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ABSTRACT

NUMERICAL INVESTIGATION OF NATURAL CONVECTION FROM
VERTICAL PLATE FINNED HEAT SINKS

Cakar, Kamil Mert
M.Sc., Department of Mechanical Engineering
Supervisor: Prof. Dr. Kahraman Albayrak
Co-Supervisor: Asst. Prof. Dr. Ilker Tar1

June 2009, 133 pages

The steady-state natural convection from vertically placed rectangular fins is
investigated numerically by means of a commercial CFD program called
ICEPAK. The effects of geometric parameters of fin arrays on the
performance of heat dissipation from fin arrays are examined. In order to
simulate the different fin configurations and compare the results with
literature, two experimental studies from literature are selected. Optimum fin
spacing for both studies are found numerically and compared with

experimental studies.

The models are first verified by simulating natural convection on vertically
placed flat plate and comparing the results with literature. After verification 30
different fin array configurations for the first experimental case study and 15
different fin array configurations for the second experimental case study from

literature are analyzed.

It is observed that the present results agree very well with the optimum fin

spacing results of the experimental studies. It is also observed that the

v



empirical correlations in the literature are conservative and the numerically

obtained correlations predict higher heat transfer rates.

Keywords: Natural convection, vertical rectangular fins, optimum fin spacing
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DIKEY PLAKA FiNLi ISI DAGITICILARINDAKI DOGAL
KONVEKSIYONUN SAYISAL METODLARLA SIMULASYONU

Cakar, Kamil Mert
Yiiksek Lisans, Makina Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Kahraman Albayrak
Ortak Tez Yoneticisi : Asst. Prof. Dr. Ilker Tar

Haziran 2009, 133 sayfa

Dikey olarak yerlestirilmis finli 1s1 dagiticilarindaki kararli durumdaki dogal
konveksiyon ticari bir sayisal akiskanlar dinamigi yazilimi olan ICEPAK ile
incelenmistir. Fin yapilarinin = degisik geometrik parametrelerinin  fin
yapilarindan atilan 1s1 miktarina olan etkileri arastirilmistir. Literatlirden iki
deneysel c¢alisma secilerek bu ¢alismalarda kullanilan degisik fin yapilari
simule edilmis ve deney sonuglari ile sonuclar karsilastirilmistir. Her iki
deneysel calisma i¢in ideal fin araliklar sayisal metodlarla bulunmus ve deney

sonugclari ile karsilastirilmistir.

Modeller 6nce dikey diiz plaka iizerindeki dogal konveksiyonun incelenmesi
ve literatiir ile karsilastirilmast ile dogrulanmistir. Modellemenin
dogrulanmasindan sonra ilk deneysel ¢alisma i¢in 30, ikinci deneysel ¢aligma

icin ise 15 degisik fin yapisi1 ¢oziimlenmistir.

Ideal fin araliklar1 igin bulunan sonuglarmn deney sonuglariyla ¢ok iyi bir

sekilde uyustugu goézlenmistir. Ayrica finlerden atilan 1s1 transferi degerlerinin
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literatiirdeki emprik ¢ikarimlarda olmasi gerekenden daha az oldugu ve analiz

sonuclarinda bu degerlerin ¢ok daha yiiksek oldugu gozlenmistir.

Anahtar kelimeler: Dogal konveksiyon, dikey dikdortgen finler, ideal fin

araligi
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CHAPTER 1

INTRODUCTION

Heat is generated as a by-product in many engineering applications. This
usually unwanted by-product can decrease the performance of the systems
since almost every engineering system is designed to work in a certain
temperature limit. If these limits are exceeded by overheating, this may even
lead to total system failure. Therefore many engineering systems try to avoid
this overheating problem as much as possible by using different methods for

dissipation of heat away from the system to surrounding.

Using fins is one of the cheapest and easiest ways to dissipate unwanted heat
and it has been commonly used for many engineering applications
successfully. Rectangular fins are the most popular fin type because of their
low production costs and high effectiveness. Although rectangular fins can be
used in two different orientations as vertical and horizontal, vertical orientation

is used more widely since it is more effective than the horizontal one.

Convection and radiation heat transfers are two modes of heat transfer that
takes place while dissipating heat from fins to surrounding. Since all of the
considered fin configurations are made of aluminum alloys, which have low
emissivity values, radiation heat transfer values are low. Therefore convection
heat transfer is the dominant heat transfer mode while dissipating heat from

fins.



Rate of heat dissipation from a fin configuration by convection heat transfer
depends on the heat transfer coefficient and the surface area of the fins. It is
possible to increase the heat transfer coefficient, h by forcing the fluid to flow
over the fins by means of fans. But this option costs more and also requires
more volume for the fans to operate. Therefore sometimes the designer has to
rely on natural convection heat transfer for dissipating unwanted heat from the
fins. The surface area of the fins can also be increased by adding more fins to
the base material in order to increase the total heat transfer from the fins. But
the number of the fins should be optimized because it should be noted that
adding more fins also decreases the distance between the adjacent fins. This
may cause resistance to air flow and boundary layer interference which in

return decrease the heat transfer coefficient.

Although rectangular fin geometries and their thermal effectiveness are
investigated extensively in literature, most of the studies are done for limited
range of fin configurations. Moreover even though there are many
experimental studies on performance of fin configurations, the amount of
numerical studies is lacking. In this study, the heat transfer performances of
wide range of vertical fin configurations are investigated by the help of a
commercial CFD program, ICEPAK ®. In order to compare the results and
further examine the performance of vertical fin arrays two experimental studies
from the literature are selected for investigation. The first study is from Ref. [1]
in which heat dissipation performance of 30 different fin configurations are
examined. The second study is from Ref. [2] in which 15 different fin array

configuration are investigated.

ICEPAK analyses are done using two different computer configurations. The

two computer configurations are as follows:

e Intel ® Core ™ 2 Quad CPU Q9450 @2.66 GHz with § GB RAM
e Intel ® Core ™ 2 Duo CPU T7500 @2.20 GHz with 4 GB RAM



The runtimes of the analyses done on these computer configurations vary from
one fin configuration to another. However the average run time is 25 minutes
for the first computer configuration whereas 40 minutes for the second

computer configuration.

The results are first checked with theoretical results of natural convection over
vertical flat plate and then with experimental studies in order to guarantee the
validity of the solution procedure. The main objective of this work is to
demonstrate a convenient CFD based solution to determine the performance of
different fin configurations. Since it is not possible to perform an experiment
on every possible fin configuration, a CFD solution can be used to predict the
effectiveness of different fin configurations. The governing equations solved

by the help of ICEPAK are given below:

The mass conservation equation:

%O+V~(p5)

0 (1.1)
The conservation of momentum equations:
£(p5)+v-(pz;5):—Vp+V-(;)+p§+E (1.2)
ot

where F contains other source terms that may rise from resistances, sources

and etc. and ; is the stress tensor and can be defined as:

= . T 2 -

r=,u[(Vu+VU )—EV'U|:| (1.3)
The conservation of energy equation:

%(ph)+v-(phz§):v-[(k+kt)VT]+Sh (1.4)



where h is sensible enthalpy and S, is the volumetric heat source.

The thesis is organized in 8 chapters with 4 appendices covering relevant
details. In Chapter 2, previous studies regarding the various fin configurations
are examined. In Chapter 3, modeling details of the fin configurations in
ICEPAK is explained. In Chapter 4, models are checked and verified by
investigating first natural convection on vertical flat plate and then following
the same verification procedure done in Ref. [1] and Ref. [2]. In Chapter 5,
results are given and compared with the experimental results. The flow
visualization is presented in Chapter 6. The results are correlated and compared

with literature in Chapter 7. Finally conclusion is given in Chapter 8.



CHAPTER 2

PREVIOUS STUDIES

Natural convection from finned surfaces has been investigated in literature
extensively both theoretically and experimentally. Numerical studies were also
done to find a convenient model for the phenomena. Furthermore in all of the
previous studies, different geometries and configurations were studied to find

the optimum fin structure for maximum heat transfer rate.

One of the earliest studies about natural convection heat transfer from fin
arrays was conducted by Starner and McManus [5]. Four different fin array
configurations with three base types were investigated and heat transfer
coefficients were calculated. Flow patterns for each case were observed by
using smoke filaments. It was concluded that fin height, fin spacing and base

orientation have significant effect on rate of heat transfer from fin arrays.

Another experimental study regarding the natural convection heat transfer from
both vertically and horizontally oriented fin arrays was done by Leung and
Probert [6]. The effects of fin spacing and fin height were investigated for a
limited number of fin array configurations. It was observed that optimum fin
spacing was within 9.0 - 9.5 mm range for a fin array that has 150 mm length.
It was also inferred from the study that fin height and base-to-ambient

temperature difference have insignificant effect on optimum fin spacing.

Leung et al. [7] performed an experimental study on heat transfer from
vertically placed fin arrays produced from an aluminum alloy. It was found
that for different configurations the maximum heat transfer rate from the fin

arrays was obtained at the fin spacing value of 10 mm.



Jonas and Smith [8] conducted an experimental study in order to find the
optimum fin spacing for horizontally placed rectangular fin arrays. An
interferometer was used to measure local temperature gradients. The measured
temperature gradients were used to determine the corresponding heat transfer
coefficients. It was inferred from the results that the fin spacing, S has a
significant effect on the heat transfer coefficients. The following correlations

were also obtained:

0.44 7
Nu,=6.7x10"*xGr,xPrx| 1-exp 7460 for S <2 inches (2.1)
Gr xPr
Nu,=0.54x(Gr,xPr)"” for S >2 inches 2.2)

where Pr stands for Prandtl number, Nus stands for Nusselt number and Gry

stands for Grashof number based on fin spacing.

Filtzroy [9] conducted a study in order to find the optimum fin spacing for the
maximum rate of natural convection heat transfer from vertically placed fins in
the laminar flow regime. The following correlation which relates the ratio of
average heat transfer coefficient based on fin spacing to vertical heat transfer

heat coefficient was suggested:

h. 1.68 {s ’
= X
h, 24

> EX(GrSXPr)O'ZS} x| 1-exp 3 (2.3)

where hg stands for average heat transfer coefficient based on fin spacing and

hy, stands for vertical heat transfer heat coefficient.

Yiincii and Anbar [10] conducted an experimental study of natural convection

heat transfer from horizontally placed rectangular fin arrays. A set of 15 sets



of fin arrays with different fin spacing and fin heights were used. The base-to-
ambient temperature was also varied by means of an electrical heater. This
experimental study was done in order to show the separate effects of fin height,
fin spacing and base-to-ambient temperature difference on the natural heat
transfer. It was found that the natural heat transfer rate reaches to a maximum
value as a function of fin height and fin spacing for a given base-to-ambient
temperature. A correlation relating the ratio of natural convection heat transfer
rate from fins to that of a simple base plate as a function of fin height, fin

length and fin spacing was also presented as follows:

$=0.923Xexp{1.336><(N'0‘013N )XE} 2.4)

pc §

where Q. is convection heat transfer rate while Q. is total heat transfer rate.

Yiincii and Mobedi [11] investigated the three dimensional steady state natural
convection from horizontally placed longitudinally short rectangular fin arrays
numerically. A finite difference code in Cartesian coordinate system based on
vorticity-vector potential approach was used to solve the problem. Effects of
different geometric parameters of fin arrays on flow configurations occurring
in the channel of fin arrays were analyzed. As a result of observations two
types of flow patterns were found. In the first one, for narrow fin spacing, it
was observed that air can only enter into the channel from the end regions. On
the other hand, if the fin spacing is large enough it was observed that air is free
to enter the channel from the middle part of the fin. The effects of fin height,
fin spacing and fin length on the heat transfer rate were also analyzed and it
was concluded that the effects of these parameters were very much

interconnected.

