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Parametric Effects on a Heat Sink with
Branched Fins under Natural Convection
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Abstract: This paper presents to determine of the optimum values of the design parameters in a cylindrical heat sink
with branched fins. Investigations on the effect of the design parameters, such as the number of fins, length of fin,
height of fin, and the outer diameter of the heat sink on heat transfer are reported here. In this analysis, branch angle
(a = 300) is considered. The Taguchi method, a powerful tool to design optimization, is applied for the tests and
standard L9 orthogonal array (OA) with three factors and three levels for each factor are selected. Nine test samples
are analyzed in which the total heat transfer rate for each test sample is found. Contribution ratios for each parameter
are also found. The results obtained from this analysis are employed to find the optimum design parameter values
which are relating to the heat sink performance. The reliability of the optimum test samples is verified. Also, the
variation of the average heat transfer rate of optimum sample is reported, when it compared with the reference

sample.
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1 INTRODUCTION

Owing to the higher energy efficiency and the longer
lifespan of the light emitting diode (LED) lights, this
system has been emerging rapidly in illumination industry
which replaces many other traditional light sources.
Although the application of this system creates a thermal
problem, if the power supply to the LEDs is high which
results the heat generated by this system is more, and it
reduces the energy efficiency and the service life. To
overcome this problem, an efficient heat sink design is
required. Therefore, a cooling technology is required for
the heat dissipation from the LEDs system to the ambient
by using a cylindrical heat sink. The optimization of the
cylindrical heat sink is essential to find cooling
performance in optimum manner in the LED lighting
applications.

There have been various studies on cooling relating to
natural convection heat transfer in a cylindrical heat sink
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[1,2]. In LED lighting applications, several recent research
paper have presented on cylindrical heat sink. Yu et al.
[3,4,5] and Jang et al. [6,7] investigated the thermo-flow
characteristics like a chimney flow pattern around a radial
heat sink under natural convection, and optimization of
cooling performance parameter and mass was presented.
Jeng et al. [8] developed a Nusselt number correlation of
combined convection around the cylindrical heat sink with
motor fan, and he reported the effect of fans at various
assemblies. Jang et al. [9,10] developed a Nusselt number
correlation and observed the orientation effect of a
cylindrical heat sink. Also, they observed cross-cut
cylindrical heat sink to improve the orientation effects of
conventional plate-fin cylindrical heat sink for applications
in LED light bulbs. The rate of heat transfer from square
vertical fins connected to a horizontal tube found from an
experimental based naphthalene sublimation method and
reported the effect of fin-to-fin spacing on heat transfer rate
by Sparrow and Bahrami [11]. Chen and chou developed a
Nusselt number correlation, and they investigated
numerically the heat transfer coefficient of square vertical
fins attached to a horizontal tube. Also, they reported the
effect of fin-to-fin spacing on the heat transfer
coefficient[12]. Yildiz and Yuncl performed an experiment
to observe the heat transfer rate from annular fin arrays
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attached to a horizontal cylinder, and they optimized the
fin-to-fin spacing[13]. Hahne and Zhu proposed the
correlation of a Nusselt number for an annular fin attached
with horizontal cylinders regarding an experimental study
[14]. An experimental study for the Nusselt number
correlation for finding natural convection heat transfer from
vertical cylinders with plate fins was investigated[15].
Bejan and Almogbel reported to maximize the global
thermal conductance, and optimization of a T-shaped fin
assembly was performed[16]. Lorenzini and Rocha
observed to optimize a Y-shaped fin assembly for
minimizing the global thermal resistance, and also for a T-
Y fin assembly, they reported to maximize heat removal
regarding an optimization of this assembly[17,18]. Kobus
and Oshio observed a theoretical and experimental study on
a heat sink, and they reported the effect of various
geometries on the thermal resistance of a heat sink [19].
Huang et al. [20] found a high heat transfer coefficient at
upward and sideward orientation of a square pin fin under
natural convection heat transfer. Zografos and Sunderland
observed that the heat transfer performance of inline pin fin
arrays arrangement showed better than the staggered pin fin
arrays [21]. Sparrow and Vemuri reported that the heat
transfer coefficient occurred the highest at upward facing
orientation of fin and the optimization of the fin density and
its height was also investigated [22]. Inada et al. [23]
conducted an experiment to observe the effect of flow
orientation, the effect of vertical fins with constant height
on the heat transfer rate, and also they found an increased
heat transfer rate for upward flow orientation. Welling and
Woolbridge investigated an experimental study to obtain
the fin height regarding to the maximum heat transfer rate
in the rectangular vertical fins of constant length [24].
Jones and Smith developed a correlation to find the average
heat transfer coefficient, and they reported the heat transfer
rate from a vertical fin arrays with constant length and
thickness [25]. Arquis and Rady studied numerically the
effects of the fin spacing, fin height and the Rayleigh
number on the fin surface effectiveness [26]. Nada reported
the effect of the fin length and fin spacing on the natural
convection heat transfer rate from a finned base plate of

