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In this study, two different coolers were designed for LEDs. The study was carried out
experimentally and the experimental results were numerically validated using ANSYS Fluent
software. / Bu calismada LED’ler icin iki farkli sogutucu tasarlandi. Calisma deneysel olarak
gerceklestivildi ve deneysel sonuglar ANSYS Fluent yazilumi kullanilarak, sayisal olarak
dogrulandi.

Adiabatic Section
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Figure A: Heat pipe and experimental set up / Sekil A: Isi borusu ve deney diizenegi

Highlights (Onemli noktalar)

»  Thermal management is of utmost importance in lighting systems in which high-power
LEDs are used, especially in small-sized designs. / Yiiksek gii¢lii LED kullamilan
aydinlatma sistemlerinde ozellikle kii¢iik boyutlu tasarimlarda termal ydnetim biiyiik
onem tasimaktadir.

»  With the increase of LED input power, the luminous flux becomes higher, but also the
junction point temperature rises. This situation renders conventional cooling
systems insufficient. / LED giris giiciintin artmas: ile 51k akist daha yiiksek olur ancak
bunun yanmi swra birlesme noktasi sicakhigi yiikselmektedir. Bu durum klasik sogutma
elemanlarinin yetersiz kalmasina neden olmaktadr.

» Different cooling methods are used for thermal management of LEDs. The heat pipe,
which has many advantages over other methods, is widely preferred for the thermal
management of LEDs. / LED’lerin termal yonetimi icin farkly sogutma yontemleri
kullanilmaktadir. Diger yontemlere gore bir¢ok avataja sahip olan 1s1 borusu, LED lerin
termal yonetimi igin yaygin olarak tercih edilmektedir.

Aim (Amag): In this study, it is aimed minimize the junction temperature of high-power LEDs,
especially of the ones used in small spaces. / Bu ¢alismada ozellikle kiigiik alanlarda kullanilan
yiiksek giiclii LED ’lerin birlesme noktasi sicakligini minimum degere diisiirmek amaglanmaktadir.

Originality (Ozgiinliik): A unique heat sink-heat pipe cooler has been designed and prototypes
have been produced for the thermal management of LEDS. / LED ’lerin termal yonetimi igin ozgiin
bir 1s1 borusu ve 1s1 emici kanat¢ik tasarlanarak prototipler iiretilmistir.

Results (Bulgular): Increasing the LED input power causes an increase in temperature in the entire
system. In the system with heat sink-heat pipe, lower junction and solder point temperature values
were obtained compared to the other system, which only has a heat sink with fin. / LED giris
giictindeki artis systemin tamaminda sicakligin artmasina neden olmaktadir. Ist borusu kullanilan
sistemde, kanatgikli sogutma sistemindekine gore daha diisiik birlesme noktasi ve lehim noktasi
sicaklik degerleri elde edilmistir.

Conclusion (Sonug): It has been observed that LEDs cooled by HSHP meet the allowable junction
temperature limits at all power inputs. However, only heat sink type cooler was insufficient for
100W input power. / Isi: borusu ile sogutulan LED'lerin, izin verilen baglanti sicakligi standardini
tim gii¢ girislerinde karsiladig1 gozlenmigstir. Ancak 1s1 emici kanatgigin kulamildigi sistemde 100
W giris giicii i¢in izin verilen baglanti sicaklik degeri asildigi icin yeteriz kalmigtir.
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Abstract

The efficiency and lifespan of light emitting diodes (LEDs) are adversely affected by junction
temperature. Therefore, it is very important to operate the LED at a low junction temperature. In
this study, it is aimed to minimize the junction temperature of high power LEDs so that reliability
and light output of the device can be maximized.

In the study, a heat pipe heat sink (HPHS) cooler was designed for high power LEDs. The study
was carried out experimentally and the results obtained from the experimental study were also
verified numerically using the ANSYS Fluent software. Total power inputs ranging between 40
W and 100 W were applied to the LEDs and the performance of the cooler within the current
design in those cases was examined. To observe the effect of the heat pipe on the LED junction
temperature, a heat sink without heat pipe was also designed and analysed, both experimentally
and numerically. The results show that, the heat sink with fin is sufficient at low LED input
powers, while at high LED input powers, the HPHS provides much more effective cooling. At
the same time, the effect of different thermal interface materials on LED junction temperature
was observed, by using materials with thermal conductivities of 1.8, 8.5 and 11 W/m.K for each
power input. As the coefficient of thermal conductivity of the thermal interface materials
increased, the temperature of the LED solder point decreased.

Is1 Emici-Is1 Borulu Inovatif Bir Yiiksek Giicli LED Termal Yoénetim
Sisteminin Deneysel ve Niimerik Analizi
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Isik yayan diyotlarn (LED'ler) verimliligi ve dmrii baglanti sicakligindan olumsuz etkilenir. Bu
nedenle, LED'1 diisiik baglanti sicakliginda ¢alistirmak ¢ok 6nemlidir. Bu ¢alismada, cihazin
giivenilirligini ve 151k ¢ikisini maksimize edebilmek igin yiiksek giiclii LED'lerin baglanti
sicakliginin en aza indirilmesi amaglanmaktadir.

