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Abstract: Geometrical optimization of heat sinks with square, cylindrical and plate fins for heat transfer increase is
numerically analyzed in transition regime external flow. The relations between the thermal characteristics of fins and
boundary conditions such as free-stream velocity are investigated. Experimental studies are performed by using
manufacturable fins to validate the numerical model. Heat transfer correlations are derived in order to determine average
heat transfer coefficients over a certain range of both Reynolds number and non-dimensional geometric parameters like
spanwise and streamwise spacings. Confidence level of the experimental work is demonstrated by uncertainty analysis.
Cylindrical fins are observed to be approximately 4.5% superior to ones with square and plate profiles in terms of
maximum base plate temperature.
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DIS GECIS AKISI REJIMINDE KARE, SILINDIR VE PLAKA ISI KUYULARI ICIN ISI
TRANSFER PERFORMANSI UZERINE DENEYSEL VE SAYISAL CALISMA

Ozet: Kare, silindir ve plaka kanat¢ikl 1s1 kuyularmin 1s1 transferi artisina yonelik geometrik en iyilestirilmeleri gecis
rejimindeki dis akista sayisal olarak incelenmistir. Serbest akig hizi gibi smir kosullart ile kanatcik termal
karakterizasyonu arasindaki iliskiler aragtirilmistir. Sayisal modeli dogrulamak icin tiretilebilir kanatciklar kullanilarak
deneysel caligmalar gergeklestirilmistir. Ortalama 1s1 transfer katsayisim belirlemek {izere, hem belirli bir Reynolds
sayist hem de akig yoni ile akisa dik dogrultudaki boyutsuz geometrik parametrelerin araligi dikkate alinarak 1s1
transferi korelasyonlar1 elde edilmistir. Deneysel ¢aligmanin giivenilirligi belirsizlik analizi ile gdsterilmistir. Taban
plakast en yiiksek sicakliginin, silindir kanatgikli 1s1 kuyusunda digerlerine gore yaklasik %4.5 oraninda daha diisiik
ciktig1 gézlemlenmistir.

Anahtar Kelimeler: HAD, Dis Akis, Kanatgik, Is1 Kuyusu, Gegis Rejimi, Is1 Transfer Korelasyonu

NOMENCLATURE Nuexp  Experimental Nusselt number
Nu,y, Mean value of Nugy,
Alins Heat transfer area of insulation material [m?] Nunym  Numerical Nusselt number
A Total heat transfer area [m?] Qv Convection heat transfer rate [W]
a,b,c.e Coefficient of correlations Qinput  Heat input rate [W]
B Thickness of base plate [mm] Qins Heat transfer rate through insulation [W]
C.V.  Coefficient of variation Qrad Radiation heat transfer rate [W]
Dn Characteristic length [mm] r Correlation coefficient
d Diameter of a cylindrical fin [mm] r? Coefficient of determination
e Specific internal energy [kJ/kg] Re Reynolds number
H Height of fin [mm] S. Inter-fin spacing in streamwise dir. [mm]
h Specific enthalpy [kJ/kg] St Inter-fin spacing in spanwise dir. [mm]
havg Average heat transfer coefficient [W/m?K] SU/L Non-dimensional streamwise spacing
| Current [A] St/L Non-dimensional spanwise spacing
Kair Thermal conductivity of air [W/mK] S Summation of squares of residuals between
Kins Thermal conductivity of insulation [W/mK] data points and correlation points
L Length of base plate [mm] St Summation of squares of residuals between
Lins Thickness of insulation material [mm] data points and arithmetic mean
n Refinement level Sy Standart deviation
n Data points Syix Standart error of estimate
Nu Nusselt number S Edge length of a square fin [mm]

Nucorr  Correlated Nusselt number



Tmax Maximum temperature on the upper surface of
the base plate [°C]

t Strip thickness of plate fin [mm]

t Time [s]

tij Viscous stress tensor [N/m?]

ui, u;  Velocity in tensor notation [m/s]

U Free-stream velocity [m/s]

Umax  Maximum velocity [m/s]

\% Voltage [V]

y Predictor variable

Greek Symbols

) Deviation of variable

Gij Kronecker delta

AT Temperature diff. between top and bottom
layers of insulation material [°C]

ATim  Logarithmic mean temperature difference [°C]

70 Overall efficiency of fin array

v Dynamic viscosity of air [kg/ms]

v Kinematic viscosity of air [m?/s]

p Density of air [kg/m?]