rectangular shape in horizontal and vertical narrow
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enclosures over the wide range of Rayleigh numbers [27].
The effect of the fin height and fin spacing on the heat
transfer from rectangular fin attached to horizontal and
vertical surfaces [28,29]. Baskaya et al. [30] observed to
study the heat transfer rate from horizontal rectangular fin
arrays which depend on the fin height, spacing and
orientation. Bar-Cohen et al. [31] conducted an
optimization technique in which optimum arrays was
estimated on the basis of the total dissipation of heat and
the heat dissipation per unit mass.

In this study, an optimization of the geometric design
parameters in a cylindrical heat sink with branched fins is
investigated. The present analysis simulates numerically
the heat transfer from circularly arrayed of branched fins on
a vertical cylinder under natural convection. The effects of
the fin number, fin height, fin length, and the outer
diameter of the heat sink on heat transfer are reported at
branch angle (o = 30°) of fins. To find optimum heat sink
design, parametric study is carried out. The reliability of
results and the optimum value of each parameter are

investigated.

2 MATHEMATICAL MODELING

2.1 Numerical Model

The cylindrical heat sink is composed of a cylindrical base
and arrays of the branched fin which are arranged circularly
at regular angular intervals. This type of heat sink model is
shown in Fig.1. The computational domain of single-fin
array is selected owing to the computational time and
number of grids involvement. This domain is shown in
Fig.2. The following assumptions made for this analysis are
given.

(1) The flow is steady, laminar and three-dimensional.

(2) Radiation heat transfer is neglected.

(3) All the fluid properties except the air density are
constant.

(4) The air density is obtained by the ideal gas law.

2.2 Governing Equations

The governing equations are given as follows.

2.2.1 Air Side

Continuity equation
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V-(pv)= 0. D
Momentum equation
p% = —VP+ uV?v+F (for z — direction F =

—P9)- (2
Energy equation

pCpoc=V-(kVT)+ 22 . (3)
2.2.2 Fin Side

Energy equation

ViT=0. 4

2.3 Boundary Conditions

The following boundary conditions are made for this
analysis.

(1) Heat sink base of the solid domain: constant heat flux,

9Tsolid

q= —k an

heat sink base

(2) Periodic interface of the solid domain: symmetric

. 0T gp1i
condition, —sotid =
on

sectional wall

(3) Periodic interface of the fluid domain: periodic
condition.

(4) Interface between the fluid and solid domain:

Tfluid,wall = Tsotiawall s
0T fluid . 0Ts01id N
—k fi + = _k soli + G
f m lwan Qout S an wall qin

Fig.1. Schematic diagram of the cylindrical heat sink.

gravity

Fig.2. Computational domain.

2.4 Numerical Procedure

For numerical simulation, three-dimensional steady-state
laminar flow model was taken to analyze the fluid flow and
heat transfer owing to the heat sink under natural
convection. The finite volume method with Fluent, a
commercial software package of computational fluid
dynamics (CFD) was used in this analysis. To governing
the conservation of mass, momentum and energy equations,
a segregate solver was employed. ICEM CFD 14.5 was
applied for boundary conditions to generate the mesh. The
finite volume method and the semi implicit method for the
pressure linked equation (SIMPLE) algorithm were
employed to solve the basic conservation equations. The
solver was iterated the procedure to find the solutions for
the fluid flow and heat transfer problem until the
convergence criteria was satisfied.

2.4.1 Calculation of Numerical Data

In this analysis, the thermophysical properties were

calculated at temperature

T = 250 )

where T, and T, are the ambient temperature and
temperature of the heat sink base respectively.

