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ABSTRACT

Considering a vast amount of electricity consumption for general lighting, the
implementation of energy efficient technologies is highlighted in many platforms with
the use of light emitting diodes (LEDs). Because of its environmentally friendly nature,
LEDs offer a promising solution to minimize inefficient use of energy as the demanding
operating conditions present new challenges. While they are taking place in a large
number of applications, thermal challenges associated with the operation of LEDs have
become a significant issue to address since their performance is greatly affected by
thermal conditions. Reduction of lumen output, shorter lifetime and degradation of light
characteristics with increasing package temperatures are critical issues that need to be
addressed with innovative solutions. Especially in high power LEDs exposed to
elevated heat fluxes, standard cooling methods fail to remove produced heat effectively.

As LED systems have been evolving today in a great number of niche
applications including automotive lighting, water purification, and skin imaging etc.,
extensive studies of scientists and engineers in the field have been constantly looking
for ways to reduce generated heat loads and maximize the light output to reach the
highest efficiency ratios. While the current systems developed over the last years
achieved to reach even a 40% LED light extraction efficiency, a higher portion of the
electrical input energy of LEDs is still consumed as heat and it hinders their
development potential. In addition, the compact size of the LED systems poses some
challenges to the reliable characterization of their performance at low uncertainties.
Especially, the performance considerations associated with thermal loads over a limited
size of LED chips require the effective characterization of these systems for various

operational conditions. One of the techniques used for this purpose is that an LED



package is characterized by a decrease in forward voltage with increasing junction
temperature. As LEDs are operated at higher junction temperatures, the amount and
quality of the light deteriorates significantly, and less efficient use of the LEDs results
in additional operating costs and reduced lifetime of LEDs. In fact, accurate
identification of thermal behavior of LED packages is one of the essential tasks towards
improving the design of LED systems. If thermal characterization of LEDs is accurately
done, performance parameters of LED packages are more reliably optimized to yield the
highest possible performance ratios. In literature, there are some proposed junction
temperature measurement methods such as Peak Wavelength Shift, Thermal (Infrared)
Imaging and Forward Voltage Change methods mostly focused on blue LEDs. Most
reliable method is cited as Forward Voltage Change Method based on the forward
voltage drop over the active layer of an LED as a result of the rise in junction
temperature. Therefore, FVCM has been regarded as the main method utilized in the
study.

Since the optical behavior of LEDs is significantly affected by thermal
conditions of the high-power lighting systems, a better understanding towards
optothermal characterization of LEDs with accurate and reliable junction temperature
measurements is needed in order to improve the current LED systems. Current junction
temperature measurements applied in industry and literature are based on certain
assumptions that are questioned in various studies and user application notes. In
addition, some issues need to be addressed in open literature for the development of
high-power LEDs designed with enhanced thermal and optical performance. These
include insightful analysis of the differences in high power red, green and blue LEDs,
the impact of an optical path in an LED package, interaction of optothermal

characteristics and the LED performance, reliable thermal testing of multi-LED devices.



Thus, this thesis focused on filling these gaps in literature by offering a new
measurement approach for junction temperature of multi-LED systems and proposing a
highly accurate and rapid junction temperature measurement device.

First of all, identifying thermal, optical and electrical characteristics of high-
power LEDs was critical to understand the behavior of these LEDs; therefore, an
AlGalnP based red LED was chosen to consider the impact of an LED dome on the chip
performance. In addition, prediction capability of thermal imaging method in junction
temperature measurements was evaluated in comparison with Forward Voltage Change
and numerical thermal methods. It was observed that an LED dome may critically affect
the thermal, optical and electrical behaviors of an LED chip. In fact, a 3.7% increase in
junction temperature and a 6.1% drop in optical conversion efficiency were found at the
normal operation of the red LED after the LED dome was removed. The results were
also compared with a blue LED and lower junction temperatures were measured for the
red LED at each driving current. The difference in junction temperature became even
more noticeable at higher driving currents. Results have shown a good agreement
between three different methods with a maximum variation of 6.9%.

Later, three common types of LEDs (Red, Green, and Blue) were studied and
their forward voltage drop (Vs and optical behaviors with varying junction
temperatures were compared. It is found that change in optical power with temperature
are much higher in red LEDs compared to blue and green chips. On the other hand, a
green LED chip experiences the largest change in forward voltage with respect to a unit
change in junction temperature when compared to other type of LED chips.

A new approach towards Forward Voltage Change Method was also introduced
for the measurement of junction temperatures in multi-LED systems. An Integrating

Sphere System was utilized to characterize thermal and optical traits of white multi-
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LED systems operating at different electrical conditions. Results show that additional
electronic components in a multi-LED system can induce considerable thermal issues
since it was determined that heat loads may reach up to total radiant power of LEDs and
can decrease the conversion efficiency of a lighting unit by 6.1%. It was also shown that
junction temperatures of LEDs can be affected by thermal conditions in the circuit and
they need to be determined individually. Thermal imaging technique used to identify
local hot spots in the study has shown even higher temperatures at the phosphor layer
than the junction region so that the significance of thermal control in a phosphor layer
has been understood in order to maximize the thermal and optical performance of a
white LED package. As a result, with the proposed analysis and measurement technique
in the study, a further understanding has been gained for developing better cooling
techniques that will lead to more lumen extraction.

In order to conduct junction temperature measurements of LEDs, there are
several thermal characterization and measurement devices in the market. However,
existing temperature measurement devices are quite expensive for most of the LED
manufacturers, thermal engineers and designers who need to measure only the junction
temperature of LEDs. Existing products use a thermal transient test technique for the
junction temperature measurement. This technique involves thermal characterization
with high sampling rate and resolution of data collection, such as heat flow path
construction, die attach qualification, and material property identification, all of which
make the product quite expensive. Moreover, that thermal characterization approach
uses a structure function based on the assumption of one-dimensional heat flow path.
However, in various types of LEDs, there are thermal masses on top of the LED module
such as phosphor and attached lens that change the heat flux symmetry. This issue

brings difficulties for the interpretation of the structural function and leads to limitations
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especially in junction temperature measurements of white LEDs. Consequently, there is
a need in the state of the art for affordable, easy to produce and reliable systems which
greatly facilitate thermal, optical and electrical design of future LED products with
reliable junction temperature measurements.

With the experiences gained on junction temperature measurements, a novel
junction temperature measurement device with a compact design and robust operation
has been developed. In the thesis, the design and manufacturing process of the device
have been described along with the used measurement methodology. After the analysis
for the heating and cooling system, the required heating and cooling units are
determined, and the corresponding design is presented as the final design. Thus, a
highly efficient rapid heating and cooling test chamber is offered to users who demand

cost effective thermal solutions.
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OZETCE

Onemli miktarda elektrigin diinya genelindeki genel aydmlatma amagch
kullanimi diistiniildiigiinde, 151k yayan diyotlarin (LED'ler) kullanim1 ile yenilenebilir
teknolojilerin hayata gegirilmesi her gegen gun daha ¢ok gundeme gelmektedir. Cevre
dostu yapist nedeniyle, LED'ler, verimsiz enerji kullanimini en aza indirmek igin zorlu
kosullarda dahi umut verici ¢ozumler sunar. Cok sayida uygulamada yer almalan ile
calisma kosullarinda ortaya ¢ikan zorlu 1s1l kosullar, LED’lerin performansimi biyuk
Olctde etkileyerek dnemli bir sorun haline gelmistir. Isik miktarinin azalmasi, kullanim
Omriniin kisalmast ve artan sicaklik seviyeleri ile 1s1ksal 6zelliklerinin bozulmast,
yenilik¢i ¢oziimlerle ele alinmasi gereken kritik konulardir. Ozellikle yogun miktarda
1s1l kosullara maruz kalan yiksek giicli LED'lerde, iiretilen 1sinin standart sogutma
yontemleri ile etkin bir sekilde uzaklastirilmas1 miimkiin degildir.

Bugun LED sistemleri otomotiv aydinlatmalari, su aritma ve cilt goriintiileme
gibi farkli alanlar dahil ¢ok sayida uygulamada gelistirilirken, bu alanda ¢alisan bircok
bilim adam: ve mdihendisler daimi olarak iiretilen 1s1 yiiklerini azaltmanin ve 1s1k
miktar1 ile verimlilik oranmni en iist diizeye ¢ikarmanin yollarin1 aramaktadir. Son
yillarda gelistirilen mevcut LED sistemleri, %401k bir 1siksal verimlilige ulasmayi
basarmasina ragmen harcanan elektrik enerjisinin biyik bir kismi hala 1s1 olarak
uretilmekte ve LED’lerin gelisim potansiyellerini engellemektedir. Bununla beraber,
LED sistemlerinin kompakt boyutlarda olmasi, performanslarinin giivenilir sekilde
diisiik 6l¢iim belirsizlikleri ile tanimlanmasinda bazi zorluklar dogurur. Ozellikle, sinirl
boyutlardaki bir LED ¢ipi lizerindeki termal yiiklerle ilgili performans hususlarini
belirlemek, ¢esitli calisma kosullarinda ¢alisan bu sistemlerin etkin karakterizasyonunu

gerektirir. Bu amagcla kullanilan tekniklerden biri LED paketinin artan jonksiyon
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sicakligi ile ileri gerilimindeki diististiniin karakterize edilmesidir. LED'ler daha yuksek
birlesme sicakliklarinda galistirilirken, 1s18in miktar1 ve kalitesi onemli 6lglide azalir ve
LED'lerin daha az verimli kullanilmasi, ek isletme maliyetleri ve LED'lerin kullanim
Omriiniin kisalmasiyla sonuglanir. Bu dogrultuda, LED paketlerinin termal davranisinin
dogru tanimlanmasi, LED sistemlerinin tasariminin iyilestirilmesine yonelik temel
gerekliliklerden biridir. LED'lerin termal karakterizasyonu dogru yapilirsa, LED
paketlerinin performans parametreleri miimkiin olan en yiiksek performans oranlarini
elde etmek i¢in daha giivenilir bir sekilde optimize edilir. Literatlrde onerilen ve
cogunlukla mavi LED'lerin dl¢limlerine odaklanan Tepe Dalga Boyu Kaymasi, Termal
(Kiz1ldtesi) Goriintiileme ve ileri Voltaj Degisimi yontemleri gibi jonksiyon sicaklik
Olgtim yontemleri vardir. En giivenilir yontem, jonksiyon sicakligindaki yiikselisin bir
sonucu olarak LED'in aktif katmani {izerindeki ileri gerilim diisiisiine dayanan Ileri
Voltaj Degisim Yontemi olarak gosterilmektedir. Bu nedenle, bu teknik mevcut

caligmada kullanilan ana yontem olarak kabul edilmistir.

