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The efficient cooling is very important for a LED module because both the energy
efficiency and lifespan decrease significantly as the junction temperature increas-
es. Fin heat sinks are commonly used for cooling LED modules under natural con-
vection conditions. This work proposed two novel models of fin heat sink, named
the pin-plate fin (PPF) heat sink and the oblique-plate fin (OPF) heat sink, by
combining plate fins with pin fins and oblique fins and their thermal performances
were studied numerically. The LED module was assumed to be operated under 1
atmospheric pressure and its heat input is set to 4 W. The PPF with 8 plate fins
inside (PPF-8) and the OPF with 7 plate fins inside (OPF-7) show the best thermal
performances among all PPF and OPF designs. Total thermal resistances of PPF-
8 and OPF-7 decreased by 9.0% - 15.6% compared to those of three original mod-
els. Heat transfer coefficients of PPF-8 and OPF-7 were higher by 12.6% - 35.2%
than those of three original heat sinks.
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Introduction

Nowadays, LED play an important role in the illumination market. The LED are wide-
ly used in varieties of applications as diverse as indoor/outdoor lights, aviation lighting, back-
light units for display devices, automotive headlamps, and fishery lights [1]. In an LED module,
about 20% of electric power is used for light emitting, while the rest is converted into heat [2].
With the increase of input power, the junction temperature of an LED module can drastically
rise to a high level [3]. A high junction temperature results in reductions of the energy efficien-
cy, light intensity, and lifespan [4]. Therefore, an efficient cooling device is very important for
an LED module to dissipate the heat generated by the chip into ambient air.

Cooling technologies for the LED module can be divided into active and passive
methods [5]. Passive methods dissipate the heat with natural convection conditions while active
methods use the forced convection. Passive cooling methods are preferred for LED devices
because these methods get a high reliability due to that they do not require additional moving
parts [5, 6]. The fin heat sink as a passive cooling method is commonly used for cooling LED
modules with natural convection conditions due to its easy implementation, low operation cost,
and high reliability.
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Elenbass [7] explored the thermal performance of parallel plates under natural
convection conditions. Then, Bodoia and Osterle [8] numerically studied the flow and heat
transfer characteristics of the vertical plates and achieved a good agreement with the data of
Elenbass except for low values of Grashoff number. Starner and McManus [9] experimentally
investigated the orientation effect on the heat transfer coefficients for fin arrays. It was found
that the vertical arrays presented 10-30% below on the heat transfer coefficients than those
of horizontal arrays and the coefficients of 45° arrays were 5-20% below those of the vertical
arrays. Welling and Wooldridge [10] presented an experimental study on parameters of fin
height and fin width. The results suggested that there was an optimum fin height for each fin
channel width. Cha and Cha [11] investigated laminar steady buoyancy-driven flow around
two interacting cubes in a finite medium by employing a control-volume finite difference
technique. The numerical results were in good agreement with the holographic interfero-
grams. Rammohan and Venkateshan [12] presented an interferometric study on heat transfer
by natural convection and radiation in a horizontal array. It was concluded that there was a
mutual interaction between natural convection and radiation which indicated that a simplistic
approach based on the simple superposition of radiation and convection heat transfer calcu-
lated independently was unsatisfactory. Lee et al. [13] employed sectional oblique fins in a
micro-channel heat sink and enhanced thermal performance of the fin heat sink which was
attributed to the better fluid mixing and the reinitialization of the thermal boundary layer
at the leading edge of each oblique fin. Many other studies [14-24] concerned more about
the geometric parameters of plate fin arrays. Similarly to Staner and McManus [9], some
researchers [5, 25-28] analyzed the orientation effect of plate fin arrays under natural convec-
tion conditions.