Giliveng [2] investigated natural convection heat transfer from vertically
oriented rectangular fin arrays experimentally. 15 different fin configurations

with varied fin height, fin spacing and base-to-ambient temperature were used



in the experiments. It was found that fin spacing is the most important variable
for maximum natural heat transfer rate. Hence it was observed that the
maximum natural heat transfer rate is reached for optimum fin spacing. The
comparison of the experimental results with Ref. [10] showed that it can also
be concluded that vertical fin arrays are more effective in dissipating heat from

surfaces than horizontal fin arrays.

Harahap et al. [12] performed experiments on miniaturized vertical rectangular
fin arrays in order to investigate the effect of miniaturizing on steady state rate
of natural heat transfer. The base area of rectangular fin arrays was selected as
49x49 mm” and it was miniaturized to 25x25 mm” with varying intermediate
areas in between. Two different fin spacing values of 3 mm and 11 mm were
used. It was observed that regardless of the fin spacing heat dissipation rate per
unit area increases with decrease in base area of fin arrays. This effect was
more significant for square base plates. It was also found out that the rate of
heat transfer was more for the fin spacing value of 11 mm. Furthermore it was
observed that more heat was dissipated from the fin arrays when the width of

the base plate is larger than the length of the base plate.

Vollaro et al. [13] analyzed natural convection from rectangular and vertical
finned plates numerically in order to optimize the fin configuration. The
maximum heat transfer rate from fin array was investigated for the optimum
fins spacing as a function of parameters such as dimensions, thermal
conductivity, fins absorption coefficient and fluid thermo-physical properties.
Effects of the emissivity of the fin material and of the heat exchanged by the
finless portion of the base plate on the optimum performance were also

evaluated.

A numerical study was performed to investigate the natural convection from
horizontally placed rectangular thick fin arrays with short lengths by Dialameh
et al. [14]. Finite volume scheme was used to solve the three dimensional

elliptic governing equations. The results showed the same two flow patterns as



given in Ref. [11]. It was observed that the free convection heat transfer
coefficient increases with the increasing differences in temperature and fin
spacing whereas decreases with increase in fin length. Furthermore it was
found out that effect of fin thickness and height on the heat transfer is
negligible. Optimum fin spacing value was found to be 7 mm for maximum

heat transfer from fin arrays with channel aspect ratio H/L <0.24.

Kundu and Das [15] performed an analytical study to investigate performance
and optimum design analysis of four fin array types. In this regard, longitudinal
rectangular fin array, annular rectangular fin array, longitudinal trapezoidal fin
array and annular trapezoidal fin array under convective cooling conditions are
investigated. Considerable effect of the conduction through the supporting
structure and the convection from the interfin spacing was observed. A method
was also developed for optimizing the fin dimensions when the total fin

volume and the interfin spacing are given.

Leung and Probert [16] performed an experimental study in order to find the
effect of the gap width between two consecutive fin arrays arranged one above
the other upon the steady state natural heat transfer from the fin arrays. Two
identical rectangular fin arrays which have their bases aligned in the same
vertical plane were used. It was observed that 18 mm gap width slightly
increases the rate of heat transfer by means of natural convection. It was also
concluded that a slight improvement in heat dissipation can be achieved when
consecutive short fins are used instead of long fins. On the other hand, it was
found that heat dissipation rate decreases if the gap width between two

consecutive fin arrays is less than 12 mm.

Mobedi and Sunden [17] investigated the steady state conjugate conduction-
convection on vertically placed fin arrays with small heat source inside. A
computer code was written by using finite difference method in order to solve
the governing equations. It was observed that heat transfer rate does not vary

with the location of the heat source for a small conduction-convection



parameter. Nevertheless it was noticed that the location of the heat source
affects the heat transfer rate if the conduction-convection parameter is large.
Therefore it was concluded that a best location for the heat source exists in

order to maximize the heat transfer rate from fin array.

An experimental study was performed by Nada [18] in order to investigate the
free convection heat transfer and flow characteristics of heated rectangular fin
arrays in enclosures. Effects of fin length and fin spacing were observed for
wide range of Rayleigh numbers. In this regard, an optimization in fin array
geometry was suggested. It was also reported that for high range of Ra, fin
effectiveness decreases and Nusselt number increases with an increase in Ra,
however for low range of Ra and large fin spacing, Nusselt number and fin
effectiveness increases with Ra. It was also observed that fin effectiveness and
Nusselt number increases with a decrease in fin spacing until a certain value is
reached. It iwas reported that this certain value was reached where fin spacing
to fin height ratio, S/H=1. After this value the Nusselt number and fin

effectiveness decreases with the decrease in fin spacing.

A numerical analysis on natural convection heat transfer from horizontally
placed rectangular shrouded fin arrays were performed by Yalcin et al. [19]
Commercially available CFD package PHOENICS was used to solve the
governing three dimensional elliptic governing equations. The effects of size
and configuration of fins, the clearance gap between fin tips and shroud, and
the base and fin temperatures on the rate of heat transfer was observed.
According to the obtained results, an optimum fin configuration and clearance

gap was suggested.

Yazicioglu [1] performed an experimental study on steady state natural
convection heat transfer from vertical rectangular fins made of aluminum.
Thirty different fin configurations were used to investigate the effect of fin
spacing, fin height, fin length on the performance of heat dissipation from the

fin arrays. While fin spacing was varied from 5.75 mm to 85.5 mm, fin height

10



was varied from 5 mm to 25 mm. Two different fin lengths, 250 mm and 340
mm were used. Moreover five different power inputs varying from 25W to
125W were supplied to fin arrays in order to observe the heat transfer from fins
for different base-to-ambient temperature differences. It was found that the rate
of heat transfer from fin arrays depends on the geometric parameters and the
base-to-ambient temperature differences. Furthermore it was observed that for
a given base-to-ambient temperature difference there was an optimum fin
spacing value which maximizes the rate of convective heat transfer from fin
arrays for all of the fin configurations. In order to predict the order of
magnitude of optimum fin spacing at a given fin length and base-to-ambient
temperature difference, a scale analysis was done. From this scale analysis the

following correlations were derived:

S
%23.94><Rai”4 (2.5)
Qcmaf(Qo)c+0.125xRaL”xkaxATx(%] 2.6)

where Qcmax 1S total convection heat transfer rate and (Qy). is the convection

heat transfer rate when there are no fins.
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CHAPTER 3

ICEPAK MODEL

Two experimental studies from literature for vertical fin heat sink case in
Ref. [1] and Ref. [2] are investigated using ICEPAK 4.4.8. For the first
experimental study (Case Study 1) two different configuration sets consisting
of 30 different large fin configurations are modeled in this study. For the
second experimental study (Case Study 2) 15 different smaller fin
configurations are analyzed. In this chapter the method used in modeling of

these configurations and solution settings are given.

3.1 Case Study 1

3.1.1 Modeling

Two different set-up configurations according to explanations and given
dimensions are modeled in Ref. [1]. Although in the experimental set-up there
were more components, a simplified model is created since the exact details of
the components used in set-up were not given in Ref. [1]. Consequently, in the
present study model, the models consist of an aerated concrete block, a base
plate for heat generation and fin array configurations. The views of the

modeled set-up are given Figure 3.1.1.1 and Figure 3.1.1.2.

12
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Figure 3.1.1.1 The side view of modeled set-up for Case Study 1
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Figure 3.1.1.2 The 3D view of modeled set-up for Case Study 1
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Since the dimensions of the aerated concrete block were not given in Ref. [1]
an estimation of the dimensions is used to create the model. Therefore in the
models a 340x450x100 mm block is used as the concrete block that fin models
are mounted. Moreover an aluminum base plate is modeled as the heat
generation source of the system. The dimensions of this heater base plate are
taken as 180x250x5 mm for the first set-up with 250 mm heat sink length and
180x340x5 mm for the second set-up with 340 mm heat sink length. In both
set-ups this heater base plate was buried 4 mm into the aerated concrete block
to simulate the case in Ref. [1]. All the fin configurations are then mounted
directly onto these heater base plates. Two different size domains are modeled
to simulate the surroundings of the fin models. The dimensions of the
surrounding air are taken as 540x1500x400 mm for the first set-up and
540x2040x400 mm for the second set-up. The dimensions of the models are

given in Table 3.1.1.1.

Table 3.1.1.1 Dimensions of the components for Case Study 1

Dimensions (mm)

Component Set-up 1 Set-up 2
Heater base plate 180x250x5 180x340x5
Aerated concrete 340x450x100 340x450x100

Computational domain 540x1500x400 | 540x2040x400

In both set-up models all of the walls of the computational domain except the
one on which concrete block is mounted, is chosen as open to surroundings.
The one surface of the domain on which the concrete block is mounted, is

taken as an adiabatic wall. The height of the domain is taken as 6 times of the

14



length of the fin array in order to simulate a large room. The fin array is placed
3 times the length of itself away from the bottom of the domain to allow more
room for flow to develop. The effect of the domain size on the results is

investigated in Appendix A.

Fin array configurations are taken exactly from the Ref. [1]. The fin array
geometry is shown in Figure 3.1.1.3 and the dimensions of the fin

configurations are shown in Table 3.1.1.2.
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Figure 3.1.1.3 The 3D view of fin array for Case Study 1 (from Ref. [1])
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Table 3.1.1.2 Dimensions of fin array configurations for Case Study 1

Fin Length Fin Width | Fin Thickness |Base Thickness
L(mm) W(mm) t(mm) d(mm)
250, 340 180 3 5
Fin Height Fin Spacin Number of
Set No. H(mmg) s(nlim) : Fins n
1 25 85.5 3
2 25 32.4 6
3 25 14.7 11
4 25 8.8 16
5 25 5.85 21
6 15 85.5 3
7 15 32.4 6
8 15 14.7 11
9 15 8.8 16
10 15 5.85 21
11 5 85.5 3
12 5 32.4 6
13 5 14.7 11
14 5 8.8 16
15 5 5.85 21

Material types of the models are taken as they are given in Ref. [1]. The

material properties used in the model are given in Table 3.1.1.3.

Table 3.1.1.3 Material properties of the components for Case Study 1

Material | Specific |Conductivity . . . |Roughness
Component Emissivity
Type |Heat (J/kgC)| (W/mK) (mm)
Concrete | Aerated
1000 0.15 0.9 2
Block Concrete
Heater )
Aluminum 900 130 0.2 0.02
Base Plate
Fin Array |Aluminum 900 130 0.2 0.02
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Temperature readings from the fin array configurations are obtained from the
thermocouple locations in Ref. [1]: 6 points are created on the fin array models
to read local temperatures. The locations of the six points are shown in Figure

3.1.1.4.

180 mm
135 mm
45 mm
180 mm
135 mm 2 @
45 mm
E
55 : o o
E i
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o . .