Yiiksek giiclii aydinlatma sistemlerindeki LED'lerin optik davranisi, termal
kosullardan 6nemli 6l¢iide etkilendiginden, mevcut sistemleri iyilestirmek i¢in dogru ve
giivenilir  jonksiyon sicakligi  Olgiimleri, optik ve termal karakterizasyonu
gerekmektedir. Endustride ve literatiirde uygulanan giincel jonksiyon sicaklik dlgtimleri,
cesitli c¢alismalarda ve kullanict uygulama notlarinda sorgulanmakta olan bazi
varsayimlara dayanmaktadir. Bununla beraber, gelismis termal ve optik performansa
sahip yiiksek giiglii LED'lerin gelistirilmesi igin literatlirde bazi konularin ele alinmasi
gerekir. Bunlar arasinda yiiksek giiclii kirmizi, yesil ve mavi LED'lerdeki farkliliklara
yonelik analizler, bir LED paketindeki optik yolun etkisi, optotermal &zelliklerin
etkilesiminin kapsamli bir analizi ve ¢ok LEDIi sistemlerin guvenilir termal testi

sayilabilir. Bu nedenle, bu tez, literatiirdeki bu bosluklar1 doldururken, ¢ok LED'li



sistemlerin baglanti sicakligina yeni bir yaklasim sunmaya ve guvenilir ve hizli
olgtimler gergeklestiren bir jonksiyon sicakligi 6lgiim cihazi 6nermeye odaklanmustir.

Oncelikle, yuksek gucli LED'lerin termal, optik ve elektriksel Gzelliklerini
belirlemek, bu LED'lerin davramisim1 anlamak igin kritiktir; bu nedenle, bir LED
lensinin ¢ip performansi {izerindeki etkisini arastirmak i¢cin AlGalnP tabanli kirmizi bir
LED secilmistir. Bununla beraber, jonksiyon sicakligi o&l¢iimlerinde Termal
Goruntilleme yonteminin 6lglim yetenegi, Ileri Voltaj Degisimi ve Hesaplamali
Akigkanlar Dinamigi yontemleriyle karsilastirilarak degerlendirilmistir. Bir LED lensin,
LED cipinin termal, optik ve elektriksel davraniglarini kritik derecede etkileyebilecegi
gOzlenmistir. LED lensinin ¢ikarilmast ile kirmizi LED'in normal ¢alisma
kosullarindaki jonksiyon sicakliginda %3.7'lik bir artis ve optik doniistim verimliliginde
%6.1'lik bir diisiis gozlemlenmistir. Sonuglar ayrica mavi bir LED ile karsilastirilmis ve
her bir siirlis akiminda kirmiz1 LED i¢in daha diisiik jonksiyon sicakliklari 6lgiilmiistiir.
Jonksiyon sicakliklarindaki fark, daha yiiksek siiriis akimlarinda daha da belirgin hale
gelmistir. Sonuglar, maksimum %6.9'luk bir fark ile ii¢ farkli yontem arasinda iyi bir
uyum oldugunu gostermistir.

Gergeklestirilen ¢alismalarda, farkli renklerde (Kirmizi, Yesil ve Mavi) 1s1nim
yapan ii¢ LED’in degisen jonksiyon sicakliklari ile birlikte gdzlemlenen ileri voltaj
diistisii (Vr) ve optik davranislari karsilastirilmistir. Optik gl¢ degerlerinin sicaklik ile
degisiminin, kirmiz1 LED'lerde mavi ve yesil LED’lere gore ¢ok daha yiiksek oldugu
bulunmustur. Ote yandan, jonksiyon sicakligindaki birim degisimde, yesil bir LED ¢ipi,
diger LED c¢iplerine kiyasla, en biiyiik ileri gerilim diisiislinii gdstermektedir.

Ayrica, cok LED’li sistemlerdeki jonksiyon sicakliklarinin dl¢iimii icin ileri
Voltaj Degisim Yontemi'ne yeni bir yaklasim getirilmistir. Farkli elektrik kosullarinda

calisan beyaz ¢oklu LED sistemlerinin termal ve optik 6zelliklerini karakterize etmek
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icin Ulbricht Kiresi kullanilmistir. Sonuglar, ¢oklu bir LED sistemindeki elektronik
bilesenlerin trettigi 1s1 yiiklerinin LED'lerin toplam 1sima glictine ulasabilecegini ve bir
aydinlatma biriminin optik verimliligini %6.1 oraninda azaltabilecegini gostermektedir.
Ayrica LED'lerin  jonksiyon sicakliklarinin ~ devredeki termal kosullardan
etkilenebilecegi ve ayri ayri belirlenmesi gerektigi gosterilmistir. Calismada bolgesel
sicaklik noktalarini tanimlamak ic¢in kullanilan termal goriintiileme teknigi, fosfor
tabakas1 tiizerinde jonksiyon bolgesinde oldugundan daha yiiksek sicakliklar
gostermistir. Bu sayede, termal ve optik performansin maksimuma c¢ikarilmasi igin
fosfor tabakasindaki 1sil kontrolin 6nemi anlasilmistir. Sonug¢ olarak, calismada
Onerilen Ol¢im teknigi ve analizi ile daha fazla liimen ¢ikisina yol acan daha etkili
sogutma teknikleri gelistirmek i¢in derin bir anlayis kazanilmistir.

LED'lerin jonksiyon sicakligi dlglimlerini yapmak igin piyasada ¢esitli termal
karakterizasyon ve Olgiim cihazlari bulunmaktadir. Bununla birlikte, mevcut sicaklik
Ol¢tim cihazlari, sadece jonksiyon sicaklik olglimlerine ihtiya¢ duyan LED Ureticileri,
termal miihendisleri ve tasarimcilar i¢in olduk¢a pahalidir. Mevcut iirtinler, jonksiyon
sicakligr Olglimii i¢in zamana bagli 1s1l degisime dayanan test teknigini kullanir. Bu
teknik, yiksek ornekleme hizi ve veri toplama ¢oziinlirligii gerektiren ve Urtindn
maaliyetini oldukca arttiran termal karakterizasyon islemlerini igerir. Ayrica, bahsedilen
termal karakterizasyon, bir boyutlu 1s1 akis yolunun varsayimina dayanan bir 6l¢lim
teknigine dayanmaktadir. Bununla birlikte, ¢esitli LED paketlerde, 1s1 akis1 simetrisini
degistiren fosfor ve lens gibi termal kiitleler vardir. Bu sorun 6l¢iim teknigi ile tiiretilen
yapisal fonksiyonun (structure function) dogru bir sekilde yorumlanmasinda zorluklar
dogurmakta ve 6zellikle beyaz LED'lerin jonksiyon sicaklik dl¢limlerinde sinirlamalara

yol agmaktadir. Sonu¢ olarak, gelecek LED teknolojilerinin; guvenilir jonksiyon
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sicakligr Ol¢iimleriyle 1s1l, optik ve elektriksel tasarimini biiyiik dlgiide kolaylastiran;
uygun maliyetli, tiretilmesi kolay ve glivenilir sistemlere ihtiya¢ duyulmaktadir.
Jonksiyon sicaklik Olgiimlerinde edinilen deneyimlerle, kompakt tasarimli ve
guvenilir yeni bir jonksiyon sicaklik ol¢iim cihazi gelistirilmistir. Mevcut tez
calismasinda, cihazin tasarim ve {iretim siireci kullanilan 6l¢iim metodolojisi ile birlikte
tarif edilmistir. Isitma ve sogutma sistemi analizinden sonra, gerekli 1sitma ve sogutma
birimleri belirlenmis ve ilgili sistem tasarimi sunulmustur. Boylece, uygun maliyetli
termal ¢oziimler isteyen kullanicilara yonelik yiksek verimli hizli bir 1sitma ve sogutma

diizenegi sunulmustur.
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CHAPTER |

INTRODUCTION

1.1  Historical Evolution of Lighting

Over the centuries, the emergence and evolution of lighting have shaped the
most fundamental life habits of society in almost every aspect from enriched lifestyle of
humanity to productive industrial practices. From the very first lighting sources to
today’s multi-purpose lighting technologies, lighting technology has undoubtly come a

long way to be more reliable, practical and effective than its ancestors.

Figure 1: Old lighting sources (Pantheon, torch, candles, gas lamp) ([ -3D

Historical evolution of lighting sources dates back to significant use of lighting
with smart use of daily light through an architectural style as observed in “Pantheon”
built during Roman Empire. Initial attempts to man-made lighting dates back to around
70,000 years ago with the emergence of torches which carried its main principles to
later advancement of lighting sources. As commonly seen in early days of history, fire

has been widely used for lighting with the effective use of tubes and chimneys.
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However, a critical advancement in lighting was achieved with the discovery of the
wick and the production of candles with the impact of Greeks and Romans on Egypt
culture as early as the fourth century B.C [4].

Industrial revolution has offered a big jump for the modern progress of lighting
technology. Gas lamps and electric lamps discovered in this era has formed the basis for
later advancements. Shortly after gas lamps were discovered in England in 1790, they
had been seen in different cities and the streets of the Europe and the United States. As
they fundamentally changed the structure of cities, they also laid the foundation of
environmental issues leading to the wide production of hydrocarbon fuel resources and
establishment of giant gas companies. In the early years of 1900s, gas lamps were
widespread across European and American streets and houses, but the discovery of
electric light deeply challenged the use of gas lamps and put it into end in daily life
uses. After a while, gas lamps were only seen in some touristic places or recreational

areas to attract people’s attention.