INTRODUCTION

In the last half century, heat generated by electronic
equipment drastically increased and removal of excess
heat in more efficient ways became a necessity. In this
aspect, Babus’Haq et al. (1995), Diani et al. (2013),
Deshmukh (2013), Samarth and Sawankar (2014)
numerically and experimentally investigated heat
transfer enhancement concepts in fins. Babus’Haq’s
(1995) experimental work was related to the effect of
inter-fin spacing on the thermal performance of a
cylindrical pin-fin assembly in a duct under forced
convection. Fractions of optimum span-wise and stream-
wise spacing values to diameter were found to be 1.04
and 0.95, respectively, for duralumin material, however,
the interval of Reynolds number and flow characteristic
are not clear. Average convective heat transfer
coefficient and pressure drop values with changing
frontal velocity for elliptic, square, circular and plate fins
in staggered or in-line configurations were investigated
by Yang et al. (2007). In this experimental work, constant
heat flux is applied to fin configurations in a duct. The
results showed that circular pin fins are superior to other
fin shapes in terms of average convective heat transfer
coefficient for the in-line configuration.

There are different comparison criteria for effectiveness
of fins in the literature. Sahiti et al. (2006) numerically
compared NACA, dropform, lancet elliptic, circular and
square shaped fins located in a duct with respect to two
sets of comparison criteria. One set consists of hydraulic
diameter, coverage ratio (fin cross section area / bare
plate area), and pin length equalities. The other includes
blockage area, distance between the pins and pin length
equalities. Unlike the results of Yang et al. (2007),
elliptical shaped fins had a better performance than
others. Jonnson and Moshfegh (2001) experimentally
worked on strip, plate circular and square shaped fins by
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equalizing their frontal area for Reynolds numbers
between 2000 and 16500.

Experimental studies on hydrodynamic and thermal
characterization of heat sinks were extended to micro
scale with nanofluids. Sandhu et al. (2018) recently
performed a study with 21 parallel microchannel heat
sink and alumina nanofluids with different base fluids.
Obtained results show that an increase in the flow rate
and nanoparticle concentration promote an increase in
heat transfer coefficient. Thermal and hydraulic
performances of an air-cooled, planar, oblique-finned
heat sink were researched by Kanargi et al (2018). The
conjugate heat transfer between the heat sink and the air
flow were computed numerically and validated
experimentally. Damook et al. (2016) performed a study
on the temperature dependency of air properties in
numerical simulations for air flows over pinned heat
sinks. As expected, numerical simulations taking the
temperature-dependent air properties into account are in
better agreement with experimental measurements of
pressure drop, heat transfer coefficient, and heat sink
base temperature.

There are also analytical studies concentrated on
optimization of fins with different methods including
Yang et al. (2013) and Culham and Muzychka et al.
(2001). The study of Chu et al. (2011) investigated the
cooling design of a remote radio unit under natural
convection. They determined that the optimal fin number
is around 25 and the pin-fin heat sink increases the
average heat transfer coefficient by 11.2% with a 38.6%
decrease in the heat transfer area. Specific to electric
vehicle application, Mohammadian et al. (2015)
performed a three  dimensional transient thermal
analysis of an air-cooled module having prismatic Li-ion
cells and aluminum pin fin heat sink with increasing fin
height in the flow direction. Kwak et al. (2017)
performed an experimentally validated numerical work
on commercial LED light bulbs considering radial heat
sink with triangular fins at different angles. A correlation
was obtained for cooling performance for the radial heat
sinks with and without triangular fins considering natural
convection and radiation.

The present study aims to experimentally and
numerically investigate the geometrical optimization of
square, cylindrical and plate fins for heat transfer
augmentation in the transition regime for external air
flow at steady state conditions and specifically targets
military applications. Comparison of heat transfer
characteristics of optimized geometries is performed.
Heat transfer correlations including thermal, hydraulic
and geometrical parameters are derived for tested fins
with different profiles. Keeping Reynolds number fixed
in external flow for different geometry fins specifically
in transition regime is the most innovative point in
present study.


https://www.sciencedirect.com/topics/engineering/three-dimensional-computer-graphics
https://www.sciencedirect.com/topics/engineering/transients
https://www.sciencedirect.com/topics/chemistry/thermoanalysis
https://www.sciencedirect.com/topics/chemistry/thermoanalysis
https://www.sciencedirect.com/topics/engineering/heat-sink

METHODOLOGY

For valuable and accurate analysis in external transition
flow over different fins, geometric and hydraulic
parametrization are performed. Experimental and
numerical  studies are conducted based on
parametrization characteristics defining the problem.