The total heat transfer from heat sink can written as

Tp—T,
q=—=—". (6)

Rt

where Ry is the thermal resistance of the heat sink which

can be given as

1
h(npinNAf+ Ap) "

Q)

where 1, h, A, and A4, are the efficiency of fin, heat

Rey =

transfer coefficient, surface area of fin, and surface area of

unfinned, respectively.
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U vrll e ®

h= Nuyk:/L, €)

Ap = 2H,L + 2H,t + 2Ht + Lt, (10)
A, = mDL — NLt , (11)
Ay =Lt, (12)
p1 = 2L +2t, (13)
A, =Lt/2, (14)
p, =2L+t, (15)

m; = AY) hpl/ksAcl ’ (16)
m; = AY) th/ksAcz ’ (17)

(sinhm,H,+ h/mykgcoshm,H,)

_ Ay . .
Cf - [2 Aggmy SlnhmlHl (coshmyHy+ h/mykg sinhmyH,)
-1
CoshmlHl] . (18)

where Nu;, A.1, p1, A2, and p, are the nusselt number,
cross-sectional area of fin, perimeter of fin, cross-sectional
area of fin in stem side and perimeter of fin in stem side,
respectively.

The number of fins can be calculated as

N=22 (19)
Here, the angle 6 between the fins was maintained constant
at the same lateral spacing regarding the best performance

of the heat sink.

3 RESULTS AND ANALYSIS
3.1 Validation of Model

The results of numerical simulation for the reference model
at branch angle (a = 30" were taken, as 6 =30°, D = 60mm,
H = 30mm, and L = 50mm, and these were compared with
experimental data [32]. The temperature difference
between the experimental and numerical results was found
1.48°C which exhibited reasonable good agreement, and it

can be shown in Fig.3.

m -
= Experimental results
S0+ Numerical results
-
40 - 4
o
= Wr "
.ln
20 - (]
W0r =
0 1 1 1 ' 1
0 5 10 5 20 25 30

q(W)

Fig. 3. Comparison between experimental and numerical

results at o = 30°C.

3.2 Optimization of Geometric Parameters
Generally, the impact of the heat transfer characteristics is
more for the performance of a heat sink. The heat transfer
rate of a heat sink depends on the geometric parameters,
such as the number of fins, fin height, fin length, fin
thickness, and the outer diameter of the heat sink which
characterize the heat sink surface. In the present model of a
heat sink, the dependent parameter of the heat transfer rate
at branch angle (o = 30°C) of fin is the number of fins, fin
height, length of fin, and the diameter of the heat sink. This
study reported to analyze the effects of the geometric
parameters on the performance of the heat sink
simultaneously on the basis of the Taguchi approach [33].
In this simulation, the ambient temperature, T, = 300K was
taken.

The Taguchi method is an effective tool to design system
with various parameters which enhances the performance
of the reference model, and it is extensively applied in
engineering analysis. In this method, a standard table is
used called orthogonal arrays (OA) for the design of
experiments. Also, its importance is more because of this
method reduces the experimental observation time. This
method was applied in the present analysis to find optimum
condition of the design parameters regarding the best
performance of the heat transfer. In this analysis, three
geometric parameters as 0, H, and L", were chosen as

control factors, and the number of levels for each control
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factor was taken as three. Here, H" = H/D are L" = L/D
were considered. Table 1 showed the value of control
factors and their levels at branch angle (o = 30°) employed
in this analysis.

TABLE 1

VALUE OF CONTROL FACTORS AND THEIR
LEVELS AT o =30° EMPLOYED

where n is number of the design points. The S/N ratio for
nine test cases is shown in Table 2 which was obtained by
means of MINITAB 17 statistical software.

TABLE 2

Ly ORTHOGONAL ARRAYS EMPLOYED AND
SIGNAL-TO-NOISE (S/N) RATIO FOR EACH TEST AT
a=30°

Factors Reference Levels of test sample
model Level 1 | Level 2 | Level 3
30 9 18 45
0.5 0.2 0.4 0.6
L 0.833 0.7 0.8 0.9

Test Factors Signal-to-
number Noise
(S/N) ratio

T
*
-
*

n

The orthogonal table in the orthogonal array method
contained 9 test cases based on three control factors and
three levels for each factor. Table 2 indicated a three-level
orthogonal array (L) used in this analysis. The average
heat transfer coefficient for each test sample was estimated
from the simulation, and the total heat transfer rate, g was
found from Eq. (6).