Figure 3.1.1.4 The locations of the six temperature reading points for Case
Study 1 (from Ref. [1])

3.1.2 Basic Parameters and Assumptions

The analyses are done using the following basic parameters of the ANSYS

ICEPAK software and assumptions.

e Radiation is on. View factor solution is used instead of discrete
ordinates radiation method.
e Flow Regime is assumed as turbulent. Zero equation turbulence model

is used as the turbulence model.
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e Gravity vector is checked and the value of the gravitational acceleration
is taken as -9.80665 m/s” in y direction.

e Default fluid is taken as air and air is stagnant.

e Ambient temperature and radiation temperature is taken as 20 °C.

e Steady state solution is selected.

e Initial conditions of velocities are taken as 0 m/s whereas the initial
condition of temperature is taken as ambient temperature (20 °C).

e Ideal gas option is checked and the operational pressure is taken as
101325 N/m’.

e No-slip boundary condition for surfaces.

e No contact resistances.

3.1.3 Solution Settings

The analyses are done using the following solution settings of the ANSYS
ICEPAK software.

e Number of iterations is taken as 250.

e Convergence criterion of flow is taken as 10* whereas convergence
criterion of energy is taken as 10”. Convergence of the results is
investigated in Appendix B.

e Standard discretization scheme is selected for pressure whereas first
order discretization scheme is selected for momentum and temperature.
Effects of the second order discretization scheme on the results are
investigated in Appendix C.

e Under-relaxation factors are taken as follows:

O Pressure: 0.3
0 Momentum: 0.7
0 Temperature: 1.0
0 Viscosity: 1.0
0 Body Forces: 1.0

e Double Precision is selected.
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3.1.4 Meshing

All of the components of the model (concrete block, heater base plate and fin
array model) are modeled inside of an assembly volume. By the help of this
separate volume, it would be possible create different mesh sizes inside and
outside of the assembly. Therefore finer meshes are used to model the flow
near the fin array more precisely whereas coarser meshes are used outside this

assembly volume to decrease the mesh size. The parameters used to create the

assembly volume are given in Figure 3.1.4.1.

-Assen;hll.i.es

Infa | Definition

Meshing | Notes |

¥ tdesh separately

Slack:  Minx 101 mm El [ 10 mmE
ki v 201 mm El hdaw v 20 mmE
4 T 0] mm El b aw 2 20 mmE

birimum gap [0 = global walues]:
# [ 0.3| mm ¥]
i l 0.0 mrn 7]
& [ 0.3| mrn ¥]
tezh bpe IDefauIt :I

V¥ Max | 20 mmE
V¥ Maxy | GO0 mmE
W MaxZ | 10.0 mmE

[T Fix values
Ilpdate Mew Rezet Delete
Wirite azzembly Done Cancel Help

Figure 3.1.4.1 Assembly parameters used for creating a separate assembly

volume
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The general mesh size properties outside the assembly volume are shown

in Figure 3.1.4.2.

Mesh control ! m
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WV taxZ size 200 o 'Ie-3|m E
[T Init height z 1e-3|mE

[T Accept "change value" checks

Load mezh | lenerate mesh

— [alobal zettingz
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it elems in gap 3 [T MoO-gids
Min elems on edge 2 [T Mogoup O-gids
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Cylinder shrink. factar 099 W Addintersection curves
bl aws elements 10000000

Cloze Help

Figure 3.1.4.2 The general mesh size control parameters

The mesh size properties used inside the assembly volume for fin array is
shown in Figure 3.1.4.3 and the non-conformal mesh structure of the model is

shown in Figure 3.1.4.4.
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Figure 3.1.4.4 Top view of non-conformal mesh structure for Case Study 1
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The finer mesh near to the fin array structure can be seen in Figure 3.1.4.5.

Figure 3.1.4.5 Fine meshes near to the fins for Case Study 1

Effects of different mesh sizes on the results and the reason behind the

selection of the mesh size are presented in Appendix D.
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3.2 Case Study 2

3.2.1 Modeling

Similar to Case Study 1, a simplified model is used to simulate the
experimental study explained in Ref. [2], since the exact details of the model
were not given. The model of Case Study 2 consists of an insulation block, a
base plate for heat generation and fin array configurations. The views of the

created model are given in Figure 3.2.1.1 and Figure 3.2.1.2.

Fin Array

Heater Base Plate

Insulation
Material
L 5 Z

Figure 3.2.1.1 Side view of the model for Case Study 2
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Figure 3.2.1.2 The 3D view of the model for Case Study 2

A block model is used to simulate the insulation material on which heater base
plate and fin array are mounted. The heater base plate modeled as a 2 mm thick
copper plate and it is buried to the insulation material block to simulate the
case in experiment. All of the fin configurations are mounted directly onto this
heater plate without considering the contact resistance. The dimensions of the
components of the model are taken directly from Ref. [2] and they are shown

in Table 3.2.1.1.

Table 3.2.1.1 Dimensions of the components for Case Study 2

Component Dimensions (mm)
Heater base plate 250x100x2
Insulation Material 650x500x450

Computational domain 670x600x400

24



In a similar fashion, as explained for Case Study 1 all of the walls of the
domain except the one on which insulating material is mounted is chosen as
open to surroundings. The one surface of the domain on which the insulating
material is mounted, is taken as an adiabatic wall. Once more, the height of the
domain is selected as 6 times of the length of the fin array in order to simulate
large room condition. The fin array is again mounted 3 times the length of
itself away from the bottom surface of the domain in order to allow more room

for flow to develop due to temperature difference.

Fin array configurations are taken exactly from the Ref. [2]. The fin array
geometry is shown in Figure 3.2.1.3 and the dimensions of the different fin

configurations are shown in Table 3.2.1.2.
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v gl

Figure 3.2.1.3 The 3D view of fin array for Case Study 2 (from Ref. [2] )
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Table 3.2.1.2 Dimensions of fin array configurations for Case Study 2

Fin Height |Fin Spacing s| Number of
Set No. H(mn% (rim) ¢ Fins N
1 25 58.75 5
2 25 323 8
3 25 16 14
4 25 7.3 25
5 25 4.5 34
6 15 58.75 5
7 15 32.3 8
8 15 16 14
9 15 7.3 25
10 15 4.5 34
11 5 58.75 5
12 5 323 8
13 5 16 14
14 5 7.3 25
15 5 4.5 34

Material types of the models are taken as they are given in Ref. [2] except for

the insulating material. Since the exact details of the mounting of the fin array

to insulating material is not known, the material properties of the insulating

material block is found using trial and error method in verification of the

model. The material properties are given in Table 3.2.1.3.

Table 3.2.1.3 Material properties of the components for Case Study 2

. Specific .
Material Conductivity|. . . . |Roughness

Component Type HeatC ()J/kg (W/mK) Emissivity| (mm)

Insulating | g board | 835 0.22 0.85 0.5

Material
Heater Base

Plate Copper 385 380 0.15 0.02
Fin Array | Aluminum 900 130 0.2 0.02
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Temperature readings from the fin array configurations are taken similar to it
was done in Ref. [2]: 6 points are created on the fin array models to read the

local temperatures. The locations of the six points are shown in Figure 3.2.1.4.
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Figure 3.2.1.4 The locations of the six temperature reading points for Case
Study 2

3.2.2 Basic Parameters and Assumptions

The same parameters and assumptions that are used for Case Study 1 except
the flow regime parameter are also used for this case study in all of the runs.

The flow regime in this study is assumed as laminar.

3.2.3 Solution Settings

The same solution settings that are used for Case Study 1 are also used for this

case study in all of the runs.
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3.2.4 Meshing

Unlike Case Study 1, the heater base plate and the fin array are modeled inside
of an assembly volume. Since the dimensions of the insulating material are
very large, it is not taken into the assembly volume in order to reduce the mesh
size. Again, by the help of a separate assembly volume, it would be possible to
create finer meshes near the fin array whereas coarser meshes outside the
volume. The mesh size controls are taken exactly the same as they are in Case
Study 1. The non conformal mesh structure of the model is shown in Figure

3.2.4.1 and Figure 3.2.4.2.
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Figure 3.2.4.1 Top view of non-conformal mesh structure for Case Study 2
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Figure 3.2.4.2 Fine meshes near to the fins for Case Study 2
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CHAPTER 4

MODEL VERIFICATION

In order to verify the model and the solution parameters, two different
verification methods are used for both of the case studies investigated from
literature [1][2]. In the first method, natural convection over a vertical flat plate
is investigated and the results obtained from the analyses are compared with
the results from correlations that are available in literature. In the second
method, two parallel plates placed very close to each other are used as

explained in both Ref. [1] and Ref. [2].

4.1 Verification of Case Study 1

4.1.1 Vertical Flat Plate

In this case, heater base plate mentioned in Chapter 3 is used as the vertical flat
plate. The dimensions of the plate are 250x180x5 mm. The view of the model

is shown in Figure 4.1.1.1 and mesh structure of the model is shown in Figure

4.1.1.2.
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Figure 4.1.1.2 Mesh structure of flat plate
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Different power inputs (Qj,) ranging from 20W to 140W are generated inside
the plate in order to produce heat. The average temperature of the plate (Ty,)
and the convection heat transfer rate (Q,) are obtained for each different power

input to the plate (Qi,). The tabulated results are given in Table 4.1.1.1.

Table 4.1.1.1 Average surface temperature of the plate and convection heat
transfer values

Qin(W) | TW(°C) | Qc(W)
20 62.6 9.8
30 790 | 153
40 96.8 | 20.4
50 110.5 | 24.9
60 1248 | 297
70 1372 | 34.0
80 1513 | 39.1
90 168.1 | 452
100 | 178.6 | 49.1
110 | 1919 | 54.1
120 | 2050 | 59.0
130 | 2158 | 632
140 | 2264 | 672

In order to compare the results obtained from analyses with theoretical studies,
Rayleigh and Nusselt numbers must be calculated. A sample showing how to
calculate Rayleigh and Nusselt numbers for the heat input of 60W is given

below.

The obtained results from the CFD simulations are:

Q, =60W T, =124.8°C Q, =29.7W
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Constant parameters are:

A=0.045m> L=0.25m €=0.2 T, =20°C

g=9.81m/s’ 6=5.67x10"W/m*xK*

In order to find Nu and Ra, the flow properties must be obtained. Therefore the
film temperature is required.

T, +T,

T,= =72.4°C

Then flow properties are as follows:

1 1
f=—=———=0.002895(1/K) k =2.97x10"W/mxK
T, 7244273
v=2.05<10"m?/s a=2.92x10"m?/s Pr=0.701

Since all of the flow properties are known, Ra and Nu can be found as follows:

_gxPxx(T,-T,)

vxa

Ra =77812433

Since Ra<1x10’ flow is laminar.

QC —
AX(T,-T,)

6.29(W/m>xK)

Nu =hXTL =53.05

where L is the characteristic length (length of the plate)
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The correlation results for Nusselt numbers can be calculated as follows:
e McAdam’s correlation [21]:
Nu = 0.59xRa'* =55.41

e Churchill and Usagi’s correlation [21]:

1/4
Nu=_ %67<Ra 4823

9/16 14
1+(0.492)
Pr

e Churchill and Chu’s first correlation [21]:

1/6
Nu=|0.825+_ 0-387<Ra ~56.57

916 8/27
1+(0.492J
Pr

e Churchill and Chu’s second correlation [21]:

1/4
Nu=0.68+—20TRa____ 459

9/16 7%
{1%0.492) }
Pr

The obtained data from analyses is used in order to calculate Nusselts and
Rayleigh numbers as explained above. Tabulated results of the analysis and the

comparison of Nusselt numbers are given in Table 4.1.1.2.
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Table 4.1.1.2 Comparison of Nusselt numbers

Nu
Churchill | Churchill Churchill
Ra Present |and Chu's|and Chu's McAdam's| and

Study first second | relation | Usagi's

relation | relation relation
48576725| 46.96 49.26 43.58 49.26 42.90
60842614| 49.67 52.63 46.05 52.11 45.37
68545985| 51.46 54.51 47.42 53.68 46.74
73641262 | 52.44 55.67 48.25 54.66 47.57
77812433 | 53.05 56.57 48.91 55.41 48.23
80123273| 53.51 57.06 49.25 55.82 48.57
81679041| 53.93 57.37 49.48 56.09 48.80
82662917| 54.12 57.55 49.61 56.26 48.93
82894394 | 54.28 57.59 49.63 56.30 48.95
82847484| 54.25 57.57 49.62 56.29 48.94
82500621| 54.17 57.48 49.56 56.23 48.88
82029315| 54.14 57.37 49.48 56.15 48.80
81434240| 53.97 57.23 49.38 56.05 48.70

close to theoretical results.