Parametrization

Square, cylindrical and plate fins as illustrated in Figure
1 are used in the present study. Fin geometries are
selected to be discrete, as sharp edged square and blunt
cylinder, and continuous like plate since they are widely
used fin geometries in small base area heat sinks. The fins
also result in different hydrodynamic characteristics of
air flowing over them.
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Figure 1. Geometrical properties of (a) square fin, (b)
cylindrical fin, (c) plate fin

Dimensions of the base plate (L and B) and height (H) of
the fins are kept constant as illustrated in Table 1.
Manufacturing concerns limit the ratio between the fin
height and inter-fin spacing to a maximum value of 10
for aluminum alloys in milling process which is the most
common production technique for a fin array. For known
fin geometries, production of fin arrays are more
practical if the same volume criterion is selected instead
of same surface-to-volume criterion. There are 3 different
streamwise (S.) and spanwise (St) spacing values for
square and cylindrical fins and 3 different spanwise (St)
values for plate fins. Each array is characterised by its
interfin spacings in free stream area and orthogonal
directions as in Tahat et al. (2000).

Table 1. Geometrical parameters of fins

L B SL St
H (mm) (mm) (mm) (mm) (mm) SUL (-) St/L(v)
500 5.00 0.0500 0.0500
20 100 10 3.16 3.16 0.0316 0.0316
2.08 2.08 0.0208 0.0208
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Geometrical optimization is applied for heat transfer
augmentation for free stream velocities (U) of 3, 5, and 7
m/s. Heat transfer performances of geometrically
optimized fins are compared. The diameter of a
cylindrical fin (d), strip thickness of a plate fin (t) and
edge length of a square fin (s) are assumed as
characteristic length (Dp) and taken as 2 mm. Equalizing
thickness or diameter of fins result in the same free-
stream area and number of fins in spanwise direction for
heat sinks. Free stream area is the area normal to air flow
between the fins as shown in Figure 2.

Flow Direction:
Normal to Page
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2mm

— Free
" Stream
Area
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—Fin

___ Base
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Figure 2. Free stream area in the heat sink

Reynolds number is calculated based on the maximum
flow velocity and characteristic length of a single fin as
in the studies of Zukauskas (1975) and Khan (2004).
Therefore, Reynolds number is kept constant for fins
with different profiles and same spanwise spacing.

Re :M @
1%
U, =U "2 @

T

Reynolds number varies between 528.6 for St = 5 mm
and U =3 m/s case, and 750 for Sr=2mmand U =7 m/s
case, and the flow is in transition regime according to
Zukauskas (1975).

Experimental Study

The experimental setup presented in Figure 3 was
constructed in the Heat Transfer Laboratory at Aselsan
Golbagi Campus. The width, height and length of the
tunnel are 600 mm, 400 mm and 1500 mm, respectively.

Pumping power is supplied by two identical axial fans
located at the inlet of the tunnel. Flow straighteners are
used to get uniform velocity profile. Velocity and
temperature profile of the air are measured by 14 hot wire
anemometers (7 anemometers for front side, 7
anemometers for back side of the fin). A plate heater that



can operate up to 300 W is produced by casting
aluminum over a resistor. The heater has 100 mm x 100
mm cross-section and 10 mm height. A gap pad made of
fiberglass-reinforced filler and polymer is placed
between the fin and heater to compensate for surface
irregularities and decrease the resistance. Stone wool
which has 150 mm thickness, 750 mm length and 600
mm width is placed under and near the heater for
insulation. J-type thermocouples are used to determine
average base plate, bottom surface of the heater and
insulation material temperature values. The positions of
thermocouples are shown in Figure 4.
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Figure 3. Experimental setup (a) schematic, (b) constructed
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Figure 4. Thermocouples position and location of fin, base
plate, gap pad, heater and insulation material from (a) Top view,
(b) Section view A-A

Values measured by thermocouples and hot wire
anemometers are recorded by a data logger. A thermal
camera is used to monitor the temperature distribution on
the upper surface of the base plate and to determine the
maximum temperature (Tmax). The thermocouples are
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calibrated in a thermo bath. Hot wire anemometers,
thermal camera and multimeters measuring current and
voltage are regularly sent to the suppliers and calibrated
according to the standards provided by EURAMET
(2018). 15 different fins (6 square, 6 cylindrical, 3 plate)
are manufactured from 6063-T6 aluminum alloy. Tape
with known emissivity value of 0.95 is stuck to the base
plate for more accurate results for thermal camera. Some
of the fins can be used by rotating them 90 degrees.
Details of geometrical parameters of manufactured fins
are presented in Table 2 and Figure 5.