Caligsmada, yiiksek giiclii LED'ler igin bir 1s1 borulu 1s1 alict (HPHS) sogutucu tasarlanmistir.
Calisma deneysel olarak gergeklestirilmis ve deneysel ¢aligmadan elde edilen sonuglar ANSYS
Fluent yazilimi kullanilarak sayisal olarak da dogrulanmistir. LED'lere 40 W ile 100 W arasinda
degisen toplam gii¢ girdileri uygulanmis ve bu durumlarda sogutucunun mevcut tasarimdaki
performansi incelenmistir. Is1 borusunun LED birlesim sicaklig1 izerindeki etkisini gozlemlemek
icin, 1s1 borusu olmayan bir 1s1 emici de hem deneysel hem de sayisal olarak tasarlanmig ve analiz
edilmistir. Sonuglar, kanatli sogutucunun diigiik LED giris gii¢lerinde yeterli oldugunu, yiiksek
LED giris gii¢lerinde ise HPHS'nin ¢ok daha etkili sogutma sagladigini gostermektedir. Ayni
zamanda her gii¢ girisi i¢in 1.8, 8.5 ve 11 W/m.K 1s1l iletkenlige sahip malzemeler kullanilarak
farkli termal arayiiz malzemelerinin LED baglanti sicaklig1 tizerindeki etkisi gdzlenmistir. Termal
arayiiz malzemelerinin termal iletkenlik katsayisi arttikga LED lehim noktasmin sicakligi
azalmistir.
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1. INTRODUCTION (GIRiS)

In recent years, light emitting diodes (LEDSs) are
becoming increasingly popular lighting sources, as
a result of commercial applications and research.
This is due to the advantages of LEDs such as low
energy consumption, high optical efficiency, long
lifespan and good controllability.

LEDs are semiconductor devices and, unlike
traditional lighting, generally do not use glass and
filaments [1-3]. Also, LEDs do not contain mercury
like fluorescent lamps do. While the luminous
efficiency of LEDs is much superior to that of
incandescent lamps, it is also comparable to that of
fluorescent lamps [4-9]. Today, LEDs are rapidly
replacing fluorescent lamps. Like standard diodes,
LEDs consist of p-type and n-type semiconductor
materials that form a p-n junction.

Although usage of LEDs in lighting is not new,
gradual development of LED technology and
introduction of more innovative solutions make
LEDs increasingly indispensable [10]. In the near
future, it is thought that LEDs will replace other
lighting technologies and will be effective in many
fields such as clinical medicine, general lighting,
industrial lighting and street lighting.

With the recent advances in technology, sizes of
LEDs, like other semiconductor devices, are
shrinking. This naturally causes an increase in heat
dissipation, heat flux and power. When a LED is
powered, the luminescence reaction takes place at
the p-n point and the energy is converted into light.
However, as the luminescence reaction goes on,
only part of the energy is converted into luminous
flux, the rest dissipates in the form of heat. During
the heat generation, the joint on the device is the
highest temperature point within the device. The
temperature at this point is referred as the junction
temperature. The junction temperature of a LED is
vital because lifespan and luminous flux are
dependent on it.

If the heat generated in a LED is not properly
dissipated, this will cause an increase in the junction
temperature of the bulb. If the temperature gets
excessively high, optical and energy efficiencies
and bulb life are considerably reduced [11].
Therefore, effective thermal management is
strongly needed, in the operation of high power
LEDs. Thanks to thermal management, failure risk
is reduced and it is ensured that the LEDs operate
safer and provide better light quality. Many methods
are used for thermal management of LEDs. For
example, natural convection heat sinks are widely

used to cool LED packages. Heat sinks do not
consume additional energy and do not expose the
system to acoustic and overload problems. The
purpose of adding a heat sink to LED systems is to
allow heat transfer to the ambient environment for
keeping the junction at a lower temperature. In [12-
14], heat transfer by natural convection with the aid
of heat sinks were investigated both numerically
and experimentally. There are also a number of
recent studies aiming to control heat dissipation
using heat sinks.

Studies have shown that effective thermal
management of LEDs is strongly dependent upon
the fin structure, fin geometry and also the materials
placed under the heat sinks [15-16]. The thermal
interface material, whose function is reduction of
the thermal resistance between the LED and the heat
sink, is very important in transmitting the excess
heat in the LED. Tang et al. [17] numerically
investigated the variation of the thermal resistance
with respect to thermal interface materials. In
another study by Abdelmlek et al. [18], insufficient
thermal interfacial material was improved.