For LED lighting applications, lots of studies have been done in recent years to im-
prove the thermal performance of fin heat sinks used for high-power LED lamp. Christensen
and Graham [6] numerically studied the package and system level temperature distributions
of a high-power LED array and suggested that attention must be focused on providing the
highest convective heat transfer coefficients while improving the packaging design of LED
applications. Jang et al. [29, 30] optimized the cooling performance and mass of a pin-fin radial
heat sink and succeed in reducing the mass of heat sink by more than 30% while maintaining
a similar cooling performance to that of a plate-fin heat sink studied in a previous study. Simi-
larly, Yu et al. [31] performed parametric studies on optimizing a radial heat sink under natural
convection conditions. They compared the effects of the number of fins, fin length and heat flux
on the thermal resistance and average heat transfer coefficient. Ha and Graham [4] conducted a
thermal analysis of high-power LED packages implementing chip-on-board architecture com-
bined with power electronic substrate. Cheng et al. [2] presented an integrated multi-fin heat
sink design with a fan on metal core printed circuit board substrate for a high-power LED array.
The results of this work suggested that a back lighting panel with a fan can increase the lifespan
of LED module. Huang et al. [32] introduced perforations through the fin base for long hori-
zontal rectangular fin arrays and achieved a significantly improved heat transfer performance.
Based on Huang’s work, Jeong et al. [1] employed the perforations both in fin base and fins to
improve air circulation. Many other studies [3, 33, 34] have also been carried out to improve
thermal performance of fin heat sinks for high-power LED lamp cooling by various methods.

This work proposed a new design method for the high-power LED lamp cooling with
natural convection conditions by combining plate fins with pin fins and oblique fins. Two novel
models of fin heat sink called the PPF heat sink and the OPF heat sink were designed and their
heat dissipation performances were compared with those of three original fin heat sinks. Fur-
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thermore, a parametric study on the number of LED chip
plate fins in PPF and OPF are conducted to find Aln substrate Die -attach
th imized del Bonding adhesive
¢ optimized model. Cu plate
Fin base

Numerical method
Physical model

This study is set up as a 3-D fluid-sol-
id conjugate problem to investigate the ther-
mal performances of five models of fin heat
sink used for high-power LED lamp cooling.
The structural schematic of an LED module
and the computational model is illustrated in
fig. 1. As show in fig. 1(a), the LED module
is mounted on a fin heat sink, and consists of
an LED chip, an aluminum nitride (Aln) sub-
strate, and a Cu plate below. The fin heat sink
is composed of a fin base and number of fins.
Additionally, die-attaches and bonding adhe-
sives are used to attach the LED chip and Aln
substrate, respectively. And the thermal inter-
face material (TIM) is used to bond the LED
module to the fin heat sink. Table 1 shows geo-
metric specifications of the LED module. Fig-
ure 1(b) shows the computational domain and
operating conditions. The scale of the compu-
tational domain is determined by taking both
heat transfer characteristics and computation-
al time into consideration [5, 31]. The height
of the domain above the LED module is cho-
sen as 5SH while the domain below is H, where
H represents the total height of the LED mod-
ule with fin heat sink. The width and length
of the domain is 2W and 2L, where W and L
represent the width and length of the fin heat
sink, respectively. The model works under
natural convection conditions and the pres-
sure of ambient air is set to be 1 atmospher-
ic pressure and the air temperature is 25 °C.
The radiation heat transfer and gravitational
acceleration, g, are taken into consideration in
this study. The g is assumed to be 9.81 m/s?
along the opposite of Z-direction.

Natural convection

radiation g=981ms"
Air: 1 atm, 25°C
7H
5H
=4
H )_»
2L T v

(b) X

Figure 1. (a) The LED module on the fin heat
sink and (b) computational domain

Table 1. Geometric specifications

of the LED module
i Width x Length | Thickness

[mm] [(mm]
LED chip 1.0x 1.0 0.10
Die-attach 1.0x 1.0 0.02
Aln substrate 3.0x3.0 0.38
Bonding adhesive 3.0x3.0 0.02
Cu plate 6.0 x 6.0 1.5
TIM 6.0 x 6.0 0.02

The heat sink consists of a fin base with a thickness of 2 mm and numbers of fins with
a height of 10 mm. Figure 2 presents specific dimensions of fin heat sinks. The pin fin used in
all models has a length of 2.4 mm, a width of 0.8 mm, and a height of 10 mm. Similarly, the
oblique fin has a length of 2.4 mm, a width of 0.8 mm, and a height of 10 mm. The cross section
of oblique fin is a parallelogram with an acute angle of 27° [13].
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Numerical methods

