins)) s(mm) | H(mm)| W (mm) L (mm) ptfmm) | t(mm) | | (mm) |G (mm
Plate 18 8 15 75 241 3.5 2.5 - -
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Estimated Results: Recommended Design

Power (W) 142 125 103 84 66 51 37
Tsva\,g("C) 49 46 40 37 36 32 28
Current vs. Recommended Design: Thermal Performancenprovement
Power (W) 142 125 103 84 66 51 37
Teurren(’C) 51 47 41 38 37 32 28
Trecon{ C) 49 46 40 37 36 32 28
AT (°C) 2 1 1 1 1 0 0
Summary

» 3'C potential reduction in average surface tempegaifienclosure @ 150 W

*5-6% enclosure weight reduction
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Report Number:

ASW-0811-1/1

Report Date:

August 8" 2011

Sample Name:

VMC-Extrusion
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Figure A2-4-2: Top and side view of the fin array ith geometric parameters

Dimensions
Top Platd n (#Fins)l s (mm) | H (mm)| W (mm) L (mm) | § (mm) | t (mm) | | (mm) | G(mm)
4*37 6.5 17.7 240 | 355 35 25 44.5 18.7
Side Plat n (#Fins)l s (mm) | H (mm)| W (mm) L (mm) | {, (mm) | §t(mm) | | (mm) |G (mm)
8 6.7 12.7 95 240 35 2.5 95 -
Test Results: Current Desigl
Power (W) 142 106 87 70 49 37 24
Ts.av (C) 55 51 43 39 32 30 28
Tame CC) 21 22 21 20 20 20 20
Recommended Design Dimensions
Top Plate n (#Fins)) s (mm) | H(mm)| W (mm) L (mm) | t, (mm) | (mm) | | (mm) | G(mm)
4*37 6.5 17.7 240 355 3.5 25 44.5 18.7
Side Plat n (#Fins)l s (mm) | H(Mmm)| W (mm) L (mm) | t, (mm) | § (mm) | | (mm) |G (mm)
T 18 8 15 75 241 35 2.5 95 -
Summary

Fin spacing and gap length are within the optimange
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