In recent years, usage of heat pipes, especially for
effective heat dissipation in high-power LEDs, is
also very common due to their very high coefficient
of thermal conductivity. Moon et al. [19] used a U-
shaped straight aluminum heat pipe to remove heat
from a 100W COB LED lamp. They investigated
the heat transfer properties of the heat pipe with two
condensers. Sosoi et al. [20] designed a cylindrical
heat pipe to cool high-power LEDs and numerically
analyzed it for certain conditions. They assessed the
resulting junction temperatures. Joshi et al. [21],
numerically investigated a model to simulate the
slurry flow and the solid particulate matter
transportation, which are varied by flow parameters.
Ciftgi [22], investigated thermal effects of
nanofluids on heat pipe experimentally.

Huang et al. [23] designed a grooved heat pipe fin
for high power LEDs used in the automotive
industry. They analyzed their system in ANSYS
software with different heat sinks and printed circuit
board materials, as well as different fin geometries.
Wang et al. [24] fabricated a tubular oscillating heat
pipe formed with sintered copper particles in a flat
plate evaporator for thermal management of high
power LEDs. The thermal performance of the
oscillating heat pipe and the light and temperature
distribution of the LED array have been
experimentally tested and calculated. The thermal
resistance obtained 0.168 W/m.K and the maximum
LED temperature was below 70 °C for 60 W LED
input power. Lu et al. [25] designed a heat pipe-
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heatsink system for the high-power LED package.
The thermal resistance of the LED package has been
tested experimentally. Tang et al. [26]
experimentally investigated an active cooling
system with heat sink-heat pipe for high-power
automobile LED lighting.

In our study, a heat pipe heat sink (HPHS) is
designed for cooling high power LEDs. The system
is designed in such a way that four C-shaped copper
heat pipes are integrated into the evaporator and
condenser area of the aluminum heat sink. The
system is manufactured according to the design and
four high-power COB LEDs are mounted on top of
the upper heat sink to dissipate the generated heat.
The aim of the study is to keep the junction
temperature of high power LEDs below the
specified limit. This is because if the junction
temperature exceeds this limit, which can happen at
high powers, the optical efficiency and operational
life of the LED begin to deteriorate. In the study,
different power values from 40 W to 100 W in total
were applied to the high-power LEDs and
temperature values were measured at certain points
until the system reaches the steady-state. By using
the parameters such as measured temperature values
and LED input powers, the junction temperature,
which is important for the LEDs thermal
performance, has been calculated. In addition, the
effect of coefficient of thermal conductivity of the
thermal interface materials, which were placed
between the LEDs and the heat sink, are evaluated.

Today, both technological developments and
architectural concerns favour smaller sized designs
in electronic devices. In this context, it is thought
that the current study will provide an innovative
solution for thermal management in lighting
applications, especially in restricted spaces where
high luminous flux is required.

2. MATERIALS AND METHODS (MATERYAL
VE METOD)

The study consists of two parts including thermal
analysis of the heat sink-heat pipe cooler and the
heat sink without heat pipe cooler. In the first part,
the designed cooler models were manufactured and
experimental measurements were carried out. In the
second part, the thermal behavior of the designed
cooler models has been simulated in Ansys.

2.1. Experimental Study (Deneysel Calisma)

In this study, two different designs were used and
their cooling performances were tested for high
power LEDs. In the first design, four identical C-
shaped copper heat pipes were used. A screen mesh

wick structure is utilized to provide capillary effect
and thermal conductivity inside the heat pipes.
Distilled water was selected as the working fluid.
The characteristics of the heat pipe used in the study
are listed in Table 1.

Table 1. Heat pipe specifications (All lengths in
mm) (Ist borusu ozellikleri)

Length of the heat pipe 229
Length of the evaporation zone 62
Length of the adiabatic zone 105
Length of the condensation zone 62
Outer diameter of the heat pipe 8

Inlet diameter of the heat pipe 7.25
Working fluid Water
Wick type Screen Mesh
Mesh size 200 Mesh/in

In the first design, the LEDs were located on the top
of the heat sink which houses the evaporator zone
of heat pipe (figure 1). Fins were also added on the
bottom of the heat sink which houses the condenser
of the heat pipe to increase heat transfer.

Evaporator Section

Adiabatic Section
TI0}3G dequipy

Figure 1. Heat sink-heat pipe system for cooler
(Sogutma igin 1s1 emici-1s1 borulu sistem)

In the second design, the LEDs are mounted on top
of the heat sinks without heat pipe as seen in figure
2. Aluminum fins were installed at the heat sink’s
bottom side.
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Figure 2. Heat sink with fins for cooler (Sogutma
icin kanatgikli 1s1 emici)

COB LEDs were used in the study. The LEDs were
soldered so that the COB LEDs could be electrically
powered. TT-TECNIC RXN 605D model
adjustable power supply, which provides power up
to 60 volts voltage and 5 ampere current, was used
to feed the LEDs with parallel electrical
connections.