The natural convection is governed by the Prandtl number and the Rayleigh number:
14

Pr=— (1)
a
ATL ®
Ra =—g/’V2 " pr 2

where all properties refer to the air involving the heat sink. Then, the Rayleigh number,
Ra = 2:10, is well below the typical transition value of 108-10° for the turbulent regime [34]. There-
fore, the flow field exhibits a laminar flow. Other assumptions made to simplify the analysis are [35]:
— the air is assumed to be steady and incompressible,

— the thermophysical properties of air and solids are constant, and

— all surfaces are gray and diffuse.

The commercial CFD software, ANSYS Fluent 15.0, is used for solving the continu-
ity, momentum and thermal energy equations for air and solids. The radiation heat transfer rate
is solved by the discrete ordinates method [36]. The external boundaries of the computation
domain are set as pressure-outlets.
The cell zone of the LED chip is
set as the heat source of which the

Table 2. Thermophysical properties of materials
Materials plkem?] | ¢, kg 'K '] | A[Wm'K']| ¢

LED chip 6070 490 130 0.9 energy is 80% of the input power
Die-attach 14510 710 57 0.9 of the LED lamp [2]. The conju-
Aln substrate | 3235 760 150 0.9 gated heat transfer is considered at
Cu plate 8978 381 3876 | o7y | the interface of the fluid and sol-

id domains [36]. Thermophysical
TIM 2260 1700 3.5 0.9

properties of materials are present-
Fin heat sink | 2719 871 202.4 0.55 ed in tab. 2 [37].
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Non-uniform mesh employed for all cases in this study is generated by Gambit 2.4.
The details of the finite element mesh are shown in fig. 3. For improving accuracy and saving
computational time, the size of the mesh for LED module is much smaller than that of the fin
heat sink and fluid domain. The SIMPLE algorithm is used to couple the velocity and pressure,
and the least squares cell based method is applied for the gradient equation. The body-force-
weighted method is applied for the pressure equation, and the second-order-upwind method is
used to discretize the momentum, energy, and discrete ordinates equations.

Fin
base

Fins
(b)  Fin heat sink

Computational
domain

(0 LED Module

Figure 3. Detalis of the mesh generated by Gambit 2.4

Data reduction

The heat transfer coefficient of fin heat sink is calculated by the following equation:
_h .
AT -1T,) @
where P, is the heat input, which is 80% of the total input electric power of the LED module.
In this study, P, is set to 4 W because the total input power of LED is 5 W. The 4 represents
the surface area of the fin heat sink. The T; represents the average surface temperature of the fin
heat sink, and 7, is the ambient air temperature which is 25 °C in this study.

The thermal resistance is one of the most important indicators reflecting thermal per-

formance of an LED cooling device. The total thermal resistance from the LED chip to the
ambient air can be expressed:

h=



Huang, Y., et al.: Numerical Analysis on the Thermal Performances ...

630 THERMAL SCIENCE: Year 2019, Vol. 23, No. 2A, pp. 625-636
R =1l )
"o

where 7; represents the junction temperature of the LED chip. Additionally, the masses of dif-
ferent fin heat sinks are evaluated and compared for the purpose of finding out the model with
an excellent thermal performance simultaneously with a relative small mass.

Model validation

The numerical model was then validated by comparing the simulation results with
the experimental data presented by Shen et al. [5] using the same geometric structure and op-
erating conditions. As shown in fig. 4, our simulation results are in good agreement with their
experimental results for the number of plate fins, 7, of 7 and 11, respectively, and the maximum
deviation of junction temperature was only 4.7%. Therefore, our numerical models are effective
and reasonable for predicting the thermal performance of heat sink used for high-power LED
lamp cooling.