4.1.2 Vertical Two Parallel Flat Plates
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As it can be seen from Table 4.1.1.2, the results obtained from analyses are

Heat generated in the heater base plate is dissipated to the surroundings by
means of natural convection and radiation from fin arrays and conduction
through the concrete block. In Ref. [1], in order to find heat loss by conduction,
two parallel plates are used. These two parallel plates shown in Figure 4.1.2.1,
are placed very close to each other and it is assumed that the heat is transferred
only by conduction and radiation between these two plates. The heat transfer
between the parallel plates can be calculated by simple conduction and

radiation equations. Since the power input to the heater base plate is known,




the heat loss to the environment by means of conduction can be calculated by

subtracting the heat transfer rate between plates from the total power input.

In Ref. [1], the results obtained from two parallel plates were used for
calibration purpose. Since the conduction loss to the surrounding is not known,
these two parallel plates were used to obtain this information. In order to verify
the model and show that the model matches the experiment, a similar two
parallel plate model is created. As it is also stated in Chapter 3, the dimensions
of the concrete block are estimated since the dimension values are not given in
Ref. [1]. Therefore by comparing the results obtained from the model and the
experiment, the dimensions of the concrete block is also checked for
consistency with the experimental set-ups. Dimensions of two parallel plates

used in verification of the model are shown in Figure 4.1.2.1.

L0 T

i

i,

L

2,

Figure 4.1.2.1 Dimensions of the two parallel plates (from Ref. [1])
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The 3D view of the modeled two parallel plates mounted on the concrete block

is shown in Figure 4.1.2.2.

Figure 4.1.2.2 3D view of two parallel plate models

Exactly the same basic parameters and the solution settings described in
Chapter 3 are used for this model. Once more the assembly volume is used to
form a non-conformal mesh. The mesh structure of the model is shown

in Figure 4.1.2.3.
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Figure 4.1.2.3 Mesh structure between the two parallel plates

Similar to Ref. [1], two cases are investigated. In the first case, two parallel
plates with the length of 250 mm; whereas in the second case, two parallel
plates with the length of 340 mm are used. In order to simulate the experiment,
13 different power inputs ranging from 20W to 140W are generated in the
bottom plate. The temperatures of both plates and the heat flow from the
bottom plate to the top plate are obtained from the analyses. The temperature of
the bottom plate is denoted as T, temperature of the upper plate is denoted as

T,, and the heat flow from the bottom plate to the upper plate is denoted as
Qout-

The results for the two plates with the length of 250 mm are acquired from the
analyses and the comparison of these results is shown in Figure 4.1.2.4

to Figure 4.1.2.6.
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Figure 4.1.2.4 Variation of the bottom plate temperature (T;) with power input
to the bottom plate for L=250 mm
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Figure 4.1.2.5 Variation of the upper plate temperature (T,) with power input
to the bottom plate for L=250 mm

39



100
90 /./i
3
80 “a
70
g 60
= 50
3
o 40
30
—o— Experiment
20 n
10 T/? —=—ICEPAK |
0 | |
0 20 40 60 80 100 120 140 160

QW)

Figure 4.1.2.6 Variation of heat transfer from bottom plate to upper plate (Qour)
with power input to the bottom plate for L=250 mm

The plots show that for the plate length L = 250 mm, while the average the
temperature of bottom plate (T;) begins to deviate from experiment result for
high power inputs, the average temperature of the upper plate (T,) is similar for
all power inputs. Besides, the value of heat transfer rate from the bottom plate
to the upper plate (Qou) also deviates from the experiment results for high
power inputs. It can be observed that both deviations for the average
temperature of the upper plate (T) and heat transfer rate from the bottom plate
to upper plate are not very significant. Therefore it can be concluded that the

model for the plate length L = 250 mm is verified with the experiment.

The results for the two plates with the length of 340 mm are acquired from the
analyses and the comparison of these results is shown in Figure 4.1.2.7

to Figure 4.1.2.9.
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Figure 4.1.2.7 Variation of bottom plate temperature (T;) with power input to

the bottom plate for L=340 mm
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Figure 4.1.2.8 Variation of upper plate temperature (T,) with power input to

the bottom plate for L=340 mm
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Figure 4.1.2.9 Variation of heat transfer rate from bottom plate to upper plate

(Qout) With power input to the bottom plate for L=340 mm

As it can be seen from figures, present study results for average temperature of
the bottom plate T; and heat transfer rate from the bottom plate to the upper
plate (Qou) match with the experiment results. However the average
temperature of the upper plate (T2) deviated from the experiment results
slightly for high power inputs. Since this deviation is very small, it can again
be concluded that the model of two parallel plates with length L = 340 matches

with the experiment conducted in Ref. [1].

For both plate lengths, the results match with the experiment results. However,
since the fin arrays are mounted on the bottom plate by mechanical means, it is
not possible to obtain an exactly similar model. It is quite possible that there
was an imperfect contact between the bottom plate and the fin array.
Consequently, the contact resistance between the bottom plate and the fin array

may cause different heat output results. Since it is not possible to model this
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contact resistance precisely, in present study models it is assumed that the fin

array mounted on the bottom plate with no contact resistance at all.

4.2 Verification of Case Study 2

4.2.1 Vertical Flat Plate

The heater base plate mentioned in Chapter 3 for Case Study 2 is used as the
vertical flat plate here, again. The dimensions of the flat plate are taken as
250x100x2 mm. The flat plate is mounted on the insulating material block as
explained in Chapter 3. The same basic parameters and the solution settings are
used as explained in Chapter 3. The insulating material block is not taken into
the assembly block because of its large volume in order to decrease the mesh
size. The 3D view and the mesh structure of the model of the verification

model is shown in Figure 4.2.1.1 and Figure 4.2.1.2.

Insulator Material Block

/

Y
L/, X\
v
Heater Base Plate

Figure 4.2.1.1 3D view of the model
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Figure 4.2.1.2 Mesh structure

Different power inputs ranging from 3 W to 48.3 W are supplied to the heater
base plate in order to produce heat. The average temperature of the plate and
the convection heat transfer from the plate are found from the analyses. It is not
possible to obtain convection heat transfer rate directly from analyses.
However it is possible to obtain it by subtracting the radiation heat transfer rate
value from the total heat transfer rate which are both available from ICEPAK.
The tabulated results are given in Table 4.2.1.1. The power input to the base
plate is denoted as Qj, average temperature of the plate as T,, and the

convection heat transfer as Q..
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Table 4.2.1.1 Average surface temperature of the plate and convection heat
transfer values

Qin(W) | Tw(°C) | Qe(W)
3 28.64 | 0.9
5 3410 | 17

67 | 3873 | 23
8 4142 | 28
10 | 4646 | 3.6
15 | 5816 | 5.7
20 | 6946 | 7.9

247 | 79.62 | 9.9

297 | 9022 | 12.1

347 | 99.84 | 143

40.6 | 111.70 | 17.0

456 | 120.15 | 189

483 | 126.84 | 20.5

The results obtained from analyses are again compared with the theoretical
studies, in order to verify the solution. The required Rayleigh and Nusselt
numbers are calculated in a similar way explained in Section 4.1.1. The
tabulated results and the comparison of the Nusselt numbers are given in Table

4.2.1.2.
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Table 4.2.1.2 Comparison of Nusselt numbers

Nu
Ch:rrlc(:lhlll Ch;lrrlzhlll Churchill
Ra Present . . [McAdam's| and
Chu's Chu's . N
Study relation | Usagi's
first second -
relation

relation | relation

823563 | 16.40 | 15.72 16.17 17.77 15.49
1285759 | 17.89 | 17.70 17.99 19.87 17.31
1644982 | 18.66 | 18.91 19.09 21.13 18.41
1841468 | 19.87 | 19.50 19.61 21.73 18.93
2191073 | 20.56 | 20.44 | 20.45 22.70 19.77
2880841 | 22.06 | 22.02 | 21.85 24.31 21.17
3431589 | 23.02 | 23.11 | 22.79 25.39 22.11
3842336 | 23.75 | 23.84 | 23.43 26.12 22.75
4198482 | 2431 | 24.43 | 23.93 26.71 23.25
4466840 | 2499 | 24.85 | 24.29 27.12 23.61
4737195 | 2536 | 25.26 | 24.64 27.53 23.96
4894500 | 25.64 | 25.48 | 24.83 27.75 24.15
5000748 | 25.74 | 25.64 | 24.96 27.90 24.28

It can be inferred from the Table 4.2.1.2 that the results obtained from analyses

are consistent with the results obtained from theoretical correlations.

4.2.2 Vertical Two Parallel Flat Plates

Similar to the situation in Case Study 1, the power input to the heater plate is
dissipated by means of convection and radiation from fin arrays to the
surroundings and by conduction from the base plate to the insulator material.
The conduction loss to the insulator material is not known beforehand;
therefore once more two parallel flat plates were used in Ref. [2]. Since these
two parallel flat plates are placed very close to each other, it is again assumed
that heat transfer between them can be calculated by conduction and radiation
heat transfer equations. By subtracting this heat transfer between two plates
from the total power input to the system, it is possible to find the conduction

loss.
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In order to verify the model and show that the model matches the experiment,
again a similar two parallel plate model is created. Furthermore as it is
explained in Chapter 3, in order to simulate the real experiment trial and error
method is used to find the conductivity of insulator material. This is needed
because the exact mounting of the base plate to insulator material is needed to
fully simulate the real experiment. However this information was not presented

in Ref. [2].

Dimensions of two parallel plate used in this verification is shown in Figure

4221

250 mm

heated plate 1

100 mm

opposite plate 2

Imm

Figure 4.2.2.1 Dimensions of the two parallel plates (from Ref. [2])
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The 3D view of the model created for verification is shown Figure 4.2.2.2.

=

/ﬂf

Y
Lx
7

Figure 4.2.2.2 3D View of the model of two parallel plates

The same basic parameters and solution settings explained in Chapter 3 are
used for this model. A separate assembly volume is again used to create finer
meshes near the plates. Due to its large volume the insulator block is not taken
into the assembly volume in order to decrease the mesh size. The mesh

structure of the model is shown in Figure 4.2.2.3.
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Figure 4.2.2.3 Mesh structure

In order to simulate the experiment setup, 8 different power inputs ranging
from 15.1 W to 47.1 W are given to the base plate. The average temperatures
of the both plates and the heat transfer rate between two plates are obtained
from analyses. The temperature of the bottom plate is denoted as Tj,
temperature of the upper plate is denoted as T,, and the heat flow from the
bottom plate to the upper plate is denoted as Q.. The comparison of the
ICEPAK results with experiment results is given in Figure 4.2.2.4 to Figure
4.2.2.6.
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Figure 4.2.2.4 Variation of bottom plate temperature (T;) with power input to
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Figure 4.2.2.5 Variation of upper plate temperature (T,) with power input to
the bottom plate
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Figure 4.2.2.6 Variation of heat transfer rate from bottom plate to upper plate

(Qout) With power input to the bottom plate

It can be observed from the figures that ICEPAK results for the bottom and
upper plate temperatures match very well with the experimental results.
Although there is a slight difference in the results for heat transfer rate from the
bottom plate to the upper plate, they are also very consistent. Therefore it can

be concluded that present study model simulates the experiment well.