Four K type thermocouples were used for
temperature measurements. Thermocouples were
connected to the Extech SDL200 datalogger to
record the temperature measurement values at
specific time intervals. Starting from the application
of electrical power to the LEDs, measurements were
taken until thermal equilibrium was established.
During the experiment, the ambient temperature and
the air speed were measured as 24.5 = 0.3 °C and
0.1 m/s, respectively. In Figure 3, the experimental
setup is depicted.

i T~

— | %3
TN L i U

.

Figure 3. View of experimental set up (Deneysel
kurulumun goriiniimii)

Experimental uncertainty (Deneysel belirsizlik)

Experimental uncertainty is basically defined as the
random error in a measurement. Uncertainties are
thought to be due to the variations in electrical
power input and errors in instrument calibrations. In
uncertainty analysis, the approach proposed by
Kline[27] and a root of sum of squares (RSS)
method based approach [28] has been taken.The
thermocouples can measure the temperature within
a £ 0.1 °C error range. Therefore absolute
uncertainty related to the temperature measurement,
dT, is taken as 0.1 °C. The error in the voltage
measurement(dU), the error in the current
measurement(dl) and the SD card resolution
(dT,data) were taken as, = 0.5 Volt, £ 0.5 Ampere
and £ 0.1 °C, from the respective devsce
specification. The total uncertainty related to the
temperature measurement (Ur) is expressed as
equation (1), taking all uncertainties. Here, Tawe
indicates the average value at each temperature
measuring point. As a result of the calculations, it
was seen that the uncertainty value changed
between 1.3% and 2.4%.

Tave ave

dT dT4aca du dl
UT=J( 2+ (T2 + (P + (P (D)

Ur: Total uncertainty related to the temperature
measurement

dT: Absolute uncertainty related to the temperature
measurement

dU: Uncertainty related to the voltage measurement
dl: Uncertainty related to the current measurement
dTgawa: SD card resolution

Tave: Average temperature

2.2. Numerical Solution (Niimerik C6ziim)

Geometry and mesh structure (Geometri ve mesh
yapis1)

Model files are formed using Design Modeling of
ANSYS 19.1 The simulation was done using
ANSYS Fluent package. For meshing, The Patch
Conforming Method was used. In this method, a
dedicated tetrahedral mesh is created. Compared to
other sub-methods of The Patch Comforming
method, such as Multizone, Hexagonal Dominant
and Sweep, it has been observed that tetrahedral
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meshing captures the curvatures more accurately
[29]. The Patch Conforming Method enables the
meshing to be refined when needed and allows fast
computation while preserving larger cells. The
mesh creation process starts from the edges, then it
continues from the surfaces and towards to volumes
in the end. All surfaces and boundaries are matched
to each other and this allows for high quality mesh
structures. While creating the mesh structure, some
quality parameters are required to be in the desired
range. The shape of the cell is important for accurate
analysis. Accordingly, in order to create a high
quality mesh, the Skewness value, which is defined
as the difference between the shape of the cell and
the shape of an equilateral cell with an equivalent
volume, is desired to be lower than 0.96 and the
Aspect Ratio, which is the ratio of the minimum
element edge length to the maximum element edge
length, is also desired to be less than 100 [30]. In
addition, the mesh orthogonal quality value also
gives important clues about the mesh quality.
Orthogonal quality ranges from 0 to 1. Orthogonal
quality values closer to 1 indicate higher quality
mesh structures. The mesh quality parameter values
obtained for both designs are given in Table 2.

In order to get the most accurate mesh element
number, the mesh independence study was
performed. In Figure 4, the LED solder point
temperatures with respect to the mesh structure,
which was created by using different element sizes
for both designs, are plotted.

Table 2. Mesh quality

parametreleri)

parameters (Mesh Kkalite

Mesh First Second
Model Model
Element numbers 1346081 | 953461
Nodes numbers 255343 | 172556
Aspect ratio, min 1.05 1.16
Aspect Ratio,max 14.43 15.08
Skewness, max 0.89 0.85
Orthogonal quality, ave | 0.74 0.75

100
95 .‘/./.—Q—-O—a
20

85
—@— Heat sink with heat pipe

80
. —®— Heat sink without heat pipe
75

70
=}

Temperature (°C)

250000

500000

750000
1000000
1250000
1500000
1750000
2000000
2250000
2500000
2750000

Number of Elements in Mesh

Figure 4. Mesh indepence study for both designs

(Her iki tasarim i¢in mesh bagimsizlik ¢aligmasi)

Accordingly, the optimal mesh element numbers
were found as 1346081 and 953461 for the first and
the second design, respectively. In figure 5 and
figure 6, mesh structures of both

designs are depicted.