In the analysis of the Taguchi method, the signal-to-noise
(S/N) ratio was employed. In order to estimate the effect of
selected factor on the responses, the signal-to-noise ratio
for each control factor was calculated. The signals have
showed the effect on the average response and the noises
were founded by the effect on the deviations from the
average responses, and the noises showed the sensitiveness
of the experiment output to the noise factors. The
appropriate signal-to-noise ratio must be selected. The
selection of the control factors and levels were done more
efficient manner regarding the heat transfer data was
converted into the signal-to-noise ratio, 1. In this analysis,
the signal-to-noise ratio n for larger-the-better target for all
the responses was estimated by the following equation that
represents the static characteristics [34].

1 1
n= —10log [;ZLW] : (20)

26.358

32.933

36.898

22.457

28.460

29.101

17.917

19.772

©| o N o O B W N -
Wl W W N N N R D
W N | W N R W N
N | W R W N W] N e

23.347

TABLE 3

RESPONSE TABLE OF SIGNAL-TO-NOISE RATIOS
AND CONTRIBUTION RATIO VALUES

level Control factors
0 H L
n
1 32.06 22.24 25.08
26.67 27.05 26.25
3 20.35 29.78 27.76
Delta,o
3 11.72 ‘ 7.54 2.68
Contribution ratio (%)
Contribution 53.42 34.37 12.21
(%)
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Table 3 is showed the calculated factorial effects and
contributions of each factor, and the S/N ratios for each
control factor of different levels were found by the average
of the S/N ratio values corresponding to each level from
Table 2.

The contribution ratio carries the important role to describe
the performance characteristics of a heat sink, and it
reported to characterize the effect of each factor on the heat
transfer rate. The delta & is the difference between
maximum and minimum S/N ratio for each factor, and its
role is important to estimate the contribution ratio in this
analysis. The contribution ratio of each factor was found
from the ratio of the value of delta & corresponding to each
factor to the total value of delta & [35]. The effect of the
factors on the heat transfer rate at o= 30° were found as
53.42%, 34.37%, and 12.21% for 6, H, and L
respectively in this analysis. It can be clear from Table 3 all
three factors affected the performance of heat transfer of
the cylindrical heat sink, and also the largest contribution
ratio of factor is 6, which showed the maximum effect of
this factor on heat transfer performance. It should be noted
that the effect of all three factors were limited in this

analysis.

For the optimum condition, the S/N ratio from Table 3 for
all three factors at a= 30° can be shown in fig. 4. The
largest S/N ratio m among three levels for each factor
regards to the best thermal performance, and this optimum
condition of the heat sink can be estimated from Eq. (20). If
angle is considered in this context at a= 30°, the optimum
results estimated as 9° which is the best results among
them. When comparing the S/N ratio n values in Fig. 4, the
optimum condition in this analysis was estimated by a
combination of levels corresponding to the largest S/N ratio
n for each control factor as 0, H3, and Lj which is based

on the Taguchi method.

234

30

S/N ratio
8

26

Fig. 4. Response graphs of main effects for all the control

factors at a = 30°.

3.3 Confirmation Test of the Optimum Model

The combination of the optimum level of each factor was
promoted to design the best test samples at a= 30° as 6 =
9° H/D = 0.6, and L/D = 0.9, respectively. The reliability
of the results was tested in this analysis. The presumed
ratio 1, of the optimum model was compared with the ratio
of optimum sample, and this was estimated by following

relation as
Np =Ng, + Ny + My — (m—1)7 . 21
n, = 36.88at a = 30°,

where m is the total number of factors, 7 is the average
value of S/N ratio n for all the three factors, and also
Mg, Mr;» and ny: were found from Table 3. The simulation
of optimum sample was also estimated by Eq. (20) in
which the ratio 1) at a= 30° was found as 36.90. This value
was in good agreement with the presumed value from Egq.

(21) that ensured the reliability of the optimum condition.