Table 2. Geometrical properties of manufactured fins
St

Fin Shape N.L Nt (mm) (mm) Index
15 5.00 a

15 20  5.00 3.16 b

25 2.08 C

15 5.00 b

Square 20 20 316 3.16 d
25 2.08 e

15 5.00 C

25 20 208 3.16 e

25 2.08 f

15 5.00 g

15 20  5.00 3.16 h

25 2.08 i

15 5.00 h

Cylindrical 20 20  3.16 3.16 j
25 2.08 Kk

15 5.00 i

20 2.08 3.16 k

2 35 2.08 [

15 5.00 m

Plate - 20 - 3.16 n

25 2.08 0

Figure 5. Manufactured fins
Numerical Work

A channel with dimensions of 400 mm (height) x 600
mm (width) x 500 mm (length) is defined in Figure 6.
Velocity boundary condition is defined at the inlet of the
channel. The fin, gap pad and heater are placed 250 mm
away from inlet of the channel. An insulation layer
having the same width and length with the channel and
150 mm height is placed below the channel. Numerical
domain with dimensions of 750 mm (height) x 800 mm
(width) x 750 mm (length) is formed including channel




and insulation for simulating natural convection below
the insulation layer.

as shown in Figure 7. Adaptive meshing technique is
used for the solution.
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Figure 6. Numerical domain

Numerical analyses are conducted with Mentor
Graphics’ FLoEFD (2015a), which is a finite volume
method based software. Second order upwind and central
difference schemes are used for discretization of
convective and diffusive terms, respectively. Analyses
performed are based on Favre-Averaged Navier-Stokes
(FANS) Equations presented in the technical reference of
Mentor Graphics’ FLoEFD (2015a) and MIT (2018). The
governing equations are expressed as:

dp  O(py
_p+M:0 3)
ot oX
0 0 6,0 atij
P g (o) = =2 (4)
ﬁ[ (e+1uu }+i[ u (h+£uu }—
ot P o i o] pU; o i

()
9 (ut )_%
ox;~ M ax

i i

Semi-Implicit Method for Pressure-Linked Equations
(SIMPLE) is used for solving the linear algebraic systems
obtained. SIMPLE algorithm is an iterative method
including the setting of boundary conditions, computing
velocity and pressure gradients, determining velocity and
pressure fields, and then corrected mass fluxes, etc. as
solution steps.

Steady state analyses with ambient temperature and
pressure values set to 25°C and 1 atm, are performed.
Free-stream velocities are 3, 5 and 7 m/s at the inlet of
the channel. The pressure for the outlet is defined as 1
atm. 150 W is applied as a heat source boundary
condition. Numerical studies of Dong et al. (2010) and
Yuan et al. (2012) that showed good agreement with the
results of the turbulence model with the experimental
ones are considered as the validation case for the selected
k-g turbulence model in this study. Mentor Graphics’
FIOEFD (2015b) uses Cartesian rectangular solid, fluid
and partial cells. Denser mesh is used near the fin region
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Figure 7. View of the mesh (a) for numerical domain, (b) from
top of fin, (c) from side of fin

The accuracy of the numerical analysis is controlled by
updating the convergence criteria for maximum
temperature on the upper surface of the base plate. When
the dispersion between the last iterations is below the
convergence criteria, mesh refinement is applied and the
procedure is repeated. In the present study, the minimum
convergence criterion for the maximum temperature
value difference between the successive iterations is
selected to be 0.4°C.