Figure 2: Incandescent, high intensity discharge, compact fluorescent lamps @1-["D

Thomas Edison was the inventor who developed an effective electric light bulb
that replaced the gas lighting used especially in houses. His invention in 1879 was
termed as “incandescent bulb” and it was working in a deep vacuum with a high-

resistance illuminant (“filament”) made of bamboo [8]. His continued works resulted in
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elongated lifetime of incandescent bulbs and revolutionized the society to use electricity
as the main source of lighting in a wide range of applications. With electricity being
widely used to produce light, alternative lighting sources with increased efficiency have
been introduced respectively including the fluorescent lights and high intensity
discharge (HID) lamps. Incandescent light technology was further improved in this
competition with the introduction of the tungsten filament and the mercury-vapor light.

HID lamps gained a huge popularity during the 20" century with various kinds
of products such as fluorescent, mercury-vapor, high pressure sodium and metal-halide
lamps. Main working principle of these was based on the generation of visible light as a
result of transferring electrical current between electrodes in a glass container with an
inert gas inside. However, this technique was wasting almost all electrical energy as
heat only to produce a small fraction of light and it was quite inefficient in terms of
economic and environmental aspects.

Early attempts in the beginning 20" century to improve radio detectors paved a
new way to produce light without requiring the conventional bulbs, heating up any
filament and wasting too much energy. Light Emitting Diodes (LEDs) were a game
changer concept for light generation since light was being produced with a totally new
technique in newly developed semiconductor materials which formed a solid-state
device. Although low power LEDs were utilized for very basic tasks in early days,
understanding unique advantages provided with LEDs has resulted in a huge popularity
and market for LEDs in many modern life applications by addressing critical issues in

economy and environment.

1.2 Historical Background of LEDs

Electroluminescence phenomenon, which is the technology behind how LEDs

work, was discovered in the early years of the 20" century. Briefly, this phenomenon is



defined as the creation of light by passing the electrical current through a suitable
semiconductor material capable of producing light with certain electrical and optical
properties.

The first observations of the light emitting diode were made in 1907 by a British
engineer H.J. Round, who was working at Marconi to investigate and improve the
performance of radio detectors at that time. Radio detectors were made of certain
crystals (silicon carbide) and Round had noticed the light generation after he applied a
current to his detectors. While Round was the first person who found
electroluminescence phenomenon, he also observed the change of the color with
different voltage applications at various crystals and realized the impact of the voltage
on the light output across the junction. These findings were published in 1907 in

“Electrical World” in the name of the report “A Note on Carborundum” [9].

Figure 3: H.J. Round and his cat's whisker detector (1 [0D

Between 1924 and 1930, Russian radio researcher Oleg Vladimirovich Losev
published significant findings related to the invention of LED with the initial works on
silicon carbide diodes. His research continued with understanding current-voltage
behavior of the LEDs, temperature effects on the emission, and the dependence of the

LED spectra on the driving current. Thus, although LEDs were not practically created at



that time, Losev’s works provided a deeper understanding of the operation of LEDs and
helped later inventors during the development of LEDs [11].

A major progress in light-emitting diodes was realized in 1960s. During their
works on a laser diode, Robert Biard and Gary Pittman accidentally discovered that
Gallium Arsenide (GaAs) emitted infrared light with the application of an electrical
current. Following their invention, they filed a patent on GaAs LED and their company
Texas Instruments initiated the first release of commercial infrared LEDs. However, the
first LEDs were not visible to human eye since the wavelength spectrum of infrared
region is beyond the visible region. Thus, these LED were not practical to use at that
time [12].

The first visible LED was invented by Dr. Nick Holonyak from General Electric
Company in 1962. Holonyack developed gallium arsenide phosphide (GaAsP) material
and he used it as a substrate for the diode to have a wider bandwidth that produces the
red visible light. With this achievement, LEDs found a practical use and Holonyack was
named as “Father of the Light-Emitting Diode”. After the invention of Holonyack,
LEDs were mainly used in indicators or small power applications in laboratories or
electronic equipment; however, their price was enormously high (around $200) at that

time [11], [13].

Figure 4: N. Holonyak and blue LEDs (24} [5)



Holonyack’s earlier graduate student M. George Crawford achieved to improve
the brightness of red LEDs pretty much (ten times higher than previous red LEDs). He
also invented the first yellow emitting LED using gallium arsenide phosphide in the
diode when he was working for the Monsanto Company. Thus, the Monsanto Company
became the first company to release the visible LEDs on the market on a large scale.
This significantly cut the LED price in these years [12]. Between 1960 and 1970, M.
George Crawford, Russell D. Dupuis and Nick Holonyak played a significant role in
commercialization of light emitting diodes (LEDs).

In 1970s, new materials for LED semiconductors were explored and utilized.
With the advancement in semiconductor material technology and new processing
techniques, the cost of single LEDs was remarkably lowered to around $0.05 and this
brought new opportunities for LEDs to become more common in other applications
other than in only indicators [12]. Dr. Jean Hoerni’s works at Fairchild Semiconductor
on planar process for semiconductor chip production and packaging techniques
contributed a lot to the drop in prices and increased popularity of LED devices. Pure
green light was also produced in the mid-1970s by using only Gallium Phosphide.
Although LEDs became much more affordable in 1970s, they were not a plug-and-play
technology yet and their use was very limited until 1990s [13].

In 1980s, ten times brighter red, yellow, orange and green LEDs were invented
with the developments in semiconductor materials and LEDs started to be considered as
a viable lighting solution for various applications. The light output of LEDs was further
enhanced with the experiments on newly produced materials of semiconductor diodes
including Aluminium Gallium Arsenide (AlGaAs) and Aluminum Gallium Indium

Phosphide (AlGalnP) (with doubled light output compared to AlGaAs) [9].



Although a variety of colors with high brightness were obtained, blue light was
not produced reliably until 1994 due to material growth problems and semiconductor
doping issues. In fact, growing larger crystals and forming quality p-n junctions suitable
to the production of blue light were impossible in previous years. Therefore, GaP as a
semiconductor material was the main focus of researchers instead of GaN material in
these years. With the advancement in material technology and fabrication techniques,
Shuji Nakamura invented the first powerful blue LED with Gallium Nitride and shortly
after; high-intensity blue and green LEDs appeared with the use of Indium Gallium
Nitride [16].

The progress in LED technology and the invention of blue LEDs paved the way
for the invention of white LEDs as well. Combination of red, green and blue LEDs and
phosphor coating techniques over the blue LEDs enabled the production of white LEDs.
The invention of efficient blue LEDs and the development of white LEDs with blue
LEDs was a huge step in lighting history to provide bright lighting and significant
energy savings. As a result, Isamu Akasaki, Hiroshi Amano and Shuji Nakamura were
awarded to receive the Nobel Physics Prize in 2014 with their invention of blue light-
emitting diodes and their contribution to the efficient white light emission with solid-

state devices.

Figure 5: 1. Akasaki, H. Amano, S. Nakamura 1]



Advancement in LED lighting technology led to the development of LED
products with higher light intensities but minimum power requirements over the years.
In 2001, 3,590 traffic lights were converted to the LEDs in Santa Monica, USA and
saved around $90,000 annually in energy costs [18]. The U.S. Department of Energy
and many other governments recognized the importance of LEDs in cutting worldwide
energy expenses and put it into implementation as one of their effective policies.
Especially, the use of white LEDs in general lighting was considered to be both cost-
effective solution for many businesses and environmentally friendly choice for the
planet. Compared to traditional lighting sources such as incandescent products, LEDs
were found to consume less energy by 80% and operate 25 times longer [16]. Thus,

LEDs are shown to be much more efficient than conventional light sources.

1.3 Advantages of LEDs

As LED systems have more penetrated in various indoor and outdoor lighting
applications, the demand for having more efficient LED products with less power
consumption has also gradually increased over this decade. Due to recent
improvements, LEDs have gained outstanding traits over its conventional counterparts
in terms of efficiency, optical performance, lifetime, durability, and safety. As a result,
LEDs rapidly replaced their conventional counterparts, and they took an extensive part
in various application areas including displays, mobile devices, medical services and

automotive lighting, etc. ([19]-[22]).
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Figure 6: LED products with different designs and uses in daily life (231125])

Especially, generating white light with blue LEDs has found a great use in
indoor and outdoor lighting, display and automotive lighting applications and eventually
enabled a great reduction in worldwide energy expenses. To exemplify, when a 9W
ENERGY STAR certified LED bulb is compared with a 43W halogen bulb with the
same brightness, estimated energy cost of an LED product is found to be almost five
times less than the energy cost of a halogen bulb (LED: $1.26 per year, Halogen: $6.02
per year) [26].

The growing interest towards LEDs has greatly enhanced over the last two
decades with better capabilities in LED packaging that resulted in an elongated lifetime,
higher energy efficiency and increased lumen amount. LEDs with their superior
characteristics and outstanding growth potential have been one of the hot topics for
many researchers over the last two decades. Policymakers and government authorities
also support this growing interest to reduce energy consumption and encourage a better
use of the limited energy resources for a sustainable future. It has been reported that
lighting industry plays a very significant role in sustainability since indoor and outdoor
lighting applications constitute around 21% of total energy consumption [27]. The role
of LEDs in lighting industry is even more remarkable. It is foreseen that energy savings
with LEDs could reach up to 348 TWh by 2027 compared to the energy saving with no

LED use. This corresponds to the electrical power output of 44 huge electric power
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plants each of which produce 1000 MW energy. Thus, with the ongoing use of LEDs,

total savings over $30 billion USD is estimated at the current electrical prices [28].

o
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Figure 7: Comparison of a 9W ENERGY STAR certified LED bulb

with a 43W Halogen bulb emitting the same amount of light 128!

Considering their high efficiency, exceptional reliability, low power
consumption and environmentally friendly nature, LEDs exist not only in a traditional
lighting field but also in many other interesting applications such as automotive [22],
displays [29], visible light communication (VLC) [20], medical diagnosis [21] and skin
imaging [30] etc.