Moreover, a grid independency test on the plate fin model was conducted with five
different grid numbers. The effects caused by grid numbers on the junction temperature are
shown in fig. 5. The junction temperature makes no considerable difference from the grid num-
ber 0f 2.125.889 to 2.933.860. Therefore, the model with the grid number of 2.125.889 was se-
lected for following simulations by considering both the accuracy and the computational time.
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Figure 4. Validation of the numerical methods Figure 5. Grid independency test on the plate fin
used in our work model for different power of heat input

Results and discussion

Comparison of the proposed models and original
models in terms of heat dissipation performance

All cooling models studied in this work are assumed to be operated under same condi-
tions of which the operating pressure is 1 atm and the ambient air temperature is 25 °C. Heat in-
puts of all models are set to 4 W. Figure 6 shows temperature contours of different models. The
plane which is parallel to the X-Z plane locates in the centre of the computational domain. Junc-
tion temperatures are labelled in each contour. Figures 6(a)-6(c) show temperature contours of
three original models while figs. 6(d) and 6(e) exhibit contours of two proposed models. The
highest temperature appears at the LED chip because the chip is the heat source. The heat
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firstly transfers from the LED chip to the cold
Cu plate and then to the fin heat sink by heat
conduction, and the heat is finally dissipated
into the ambient air. Then, there is an obvious
drop of temperature exhibited in fig. 6 from the
chip, through the Aln substrate and Cu plate,
to the fin heat sink. Moreover, the junction
temperatures of proposed models are lower by
6-12 °C than those of three original models.
It indicates that the proposed models have a
better heat dissipation performance than three
original models.

Figure 7 compares the detailed tempera-
ture distribution along X- and Y-directions on
the top surface of fin heat sinks. The plate fin
heat sink shown in fig. 7(a) has a much low-
er temperature gradient along the Y-direction
than that along the X-direction which means
the plate fin heat sink has a higher heat dissipa-
tion performance along the Y-direction due to
the continuity of solids along this direction. In
contrast, the pin fin and oblique fin heat sink,
shown in figs. 7(b) and 7(c), exhibit a bit higher
temperature gradient along the Y-direction be-
cause the length of the fin along the X-direction
is three times larger than that along the Y-direc-
tion. However, due to the large surface area and
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Figure 6. Temperature contours of (a) plate fin,
(b) pin fin, (c) oblique fin, (d) PPF, and (e¢) OPF
model.
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many small gaps created among fins, maximum temperatures of the pin fin and oblique fin model
are lower by 5 °C and 3 °C than that of the plate fin model, respectively. Proposed models shown
in figs. 7(d) and 7(e) combine thermal advantages of the plate fin with the pin fin and oblique fin.
Plate fins mounted in the centre of the PPF and OPF heat sink strengthen the heat dissipation per-
formance along the Y-direction. Pin fins and oblique fins in the PPF and OPF heat sink increase
the total surface area and bring lots of small gaps which benefit to the flowing and mixing of the
air. As a result, the temperature distributed on the top surface of the PPF and OPF heat sinks are
much lower than those of three original heat sinks. The different heat dissipation performances
along different directions are also obviously illustrated in fig. 8 which shows the temperature dis-
tribution on heat sinks from the bottom view. As shown in figs. 8(a), 8(d), and 8(e), plate fins in the
heat sink easily take heat from the center to the edge along the Y-direction. However, the pin fins
and oblique fins shown in figs. 8(b) and 8(c) slightly strengthen the heat dissipation performance
along the X-direction.
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Figure 8. Temperature distribution of original and proposed models from the bottom view

Optimization of proposed models

Then, we studied forward to the further optimization of proposed models by varying
the number of plate fins mounted in the PPF and OPF heat sink. The number of plate fins in
each PPF heat sink (V;) is varying as 0, 4, 8, 12, 16, 20, and 24. The number of the plate fins in
each OPF model () is varying as 0, 3, 7, 11, 15, 19, and 24. Differences between N, and N,
are caused by the specific geometric dimensions of the pin fins and oblique fins mounted in PPF
and OPF models. All PPF and OPF models work under same conditions with the ambient air
temperature of 25 °C, operating pressure of 1 atm and heat input of 4 W.