The total heat transfer rate of the optimum model was
compared with the reference model, and the variations of

this performance are shown in Fig.5. This variation
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reported that the optimum heat sink model showed a better

performance than those of the reference heat sink model.

ES
u— Refererence model .
L 4 Optimum model
T A
80 -
§ 50 a
=
Y
1
.
20k
i .
0 . -
0 Ly 1 L
0 10 m 30 40 50
T,-T,(C)

Fig. 5. Variations of heat transfer rate for the optimum and

reference models a=30°
4 CONCLUSION

The present model of the heat sink at branch angle (a=30°)
reported the effects of various design parameters, as the
number of fin, fin height, fin length, and the outer diameter
of the heat sink on the heat transfer rate on the basis of the
Taguchi approach. In the analysis, it can be shown that the
design parameters play an important role in the heat
transfer performance of the cylindrical heat sink. The
contribution of each tested factor of the heat sink at o=30°
on the heat transfer performance was 53.42%, 34.37%, and
12.21% for 6 (or number of fins), H/D, and L/D,
respectively in this analysis. The optimum conditions for
each factor were found, and the reliability of the optimum
results was tested in which good agreement was occurred
with the presumed value. The design parameters of the
optimum heat sink model was 0 = 9° H/D=0.6,and L/D =
0.9. It was also showed that the heat transfer performance
of the optimum heat sink model at o= 30° was superior to

that of the reference model.

REFERENCES

[1] Martynenko OG and Khramtsov PP, “Free-convective heat
transfer”, Springer. USA: New York; 2005.

[2] Raithby GD and Hollands KGT, Natural convection. In:
Rohsenow WM, Hartnett JP, Cho YI (Eds.) Handbook of heat
transfer. 3rd Ed., McGraw-Hill. USA: New York; 1998.

[3] Yu SH, Lee KS, and Yook SJ, “Natural convection around a
radial heat sink”, International Journal of Heat and Mass Transfer
2010; 53: 2935-2938.

[4] Yu SH, Lee KS, and Yook SJ, “Optimum design of a radial
heat sink under natural convection”, International Journal of Heat
and Mass Transfer 2011; 54: 2499-2505.

[5] Yu SH, Jang D, and Lee KS, “Effect of radiation in a radial
heat sink under natural convection”, International Journal of Heat
and Mass Transfer 2012; 55: 505-509.

[6]Jand D, Yu SH, and Lee KS, “Multidisciplinary optimization of
a pin-fin radial heat sink for LED lighting applications”,
International Journal of Heat and Mass Transfer 2012; 55: 515-
521.

[7] Jang D, Yook SJ, and Lee KS, “Optimum design of a radial
heat sink with a fin height profile for high-power LED lighting
applications”, Applied Energy 2014; 116: 260-268.

[8] Jeng TM. “Combined convection and radiation heat transfer of
the radially finned heat sink with a built-in motor fan and multiple
vertical passages”, International Journal of Heat and Mass Transfer
2015; 80: 411-423.

[9] Jang D, Park SJ, Yook SJ, and Lee KS, “The orientation effect
for cylindrical heat sinks with application to LED light bulbs”,
International Journal of Heat and Mass Transfer 2014; 71: 496-
502.

[10] Jang D, Kim DR, and Lee KS, “Correlation of cross-cut
cylindrical heat sink to improve the orientation effect of LED light
bulbs”, International Journal of Heat and Mass Transfer 2015; 84:
821-826.

[11] Sparrow EM and Bahrami PA, “Experiments on natural
convection heat transfer on the fins of a finned horizontal tube”,
International Journal of Heat and Mass Transfer 1980; 23: 1555-
1560.

[12] Chen HT and Chou JC, “Investigation of natural convection
heat transfer coefficient on a vertical square fin of finned-tube heat
exchangers”, International Journal of Heat and Mass Transfer
2006; 49: 3034-3044.

IJSER © 2016
http://www.ijser.org


http://www.ijser.org/

International Journal of Scientific & Engineering Research, Volume 7, Issue 6, June-2016

ISSN 2229-5518

[13] Yildiz S and Yincu H, “An experimental investigation on
performance of annular fins on a horizontal cylinder in free
convection heat transfer”, Heat and Mass Transfer 2004; 40: 239-
251.

[14] Hahne E and Zhu D, “Natural convection heat transfer on
finned tubes in air”, International Journal of Heat and Mass
Transfer 1994; 37: 69-63.