A recent statistical data published in 2019 shows the projection of global light-
emitting diode (LED) market size from 2019 to 2023 and the market size is expected to
reach around 98.5 billion USD as seen in Figure 9 [31].

As one of the LED technology giants, CREE’s net revenue is represented in
Figure 10 from the fiscal year of 2015 to the fiscal year of 2019. The company achieved

to go beyond over 1 billion USD dollars in net revenue in 2019 [31].
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Today, general illumination with LEDs is achieved either by incorporating red,
green and blue LEDs in an LED package or incorporating phosphor over a blue LED
die inside an epoxy resin [32]. While the users who demand a large color gamut and
variable color options typically choose RGB LEDs in their applications, phosphor
coated white LEDs are more preferred when a higher efficiency is considered [33].
However, both LED types require better handling of thermal issues since light output,
efficiency, color and wavelength characteristics of LEDs are all greatly affected by

generated heat loads [34].

)

Figure 11: Thermal issues in LEDs (5136D
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In order to address thermal issues in LEDs, understanding the working mechanism of
LEDs and interaction of thermal and optical characteristics of LEDs is critical. Thus, the
following sections are dedicated to working mechanism of LEDs and thermal issues in

LEDs.

1.4 Working Mechanism of LEDs

Diodes are semiconductor circuit elements and light-emitting diodes are sort of
diodes which emit light when a voltage is applied on it. In LEDs, semiconductor
material may differ depending on the desired color of light output. Normally, atoms are
strongly bounded each other inside the semiconductor material which does not allow
any free electron to move and conduct electric current. Semiconductor materials mostly
have impurities which are atoms of another material and the process of adding these
atoms is called “doping”. By changing the doping ratios, different conduction rates can
be obtained with the change of charge balance inside the material. After doping process,
a semiconductor which has extra electrons is called N-type semiconductor while a
semiconductor with extra holes is called P-type semiconductor. It is important to note
that while free electrons move from a negative charged area to positive charged area,
holes move from a positive charged area to negative charged area.

When no voltage is applied, electrons in N-type semiconductor jump from hole
to hole moving from N-type area to P-type area. When there is no voltage applied to
diode, along the junction, a depletion zone occur over the junction since the electrons
from N-type area fill the holes from P-type area. The size of the depletion zone
determines the bigness of the insulating layer between P and N type areas. Once the

depletion zone is set, there is no free electrons and charge flowing.
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Figure 12: Basic structure of an LED p-n junction region

In order to eliminate the depletion zone and provide a charge flow between two
areas, a circuit should be created with the use of a battery. To achieve this, the positive
side of a circuit is connected to a P-type semiconductor while the negative side of the
circuit is connected to a N-type semiconductor. This enables the flow of holes and
electrons across the junction with the effect of a repelling force from the diode ends. If
the circuit voltage is applied high enough, depletion zone disappears and the circuit

charges flow smoothly.
Emitted radiation
Anode——> — r

Carrier
recombination

|+

Cathode ——»

Figure 13: LED operation in forward bias condition [37]

If the different sides of the circuit are connected to the semiconductors in the

opposite way, other than a repelling force, an attraction force is observed on the diode
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ends and no current flow occurs across the junction; thus, the depletion zone gets

bigger.

(A) (K)

P-region

Depletioh Region

V(bias)

Reverse Biasing of Diode
Figure 14: No current flow across the junction in reverse bias condition [

If the high enough voltage is applied and the current flow is generated across a
diode, electrons and holes move in the opposite direction and meet in the junction.
When a free electron from conduction band falls into a hole, the electron loses energy
since its energy level is normally higher than the energy level of holes. Interaction
between the electrons and holes results in an energy release in the form of photon,
which is the most basic form of light. However, the produced photons may not be
visible if the magnitude of the fall in the energy level is not large enough. The size of
the fall varies with the use of different diode materials. If the semiconductor material
allows a large difference in the energy levels of electrical charges on the conduction
band and a lower orbital, then the photons become visible. On the other hand, if the
difference in energy levels is not big enough, the photons may then be emitted in the
infrared region, which is invisible to the human eye. Thus, it must be noted that the
wideness of gap between the conduction band and the lower orbital determines the
characteristics of the light. However, both types of visible and invisible emissions are

found to be useful in many applications of LEDs.
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1.5 Thermal Issues in LEDs

While the combination of electrons and holes produces light emission, a
significant portion of the given energy is converted into heat during the combination
process. In addition, after the combination of charges in the junction region,
electromagnetic rays released at different wavelengths may remain reflected in the chip
itself and eventually turn into heat before leaving the chip surface. Since the optical
performance and lifetime of LEDs are strongly dependent on the thermal state of LEDs,
it is critical to discuss why heat generation occurs in an LED package and how it affects
the performance of the LED.
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1.6 Reasons of Heat Generation in an LED Package

Degradation of LED components with generated heat is one of the most critical
issues that directly affect the efficiency and lifetime of LEDs. While approximately
45% of electrical energy is converted into heat directly at an LED die, this becomes
around 70% after considering the additional heating inside an LED package [41].
Consequently, temperature of different components in an LED package is elevated and
leads to performance loss as observed in many electronics. The components of an LED

package in addition to the LED chip are seen as named in Figure 16.

LED chip
Cathode lead

Silicon submount

Thermal heatsink

Outer package

Bond wire

Figure 16: Basic structure of an LED package 2

Degradation of LED components with generated heat and increased
temperatures is a significant problem to be solved. In white LED packages, degradation
comes into play with the yellowing of the epoxy encapsulant and there are several
reasons why it occurs and even accelerates. It is mainly attributed to the excessive heat
generation at the p-n junction and resulting rise in junction temperature, the amplitude
of short-wavelength radiation, motion of light between phosphor and LED lens,
presence of phosphor, its location and temperature [43]. Among various factors, the

temperature rise of the junction region and phosphor has been shown as the primary
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cause of the degradation due to the heat generation that occurs in the package mainly
due to non-combined radiation in the junction, losses during the shift of the wavelength
of the blue light in the phosphor layer (Stokes shift) and re-absorption of back scattered

light in the package [44].

1.7  Effects of Heat Generation in an LED Package

Because of the elevated temperatures in phosphor, the conversion efficiency of
phosphor is significantly deteriorated, and the light output is lowered while more heat is
produced. Temperature of the LED chip also rises by causing the existing defects within
the p-n junction to grow bigger, impurities to diffuse faster and dislocations to migrate
longer over the active region [45]. This also leads to a fall in light output. In addition,
thermal stresses are exerted in the package because of the coefficient of thermal
expansion (CTE) mismatch. As a result, dramatic failure of wire bonds may occur if the
package design is not done so well or an adequate cooling is not provided over the
operation cycles [46].

Heat generation in an LED package results in a significant rise in junction
temperature (T;) and affects the system performance. The previous studies demonstrated
that as the device temperature increases from 120°C to 150°C at a driving current of
1.5A, the lifetime is reduced from 60,000 h to 10,000 h [47]. Figure 17 shows the
temperature versus lifetime behavior of a high-power LED. As it can be seen from the
figure that the lifetime of the chip is significantly reduced with the increase in junction
temperature after reaching a critical value. For this reason, it is important for both
industry and users to measure the temperature of the chips in both design and
application phases. An increase in junction temperature also causes a linear drop in

radiant power of an LED (see Figure 18) [48].
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In Figure 18, it is observed that the luminous flux produced decreases with the

increase of the junction temperature of the LED. As the junction temperature rises,

energy wastage increases, and LEDs' efficiency and performance values drop

dramatically. Therefore, in order to obtain the desired luminous flux values, the thermal

management of the LED systems must be performed correctly.
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In addition to electrical properties, optical parameters such as luminous flux,

CCT, CRI of a lighting unit also vary directly with the junction temperature (Figure 19)

[49].
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Figure 19: Change in optical traits of an LED
with the increase in junction temperature [4°]

Due to the significant effect of thermal issues on optical traits, previous studies
put efforts for an effective thermal management of LED packages by working on the
package geometry, material characteristics and innovative cooling designs. In addition,
different phosphor coating techniques and dielectric optical fluids as coolants have been
studied in order to improve white LED packages ([50], [51]).

In fact, in order to obtain the desired light output and efficiency, thermal
resistance and temperature distribution of the LED systems are critical parameters to
examine during the LED development process. On top of that, an accurate measurement
of junction temperature allows the thermal resistance calculations of the package and

prediction of the optical performance of the lighting system.
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In many industrial applications, instead of junction temperature measurements,
temperature measurements are done at the nearest soldering point on the electronic
board or CFD simulations are preferred to predict and improve optical performance.
One of the reasons of this practice can be explained with the difficulty that the
companies face to afford highly expensive junction temperature measurement devices
on the market. However, solder point measurements are not enough to characterize the
optical behavior and improve the lighting systems effectively since optical performance
is in fact mostly affected by junction temperature or the temperature of components on
the optical path. Since there is an extra resistance between the junction and the outer
region (solder), solder point measurements lead to the unreliable estimation of the
performance of LEDs. For this reason, it is necessary to determine the temperature in
the junction region accurately in order to facilitate the design process and offer more

effective cooling solutions.
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1.8  Junction Temperature Measurements

As discussed in previous sections, accurate identification of thermal behavior of
LED packages is one of the essential tasks towards improving the design of LED
systems. However, these efforts can be safely adopted to the newly developed LED
packages if and only if the junction temperature of LED chips can be made accurately.
Considering the measurement techniques for the junction temperature measurement, the
previous studies pointed out different approaches including Raman Spectroscopy,
Photothermal Reflectance Microscopy, Thermal Imaging, and Forward Voltage Change
([53]-[55]). However, Forward Voltage Change Method was suggested as the most
applicable technique in terms of yielding the highest accuracy and offering the most
practicability [56].

The current junction temperature measurement devices utilize transient
measurement techniques and the accuracy of this technique is questioned in different
studies and user application notes. At the same time, current measurement systems are
too expensive for many companies to afford and use in their design process. For this
reason, optothermal analysis of LEDs need to be done with alternative measurement
techniques and measurement devices that provide enough accuracy for users.