51



CHAPTER S

RESULTS AND DISCUSSION

5.1 Case Study 1

The results obtained from analyses for Case Study 1 are given in this section.
In order to compare the results with the experimental results presented in
Ref. [1], the same 30 different fin configurations are investigated with 5
different power inputs. These results show the effect of different fin geometry
parameters such as fin height H, fin length L, and fin spacing S on the rate of
heat dissipation from the fin array under steady state conditions. The figures of
only a few selected fin configurations are presented in each section in order to
increase the readability of the Chapter. The rest of the plots are given in

Appendix E.

5.1.1 Variation of Fin Performance with Fin Spacing, S

The average temperatures of fin arrays are plotted as a function of fin spacing S
for fin height H = 25 mm and for fin lengths L = 250 mm and L = 340
respectively in Figure 5.1.1.1 and Figure 5.1.1.2, in order to observe the effect
of fin spacing on the temperature of fin arrays. Each figure involves the results
obtained for 5 different power inputs, Qi = 25W, Qi, = 50W, Qi = 75W, Qin =
100W and Qj, = 125W. The rest of the plots for fin heights H =15 and H= 5
mm are given in Appendix E. The experimental results given in Ref. [1] are

also plotted in the same figures in order to compare the results.
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Figure 5.1.1.1 Variation of average fin temperature with fin spacing at fin
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Figure 5.1.1.2 Variation of average fin temperature with fin spacing at fin

length of L = 340 mm and at fin height of H = 25 mm
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As it can be seen from Figure 5.1.1.1 and Figure 5.1.1.2 , the average
temperatures of the fin arrays reached to minima for certain optimum fin
spacing values. It can also be observed that when the fin spacing is increased
the average temperatures of the fin arrays increase rapidly. Moreover if the fin
spacing is decreased from the optimum value, average temperatures of the fin

arrays again increase.

In both figures, it can be observed that the experimental results for the average
temperatures of the fin arrays given in Ref. [1] are higher than the ICEPAK
results. Since the exact details of the experiments are not given, it is impossible
to model the experiment exactly. Furthermore the contact resistances are
ignored in the analyses. Consequently, although there are some differences
between the analyses results and the experiment results, both follow the same

trend in figures.

The convection heat transfer rate from the fin arrays are plotted as a function of
fin spacing S for fin height, H = 15 mm and for fin lengths L = 250 mm and L
= 340 respectively in Figure 5.1.1.3 and Figure 5.1.1.4, in order to find the
effect of fin spacing on the heat dissipation rate of fin arrays. Each figure
involves the results obtained for 5 different power inputs, Qi, = 25W, Qi =
50W, Qin = 75W, Qin = 100W and Qi, = 125W. The rest of the plots for fin
heights H =25 and H= 5 mm are given in Appendix E. The experimental results
given in Ref. [1] are also plotted in the same figures in order to compare the

results.

Since ICEPAK only gives the total heat transfer rate and the radiation heat
transfer rate, it is not possible to obtain the convection heat transfer rate from
the fins directly. Therefore convection heat transfer rate is calculated by
subtracting the radiation heat transfer rate from total heat transfer rate from the

fin array for each case.
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Figure 5.1.1.3 Variation of convection heat transfer with fin Spacing at fin

length of L =250 mm and at fin height of H = 15 mm
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Figure 5.1.1.4 Variation of convection heat transfer with fin spacing at fin

length of L = 340 mm and at fin height of H =15 mm

In both of figures, once more, it can be observed that the experimental results
for the convection heat transfer rate from fin the arrays given in Ref. [1] are
much higher than the analyses results. This difference is more significant here
for the convection heat transfer from fin array than for the average temperature
of the fin arrays. Although the model used in present study is verified as
explained in Chapter 3, it is still not possible to obtain the same results with the
experimental ones. The mounting of the fin arrays on to the heater base plate
may be one of the reasons behind the difference in the results. All of the details
of the experimental setup are needed to build a very similar CFD model.

Therefore with the given limited information in Ref. [1], it is not possible to
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obtain exactly the same results. Moreover as it is stated before, the neglected
contact resistance may also cause the difference in the results. The thermal

contact resistance value is very hard to determine even with experiments.

Although there are significant differences between the experimental and
analyses results, both cases show the same trends in the plots. As it can be
observed from the Figure 5.1.1.3 and Figure 5.1.1.4, the convection heat
transfer rates from the fin arrays reach to maxima for certain optimum fin
spacing values. It can also be observed that when the fin spacing is increased
from the optimum fin spacing value, the convection heat transfer rate from the
fin array decreases. Moreover if the fin spacing is decreased from the optimum

value, the convection heat transfer rate from the fin array again decreases.

5.1.2 Optimum Fin Spacing

Both from the experimental and the analyses results, it can be inferred that the
optimum fin spacing for the maximum convection heat transfer rate from fins
and minimum average temperature of the fin arrays is in the range S = 8.8 mm
to S = 14.7 mm. Experiments performed in Ref. [1] do not include any data
about the heat dissipation performance of fins for this fin spacing range,
because it would be very hard to produce and experiment on every fin
configuration that has fin spacing values in the range of 8.8 mm to 14.7 mm.
However it is possible to create and analyze every possible fin configuration
with CFD modeling. Therefore in order to obtain the missing data in the fin
spacing range of 8.8 mm to 14.7 mm, more fin configurations which have fin
spacing values of S=9.64 mm, S =10.62 mm, S=11.75 and S = 13.09 mm
are modeled in ICEPAK with number of fins N=15,N=14, N=13and N =
12 respectively.

The average temperatures of fin arrays in the range of S =8.8 mmto S = 14.7

are plotted as a function of fin spacing S for power input, Q;, = 25W and for fin
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length L = 340 in Figure 5.1.2.1 in order to find the optimum fin spacing value

more precisely. Figure involves the results obtained for

3 fin heights H = 25

mm, H =15 mm and H = 5 mm. The rest of the plots for power inputs Qi, = 75

W, Qin = 125 W are given in Appendix E.
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Figure 5.1.2.1 Variation of average fin temperature with fin spacing at fin

length of L = 340 mm and at power input of Q;, =25 W

The convection heat transfer rate from the fin arrays in the range of S = 8.8 mm

to S = 14.7 are plotted as a function of the fin spacing S

for power input, Qj, =

125W and for fin length L = 340 in Figure 5.1.2.2. The figure involves the

results obtained for 3 different fin heights H = 25 mm, H = 15 mm and H= 5

mm. The rest of the plots for power inputs Qi, =25 W, Qi = 75 W are given in

Appendix E.
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Figure 5.1.2.2 Variation of convection heat transfer rate with fin spacing at fin

length of L = 340 mm and at power input of Qi = 125 W

It can be inferred from the plots that there is indeed an optimum fin spacing
where the fin average temperature reaches to minima and the convection heat
transfer rate reaches to maxima. However it can also be observed that the
optimum spacing value for the minimum fin average temperature and the
optimum spacing value for the maximum convection heat transfer rate are
different. In order to find these optimum fin spacing values, a polynomial curve
is fitted to each data. A sample calculation is given below to find the optimum
fin spacing value to maximize convection heat transfer rate the fin
configuration with fin length L = 340 mm, fin height H = 25 mm and power
input Qi, = 125 W.

The second order polynomial curve fit is found as:

Q. (s)=-0.1303-s> +3.2574-s+75.574
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Maximum value of Qc can be found taking the derivative of Qc and setting it
equal to 0.

Q. _ 2606-543.2574

ds

dQ

=0 5>  _0.2606-5+32574=0 > s, =125 mm
S

The same procedure is followed and the optimum fin spacing values are found
in a similar fashion. The optimum fin spacing values for minimizing the

average fin temperature are given in Table 5.1.2.1.

Table 5.1.2.1 Optimum fin spacing values for minimizing average temperature
of fin arrays

Optimum Fin Spacing, Sopt (mm)
Qi (W) H=25mm H=15mm H=5mm
L =250 L =340 L =250 L =340 L =250 L =340
mm mm mm mm mm mm
25 11.5 12.1 11.5 11.5 11.8 11.7
75 11.7 12 11.2 11.7 11.7 11.7
125 11.7 11.7 11.2 11.7 11.8 11.6

The optimum fin spacing values for maximizing the convection heat transfer

rates from fin arrays are tabulated in Table 5.1.2.2.

Table 5.1.2.2 Optimum fin spacing values for maximizing convection heat
transfer rate from fin arrays

Optimum Fin Spacing, Sopt (mm)
Qi (W) H=25mm H=15mm H=5mm
L =250 mm|L =340 mm(L =250 mm|L =340 mm|L =250 mm(L =340 mm,
25 12.2 12.7 12 12.4 11.9 12.1
75 11.9 12.5 11.9 12.5 11.8 12
125 11.6 12.5 11.9 12.4 11.8 12
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The differences between these two tables are due to changing view factors with
fin spacing and related changes in radiation heat losses. For comparison the

optimum fin spacing values obtained in Ref. [1] are tabulated in Table 5.1.2.3.

Table 5.1.2.3 Optimum fin spacing values (from Ref. [1])

Optimum Fin Spacing, Sopt (mm)
AT(K) H=25mm H=15mm H=35mm
L =250 L =340 L =250 L =340 L =250 L =340

mm mm mm mm mm mm
50 11 11.9 10.9 11.8 - -
75 10.9 11.8 10.8 11.7 10.7 11.6
100 10.8 11.7 10.7 11.6 10.6 11.5
125 10.7 11.6 10.6 11.4 10.5 11.4
150 - - - - 10.4 11.3

5.1.3 Variation of Fin Performance with Fin Height, H

The convection heat transfer rate from the fin arrays are plotted as a function of
fin height, H for 3 different fin spacing S = 32.4 mm and for fin lengths L =
250 mm and L = 340 respectively in Figure 5.1.3.1 and Figure 5.1.3.2. Both
figure involves the results obtained for 5 different power inputs, Qi, = 25 W,
Qin = 50W, Qi = 75W, Qin = 100W and Qi, = 125W. The figures for fin

spacing S = 14.7 mm and S = 8.8 mm are given in Appendix E.
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Figure 5.1.3.1 Variation of convection heat transfer with fin height at fin length

of L =250 mm and at fin spacing of S =32.4 mm
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Figure 5.1.3.2 Variation of convection heat transfer with fin height at fin length

of L = 340 mm and at fin spacing of S =32.4 mm
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It can be observed from the plots that for every power input, fin spacing and fin
length combination, the convection heat transfer rate from the fin array
increases with the increase in the fin height. With an increase in fin height, the
total heat dissipation area also increases. Since the convection heat transfer rate
directly related to the surface area in contact with air, increasing fin height

increases the total heat dissipation.

5.2 Case Study 2

The results obtained from the analyses for Case Study 2 are given in this
section. In order to compare the results with the experiment results presented in
Ref. [2], the same 15 different fin configurations are investigated with 5
different power inputs. These results show the effect of fin spacing S on the
rate of heat dissipation from the fin array under steady state conditions. Similar
to Section 5.1, the figures of only a few selected fin configurations are
presented in each sub-section in order to increase the readability of the

Chapter. The rest of the plots are given in Appendix E.