Figure 5. Mesh structure of HPHS with fins
(Kanatgiklit HPHS nin mesh yapist)

7ﬂ F.H gvaY, 3
Figure 6. Mesh structure of heat sink with fins
(Kanatgikli 1s1 emicinin mesh yapist)

Solution method and technique (¢oziim metodu ve
teknigi)

Using Computational Fluid Dynamics (CFD)
analysis, experimental results can be verified The
simulation is used to transform the Navier-Stokes
equations into difference equations and obtain
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solutions based on numerical analysis techniques. In
the study, ANSYS Fluent 19.1 software was used to
conduct numerical analyzes under different
conditions. In order to compare experimental results
with the simulation results, the following
assumptions were made:

o All phase changes took place in incompressible
flow.
« The steam flow created a turbulence.

« Except for heating and cooling, the heat pipe was
adiabatic.

Governing equations (Korunum denklemleri)

In the heat pipe, Governing Equations including the
energy, mass and momentum equations are solved
in ANSYS Fluent to describe the fluid’s motion
during the evaporation and condensation process.
The VOF (Volume of Fluid) method is used for
interface calculations. In multiphase flows, adjacent
phases do not have static interfaces. This means, in
the phase interfaces, physical properties, e.g.
viscosity, exhibit a variation. These facts cause a
heavy  computational  workload.  Therefore,
numerical solutions based on the finite volume
method are harder to perform for multiphase flows
than they are for single phase flows. In the VOF
technique, a solution is reached by defining the
movement of all the phases and interfaces. In order
to track the motion of each phase, the VOF model
defines their volume fractions and makes use of a
Navier-Stokes equation set.

Conservation equation formulas are given below.
Conservation of Mass:

d(qu)  d(qv) , d(qw) _
Jx * dy * 0z =0 @

Conservation of Momentum:

d(qu?) L 2(uw) | 9(quw)
0x dy 0z
dapP

x

N 62u+62u
H\ox2 dy?

0%u 3
+ﬁ> 3)

d(quv) d(qv*) L 9avw)

0x dy 0z
0P
=%
0%v  9%v
M\ ox2 dy?
9%v
+W 4)

d(quw) N a(qvw) N d(qw?)
0x dy 0z
apP

0z

0’w  9*w  0*w
i ox? + dy? * 0z2 +8@q
— qo) (5)

Conservation of Energy:

(quT) | d(qvD) | 9(qwT)

Jx dy 0z
_k (62T N 0T
Cp \0x% ~ Oy?
+ o1 6
aZZ ( )

Convergence criteria (Yakinsama kriteri)

The VOF model depends on whether each cell in the
field is used by one phase or two phases combined.
Ansys Fluent is not capable of simulating phase
changing materials when they undergo evaporation
or condensation.

Evaporation, condensation and phase changes in the
heat pipe are considered by utilizing User Defined
Functions (UDF) in Fluent software. UDF is
required especially for necessary calculations of
mass and heat transfer between vapor and liquid
phases, as naturally occuring during the
condensation and evaporation. The model makes
the calculations by using energy and continuity
equations. For this purpose, the source terms in the
governing equations are used. Mass and Energy
terms are defined in the UDF and associated with
conservation equations in Fluent. The volume
fraction of each phase in the cells was defined by
the VOF model. There are three possible conditions
in the VOF model:
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o, = 1, The entire of heat pipe is in liquid phase
ar, = 0, The entire of heat pipe is in vapor phase

0< o<1,

Ty: Liquid temperature
Tsae: Saturation temperature

AH: Enthalpy difference

The fluid in the heat pipe is between liquid and vaper: Liquid phase ratio

phase [31].

In the evaporation process, in order to calculate the
mass transfer, two mass terms are required: the mass
added to the vapor phase and the mass subtracted
from the liquid phase. The converse applies for the
condensation process. The equations defining
vapor-to-liquid mass transfer are listed in Table 3.
Source terms were derived by De Schepper et al.
[32] to be incorporated into the governing equations
used by the VOF model in Fluent Ansys.

Table 3. Source term for vapor-to-liquid mass

transfer[32] (Buhardan siviya kiitlesel gegis
icin kaynak terimi)

Evaporation
N _ Ty = Tsat
Liquid phase Sy = —0.1a1p1T—
sat
T, —T.
Vapor phase Sy = 016!;;);%
sat
Condensation
A Tl - Tsat
Liquid phase Sy = 0.10(1,va—
sat
T, —T
Vapor phase Su = —0-1avpv%
sat

In the heat transfer, a single source term is sufficient
for both phases. It is obtained by multiplying the
mass source terms by the latent heat. Source terms
for heat transfer are given in Table 4.