In the thesis, junction temperature measurements of single and multi-LED
systems are handled with two different measurement techniques. Before getting into the
details, it is important to understand the difference between two LED systems and the

existing issues with the current methods and measurement systems.

1.9 Single RGBW and Multi-LED Systems
In existing LED lighting systems, it is possible to achieve highly improved
brightness levels with less power consumption by using monochromatic (red, green,

blue or other) LEDs integrated in a multi-LED system. However, in general lighting
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applications, single LEDs with different color emissions can work together in a multi-
LED system to produce white light. Alternatively, white light can be produced with
single blue LED packages containing phosphorus particles coated on the LED chip or
LED lens or suspended in the optical liquid. Each configuration brings optically and
thermally different pros and cons, while directly affecting the performance, efficiency
and lifetime of the device. Therefore, it is necessary to understand single and multi-LED
based light engines to improve overall lighting system performance and to provide more
efficient alternatives.

Red, green and blue LEDs are different due to materials in their structure, which
leads to different band-gap energies and wavelengths ([57], [58]). While the band gap
energy is related with the energy of photons released by an LED, the wavelength of
light is a phenomenon that determines the LED color directly. Typically, green, blue
and white LEDs contain InGaN (indium gallium nitride), while red, orange and yellow
LEDs use AlGalnP (aluminum gallium indium phosphide) in their chips ([59],[60]).

Because of the difference in active layer materials and compositions, difference
between thermal characteristics of red, green and blue LEDs are inevitable and need to
be determined for the better design of lighting systems.

In a large number of previous studies, junction temperature measurement of
LEDs has focused on single LEDs with transient thermal methods implemented by a
commercially available system ([61]-[63]). However, junction temperature of a multi-
chip LED system has not been studied widely due to lack of appropriate measurement
methods for these systems. In fact, transient measurement method is found to be
complicated, time consuming, costly and it is not capable of determining junction

temperature of multi-LEDs connected in series [55].
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Considering a significant amount of heat loss in current single LED chips
(approximately 60 to 70% of electrical input power [41]), thermal issues are still
significant and better cooling techniques or low power consumption technologies are
required since the optical performance of LEDs is directly affected by thermal
conditions ([64]-[66]). Individual LEDs in multi-chip systems are even more affected
by the existence of electrical components in the circuits and thermal loads induced by
other LED chips. In fact, it has been shown that thermal losses due to electrical
components in a circuit could reach to the almost same levels as the radiant energy.

In junction temperature measurements of multi-chip LED systems, one

dimensional heat flux assumption raises even more concerns due to the increased
thermal interaction between LEDs and electrical components in the lighting unit, the
generated local hot spots over the electrical board and three-dimensional heat flow in
those systems.
In addition, many studies focused on determining the average junction temperature of
multichip LED packages instead of measuring the individual LEDs ([67]-[68]).
However, in LED systems where heat flux symmetry is changed, it is unreliable to trust
on average junction temperatures of LEDs since internal quantum efficiency of LEDs
may show a different behavior due to non-uniform distribution of junction temperature.
Considering alternative cooling systems developed for future lighting systems and the
inclusion of 10T sensors in these units, accurate measurement of junction temperature of
LED chips in this system will be critical to ensure that the lighting unit is designed to
operate in its optimum condition. In addition to those raised concerns about heat flux
assumption in measurements, the current measurement systems are not applicable to
measure junction temperature of LEDs serially connected in multi-LED systems.

In line with the described issues in high power LEDs, this thesis aims:
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In Chapter II:

To investigate the reliable ways of junction temperature measurements of high-
power LEDs and compare different junction temperature measurement methods.
To analyze the impact of an optical path in high power single red LEDs with
thorough understanding of optothermal characteristics in the LED package.

To characterize the differences in forward voltage drop and optothermal
behaviors of high power RGB LEDs as a result of different materials utilized in
the active layer.

To propose a novel junction temperature measurement technique for Multi-LED
systems and investigate the impact of electronics and local hot spots on optical

performance.

In Chapter II1I:

To figure out the problems in current junction temperature measurement
techniques and available junction temperature measurement devices.

To propose a highly functional junction temperature measurement system and
introduce the system advantages.

To define the measurement approach used in the proposed junction temperature
measurement system (EVAtherm).

To describe the design, analysis and manufacturing processes of EVAtherm in
three versions.

To analyze junction temperature measurements conducted in EVAtherm.

25



CHAPTER Il

EXPERIMENTAL STUDY

2.1 Junction Temperature Measurement Techniques

Junction temperature is a critical parameter since it directly affects the
performance of solid-state devices such as LEDs [69]. Given the thermal problems in
LED systems, the cooling techniques for these systems are more effectively developed
when the temperature of the junction region is accurately determined. Although this
region cannot be accessed directly, there are a number of methods for the junction
temperature measurements. One of those, forward voltage change method, was selected
as the main method and utilized during the different phases of the study. Thermal
imaging method and computational tools were also utilized in order to assure the results
obtained from the forward voltage change method are reliable. In fact, it was aimed to
investigate the junction temperature measurement capability of a high-resolution IR
camera and to develop a robust numerical model that is validated with experimental

results.

2.1.1 Forward Voltage Change Method (FVCM)

Forward voltage change method has been reported as the most reliable and
practical way of measuring junction temperature and it includes calibration and test
phases ([70]-[54]).

During the calibration phase, LEDs are inserted in a temperature-controlled
chamber where the temperature of the chamber is adjusted with a maximum variation of
+0.2°C. Temperature inside the oven is set to different temperatures respectively and

LEDs are pulsed with a sourcemeter device when the thermal equilibrium is achieved at
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each temperature. A pulse current of 1 milliampere (mA) is applied for 1 millisecond
(ms) duration and forward voltage readings are made with the sourcemeter system.
Application of the pulse current for 1 ms ensures that a negligible amount of heat
generation occurs over the junction region. Thus, it can be assumed that the junction
temperature is the same as the oven temperature under thermal equilibrium conditions.
During the application of pulse currents, the repeated forward voltage readings of the
LED chip are recorded and averaged to use for constructing the final calibration
equation.

In the test phase of the FVCM, the LED chip is operated with the sourcemeter
system at its nominal current. After the LED chip reaches electrically (+0.1 mV) and
thermally steady state conditions (£0.2°C), the nominal current is dropped to the pulse
current (1 mA) for 1 ms [71]. Steady state condition is decided based on the variation in
forward voltage readings of the repeated pulse current applications and the change in
the LED board temperature. The corresponding forward voltage after applying the pulse
current is measured at the test condition and plugged into the calibration equation
derived in the calibration phase. In this way, junction temperature of an LED chip is
determined at a specified operating current.

An integrating sphere system is also utilized to measure radiant flux at steady
state (£0.2°C) [72] and the test phase of the junction temperature measurements is
conducted in this system with simultaneous optical measurements. Different
calibrations are made for the optical test in the integrating sphere and they include
reference lamp calibration, auxiliary reference calibration and auxiliary test calibration.
A reference lamp whose optical characteristics are already defined under certain limits

and an auxiliary lamp are utilized to calibrate the integrating sphere and spectrometer
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response. As a result, the absorption correction of the LED product is made. Uncertainty
at spectral flux measurements is determined as 1.3% [73].

As seen in Figure 21, optical measurements are made spectrally in the
integrating sphere system, and the spectral distribution of a high-power red LED is
obtained with the radiant flux measurements. In order to conduct optical performance
tests, LEDs are located at the center of the integrating sphere and hemispheres are
closed to provide light leak free and temperature controllable environment for the
measurements of the LED. After the system and test calibrations are made, the LED is
run at a driving current with the use of a sourcemeter system until steady state is
reached. The emitted light from LED is reflected at the inner surface of the sphere
system, which is smooth and coated with a highly reflective material [72]. Finally, the
emitted light is collected at the attached detector on the sphere wall and meaningful
optical data is derived for the operation of the LED using a spectrophotometer unit. The

measurement results are monitored and analyzed in the computer software.
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Figure 21: Spectral distribution of radiant flux

when the red LED is operated at 200 mA
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The experimental methods utilized in different phases of the studies are seen in
Figure 22. A temperature controllable oven, an integrating sphere, a sourcemeter
system, an (IR) thermal camera, a DC power supply, a data acquisition system (with T-
type thermocouple connections) and a personal computer are utilized in the

experimental setup.

Integratin here

> TIM calibration and |

[P

Figure 22: Experimental setup prepared for conducting Forward Voltage Change

(FVCM), thermal imaging (TIM) and optical measurements

Temperature measurements are conducted to determine the steady state and
thermal equilibrium conditions in calibration and test phases. In all experiments,
thermal condition of an LED is monitored with T-type thermocouples attached on the
LED board (PCB) and kept in ambient nearby the LED as seen in Figure 23. In
addition, in the calibration phase of the FVCM approach, the oven temperature is

monitored with temperature sensors embedded at the half-height of the chamber walls.
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LED Board

Figure 23: Attachment of thermocouples on the LED for temperature monitoring

2.1.2 Thermal Imaging Method (TIM)

Infrared thermal imaging method (TIM) is based on non-contact measurements
by using a calibrated IR camera in order to obtain the temperature distribution over an
object. To improve the reliability of the results, a mid-wave infrared thermal camera
(FLIR SC5000) with a resolution of 640x512 pixels and an accuracy of +£1°C was used
to verify the junction temperature measurements obtained by forward voltage change

method.
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Figure 24: Temperature distribution over the LED system

Although the camera provides the temperature distribution of the LED chip

surface instead of the device junction, the temperature of the LED chip surface was
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expected to be very close to the junction temperature and vary less than 1°C. A
numerical model of a red LED chip operating at 200 mA current was simulated to show
the temperature distribution over the region and it was understood that the direct
measurement of the surface temperature of an LED chip enables the approximated
junction temperature to be obtained in a practical way (see Figure 24).

For the accuracy of the results, it is important to know how some parameters
affect the IR measurements, such as emissivity of the surface, the viewing angle of the
camera, surface reflections, transmission characteristics and atmospheric attenuation
[74]. In this study, the emissivity of the target surface was determined with an
experimental calibration performed with T-type thermocouples. The viewing angle of
the camera was adjusted by using a readily available experimental apparatus as seen in

Figure 25.