5.2.1 Variation of Fin Performance with Fin Spacing, S

The average temperatures of the fin arrays are plotted as a function of fin
spacing S for fin height H = 25 mm in Figure 5.2.1.1 in order to find the effect
of fin spacing on the temperature of fin arrays. The figure involves the results
obtained for 5 different power inputs, Qi, = 10 W, Qin = 20W, Qin =30 W, Qiy
=40 W and Q;, = 50 W. The experimental results given in Ref. [2] are also
plotted in the same figures in order to compare the results. The rest of the

figures for fin heights H= 15 mm and H = 5 mm are given in Appendix E.
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Figure 5.2.1.1 Variation of average fin temperature with fin spacing at fin
height of H =25 mm

As already encountered in Case Study 1; figures show that, the average
temperatures of the fin arrays reach to minima for certain optimum fin spacing
values. It can also be observed that the results found from analyses and
experiment conducted in Ref. [2] show similar trends. However it can be
noticed from the figure that average fin temperatures measured by experiment
are higher than the ones obtained by ICEPAK. This difference is again due to

lack of mounting details of the fin arrays to the heater bottom plate.

The convection heat transfer rates from the fin array are plotted as a function of
fin spacing S for fin height H = 25 mm in Figure 5.2.1.2 in order to find the
effect of fin spacing on the heat dissipation rate of fin arrays. The figure
involves the results obtained for 5 different power inputs, Qi, = 10W, Qi =

20W, Qi = 30W, Qin = 40W and Qj, = 50W. The experimental results are
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again also plotted in the same figure comparison. The rest of the figures for fin

heights H= 15 mm and H = 5 mm are given in Appendix E.

40 I
e H=25mm
35 e ;
Y \$
%
— K
25 ————
:« 20 F
< 15 *
rl
10 e il
5 ﬁ ———— Y
0
0 10 20 30 40 50 60 70

Fin Spacing S (mm)

=¢—Present Study 10W =f=Present Study 20W ===Present Study 30W
=@—Present Study 40W  ==¥=Present Study SOW ==@==Experiment 10W
== Experiment 20W == Experiment 30W =@—LExperiment 40W
=¥=Experiment SO0W

Figure 5.2.1.2 Variation of convection heat transfer with fin spacing at fin
height of H =25 mm

In a similar way for Case Study 1, it can be seen that the convection heat
transfer rate from fin array reaches to maxima for certain optimum fin spacing
values. If fin spacing is increased or decreased from this optimum value, the

convection heat transfer rate from the fin array deceases.
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Once more, it can also be observed from the graphs that the convection heat
transfer results obtained from analyses are higher than the experimental results.

Same reasons mentioned before for Case Study 1 are also valid here.

5.2.2 Optimum Fin Spacing

It can be inferred from both the experimental and analyses results that there is
an optimum fin spacing value where while average temperature of the fin array
reaches to a minimum and the convection heat transfer from fin array reaches
to a maximum. According to the plots this optimum fin spacing value is
between S = 4.5 mm and S = 16 mm. The information about the performance
of the fin array for this fin spacing range was not sufficient in the experimental
study. The reason is that in order to get the experimental data for these missing
fin spacing values, many more fin arrays must be produced and experimented
on making the whole experiment very hard and expensive. On the other hand it
is possible to create and analyze every possible fin configuration with the help
of ICEPAK easily and quickly. Therefore in order to find the optimum fin
spacing value in the range of 4.5 mm to 16 mm, more fin configurations which
have fin spacing values of S=6.2 mm, S=8.8 mm, S=10 mm, S=11.5and S
= 13.5 mm are modeled in ICEPAK with number of fins N =16, N = 18, N =
20, N =22 and N = 28 respectively.

The average temperatures of fin arrays in the range of S =4.5 mm to S = 16 are
plotted as a function of fin spacing S for power input, Q;, = 30 W, in Figure
5.2.2.1, in order to find the optimum fin spacing value more precisely. Each
figure involves the results obtained for 3 different fin heights H = 25 mm, H =
15 mm and H = 5 mm. The figures for power inputs, Qi, =40 W and Qi, = 50
W are given in Appendix E. Higher power inputs are selected for plots since it
is easier to see the effect of fin spacing for high power inputs to the heater

plate.
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Figure 5.2.2.1 Variation of average fin temperature with fin spacing at power
input of Qi =30 W

The convection heat transfer from the fin arrays in the range of S = 4.5 mm to
S = 16 mm are plotted as a function of fin spacing S for power input, Qi, =
30W in. Each figure involves the results obtained for 3 different fin heights H
=25 mm, H = 15 mm and H= 5 mm. The figures for power inputs, Qi, = 40 W
and Qj, = 50 W are again given in Appendix E.
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Figure 5.2.2.2 Variation of convection heat transfer with fin spacing at power

input of Qi =30 W

It can be inferred from the figures that the optimum fin spacing value is around
9 mm. However it can also be observed that the optimum fin spacing value is
different for minimizing the average fin temperature and for maximizing the
convection heat transfer from fins. The more precise optimum fin spacing
values are found using a similar polynomial curve fit method which is done for
Case Study 1. The optimum fin spacing values which minimize the average

temperature of fin arrays are tabulated in Table 5.2.2.1.

68



of fin arrays

Table 5.2.2.1 Optimum fin spacing values for minimizing average temperature

Qu (W) Optimum Fin Spacing, Sopt (mm)
" H=25mm | H=15mm | H=5mm
30 9.0 8.5 8.8
40 9.1 8.5 8.5
50 9.0 8.5 8.5

The optimum fin spacing values which maximize the convection heat transfer

rate from fin arrays are tabulated in Table 5.2.2.2.

Table 5.2.2.2 Optimum fin spacing values for maximizing convection heat

transfer from fin arrays

Qu (W) Optimum Fin Spacing, Sopt (mm)
" H=25mm | H=15mm |H=5mm
30 9.2 9.1 9.0
40 9.1 9.0 8.9
50 9.0 8.8 8.9

For comparison the optimum fin spacing values obtained in Ref. [2] are

tabulated in Table 5.2.2.3.

Table 5.2.2.3 Optimum fin spacing values (from Ref. [2])

AT(K) Optimum Fin Spacing, Sopt (mm)
H=25mm | H=15mm | H=5mm
30 7.3 7.8 -
40 6.8 7.5 6.8
50 6.1 7.2 6.3
50 6.5 6.6 6.5
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CHAPTER 6

FLOW VISUALIZATION

One of the most useful advantages of CFD is its ability to visualize the flow
easily. In this section the variation of temperature and velocity of the flow with
different parameters investigated in the previous Chapter is presented by the
help of CFD visualization. Since there are many different fin array
configurations investigated in this study, it is not possible to show variation of
flow speed and temperature for every fin configuration. Therefore only one fin

configuration is selected to represent every visualization figure.
6.1 Variation of Flow Speed with Power Input

In order to show the variation of flow speed with power input to the heater base

plate, the following fin configuration from the Case Study 1 is used:

e Fin length, L =250 mm
e Fin height, H =25 mm

e Fin spacing, S = 14.7 mm

Speed contours of the flow for three different power inputs to the heater base
plate, Qin = 25W, Qi = 50 W and Qj, = 125 W are shown in Figure 6.1.1

to Figure 6.1.3 respectively. The speed scale is same for all the figures.
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Figure 6.1.1 Speed contours for power input Qi =25 W
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Figure 6.1.2 Speed contours for power input Q;, =75 W
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Figure 6.1.3 Speed contours for power input Q;, = 125 W

It can be seen from the figures that the speed of the flow increases with the
power input to the plate. The maximum velocities are obtained as 0.25 m/s,
0.31 m/s and 0.36 m/s for heat inputs Qi, = 25 W, 75 W and 125 W
respectively. This is an expected result because the higher power input causes
higher air temperature near to the fins. Since in natural convection the air
moves because of the difference in density, higher temperature will increase

the difference of density in air. Thus the flow speed will be higher.
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6.2 Variation of Flow Temperature with Fin Height

In order to show the variation of flow temperature with fin height, the

following fin configuration from the Case Study 1 is used:

e Fin length, L =340 mm
e Finspacing, S=13.1 mm

e Power input, Qi, =25 W

Temperature contours of the flow for three different fin heights H = 25 mm, H
=15 mm and H = 5 mm are shown in Figure 6.2.1 to Figure 6.2.3 respectively.

The temperature scale is same for all the figures.
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Figure 6.2.1 Temperature contours for fin height H = 25 mm
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Figure 6.2.2 Temperature contours for fin height H= 15 mm
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Figure 6.2.3 Temperature contours for fin height H =5 mm
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From the figures it can be observed that the fin configuration with the highest
fin height that is H = 25 mm dissipates more heat energy to the air then the
others even though the power input to the plates are same. Heat transfer from
the fins to the air is directly proportional to the surface area of the fins. Besides
an increase in fin height means an increase in surface area as well. Thus that is

the reason why more heat is transferred to air for higher fin height values.

6.3 Variation of Flow Speed with Fin Spacing

The following fin configuration from the Case Study 2 is used in order to show

the variation of flow speed with fin spacing:

e Fin length, L = 100 mm
e Fin height, H =25 mm
e Power input, Q;, =50 W

Speed contours of the flow for three different fin spacing values, S = 16 mm, S
=73 mm and S = 4.5 mm are shown in Figure 6.3.1 to Figure 6.3.3

respectively. The speed scale is same for all the figures.
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Figure 6.3.1 Speed contours for fin spacing S = 16 mm
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Figure 6.3.2 Speed contours for fin spacing S = 7.3 mm
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Figure 6.3.3 Speed contours for fin spacing S = 4.5 mm
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It can be observed from the figures that the flow speed through fin channels
decreases when fin spacing is increased. Boundary layers which are formed on
the sides of fins begin to close the channel, thus decreasing the flow speed

across the channel.

6.4 Variation of Flow Speed with Fin Height

In order to show the variation of flow speed with fin height, the following fin

configuration from the Case Study 2 is used:

e Fin length, L = 100 mm
¢ Fin spacing, S = 10 mm

e Power input, Qi,=50 W

Velocity vectors of the flow for three different fin height values, H = 25 mm, S
= 15 mm and H = 5 mm are shown in Figure 6.4.1 to Figure 6.4.3 Figure 6.3.3

respectively. The velocity scale is kept same for all the figures.
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From the figures it can be seen that for higher fin height values more air is
entering the fin channels along the fin length. For low fin height values, air

only enters the fin channel from the end of the fin.
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CHAPTER 7

CORRELATION OF RESULTS

In Chapter 5, the results obtained from analyses and their comparison with the
experimental data is presented. In this Chapter these results will be correlated.
First the variation of the optimum fin spacing with Rayleigh number will be
presented. After that a correlation of the maximum convection heat transfer

rate from the fin arrays with Rayleigh number will be shown.

7.1 Correlation of Optimum Fin Spacing with Rayleigh Number

The optimum fin spacing values of both of the case studies from literature for
minimizing the average temperature of the fin array and maximizing the
convection heat transfer rate from fin arrays are given in Chapter 5. In order to
find the correlation between the optimum fin spacing and Rayleigh number, the
average temperature of the fin array is calculated for each optimum fin spacing
value. All the flow properties are found using the film temperature which is the
average of the fin array temperature and ambient temperature. Therefore by
this method for every optimum fin spacing value, the corresponding Rayleigh
number is calculated. In this study the optimum fin spacing values for

maximizing the convection heat transfer from fins are chosen.