Figure 9 shows variations of the junction temperatures of proposed models with vari-
ous number of plate fins. Whether in the PPF or OPF models, the junction temperature decreas-
es first and then increases with the increasing of the number of plate fins. As shown in fig. 9(a),
the junction temperature of the PPF model with 8 plate fins (PPF-8) is the lowest among all PPF
models. It is lower by 6.8 °C and 10.6 °C than that of the PPF model with none plate fin (PPF-0)
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Figure 9. Variations of junction temperatures of PPF and OPF models with various number of plate fins

and with 24 plate fins (PPF-24), respectively. Figure 9(b) shows that the junction temperature
of the OPF model with 7 plate fins (OPF-7) is lower than any other OPF models with different
plate fins. It is lower than that of the OPF model with none plate fin (OPF-0) and with 24 plate
fins (OPF-24) by 9.4 °C and 12.2 °C, respectively. The junction temperatures of the PPF-8 and
OPF-7 model are 96 °C and 94 °C, respectively, which are well below the critical temperature
of 110 °C for the LED module [33].

Figure 10 compares the heat transfer coefficients of PPF and OPF heat sinks with
varying number of plate fins. As shown in eq. (3), the heat transfer coefficient of the fin heat
sink is controlled by the surface area, the average surface temperature, and the ambient air tem-
perature. Heat transfer coefficients of PPF and OPF heat sinks increase first and then decrease
as the number of the plate fins varying from 0 to 24. As shown in fig. 10(a), PPF-8 shows a
higher heat transfer coefficient than any other PPF heat sinks with different number of plate
fins. The heat transfer coefficient of PPF-8 is higher than that of PPF-0 and PPF-24 by 12.5%
and 23.8%, respectively. Figure 10(b) shows that the heat transfer coefficient of OPF-7 is the
highest among all OPF heat sinks. And the heat transfer coefficient of OPF-7 is higher by 35.0%
and 16.4% than those of OPF-0 and OPF-24, respectively.
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Figure 11 shows comparisons of the surface area, mass, and total thermal resistance
of different PPF and OPF heat sinks. With the increasing of the number of plate fins in the PPF
and OPF heat sinks, the surface area decreases while the mass increases, but the total thermal
resistance decreases first and then increases. As shown in figs. 11(a) and 11(b), PPF-8 and OPF-7
show the lowest thermal resistance among all PPF and OPF models, respectively. The thermal
resistance of PPF-8 is lower by 9.0% and 13.4% than those of PPF-0 and PPF-24, respectively.
Similarly, the thermal resistance of OPF-7 is lower than those of OPF-0 and OPF-24 by 12.3%
and 15.6%, respectively. It is concluded that PPF-8 and OPF-7 achieve the best thermal perfor-
mance with a relatively small mass of the material.
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Figure 11. Variations of the surface area, total mass, and total thermal resistance of PPF and OPF
models with various number of plate fins

Conclusion

Novel designs of fin heat sink for high-power LED lamp were proposed and followed
to find the most optimized models under natural convection conditions. These two novel mod-
els, named the PPF and OPF, were designed by combining plate fins with pin fins and oblique
fins, respectively. Novel PPF and OPF models show lower junction temperatures by about
6-12 °C than those of three original models mainly because the pin fins and oblique fins in the
proposed models increase the total surface area and bring lots of small gaps which benefit to the
flowing and mixing of the air, and the plate fins mounted in the centre of these models strength-
en the heat dissipation performance along the Y-direction. Then, the optimizing of novel models
was conducted by varying the number of plate fins in PPF and OPF models. The PPF-8 and
OPF-7 show the lowest junction temperature and lowest total thermal resistance among all PPF
and OPF models, respectively. Junction temperatures of PPF-8 and OPF-7 are lower than those
of three original models by about 6-12 °C. The total thermal resistances of PPF-8 and OPF-7
show 9.0-15.6% smaller than those of original models. And heat transfer coefficients of PPF-8
and OPF-7 are higher by 12.6-35.2% than those of three original heat sinks.
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