Table 4. Source term for the energy transfer from

vapor to liquid phase[32] (Buhardan siviya
enerji gecisi icin kaynak terimi)

. _ Ty — Tsqe
Evaporation Sg = —0.lap———AH
sat
. _ Ty — Tsar
Condensation | Sg = 0.1ayp,———AH
sat

Sm: Mass source term
Sk: Energy source term
p1: Liquid density

py: Vapour density

av: Vapor phase ratio

A steady-state model of the dynamic behavior of the
two-phase flow and the heat transfer from the fins
by natural convection has been developed. For the
VOF model, the maximum number of Courants
used near the interface is taken as 200, as advised in
[31]. In the simulation, the “Second Order Upwind
Scheme” was used to solve the energy and
momentum equations and the “SIMPLE Algorithm”
was selected for modelling the relation between the
pressure and the velocity. When the “scale residual”
for the energy and mass components reached 107, it
is assumed that the convergence criterion is
satisfied.

In the study, water vapor was defined as the first
phase and liquid water was defined as the second
phase. For the heat and mass transfer calculations
during the vaporisation and liquefaction processes,
the boiling point and the latent heat of evaporation
values were entered (as UDF code) as 373 K and
2260 kJ/kg, respectively.

Boundary conditions (Sinir kosullarr)

The operating pressure is set to 400,000 Pa with a
surface tension coefficient of 0.070 for the phase
interaction. The phase change propagated along the
direction of the heat pipe with a velocity of 0.01 m/s.
Natural convection assumptions are applied for heat
transfer on the cooler side. The heat transfer
coefficient of the air in the cooler side is taken as 10
W/m.K. The heat transfer coefficient (h) is assumed
to be zero in other parts of the system. Natural
convection assumptions also apply for heat transfer
on the heat sink.

3. RESULTS AND DISCUSSION (SONUCLAR
VE TARTISMA)

In  the experimental study, temperature
measurements were done at certain points for
determining the cooling performance of the HPHS
system. In order to determine the thermal
performance of the HPHS, total power values of 40,
60, 80 and 100 W were applied to the LEDs
mounted on it.

830



Cicek, Uriin, Sahin [ GU J Sci, Part C, 11(3): 824-836 (2023)

The measurements continued until the system
reached thermal equilibrium, for each input power.
Data were recorded in the data logger at intervals of
2 s for approximately one hour. The measurement
values for 100 W LED input power are given in
Figure 7. Here, T1 is the solder point temperature of
the LED chip, T2 is the bottom surface temperature
of the heat sink where the heat pipe evaporator is
located, T3 is the bottom surface temperature of the
heat sink where the heat pipe condenser is located
and T4 is the fin tip temperature. According to this
chart, temperature increases were observed at each
measurement point, after the application of thermal
power to the LEDs. Since the LED solder point is
the closest point to the heat source, the temperature
increase on LED solder point was quicker than the
increase at other measurement points. Heat, in later
times, with the effect of the heat pipe, started to be
transferred from the LED to the fin. It was observed
that, at T2, T3 and T4 points, the temperature first
increased up to a certain value and then it was
stabilized. Similar pattern in time-dependent
temperature distribution was also observed in the
tests with different input powers to the LED.

100 W

%0

80

70 ——T1
60 T2
50 T3
40

308

T4

Temperature (°C)

[} 500 1000 1500 2000 2500 3000 3500 4000

Time (s)

Figure 7. Time dependent temperature value at
certain points for 100 W LED input
power (100 W’lik LED giris giicii i¢in belirli
noktalarin zamana bagli sicakli degerleri)

In Figure 8, the final results at the four measurement
points above the heat pipe- heat sink are given for
different LED input powers. According to this chart,
it is seen that the temperature difference in the heat
pipe increases as the power given to the LEDs
increases. LED solder point temperatures were
measured as 60.8, 68.4, 75.2 and 83.8 °C for LED
input powers of 40, 60, 80 and 100 W, respectively.

Cooling module with heatpipe
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LED input power

Figure 8. Temperature values at certain points for

different LED input power (Farkli LED giris
giicleri i¢in belirli noktalardaki sicaklik degerleri)

ANSYS 19.1 software was used for verification of
experimentally measured temperature values. The
HPHS design was drawn in ANSYS Workbench
and simulated in ANSYS Fluent with the same
boundary and initial conditions as the experimental
system. In Figure 9, charts provided by the software,
depicting the temperature distribution for each input
power, are given.

It was seen that the results obtained from the
numerical simulation and experimental study were
compatible with each other, and there was a small
relative difference of about 0.994% between the
measured and simulated temperature values. The
difference was calculated by R2 squared regression
in Excel. It was seen that the results obtained from
the numerical simulation and experimental study
were compatible with each other, with a coefficient
of determination (R?) value of 0.994

LED solder point temperature (T1), is critical in
calculating the junction temperature. In Figure 10,
the solder point temperatures obtained in the
experimental (T1) and numerical (T1’) studies are
given, for various LED input powers. As seen in the
chart, while the soldering point temperature was
approximately 60° C at 40 W LED input power, this
value increased to 67, 74 and 82° C at 60, 80 and
100 W, respectively.