Yazicioglu [1] suggested three different correlations between the optimum fin

spacing and Rayleigh number. These correlations are as follows:
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S
]‘j" =4.064xRa;** (7.1.1)

S

E’t =3.899xRa;"* (7.1.2)
Sopt -0.25

L= 4.037xRa; (7.1.3)

The calculated values of Sopt/L from the simulation results with respect to
Rayleigh number is plotted in Figure 7.1.1. A curve is fitted to the found data
in order to obtain a similar relation with Egs. (7.1.1), (7.1.2) and (7.1.3).

0.06 ~.

-
=

= 0.

(=)

3 \qg_

1.E+06 1.E+07 1.E+08 1.E+09
Ra;

@ Present Study

Figure 7.1.1 Variation of optimum fin spacing with Rayleigh number
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The power curve fitted to the obtained data is obtained as:

S
I‘:'“ =3.0596xRa;"** (7.1.4)

The correlations suggested in Ref. [1] and the one obtained from analyses are

also plotted in Figure 7.1.2 for comparison purpose.
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Figure 7.1.2 Comparison of correlations for optimum fin spacing with Rayleigh
number

As it can be seen from Figure 7.1.2 that the correlation obtained from the

analyses give close results with the correlations found in Ref. [1].

84



7.2 Correlation of Maximum Convection Heat Transfer Rate with

Rayleigh Number

The variation of convection heat transfer rate from fin arrays are presented in
Chapter 5. As it is stated before, the optimum fin spacing value gives the
maximum convection heat transfer rate from fins. In order to obtain a measure
of steady state maximum heat transfer rate from a rectangular fin on a vertical
base in free convection heat transfer, a further correlation was suggested by

Yazicioglu in Ref. [3] and Ref. [4]. These correlations are as follows

respectively:

Qc,,, =(Qo). +0.125xRa1L/2kHAT(¥] (7.2.1)
Qc,,, =(Qo), +0-2116XRa¥2kHAT(¥j (7.2.2)
where

Qc,.. i1s maximum convection heat transfer rate from fin array.
(Qo)C is convection heat transfer rate from vertical flat plate.

Since for the optimum fin spacing the convection heat transfer rate from fins

reaches to a maximum; Qc__ is calculated for every optimum fin spacing

value obtained for every fin configuration investigated with ICEPAK. It is also
possible to find the average temperatures of the fin array for the optimum fin

spacing value. Furthermore these average fin array temperatures can be used in

order to find (Qo)c from the analyses performed for the vertical flat plates. The

results obtained from analyses are shown in Figure 7.2.1 with a power curve fit
to get a correlation similar to Equation (7.2.1) and Equation (7.2.2). The results

consist of the both case studies investigated in the present study.

85



10000

P
.|
z e
5’ "
= /‘('”v}
-
~ 1000
~
A
<
»
<
=
)
o
-’
100
0.E+00 5.E+07 1.E+08 2.E+08 2.E+08 3.E+08
Ra,
@ Present Study

Figure 7.2.1 Variation of maximum heat transfer rate with Rayleigh number

By assuming the same form with the experimental correlation, the power curve

fitted to the acquired data is obtained as:

Qc,,,. =(Qo), +0-1898XRa‘£'“kHAT(¥] (7.2.3)

The comparison of the results obtained from analyses with experimental results
from Ref. [1] and Ref. [2] is plotted in Figure 7.2.2 The Egs. (7.2.1), (7.2.2)

and (7.2.3) are also shown on the same plot for comparison.
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Figure 7.2.2 Comparison of analyses results with experimental data

It can be observed from the graph that the experimental results are scattered on
the plot while present study results show a stable trend. Even though the x-axis
of the graph is in logarithmic scale, there are very large differences between the
experimental results. This shows that experimental results are not very
consistent. Also it can be seen from the graph that the correlation found from
analyses results (Equation 7.2.3) is very similar to the Equation (7.2.2)
suggested in Ref. [4].
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CHAPTER 8

CONCLUSIONS

In this study steady state natural convection heat transfer from vertically placed
fin arrays are investigated with the help of a commercially used CFD program
ICEPAK. The main objective of this study is to show the advantages of CFD
solutions to natural convection from finned heat sinks by simulating cases from
literature. For this purpose two experimental studies done on vertical heat sinks

are chosen and investigated in this study.

Before analyzing the selected two cases, the models are verified. In order to do
so, natural convection from vertical flat plate and natural convection from two
parallel vertical flats are analyzed for both cases. The results are compared

with theoretical correlations and experiment results from literature.

After verification of the models the effects of geometric parameters on the
performance of heat dissipation from fin arrays are examined. For this purpose,
30 different fin array configurations for first case selected from literature and
15 different fin array configurations for the second case selected from literature
are modeled and analyzed by the help of ICEPAK. The results of analyzes and
their comparison with literature is given in Chapter 5. These results are

correlated and also compared with literature in Chapter 7.

It is found that convection heat transfer rate depends on fin height and fin
length as predicted. For a given fin spacing, the convection heat transfer rate

from fins increases with fin height. This trend is observed for every fin
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configuration. On the other hand it is seen that average temperature of fins
reaches to minimum value for a specified fin spacing value. Furthermore for a
specified fin spacing value, convection heat transfer rate reaches to its

maximum value.

These optimum fin spacing values are found in literature by conducting limited
experiments. In order to find the exact optimum fin spacing value, many fin
set-ups must be produced and worked on. Not only this is very hard, it is also
expensive and time consuming. However with the help of CFD, it is possible to
create every possible fin model easily without any significant time and money
consumption. In experiments selected from literature, only 5 different fin
spacing values were investigated. In order to find the exact optimum fin

spacing values, more fin configurations are modeled and analyzed.

Although these specified fin spacing values for maximizing heat dissipation
from fins and minimizing the average temperature of fins are not exactly the
same value, they are very close. Besides, although it is observed that this
optimum fin spacing value is different for various fin heights and fin lengths,
this difference is not very significant. Therefore it can be assumed that there is
one optimum fin spacing value for vertical fin arrays and this value is found as

approximately 10 mm.

The results obtained from the analyses follow a trend similar to the results of
the experiments. Still it is noticed that results for the convection heat transfer
rate from fin arrays are significantly different. Although all the models are
verified first, it is still not possible to model an exact simulation of the
experiments. The exact details of the experiment components are not given in
literature and consequently some educational guesses are made in order to
create the models similar to experiments as much as possible. However since
the mounting details of the fin arrays to the base plate are not known, the

contact resistance between these two components is not taken into account.
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In the light of the results obtained from analyses two useful correlations are
obtained. Both correlations are compared with other correlations and
experimental data in literature. The first correlation is suggested for variation

of optimum fin spacing with Rayleigh number and it is as follows:

S
LL"‘ =3.0596-Ra *** (7.1)

The second correlation is suggested for variation for maximum convection heat

transfer from fin with Rayleigh number and it is as follows:

QC,... =(Q0), +0.1898-Ra’*'KHAT (WTJ (7.2)

The present study does not investigate roughness effects on the solution and fin
height optimization. Furthermore these subjects are suggested for future work.
Besides since current study also does not contain contact resistances, a future

work can also be done by implementing the contact resistances.
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APPENDIX A

VERIFICATION OF COMPUTATIONAL DOMAIN
SIZE

For all the analyses of the fin arrays a sufficiently large domain size is chosen
as stated in Chapter 3 in order to decrease the total mesh number while still
trying to satisfy the large room condition. In this section the effect of this
domain size on the results are investigated. For this purpose two different fin
configurations are selected among first case study and modeled in a very large
domain. The dimension of this domain is chosen as 3000 x 3000 x 3000 mm to
satisfy the large room condition. The selected fin array configurations from

first case study are given below:
The first fin array configuration:

e Fin Length, L =250 mm

e Fin Height, H= 15 mm

e Number of Fins = 16

e Power Input to Fins = 100 W

The second fin array configuration:

e Fin Length, L =340 mm

e Fin Height, H =25 mm

e Number of Fins, N =11

e Power Input to Fins =75 W
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The 3D view and the mesh structure of the model for large domain size are

given in Figure A.1.

Figure A.1 3D view and mesh structure of the model with large domain

Same basic parameters, solution settings and mesh size control parameters
explained in Chapter 3 are used in this section too. The average temperature of
the fin arrays and convection heat transfer rate from fins are obtained for each
fin configuration mentioned above and compared with the results obtained for

normal domain size. The comparison of the results is given in Table A.1.
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Table A.1 Comparison of results for different domain sizes

Fin Configuration 1 | Fin Configuration 2

Tw(°’C) | Qc (W) | Tw(°C) | Qc (W)

Normal Domain Size 97.5 73.3 62.7 56.8

Large Domain Size 93.4 75.6 58.3 59.4

It can be seen from the Table A.1 that the difference between large domain size
and normal domain size is not very significant. Consequently smaller domain
size 1s used in all the analyses done throughout this study in order to decrease

the mesh size and computational time.
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APPENDIX B

CONVERGENCE CRITERIA

It is very important to check the convergence of the solution in CFD problems
in order to have precise results. As already stated in chapter the following

convergence options are selected in the [ICEPAK for all the analyses done:

e Number of iterations is selected as 250.
e Residual for continuity is selected as 0.0001.

e Residual for energy is selected as 1E-9.

Apart from the convergence of the governing transport equations, the stability
and convergence of the results are also checked. For instance the temperature
points on the fin arrays are checked to observe whether the values converge to

a single value or not.

The convergence plot of the residuals for the fin array configuration where fin
length L = 250 mm, fin height H = 25 mm and fin spacing S = 14.7 is shown in
Figure B.1. The convergence of the six temperature reading points for the same
fin configuration is shown in Figure B.2. The jumps in the plot are because of
the power input change to the base plate. Therefore every graph after a jump

should be counted as an individual run.
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Figure B.1 Solution residuals for the fin array configuration with fin length

L=250 mm, fin height H=25 mm and fin spacing S=14.7 mm
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Temperature Point monitors for set3-25W
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Figure B.2 Six temperature readings for the fin array configuration with fin

length L=250 mm, fin height H=25 mm and fin spacing S=14.7 mm

The convergence plot of the residuals for the fin array configuration where fin
length L = 340 mm, fin height H = 5 mm and fin spacing S = 32.4 is shown in
Figure B.3. The convergence of the six temperature reading points for the same
fin configuration is shown in Figure B.4. Once again the jumps in the plot are

because of the power input change to the base plate.
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Figure B.3 Solution residuals for the fin array configuration with fin length

L=340 mm, fin height H=5 mm and fin spacing S=32.4 mm
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Figure B.4 Six temperature readings for the fin array configuration with fin

length L=340 mm, fin height H=5 mm and fin spacing S=32.4 mm

The number of iterations for each run is selected as 250 and it can be inferred
from the figures that this amount of iterations are sufficient for results to

converge.
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APPENDIX C

COMPARISON OF FIRST AND SECOND ORDER
SOLUTION PARAMETERS

The effect of selection of first or second order solution parameters on results
are analyzed by using two fin configurations from first cases study explained in
Appendix A and Appendix B. These two fin configurations are given below

again.