Figure 25: Experimental study for IR thermal measurements
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Special attention was given to align the IR camera parallel to the target region in
order to prevent some of the emitted energy from escaping at a certain angle. Thus, the
thermal energy emitted from the LED chip is directly perceived by the sensors of the
camera without any loss due to the viewing angle and the measurement error is
significantly reduced. Surface reflections were eliminated and there was no
intermediary substance used in between the target surface and IR camera that affected
the transmission. Finally, auto-correction for atmospheric attenuation was applied by
the IR camera software.

An experimental validation study was conducted to increase the reliability of the
IR camera measurements by verifying the results with a T type thermocouple over the
same chip surface. A relationship between two measurements was created for unpainted
and painted LED chip surfaces after the LED dome was removed. First, the temperature
results of four thermocouples were compared among themselves and the results differed
by approximately 0.2°C. Then, one of those thermocouples was chosen and utilized in

further experiments.
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Figure 26: Emissivity calibration for IR temperature measurements
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In order to derive the correlation between thermocouple and IR readings over the
same surface, the tip of the thermocouple was identified in the IR camera image and a
very small circle was selected. Then, the average temperature was obtained in the circle
as the corresponding temperature measured by the IR camera. The measurements were
conducted for seven different temperatures, which cover a wide range of values between
35 and 105°C. Emissivity of the target surfaces was found by matching thermocouple
and IR camera results.

The measurement results and the equations derived for two different surfaces are
given in Figure 26 for the unpainted LED without dome and the painted LED without
dome configurations. The LED without dome was painted with Rust-Oleum High Heat
2000 Degree black spray paint and no light output or leakage was allowed from the chip
surface. An emissivity calibration study was performed as suggested in a previous
research ([75],[76]). As a result, emissivity of the surfaces was found to be 0.84 for the
unpainted LED, and 0.98 for the painted LED without dome.

Simultaneous junction temperature measurements were conducted for the
forward voltage change and thermal imaging methods. Since board temperatures were
measured via T-type thermocouples during the calibration phase of forward voltage
change method, junction temperatures derived using these calibration equations in a test
phase can be treated as temperatures measured by thermocouples. In order to convert
junction temperature results derived in forward voltage change method into the
corresponding chip temperature of the IR measurement, the validation equations derived
in Figure 26 were utilized. It was observed that junction temperature results obtained
using the validation equations (considering 57.7°C for the unpainted LED without dome
driven at 500 mA) are in good agreement with the direct IR measurements in the test

phase as seen in Figure 27.
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Figure 27: Temperature distribution of the unpainted LED without dome

running at 500 mA operating current

2.1.3 Computational Fluid Dynamics (CFD) Models

Computational approaches are very helpful in engineering design to provide pre
or post design conditions. It is very practical to develop numerical models and provide
further insights without conducting expensive and time-consuming experimental
studies. A computational model was developed by using ANSYS Icepak [77] in order to
validate experimental results and establish a numerical approach for the junction

temperature measurements of LEDs under various conditions.

Figure 28: Modeling the tested LED system (top) and LED chip (bottom)
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A numerical model was created by referring to the LED structure as it is seen in

Figure 28. Boundary and operating conditions were set in ANSYS mimicking real

conditions and material properties. The main components in the LED model are LED

chip, LED dome, active layer (heat source), wire bonding, leadframe, mold base, die

attach and PCB. The LED dome in the package has a hollow elliptic shape and it is

connected to the substrate other than the gold wire and the LED chip. Material

properties and geometric details for these components are given in Table 1.

Table 1: Thermal and physical properties of LED components in the numerical model

Components Properties
) Si (k =180 W/m-K)
LED chip
1x0.15x1 mm?3
Epoxy-glass fiber
LED dome
(k =0.17 W/m-K)
Heat source
Heat source
0.75 x 0.75 mm?
] ] Wire bonding - Au (k = 313 W/m-K)
Wire bonding
0.65 x 0.07 mm?
Al Die Cast90 (k = 105 W/m-K)
Inner lead
1.5x0.92 x 3.2 mm?®
Mold material (k = 0.8 W/m-K)
Mold base
3.5x0.92x 3.5 mm?®
) Die attach material (k = 2.5 W/m-K)
Die attach
1x1mm?
Al Die Cast90 (k = 105 W/m-K)
PCB

16.5x 1.7 x 16.5 mm?
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The final number of elements was selected as 969,527 in order to reduce the
computational time and reach a converged solution. The meshed model is seen in Figure

29.
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Figure 29: Mesh distribution on the LED system; 3D view (top),

top view (bottom left) and front view (bottom right)

Ambient temperatures (Ta), input (Ein) and radiant powers (Er), generated heat
(Q) and board temperatures (Tp) were directly taken from experimental data for three
different configurations and operation currents of 200, 350 and 500 mA in the
numerical model (see Table 2). The LED configurations are represented by the numbers
in the table: the LED with dome (1), the unpainted LED without dome (2) and the

painted LED without dome (3).
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Table 2: Boundary and operating conditions during the experiments

Ambient  Input Radiant Generated  Board
Current (mA) Configuration  temp. power power heat temp.
(Taaoc) (Ein! W) (Er, W) (Q! W) (Tbaoc)

1 23.3 0.4879  0.1892 0.2988 28.8
200 2 23.1 0.3947  0.1097 0.2851 29.6
3 22.5 0.3928 - 0.3928 33.2
1 23.3 1.0128  0.3339 0.6789 34.4
350 2 23.1 0.7253  0.1949 0.5304 36.1
3 22.5 0.7201 - 0.7201 42.4
1 23.3 1.6592  0.4595 1.1997 40.3
500 2 23.3 1.0790  0.2758 0.8032 43.5
3 22.5 1.0708 . 1.0708 51.6

2.2 Impact of the Optical Path in a Single Red LED

2.2.1 LED Configurations

LEDs utilized in this study are CREE XLamp XP-E2 high power red and blue
LEDs. Three different LED configurations were studied in order to predict thermal,
optical and electrical characteristics of the LED. These include an LED with a dome, an
unpainted LED without a dome (bare chip), and a painted LED without a dome (see
Figure 30). The comparisons of three configurations give significant understanding on
the effects of the LED dome and heat generation on thermal, optical and electrical

behaviors of LEDs.
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Figure 30: CREE XLamp XP-E2 (a) high power red LED, (b) unpainted LED with

dome, (c) unpainted LED without dome, (d) black painted LED without dome

The dome was removed safely based on a technique suggested by Ozluk et al.
[78]. This technique was applied using a WXR3 hot gun at the optimum distance
required to soften the dome below melting temperature. The dome was then slightly
moved by using a tweezer, and it was removed after air penetrated into the dome. The
technique has shown a successful yield for ten samples without any wire bonding
breakage, failure in operation, and residual particles on top of the junction area. A safety
check was made with an optical microscope to examine the structure of the LED
package before and after the dome removal. Safe removal of the dome was ensured with

the clear removal of the dome (see Figure 31) and successful operation of the LED.
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Figure 31: Safe removal of an LED dome with a technique

suggested by Ozluk et al. [7®]

In order to provide the same boundary conditions during the experiments, the
LED board temperature was set to 40°C during the test phase of the forward voltage

change method, and the junction temperatures were obtained accordingly.

2.2.2 Optothermal Characteristics

The impact of an LED dome on the thermal, optical and electrical characteristics
of the LED package was studied in order to understand the role of an LED dome in the
package and compare junction temperature methods more accurately. First, the change
in the junction temperature over the ambient temperature with respect to the generated

heat was analyzed in Figure 32.
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Figure 32: Relationship between temperature difference and

heat generation at the active layer

As expected, the slopes for the unpainted and painted LED without dome in
Figure 32 are found to be very close to each other since the LED package has the same
components in both cases. On the other hand, the slope for the LED with dome is
smaller since thermal resistance of the LED package is lower when another heat flow
path with the LED dome is provided. It is also observed that the line for the LED
without dome is a little bit shifted after painting the LED chip since the radiant energy
is converted into heat and the highest junction temperatures are measured in this case.
However, the LED with dome has a lower temperature rise in the junction for the same
heat generation.

The amount of heat generation was determined for the unpainted LED with and
without dome by subtracting the radiant power from the electrical power. On the other
hand, the heat generation for the painted LED without dome was determined by taking

the electrical power directly since it is all converted into heat due to the absorbing
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nature of the black paint over the chip. At the lower operating currents, the amounts of
generated heat were close to each other in the configurations of LEDs with and without
dome. However, as the operating current is increased, junction temperature of the LED
with dome increased less although it produced more heat than the LED without dome.
In fact, the only difference between two configurations is the presence of the LED
dome. Therefore, when two configurations are compared, less increase in the junction
temperature of the LED with dome can be explained by the presence of the LED dome,
which is the extra conductive path in the LED with dome configuration. As the higher
forward voltage is measured at the lower junction temperature, the LED with dome is
expected to have a higher voltage drop, therefore a higher electrical input power at a
certain current. Since the amount of heat produced in the junction region is proportional
to the electrical input power, more heat generation is also expected in the LED with
dome. All these findings are supported by the experimental results given in Figure 32

and Figure 33.
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Figure 33: The impact of junction temperature on forward voltage of a red LED

after removing the LED dome
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Figure 33 demonstrates the forward voltage drop with the rise in junction
temperature after the LED dome was removed at three operating currents. Electrical
powers are also indicated for each driving current and LED configuration. As it was
expected at all driving currents, higher forward voltage readings were recorded for the
LED with dome since the lower junction temperatures were obtained. At higher driving
currents, the removal of the dome led to a more increase in the forward voltage drop as
a result of a large shift in junction temperature. In addition, electrical power values
followed a similar trend with the growing decrease in forward voltage values when
with-dome and without-dome cases were compared at each current magnitude. After the
dome was removed, electrical power was lowered by 19.1%, 28.4% and 35%
respectively at 200, 350 and 500 mA. In general, it was observed that the junction
temperature increases with the removal of the dome, however; the forward voltage and
electrical power are inversely affected by this trend.