When comparing the temperature values at the
soldering point obtained in the experimental and
numerical studies, it is seen that the maximum
difference between the two was 3.6 °C. The
difference is calculated as 2.5, 2.7 and 3.6 °C for 60,
80 and 100 W LED input powers, respectively. It is
clear that the soldering point temperature values
obtained in  both  methods are very
close to each other.
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Figure 9. Temperature distributions for a. 40 W LED input power, b. 60 W LED input power, c. 80 W
LED input power, d. 100 W LED input power (a. 40 W LED giris giicii igin, b. 60 W LED giris giicii igin,
80 W LED giris giicii i¢in, 100 W LED giris giicii igin sicaklik dagilimi)
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Figure 10. Soldering point temperatures for different
LED input powers in experimental and

numerical study (Deneysel ve sayisal
caligmadaki farkli LED giris giigleri i¢in lehimleme
noktasi sicakligi)

In order to see the effect of the heat pipe on the
cooling performance in the HPHS, only an heat sink
with fin design was also manufactured as a second
design. The second design was tested
experimentally and numerically with the same
boundary conditions and the same LED input
powers. In Figure 11, temperature values obtained
from the experimental study of the second design,
for 40, 60, 80 and 100 W LED input powers, at
certain measuring points are given. LED solder
point temperatures were measured as 65.5, 76.3,
87.4 and 98.2°C for LED input powers of 40, 60, 80
and 100 W, respectively.

—a—T1nul

In the chart, T1' is the LED solder point
temperature, T2' is the Electronic Circuit Board
temperature, T3'and T4' are the temperatures at the
bottom and top points of the fin structure,
respectively.
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Figure 11. Temperature value of certain points for
different LED input power (Farkli LED

giris giicleri igin belirli noktalardaki sicaklik
degeri)

In Figure 12, the temperature distribution obtained
from the simulation at different LED input powers
for the secondary design is given. LED solder point
temperatures were calculated as 58.8, 65.9, 71 and
95.2 °C for 40, 60, 80 and 100 W LED input powers,
respectively. It is seen that the results obtained from
the experimental and numerical modeling for the
second design are compatible with one of them. The
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coefficient of determination(R?) was calculated as
0.998, very similar to the first design.

In figure 13, the solder point temperatures obtained
in experimental (T1) and numerical (T1”) studies
are given. for various LED input powers on the
second design. As seen in the chart, while the
soldering point temperature was approximately 65°
C at 40 W LED input power, this value increased to
75, 85 and 96° C at 60, 80 and 100 W, respectively.
When comparing the temperature values at the
soldering point obtained in the experimental and
numerical studies, it is seen that the maximum
difference between the two was 2.3 °C. This value
is determined as 2.3, 2.6 and 3.2 °C for 60, 80 and
100 W LED input powers, respectively.

One of the most important parameters defining the
thermal performance of LEDs is the junction
temperature. The junction temperature cannot be
measured directly and can be determined by the
following equation [33].

Tj: Junction tempeature

Ts: Soldering point temperature

Rj-s: Thermal resistance from the LED junction
point to the soldering point

P: LED input power

Cooling module without heatpipe
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65
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40 60 80 100
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Figure 13. Soldering point temperatures for
different LED input powers in

experimental and numerical study
(Deneysel ve sayisal calismadaki farkli LED
giris giicleri i¢in lehimleme noktas1 sicakligr)

Here T;_s is the soldering point temperature, R;_g is
the thermal resistance from the LED junction point
to the soldering point. The latter value is usually
provided in the datasheet of the LEDs. The R;_
value of the Lumileds Luxeon 1208 model COB
LED used in this study was read from the datasheet

as 0.29 W/°C [34]. The T value can be taken into
account by measuring it directly. P stands for LED
power.

Junction temperature values are calculated by using
the measured temperature values and the different
power values of 40, 60, 80 and 100 W of the LEDs
both designs. The allowable limit for junction
temperature is 120 °C for the COB LEDs used.
When the chart in figure 14 is examined, the
junction temperature of LEDs cooled by HPHS is
seen to stay below the allowable limit even for
100W input power. For the same input power, the
LED junction temperature of the LEDs cooled by
heat sink with fin only is calculated as
approximately 125°C. This value is above the
allowable junction temperature limit. In other
words, it has been observed that, heat sink with fin
alone cannot provide sufficient cooling. For all the
other power inputs of the LED, the junction
temperature of the LEDs used with the HPHS is
lower than those of heat sink with fin. It may be
thought that keeping the junction temperature below
the maximum allowable limit suffices but indeed
every reduction in it translates into longer LED
lifespan and better optical efficiency. Therefore, it
is recommended to use the first design, especially at
high input powers.