Fin Configuration 1:
e Fin Length, L =250 mm
e Fin Height, H=15mm
e Number of Fins = 16
e Power Input to Fins = 100W

Fin Configuration Case 2:
e Fin Length, L =340 mm
e Fin Height, H=25mm
e Number of Fins, N=11

e Power Input to Fins =75 W

For first order solution the following discretization schemes are selected:
e Standard discretization scheme for pressure
e First order discretization scheme for temperature

e First order discretization scheme for momentum
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For second order solution the following discretization schemes are selected:
e Second order discretization scheme for pressure
e Second order discretization scheme for temperature

e Second order discretization scheme for momentum
Average temperature of the fin array (Tw) and convection heat transfer from
the fin array (Qc) are obtained using the above fin configurations and

discretization schemes. Results are shown in Table C.1.

Table C.1 Comparison of first and second order discretization schemes

First Order Second Order
Tw (°C) | Qe (W) | TW(°C) | Qc(W)
Fin Configuration 1| 97.46 | 73.25 98.5 72.89
Fin Configuration 2| 62.74 56.89 63.18 56.65

As it can be inferred from the Table C.1, first and second order discretization
schemes gives very close results. Therefore in order to shorten the computation

time first order discretization schemes are used throughout all of the analyses.
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APPENDIX D

MESH SIZE CONTROL

In order to find the necessary mesh size and amount, once more the two
different fin configurations used in Appendix A, Appendix B and Appendix C
are analyzed with different mesh sizes. Three different mesh sizes are used to
analyze each configuration. The results obtained from three different mesh

amounts are compared with each other.

D.1 Fin Configuration 1

The first fin configuration is as follows:
e Fin Length, L =250 mm
e Fin Height, H= 15mm
e Number of Fins = 16
e Power Input to Fins = 100W

Mesh Size A
The following mesh control properties are used for this mesh size:
e Max X size =27 mm
e Max Y size =75 mm
e Max Z size =20 mm
e Mesh parameter is set to normal.
e Min elements in gap = 3
e Min elements on edge = 2

e Max size ratio =2
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e No object parameters are used.

When this mesh control properties are used, the total mesh number is 53856.

The

view of the mesh structure is given in Figure D.1.1.
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Figure D.1.1 Mesh structure for fin configuration 1, mesh size A
Mesh Size B

The following mesh control properties are used for this mesh size:

Max X size =27 mm

Max Y size =75 mm

Max Z size =20 mm

Mesh parameter is set to normal.
Min elements in gap = 3

Min elements on edge = 2

Max size ratio = 2

Object parameters for fin arrays are used as follows:

0 Pins X element count = 2
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Pins Y element count = 60
Pins Z element count = 10
Base element height = 0.5 mm
Pins element height = 0.5 mm

Base element ratio = 1.5

O O O O O o

Pins element ratio = 1.5

As a result total mesh amount for this mesh size is 615265. The view of the

mesh structure is given in Figure D.1.2.
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Figure D.1.2 Mesh structure for fin configuration 1, mesh size B

Mesh Size C

The following mesh control properties are used for this mesh size:

Max X size =27 mm
Max Y size = 75 mm
Max Z size =20 mm
Mesh parameter is set to normal.

Min elements in gap = 3
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e Min elements on edge =2

e Max size ratio =2

e Object parameters for fin arrays are used as follows:

0}

O O O O O o

Pins X element count = 4

Pins Y element count = 80
Pins Z element count = 20
Base element height = 0.5 mm
Pins element height = 0.5 mm
Base element ratio = 1.2

Pins element ratio = 1.2

Total number of mesh amount with these mesh control parameters is 1752114.

The view of the mesh structure is given in Figure D.1.3.
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Figure D.1.3 Mesh structure for fin configuration 1, mesh size C
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Comparison
The results obtained from three different mesh size controls for the first fin

configuration are given in Table D.1.1.

Table D.1.1 Comparison of three mesh amounts for fin configuration 1

Fin ‘ Mesh Compgtational Tw(°C) Qc
Configuration 1 | Amount Time (W)
Mesh A 53856 5 mins 9494 | 76.32
Mesh B 615265 25 mins 97.46 | 73.25
Mesh C 1752114 105 mins 97.88 | 73.65

D.2  Fin Configuration 2

The second fin configuration is as follows:
e Fin Length, L =340 mm
e Fin Height, H=25mm
e Number of Fins, N =11
e Power Input to Fins =75 W

Mesh Size A
The following mesh control properties are used for this mesh size:
e Max X size =27 mm
e Max Y size =75 mm
e Max Z size =20 mm
e Mesh parameter is set to normal.
e Min elements in gap =3
e Min elements on edge = 2
e Max size ratio =2

e No object parameters are used.
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When this mesh control properties are used, the total mesh number is 65140.

The view of the mesh structure is given in Figure D.2.1.
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Figure D.2.1 Mesh structure for fin configuration 2, mesh size A
Mesh Size B

The following mesh control properties are used for this mesh size:

Max X size =27 mm

Max Y size =75 mm

Max Z size =20 mm

Mesh parameter is set to normal.

Min elements in gap = 3

Min elements on edge = 2

Max size ratio = 2

Object parameters for fin arrays are used as follows:
0 Pins X element count =2
0 Pins Y element count = 60

0 Pins Z element count = 10
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Base element height = 0.5 mm
Pins element height = 0.5 mm

Base element ratio = 1.5

O O O O

Pins element ratio = 1.5

As a result total mesh amount for this mesh size is 573498. The view of the

mesh structure is given in Figure D.2.2.
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Figure D.2.2 Mesh structure for fin configuration 2, mesh size B
Mesh Size C

The following mesh control properties are used for this mesh size:

Max X size =27 mm
Max Y size =75 mm
Max Z size =20 mm
Mesh parameter is set to normal.

Min elements in gap = 3
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e Min elements on edge =2

e Max size ratio =2

e Object parameters for fin arrays are used as follows:

0}

O O O O O o

Pins X element count = 4

Pins Y element count = 80
Pins Z element count = 20
Base element height = 0.5 mm
Pins element height = 0.5 mm
Base element ratio = 1.2

Pins element ratio = 1.2

Total number of mesh amount with these mesh control parameters is 1957464.

The view of the mesh structure is given in Figure D.2.3.

Figure D.2.3 Mesh structure for fin configuration 2, mesh size C
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Comparison

The results obtained from three different mesh size controls for second fin

configuration are given in Table D.2.1.

Table D.2.1 Comparison of different mesh amounts for fin configuration 2

Fin ' Mesh Compgtational Tw(°C) Qc

Configuration 2 | Amount Time (W)
Mesh A 65140 6 mins 65.23 | 53.45
Mesh B 573498 25 mins 62.74 | 56.89
Mesh C 1957464 135 mins 62.48 | 56.87

As it can be seen from the Table D.1.1 and table D.2.1 while mesh size B and
mesh size C gives similar results, mesh size A gives different results. Since
mesh size B gives as accurate results as mesh size C and still has lower
computational time, it is taken as optimum mesh size. Therefore parameters for
mesh size B is used for all of the fin array configurations investigated in this

study.
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APPENDIX E

GRAPHS

The figures which are not given in Chapter 5 are presented in this section.

E.1 Case Study 1

E.1.1 Variation of Fin Temperature with Fin Spacing
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Figure E.1.1.1 Variation of average fin temperature with fin spacing at fin

length of L =250 mm and at fin height of H= 15 mm
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Figure E.1.1.2 Variation of average fin temperature with fin spacing at fin

Tw (°C)

length of L = 250 mm and at fin height of H =5 mm
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Figure E.1.1.3 Variation of average fin temperature with fin spacing at fin

length of L = 340 mm and at fin height of H =15 mm
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Figure E.1.1.4 Variation of average fin temperature with fin spacing at fin

length of L = 340 mm and at fin height of H=5 mm
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E.1.2 Variation of Convection Heat Transfer Rate with Fin Spacing
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Figure E.1.2.1 Variation of convection heat transfer with fin spacing at fin
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Figure E.1.2.2 Variation of convection heat transfer with fin spacing at fin

length of L = 250 mm and at fin height of H =5 mm
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Figure E.1.2.3 Variation of convection heat transfer with fin spacing at fin

length of L = 340 mm and at fin height of H =25 mm
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Figure E.1.2.4 Variation of convection heat transfer with fin spacing at fin

length of L = 340 mm and at fin height of H =5 mm
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E.1.3 Optimum Fin Spacing for Minimum Fin Temperature
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Figure E.1.3.1 Variation of average fin temperature with fin spacing at fin

length of L = 250 mm and at power input of Q;, =25 W
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Figure E.1.3.2 Variation of average fin temperature with fin spacing at fin

length of L = 250 mm and at power input of Qj, =75 W
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Figure E.1.3.3 Variation of average fin temperature with fin spacing at fin

length of L = 250 mm and at power input of Qi = 125 W
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Figure E.1.3.4 Variation of average fin temperature with fin spacing at fin

length of L = 340 mm and at power input of Q;, = 75 W
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Figure E.1.3.5 Variation of average fin temperature with fin spacing at fin

length of L = 340 mm and at power input of Qi = 125 W
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E.1.4 Optimum Fin Spacing for Maximum Convection Heat Transfer Rate
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Figure E.1.4.1 Variation of convection heat transfer with fin spacing at fin

length of L =250 mm and at power input of Qi, =25 W
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Figure E.1.4.2 Variation of convection heat transfer with fin spacing at fin

length of L = 250 mm and at power input of Qj, =75 W
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Figure E.1.4.3 Variation of convection heat transfer with fin spacing at fin

length of L = 250 mm and at power input of Q;, = 125 W
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Figure E.1.4.4 Variation of convection heat transfer with fin spacing at fin

length of L = 340 mm and at power input of Qi =25 W
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Figure E.1.4.5 Variation of convection heat transfer with fin spacing at fin

length of L = 340 mm and at power input of Qi, =75 W
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E.1.5 Variation of Convection Heat Transfer Rate with Fin Height
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Figure E.1.5.1 Variation of convection heat transfer with fin height at fin

length of L = 250 mm and at fin spacing of S = 14.7 mm
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Figure E.1.5.2 Variation of convection heat transfer with fin height at fin

length of L = 250 mm and at fin spacing of S = 8.8 mm
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Figure E.1.5.3 Variation of convection heat transfer with fin height at fin

length of L = 340 mm and at fin spacing of S = 14.7 mm
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Figure E.1.5.4 Variation of convection heat transfer with fin height at fin

length of L = 340 mm and at fin spacing of S = 8.8 mm
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E.2 Case Study 2

E.2.1 Variation of Fin Temperature with Fin Spacing
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Figure E.2.1.1 Variation of average fin temperature with fin spacing at fin

height of H=15 mm
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Figure E.2.1.2 Variation of average fin temperature with fin spacing at fin

height of H =5 mm
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E.2.2 Va

riation of Convection Heat Transfer with Fin Spacing
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Figure E.2.2.1 Variation of convection heat transfer with fin spacing at fin

height of H= 15 mm
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Figure E.2.2.2 Variation of convection heat transfer with fin spacing at fin

height of H =35 mm
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E.2.3 Optimum Fin Spacing for Minimum Fin Temperature
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Figure E.2.3.1 Variation of average fin temperature with fin spacing at power

input of Qi =40 W
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Figure E.2.3.2 Variation of average fin temperature with fin spacing at power

input of Qi =50 W
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E.2.4 Optimum Fin Spacing for Maximum Convection Heat Transfer Rate
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Figure E.2.4.1 Variation of convection heat transfer with fin spacing at power
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Figure E.2.4.2 Variation of convection heat transfer with fin spacing at power

input of Qi =50 W
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