The junction temperatures of unpainted and painted configurations of LED
without dome were also compared with respect to the driving currents as seen in Figure
34. Thus, the rise in junction temperature was observed when the total radiant power
was converted to heat and absorbed by the surface paint. As a result, the comparison of
junction temperatures in three different configurations given in Figure 33 and Figure 34
provided an insight into the impact of the LED dome on junction temperature and how

the generated heat affects junction temperature of a red LED.
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Figure 34: Junction temperatures with respect to three operating currents

for the unpainted/painted LED without dome

The painted LED without dome operating at 500 mA had the highest junction
temperature while the least junction temperature was measured when the unpainted
LED with dome was driven at 200 mA. Moreover, the difference of junction
temperatures between various LED configurations was raised as the application current
was elevated. As a result, from 200 to 500 mA, the change in junction temperature is
20.1%, 23.9% and 28.8% respectively for the LED with dome, unpainted and painted
LEDs without dome. Junction temperature increased by 0.8 to 2.7°C depending on the
current magnitude (200 mA to 500 mA). These results demonstrate that an LED dome
might play a critical role both in magnitude and change of junction temperature as the
LED is driven at higher currents. Furthermore, the conversion of optical power to
generated heat may critically affect the thermal performance of a red LED due to a
considerable increase in junction temperature. After removing the dome and painting
the LED, a larger shift in junction temperature was observed by 2.2 to 5°C depending on

the application current (200 mA to 500 mA).
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In addition to junction temperature behavior, the alterations in radiant power and

conversion efficiency were seen after the LED dome was removed at three driving

currents (200, 350 and 500 mA) as shown in Figure 35 and Figure 36. Thus, the impact

of the dome on optothermal characteristics of the red LED was examined and the

performance of the red LEDs was further characterized. The drop in radiant power and

conversion efficiency was noticed at each operating current when the dome was

removed.
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Figure 35: Change in radiant power and junction temperature of a red LED

after removing the LED dome

After the removal of the LED dome, radiant powers at each current were

observed to drop by 0.08 W (42%), 0.14 W (42%) and 0.18 W (40%) respectively with

the rise in junction temperatures. Considering the significant impact of junction

temperature on light output and the effect of an LED lens on light extraction, the LED

without dome emitted a less amount of light at each application current.
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2.2.3 Conversion Efficiency
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Figure 36: Change in the chip conversion efficiency with respect to

the applied current and LED configuration

The conversion efficiency of red LEDs with dome was found to be higher at all
three operating currents (see Figure 36) although some optical losses and reduced
efficiency were expected compared to the LED without dome. The underlying reason
behind a higher efficiency when the dome remains attached is related to the thermal and
optical effects of an LED dome on the chip. The existence of a dome provides another
heat flow path by changing the heat flux symmetry [79]. Thus, while the most heat is
dissipated through the “lower path” including the chip, lead frame and substrate, a
portion of the generated heat is also transferred to the “upper path” through dome [41].
However, when the LED package does not have a dome, heat flow path is limited to
only the lower path; therefore, the junction area is exposed to larger heat and the

junction temperature rises up. This also causes a drop in radiant energy since the
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junction temperature is inversely proportional to radiant energy [80]. It is noteworthy
that as the operating current increases, the positive effect of a dome on conversion
efficiency is less or optical losses become more dominant. While there was a 11%
difference in conversion efficiency between the LED with and without dome operating
at 200 mA, it decreased to 2.1% when the operation current was elevated to 500 mA.

In addition to the effect of junction temperature on optical power, the positive
effect of an LED dome on light extraction should also be noticed. Due to the refractive
index mismatch between the LED chip and other components of the package, a portion
of the generated light is lost as heat as a result of total internal reflections in the chip.
On the other hand, if the refractive index contrast is reduced in the package with the use
of other components, total internal reflections can be lowered, and more light can be
extracted since the critical angle of total internal reflection is enlarged [81]. This would
also result in a drop in heat losses.

The use of an LED dome does not only provide a mechanical protection to the
chip but also reduces the refractive index contrast so that light extraction is enhanced.
On the other hand, the removal of the dome leads to additional heat losses and the rise
in junction temperature. Thus, radiant power of an LED with dome is expected to be
higher.

Junction temperature, radiant power and conversion efficiency of red LEDs were also
compared with the same type of high-power blue LEDs at three different driving
currents (200, 350 and 500 mA) (see Figure 37). This analysis was useful to make a
better interpretation of the optothermal behavior of red LEDs as the blue LEDs can be

considered as a reference and commonly studied type of LEDs.
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2.2.4 Comparison with InGaN LEDs
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Figure 37: Comparison of junction temperature, radiant power and conversion

efficiency of red and blue LEDs with respect to applied operation currents

The results show that the blue LED is operated at higher junction temperatures
and the difference between the temperatures of blue and red LEDs is getting larger as
the operating current is increased. Especially, at higher operating currents, the junction
region of blue LEDs becomes much hotter (around 7°C at 500 mA driving current)
compared to the red LEDs. The impact of the junction temperature on radiant power and
conversion efficiency of LEDs has also been compared to reveal thermal and optical
mechanisms in two types of LEDs. At all operating currents, the red LED has produced
lower radiant power although it was operated at lower junction temperatures. On the
other hand, the blue LED has yielded 8.8%, 4.7% and 3.1% higher conversion

efficiency at 200, 350 and 500 mA respectively. Thus, it has been understood that
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although red LEDs can thermally be a better solution; they offer lower light efficiency
than blue LEDs.

Since the same model red and blue LEDs were used, the difference is mainly
attributed to the chip material in the LED package and red LEDs operate at much lower
forward voltages relative to the blue LEDs when the same magnitude of current is
applied (typically around 1.6 V for red LEDs and 2.4 V for blue LEDs). The effects of
the material properties on the junction temperature and generated heat over the junction
region can be examined in a future study.

An uncertainty analysis was conducted for junction temperature measurements
based on the forward voltage change method. Uncertainties contributed from the
measurement devices and experiments were taken into consideration. Methodology and

details of the uncertainty calculations are given in Appendix A.

2.3 Optothermal Characterization of Single RGB LEDs

Red, green and blue LEDs are different due to the materials used in in their
structure, which leads to different band-gap energies and wavelengths ([57], [58]).
While the band gap energy is related with the energy of photons released by an LED,
the wavelength of light is a phenomenon that determines the LED color directly.
Typically, green, blue and white LEDs contain InGaN (indium gallium nitride), while
red, orange and yellow LEDs use AlGalnP (aluminum gallium indium phosphide) ([59],
[60]) in their chips. Because of the difference in active layer materials and
compositions, difference between thermal characteristics of red, green and blue LEDs
are inevitable and need to be determined.

In this study, an experimental and computational study has been performed to
understand the impact of the chip temperature over forward voltage and radiant power

of red, green and blue LED:s.
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2.3.1 Development of Calibration Curve for Single RGB LEDs

In order to measure junction temperature of single RGB LEDs, junction
temperature versus forward voltage behaviors of LEDs have been investigated in steady
state and thermal equilibrium conditions. Calibration equations have been created to
form the relationship between two significant parameters for each LED. During the
calibration phase of the measurements, oven temperatures have been set to
approximately 30, 50 and 70°C and experiments have been repeated for each LED three
times. Forward voltages of pulse current applications at different oven temperatures are

given as follows both in the text and the graphs for each LED type.
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Figure 38: Calibration equation for a red LED chip

1.66887, 1.63454 and 1.59935 V forward voltage results have been obtained
respectively in 30.5, 49.9 and 69.8°C oven temperatures for a red LED chip. The slope
of calibration equation for the red LED chip has been calculated bigger than the slope of

the blue LED chip and smaller than the slope of green LED chip.
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Figure 39: Calibration equation for a green LED chip

249174, 2.42077 and 2.34831 V forward voltage results have been obtained
respectively in 30.5, 49.9 and 69.7°C oven temperatures for a green LED chip. The
slope of calibration equation for the green LED chip has been found to be the largest

one among other chips.
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Figure 40: Calibration equation for a blue LED chip

2.45527, 2.42615 and 2.39628 V forward voltage results have been obtained

respectively in 30.6, 49.9 and 69.7°C oven temperatures for a blue LED chip. The slope
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of calibration equation for the blue LED chip has been found to be the smallest one
among other chips.

After setting the relationship between junction temperature and forward voltage
of LEDs, LEDs were operated at their normal working condition at 100 and 200 mA
driving currents and forward voltage, junction temperature, radiant power and heat

generation behaviors of each LED have been characterized and compared.

2.3.2 Electrical, Thermal and Optical Behaviors of Single RGB LEDs

Test phase of the junction temperature measurements has been conducted as
described in Section 2.1.1. After steady state and thermal equilibrium conditions are
reached, the driving current was dropped to the pulse current and forward voltage data
of a pulse current was recorded for RGB LEDs for the 100 mA and 200 mA application

currents. Measurements were conducted at 22.7°C ambient temperature.
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Figure 41: Comparison of RGB LEDs in terms of forward voltage behaviors

after the pulse current application (1 mA for 1 ms)

Comparison of forward voltage of a pulse current application was made between

two driving currents and RGB LEDs in Figure 41. As it can be seen from the figure,
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from 100 mA to 200 mA, the largest drop was observed in the green LED as 0.03 V
while the smallest shift was seen in the red LED as 0.008 V. When different types of
LEDs are compared, the difference between InGaN (green and blue) and AlGalnP (red)
LEDs is clearly seen. Upon pulse current application, InGaN LEDs had much higher
forward voltage (around 32%) than AlGalnP LEDs, while green and blue LEDs have
shown a very close behavior with around only 1% difference. Variation in forward
voltage behavior of LEDs critically affected the junction temperature behavior of LEDs

as observed in Figure 42.
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Figure 42: Comparison of RGB LEDs in terms of junction temperatures

obtained at two different driving currents (100 and 200 mA)

With the use of calibration equations, junction temperatures of RGB LEDs have
been determined for 100 and 200 mA driving currents. The most change in junction
temperature was noticed in the green LED by 9.6°C after rising the driving current to
200 mA. On the other hand, the red LED showed the minimum change by 4.5°C. In

order to better characterize thermal conditions of LEDs in terms of heat generation and
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the impact of thermal state on optical performance, radiant power was measured at

steady state operations of LEDs.
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Figure 43: Comparison of RGB LEDs in terms of radiant power values

obtained at two different driving currents (100 and 200 mA)

Optical measurements have been conducted in an Integrating Sphere as
described in Section 2.1.1. As one of the most significant parameters, the change in
radiant power of LEDs was measured and different behaviors of RGB LEDs were
compared along with the junction temperature measurements. From 100 mA to 200 mA,
the red LED chip indicated a much higher change with a 99.1% increase in radiant
power while other LEDs showed a close behavior. (75.9% for the green, 81.7% for the
blue LED chip).