=—&— Cooler with heat sink-heat pipe Cooler without heatpipe

Junction Temperature (°C)
T
~ 00 [v=) =] = ] L
o o o o o o o

@
=]

20 a0 60 80 100 120
LED input power (W)

Figure 14. Junction temperature for different LED
input power (Farkli LED giris glicleri igin
jonksiyon sicakliklart)

When we compare this study to the existing
literature, we observe that it has a significant
novelty value. For example, Zhang et al. [35] used
a copper based plate with an aluminum radiator,
which is of larger size than our designs. Their design
managed to cool the copper base of the LED under
100 W heat power load down only to 100.5 C. In
another study, Lu et al. [36] improved a loop heat
pipe for thermal management of high power LED's.
The maximum temperature of the heat pipe didn’t
exceed 100 °C for 100 W LED heat load.
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C

Figure 12. Temperature distubitions for a. 40 W LED input power, b. 60 W LED input power, c. 80 W
LED input power, d. 100 W LED input power (a. 40 W LED giris giicii igin, b. 60 W LED giris
giicli igin, 80 W LED giris giicii i¢in, 100 W LED giris giicii i¢in sicaklik dagilimi)

In electronic cooling, air gaps between the heat a.
generating electronic components and the heat sink 18W/mK
adversely affect the heat transfer from the electronic
component to the heat sink. In order to reduce the
additional thermal resistance created by the
interface between the LED and the heat sink, a
thermal interface material is used. Thermal interface
materials consist of thermally conductive polymer
or silicon matrix particles [37]. In this study,
thermal interface material with a thermal
conductivity of 11 W/m.K was used in both designs. )
The resulting temperature values are given in Figure ) h; 0 % 100
15. In addition, thermal interface materials with LED power (W)

thermal conductivities of 1.5 and 8.5 W/m.K, were

used for the heat pipe -heat sink with a total LED b.

power of 100 W and their effects on cooling 8.5 W/mX
performance were compared.
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the solder point, which is the closest measurement
point to the LED junction point, varies inversely
with the thermal paste’s coefficient of thermal
conductivity. When a thermal paste with a thermal
conductivity coefficient of 1.8 W/m.K was used, T1
soldering point temperature was measured as 106.4
°C under 100W LED input power. When thermal w0 @ . -

paste is replaced with a one that has a thermal LED power (W]

conductivity coeﬁlplent 'of 8.5 W/mK and 11 Figure 15.a, For 1.8 W/m.K and b, for 8.5
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respectively. thermal paste, variation of temperature
at measurement points for different

LED power inputs (Isi tasiim katsayis a.
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macunlar i¢in farkli LED giris gii¢lerinde
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4. CONCLUSIONS (SONUCLAR)

In this study, a HPHS acting as a passive cooler for
light emitting diodes (LEDs) was designed,
manufactured and experimentally tested. The
results of the experimental study was also verified
by numerical analysis in the ANSYS Fluent
software. The heat pipe is particularly advantageous
for high-power microelectronic systems, as it has no
moving parts, no additional energy input
requirement, a low maintenance cost and a high
thermal conductivity. In the cooling of micro-sized
but high-power LEDs, it is cruical that the cooler is
compact in size, especially in the areas where the
architectural structure is the primary focus and thus
the space is restricted. Compactness will also help
keeping the material costs low. For a better
understanding of the thermal effect of the heat pipe,
its performance was compared to the performance
of a heat sink with fins type of cooler. The heat
dissipation capabilities of both designs were
investigated for various LED power inputs. Here are
the conclusions that can be drawn:

o It has been observed that LEDs cooled by heat
pipe- heat sink type cooler met the allowable
junction temperature standard at all power
inputs, but the heat sink with fin exceeds the
allowable junction temperature value at 100 W
input power and is not sufficient at such high
power inputs.

o While the differences between the LED junction
temperatures of the designs were as low as 4 °C
at a lower power input such as 40 W, it increased
to 7,12 and 15 °C, respectively, at the 60, 80 and
100 W power inputs.

e |t can be said that the design with a heat sink with
fins type cooler is a better option at lower power
inputs, because it can satisfy the criteria at a
lower cost, whereas the design with HPHS type
of cooler is the better option at high powers
because it becomes the only option that satisfies
the criteria.

e The effect of thermal pastes with different heat
transfer coefficients used on the interfaces
between LED and heat sink on the LED junction
temperature was investigated. When thermal
paste with 11 W/mk heat transfer coefficient was
used instead of 1.8 w/m.k thermal paste a
decrease of approximately 22.6 °C in the
junction temperature was observed. This showed
the importance of the thermal conductivity
coefficient of the thermal interface material.

e The junction temperature was calculated as 110
°C for 100W LED input power for the first
design (heat sink heat pipe). Since this value is
below the LED junction temperature limit, the
design is considered to provide sufficient
cooling.

e The junction temperature was calculated as 125
°C for 100W LED input power for the second
design (heat sink without heat pipe). This value
exceeds the LED junction temperature limit.
Therefore, it can be said that the cooling capacity
of the second design is not sufficient for 100W
LED input power.
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