[15] An BH, Kim HJ, and Kim DK, “Nusselt number correlation
for natural convection from vertical cylinders with vertically
oriented plate fins”, Exp. Therm. Fluid Sci. 2012; 41: 59-66.

[16] Bejan A and Almogbel M, “Constructal T-shaped fins”,
International Journal of Heat and Mass Trans. 2000; 43: 2101-
2115.

[17] Lorenzini G and Rocha LAO, “Constructal design of Y-
shaped assembly of fins”, International Journal of Heat and Mass
Trans. 2006; 49: 4552-4557.

[18] Lorenzini G and Rocha LAO, “Constructal design of T-Y
assembly of fins for an optimized heat removal”, International
Journal of Heat and Mass Trans. 2009; 52: 1458-1463.

[19] Kobus CJ and Oshio T, “Development of a theoretical model
for predicting the thermal performance characteristics of a vertical
pin-fin array heat sink under combined forced and natural
convection with impinging flow”, International Journal of Heat
and Mass Transfer 2005; 48: 1053-1063.

[20] Huang RT, Sheu WJ, and Wang CC, “Orientation effect on
natural convection performance of square pin fin heat sinks”,
International Journal of Heat and Mass Transfer 2008; 51: 2368-
2376.

[21] Zografos Al and Sunderland JE, “Natural convection from pin
fin arrays”, Exp. Therm. Fluid sci. 1990; 3: 440-449.

[22] Sparrow EM and Vemuri SB, “Orientation effects on natural
convection/radiation heat transfer from pin-fin arrays”,
International Journal of Heat and Mass Transfer 1986; 29: 359-
368.

[23] Inada S, Taguchi T, and Yang WJ, “Effects of vertical fins on
local heat transfer performance in a horizontal fluid layer”,
International Journal of Heat and Mass Transfer 1999; 42: 2897-
2903.

236

[24] Welling JR and Woolbridge CB, “Free convection heat
transfer coefficients from rectangular vertical fins” J. Heat
Transfer (ASME Trans.) 1965; 87: 439-444.

[25] Jones CD and Smith LF, “Optimum arrangement of
rectangular fins on horizontal surface for free convection heat
transfer”, J. Heat Transfer (ASME Trans.) 1970; 92: 6-10.

[26] Arquis E and Rady M, “Study of natural convection heat
transfer in a finned horizontal fluid layer”, Int. J. Therm. Sci. 2005;
44:43-52.

[27] Nada SA. “Natural convection heat transfer in horizontal and
vertical closed narrow enclosures with heated rectangular finned
base plate”, International Journal of Heat and Mass Transfer 2007;
50: 667-679.

[28] Yiinci H and Anbar G, “An experimental investigation on
performance of rectangular fins on a horizontal base in free
convection heat transfer”, Heat Mass Transfer 1998; 33: 507-514.

[29] Giivenc A and Yincl H, “An experimental investigation on
performance of rectangular fins on a vertical base in free
convection heat transfer”, Heat Mass Transfer 2001; 37: 409-416.

[30] Baskaya S, Sivrioglu M, and Ozek M, “Parametric study of
natural convection heat transfer from horizontal rectangular fin
arrays”, Int. J. therm. Sci. 2000; 39: 797-805.

[31] Bar-Cohen A, Lyengar M, and Kraus AD, “Design of
optimum plate-fin natural convection heat sinks”, J. Electron.
Packag. (ASME Trans.) 2003; 125(2): 208-216.

[32] Park KT, Kim HJ, and Kim DK, “Experimental study of
natural convection from vertical cylinders with branched fins”,
Experimental Thermal and Fluid Science 2014; 54: 29-37.

[33] Taguchi G, Elsayed AE, and Thomas CH, “Quality
engineering in production systems”, McGraw-Hill. New York;
1989.

[34] Lochner JH and Matar JE, “Designing for quality”, ASQC
Quality Press; 1990.

[35] Yun JY and Lee KS, “Influence of design parameters on the
heat transfer and flow friction characteristics of the heat exchanger
with slit fins”, International Journal of Heat and Mass Transfer
2000; 43: 2529-2539.

IJSER © 2016
http://www.ijser.org


http://www.ijser.org/