RESULTS AND DISCUSSION
Experimental and Numerical Results

The visualization of the wvariation of maximum
temperature on the surface of different geometry fins
attached to heat sinks is performed. To achieve this, 63
different experiments and analyses considering 21
different geometries, 3 velocity values (3 m/s, 5 m/s and
7 m/s), heat input value of 150 W, and 25°C ambient
temperature are carried out at steady state conditions.
Si/L values resulting in minimum Tmax at the upper face
of surface plate are plotted. Tmax values of square and
cylindrical fins with Si/L = 0.0208 and plate fins are
compared and plotted in Figures 8-10 for 3 m/s velocity,
respectively to illustrate agreement of numerical and
experimental results.
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Figure 8. Square fins (SL/L = 0.0208)
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Figure 9. Cylindrical fins (SL/L = 0.0208)
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Figure 10. Plate fins

While Kkeeping the other geometrical parameters
constant, after the value of 0.0500, decreasing non-
dimensional spanwise spacing value further increases
heat transfer area hence enhances the heat transfer
performance. But further reductions in non-dimensional
spanwise spacing amplifies the pressure drop and offsets
the positive effect of increasing heat transfer area on
thermal performance.

Distribution of Tmax Values for the square (S./L = 0.0208,
St/L = 0.0208), cylindrical (S./L = 0.0208, St/L =
0.0316) and plate (St/L = 0.0208) fins at 7 m/s free-
stream velocity are illustrated in Figures 11-13,
respectively.

1 74.3°C

) Flow Direction

Figure 11. Tmax for the square fin (Su/L = 0.0208, St/L =
0.0208), U=7mi/s
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Figure 12. Tmax for the cylindrical fin (Su/L = 0.0208, St/L =
0.0316), U =7 m/s
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Figure 13. Tmax for the plate fin (St/L = 0.0208), U = 7 m/s

As the tip of the fins is not shrouded, bypass occurs from
the top of the fin in the streamwise direction. So, the mass
flow rate of air enabling heat transfer decreases in the
streamwise direction and temperature gradient occurs in
this direction. Similarly, the maximum temperature is
determined at the back side of the base plate in the
numerical analysis. In contrast, there is more uniform
temperature distribution in spanwise direction due to the
symmetry.

Experimental Data and Uncertainty Analysis

Heat transfer correlations are obtained for determination
of heat transfer from air cooled heat sinks without
performing any analysis for well-defined ranges of the
parameters. Convection heat transfer rate is calculated as
follows:

Qinput :Qconv + Qrad + Qins (6)

where Qinput denotes heat rate generated at the heater,
Qconv is the convection heat transfer rate through the



finned surface, and Qg is the radiation heat transfer rate
from the fin. Qins is the heat transfer rate through the
insulation layer and is calculated using Equation (7).

AT

Qins = kins Ans
|‘ins

(")

Radiation heat transfer rate is calculated by assuming that
the fin is almost completely surrounded by tunnel walls
and the view factor between the fin and walls are taken
as 1. The fin is assumed as a solid quadrangular, because
the temperature gradient between neighboring fins is
small as shown in Figure 14.

Top wall
(plexiglass)
< Side wall
(plexiglass)
Side wall Side wall
(plexiglass) (open to room)
400 mm =
Flow
600 mm -
600 mm
Side wall ‘
(plexiglass) Bottom platev of the tunnel
(aluminium)

Figure 14. Enclosure representation for radiation calculation

Radiation calculations are performed based on
temperatures of the surrounding channel walls (assumed
to be equal to air inlet temperature) and the average base
plate temperatures as given in Equation (8).

4 4
Q _ o (Tbaseiave - Tsurr ) (8)
4=
* 1_gﬁn 1 + 1_gsurr
gfin A'ad A'ad I:(f)(surr) gsurr Asurr

In Equation (8), &g and g, are emissivity values of
unoxidized aluminum (0.2) presented in the datasheet of
Optris’ Pi 640 (2018) and plexiglass (0.86) presented in
the Electronic Temperature Instruments (2018),
respectively. Variables A,.4, Agyrr and Figysurry are
radiation heat transfer area of finned sink (0.022 m?),
surrounding area of plexiglass walls as presented in
Figure 14 (1.32 m?) and view factor which is assumed to
be unity, respectively. In Equation (8), base average
temperature is calculated using Equations (9) and (10).

T :T1+T2 +T,+T, )
base _ ave 4
(square and cylindrical fins) (see Figure 4)
T, +T
base_ave % (10)

(plate fins) (see Figure 4)
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Obtaining Qconv USing Equation (6), the average heat
transfer coefficient value (hav) is calculated as provided
by Bergman et al. (2011) as following:

Qconv = havg Ar %AT'”‘ (11)
ATlm _ (TZ _Tair_o ) - (Tl _Tair_i ) (12)
T2 _Tair o
In| =——==
{ Tl _Tairfi J

In Equation (11), At denotes total heat transfer area of
the finned body, and n, is the overall surface efficiency
determined by standard fin analyses defined in Bergman
etal. (2011). Variables Ty, T2, Tair o defined in Equation (12)
are for determination of the logarithmic mean
temperature difference between fin base plate and air
temperature values at the back and front of the base plate,
and average air temperature at the outlet, respectively.

After determination of hayg using Equation (11) by false
position method as presented in the study of Chapra and
Canale (2015), Nusselt number is calculated such that:

h

avg

k

D
Nu = i

(13)

air

Characteristic length (Dn) definition for Reynolds
number calculation is valid for Nusselt number
definition, too. Least square linear regression can be used
for determination of heat transfer correlation as stated in
Chapra and Canale (2015) and Ayli et al. (2016). The
general form of the correlation can be represented as:

Num”-—aReb(§lj (§Lj 14)
L L
log(Nu,,, ) =log(a)+blog(Re)+

(15)

S S
clog| =~ |+elog| =
g(Lj+ g(LJ

Error calculations are performed for clarifying the results
presented in Figures 15-17. Heat transfer correlations
based on Equations 16-20 derived from the study of
Chapra and Canale (2015) are used. The results related to
the corresponding Equations are presented in Table 3.

> 'Nu,,,

n

Nu (16)

oxp

(17)



Table 3. Error analysis of heat transfer correlation for all fins

rZ %

Nuexp ZSt ZS, Sy Sy/x Sy/x < Sy C.V.% r

Square 275 1579 061 0.78 0.16 N 28.29 96.13 0.98
Cylindrical 3.71 3381 1.15 1.14 0.22 N 30.73 96.59 0.98
Plate 203 203 017 050 0.17 N 24.83 9153 0.96

y . In a similar study conducted by Jubran et. al (1993) for

CV.= WlOO/o (18) cylindrical fins, the following correlation is determined:
exp
2 S S 0.180 S 0.210

y corr L L

In Equation (19), predictor variable (y) is 3 for square and
cylindrical fins and 2 for plate fins. If, S, ,, <S, , linear
regression model has merit. So, coefficient of
determination (r?) and correlation coefficient (r) can be
determined as:

5,5,

r2 St _Sr

100% &1 =

(20)

t t

Correlations for square and cylindrical fins are plotted in
Figures 15 and 16, respectively. In the range of
509.2<Re<1752,2 and 0.0208 < 5T/, & 5/, <0.0500
the correlation obtained for square fins can be used. The
correlation derived for cylindrical fins is valid in the
range of 485.1 < Re<1682.7 and 0.0208 < ST/L & SL/L
<0.0500.
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Figure 15. Heat transfer correlation for square fins
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Figure 16. Heat transfer correlation for cylindrical fins
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5x10° < Re < 5x10° (1)

Correlation for cylindrical fins in the current work is:

0.218
J (22)

In Jubran’s study (1993), Reynolds number range is
greater than that of the present study, so coefficients of
the correlation in their study is larger than the present
study. Fin array is unshrouded from tip in both studies,
but fin array is shrouded from the sides perpendicular to
the flow direction in Jubran’s study unlike the present
one. Therefore, correlation in the study of Jubran (1993)
is less sensitive to changes in the number of fins in the
spanwise direction. There is agreement between the
coefficient of non-dimensional streamwise spacing.

ST S L

(1

Nu —
L

= 0.445(Re) 77 [
corr

r

Correlation for plate fins is presented in Figure 17. The
validity range of the obtained correlation for plate fins is

502.6<Re<1619.3 and 0.0208< T/, & S/, <0.0500.

ANumerical @ Experimental
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Figure 17. Heat transfer correlation for plate fins

This study differs from others in literature because,
general correlations are derived at the same time for fins
with different profiles and their heat transfer performance
are compared in terms of correlation coefficients.

Heat transfer augmentation of cylindrical fins become
more dominant than square and plate ones with
increasing velocity. It can be observed from power
coefficient of Reynolds number “b” in correlation
equations, too. It has values of 0.724, 0.757 and 0.614 for



square, cylindrical and plate fins, respectively.
Superiority of cylindrical fins can be explained with a
phenomenon called as Coanda effect mentioned in the
study of Yang et al. (2007). Flow field separation from
the curved bodies occurs late. So, cylindrical fins benefit
maximum from flow field, although, total heat transfer
area of cylindrical fins are lower than square and plate
ones. Coefficients of heat transfer correlations can be
used to comment on heat transfer performance of fins.
Correlation coefficient “a” of cylindrical fins is found as
0.445, while it has a value of 0.269 and 0.102 for square
fins and plate fins, respectively.

Uncertainty analysis is performed based on the study of
Moffat (1988). First order analysis is conducted by only
considering variable (measurement) errors. Uncertainty
of Qconv Can be calculated based on equation:

é‘(?conv = \/(5Qinput )2 + (_5Qrad )2 + (_5Qins )2 (23)

Uncertainty of Qinput, Qrad and Qins can be calculated as
follows:

Qi =18V ) + (VI (24)
(Tbase_ave )6 (é'rl2 +
0Q = (agArad Fetyesurn )2 5T22 + 5T32 + 5T42) +(25)
(_4 (Tsurr )3 5Tsurr )2
2(((T,-T,) 0k, )
5Qu = || (1 Te) )+ (26)
Lins (kinsé—rs )2 + (_kinsé—re )2

Here, V and | denote voltage and current, respectively. Ts
and Te are the bottom temperatures of heater and
insulation material. ATim term can be sent to the left-
hand side of Equation (11) and uncertainty at the left-
hand side of the equation can be found as:

-]

After adding deviations obtained from Equation (27),
right-hand side of Equation (27) is solved again to find
the uncertainty at average heat transfer coefficient (havg)
with False position Method. Four numerical calculations
are performed with the combinations of positive and
negative values of Q. andsAT,,, then absolute

maximum deviation value among four results is accepted
as sh,,, . Uncertainty at Nusselt number can be calculated

using Equation (28).

5QCOI‘IV
ATpy

+ _Qconv

(AT )2 OAT,,
Im

(27)
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SNu= |D,? (k—gj +( §kai,j (28)

Maximum uncertainty values of average heat transfer
coefficient and Nusselt number for each of the square,
cylindrical and plate fins are presented in Table 4.

Table 4. Maximum uncertainty values for square, cylindrical and
plate fins

Geometry % hay % Nu

Square 3.202  3.207

Cylindrical 3.909 3.914

Plate 3.187 3.19%4
CONCLUSION

Minimum Tmax occurring for square, cylindrical and plate
fins are observed as 115.7°C, 110.9°C and 116.7°C,
respectively. The most important finding of this study is
the observation of superior heat transfer performance of
cylindrical fins with respect to other geometries at the
same velocity and Reynolds number. This fact can also
be observed when the correlation coefficients are
examined. Coanda effect, as illustrated in Figure 18, is
the physical phenomenon behind the mentioned
performance of cylindrical fins.

Flow
seperation
Square fin
(a)
Flow ER
attachment ’ '
Cylindrical fin |
(b)

Figure 18. Hydrodynamic behavior of flow near (a) square fin
(b) cylindrical fin

Heat transfer rate through insulation layer can be
considered as one of the reasons for discrepancy between
the numerical and experimental results, although
insulation measures are reflected in the numerical model.
The insulation material is placed in layers in the
experiment, but it is modeled as bulk in numerical
studies. Therefore, contact problems may occur between
layers of insulation material and heat can be transferred
outside in the lateral direction to the insulation.
Moreover, edges of the fins are placed 10 mm on each
side away from the bottom aluminum plate of the tunnel
to avoid conduction between the fin and tunnel bottom
plate. The gap between the tunnel and fin is filled with



insulation material. It is very difficult to cut and place it
in exact dimensions as it is very soft material, so
insulation material is placed in particles to fill this gap
and unaccounted losses may occur from this region,
unlike the numerical model. Furthermore, there are rigid
electrical cables, which are not considered in the
numerical model, below the heater. Difficulties to
insulate these cables could result in the gap around them
and undesired losses may happen. Heater, gap pad and
fin are perfectly mounted to each other in the numerical
model, but contact problems may occur between these
components in the experimental setup and conduction
heat transfer rates to the fin may be reduced.

As an extension of this work, flow visualization
techniques can be used in experiments to further
understand the flow field around fin. Moreover,
streamwise and spanwise spacing values around the
optimum point can be discretized more intensely to
define more accurate design points in both directions.
Furthermore, staggered alignment of fins can be studied
and comparison of heat transfer performance can be
done.
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