Electrical input powers of LEDs were also determined with the measurements of
forward voltage and driving current and heat generation rates were found for each LED
with the subtraction of radiant power from electrical input power as seen in Figure 44.

The largest amount of heat generation (0.519 W) was observed in the green LED
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operating at 200 mA driving current while the lowest heat generation at 200 mA was

measured for the red LED as 0.206 W.

0.60
0.50
S 0.40
c
2
kS
5 030
c
(]
(@]
= 020
T
<
0.10 < E <
: g g
0.00
Red Green Blue
LED types

Figure 44: Comparison of RGB LEDs in terms of heat generation values

obtained at two different driving currents (100 and 200 mA)

As a result of the analysis, at 200 mA driving current, radiant power to electrical
input power ratio was found to be the highest for the red LED (52.9%) while having the
lowest junction temperature at the same time (30.1°C). Thus, special attention was
given to characterization of high-power red LEDs in terms of thermal, optical and
electrical behaviors in Section 2.2.

2.4 A Novel Junction Temperature Measurement Technique for
Multi-LED Systems
2.4.1 Measurement Approach

In a previous study, it was described that as a single LED is running at its normal
driving current, the current is dropped to the pulse current suddenly when it reaches to
the steady state for a very small duration and the forward voltage is recorded at that

pulse current. This voltage reading is then plugged into the calibration equation and the
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junction temperature is determined. However, in the case of a multi-LED system, a
single LED cannot be controlled individually because the only way to run the LEDs is
to power the electrical circuit. Thus, a multi-channel sourcemeter system is required to
perform junction temperature measurements of each LED in a multi-LED system. To
control each LED, additional electrical wires were soldered to the conductive leadframe
of LEDs and then those wires were connected to the second channel of a sourcemeter.
The electrical cable of the PCB circuit was also connected to the first channel to run the
multi-LED system in normal operation. These electrical connections are described in

Figure 45, where the LED-1 is controlled in this case.

Channel 1

Figure 45: Electrical connections of two channels of a source-meter device

for junction temperature measurements of LEDs

When the steady state is reached, all LEDs are switched off for 1 ms and the
LED whose junction temperature is to be measured is pulsed simultaneously with a 1
mA current for 1 ms. Junction temperatures of other LEDs are also determined when the
extension cable from the second channel is connected to the electrical wires of
individual LEDs and the same procedure is applied respectively. As a result, junction
temperature of each LED chip on the PCB can be determined separately. The
simultaneous operation of two channels and measurement procedure can be seen more
clearly in Figure 46. It should be noted that pulse currents are applied ten times and
average forward voltage reading is recorded to increase the accuracy of the

measurements.
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Figure 46: Junction temperature measurement technique for multi-LED systems

2.4.2 Multi-chip LED System Measurements

In order to have more reliable results, V+ measurements were repeated ten times

and a special care was given to the variation in repeated V¢ readings. After the small

pulse currents (1 mA) were applied, the average forward voltage readings were matched

with the PCB temperature of LEDs in steady state and thermal equilibrium conditions.

Table 3 shows the calibration data sets which relate the junction temperature of LEDs

with their forward voltages.

Table 3: Tj versus Vi calibration data set

Forward voltage (V)

Junction
temperature °C) | gpq  LED-2  LED-3
30 25547 25529  2.5538
40 25417  2.5399  2.5408
50 25287  2.5269  2.5278
60 25157 2.5139  2.5148
70 25027 25009  2.5018
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Using these datasets, the calibration equations were derived for each LED

presented in Figure 47, Figure 48 and Figure 49. It can be observed that the calibration

equations are very similar since the same type of LED is used.
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Figure 47: Derivation of a calibration equation for LED-1
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Figure 48: Derivation of a calibration equation for LED-2
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Figure 49: Derivation of a calibration equation for LED-3

These calibration equations were utilized to determine the junction temperature
of each LED. Therefore, it is very important to establish a correct relationship between
the junction temperature of LEDs and the forward voltage drop. Although relationship
between junction temperature and forward voltage is very similar for each LED, LED-2
is slightly more sensitive to junction temperature while LED-1 is slightly less affected
by the junction temperature.

Test phase of the junction temperature measurements and optical tests were
conducted in normal ambient conditions and all tests were made in a steady state
operation, which we defined as a variation of 0.1°C in board temperature over a period
of 15 minutes for the current system. Although normal operation of the system is
realized by applying 12 V, experiments were conducted in five different voltages (10 V,
105V, 11V, 115V and 12 V) to observe thermal and optical behavior of LEDs under
various electrical conditions.

Voltage and current measurements were carried out during the tests performed
just before the pulse current application, and potential difference on each LED was

recorded. For more detailed characterization of the PCB, PCB voltage, PCB driving
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current, LED voltage and electrical power values of each LED at five voltages were

determined respectively as it is seen in Table 4 and Table 5.

Table 4: LED voltages for various PCB voltage and current magnitudes

PCB

PCB

LED voltage (V)

voltage (V) current(MA) | ED-1 LED-2 LED-3

10.0

10.5

11.0

115

12.0

71

105

140

150

148

2.940

3.037

3.127

3.149

3.144

2911

2.997

3.076

3.096

3.090

2.949

3.040

3.120

3.143

3.136

Table 5: Electrical powers of LEDs for various PCB voltage and current magnitudes

PCB PCB Electrical power (W)
voltage (V) current(mA) LED-1 LED-2 LED-3
10.0 71 0.2087 0.2067 0.2094
10.5 105 0.3189 0.3147 0.3192
11.0 140 0.4378 0.4306 0.4368
11.5 150 0.4724 0.4644 0.4715
12.0 148 0.4653 0.4573 0.4641
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Figure 50: Optical measurements of the multi-LED system

Optical measurements were implemented in a 2-meter diameter Integrating
Sphere System, which is calibrated with a standard reference light source whose
specifications are certified under certain limits. The device under test (DUT) was
located at the center of the Integrating Sphere and another calibration was conducted to
introduce the available losses of the LED system to the measurement system. The
experimental setup for optical measurements of the multi-LED system is shown in
Figure 50 during operation. As it is noticed, the PCB was placed on a plexiglass block
whose thermal conductivity is approximately 0.2 W/m-K since it was aimed to prevent
extra cooling of the PCB in a mounting position.
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Figure 51: Radiant flux distribution of the multi-LED system operating at 12 V
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Distribution of radiant flux over the electromagnetic spectrum between 350 and
850 nm is given in Figure 51 for the LED system working at 12 V. Optical results
including radiant flux (Er), luminous flux (Im) and dominant wavelength (nm) were
determined using this graph. Tests were also repeated for other electrical conditions
defined in Table 4 and Table 5.

In this section, thermal, optical and electrical characteristics of LED-1, LED-2
and LED-3 on a PCB were analyzed and compared to characterize the performance of a
multi-chip system under various operating conditions. First, T;j versus V behavior of the
multichip system was derived, then the junction temperatures of each LED were
determined at their normal operating conditions. Optical tests were also conducted in an
integrating sphere system in order to understand the effect of thermal conditions on

optical performance.
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Figure 52: Characterization of electrical conditions during

junction temperature and optical measurements

Figure 52 shows the results of electrical tests which were made during junction

temperature and optical measurements. The Printed Circuit Board (PCB) was operated
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at five different voltages and the corresponding forward voltages and currents of each
LED were measured during operation. Since LEDs are serially connected, they were
driven by the same magnitude of current. Thus, the driving currents of LEDs for each
voltage application is represented by the columns on which voltage values of individual
LEDs are also given as a scatter plot. It is clearly seen that the currents and individual
voltage values are following a similar trend, and both increase significantly when the
board voltage is applied between 10 V and 11 V. The variation in current and voltage
values is less when a potential difference higher than 11 V is applied. Experimental
results also indicate that while the voltage supplied to LED-1 and LED-3 shows a very
close behavior, it is noticeably less for LED-2 by around 1.5% compared to LED-1 and
LED-3.

Figure 53 demonstrates the electrical power of each LED when different
voltages are applied to PCB. As it is expected from the current and voltage behavior in
Figure 52, LED-2 consumes the lowest electrical power at each voltage application. At
12 V, it is 1.75% lower than the one for LED-1, whose electrical power is slightly

higher than LED-3.
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Figure 53: Variation of electrical power of LEDs

with the voltage supplied to the light engine

After determining the electrical conditions at which each LED was operated, the
junction temperature rise over ambient temperature was investigated in Figure 54 and
Figure 55. In each experiment, it is clearly observed that the LED-3 has the highest
junction temperature. This is attributed to the existence of electrical components close
to LED-3 (diode, driver and resistance) which also produce a considerable amount of
heat. Although the LED-2 was operated with the lowest electrical power, it was
observed that the increase in its junction temperature was slightly higher than LED-1.
The difference became even more noticeable as the provided electrical power to PCB is
raised. This can be explained by heat conduction from heat generating electrical
components to other parts of the PCB. As seen in Figure 45, the distance between LED-
2 and electrical components is almost two times lower than the one between LED-1 and
these units. Therefore, the junction temperature of LED-2 is more affected by the
additional heat loads compared to LED-1. In addition, when the PCB was operated by

higher electrical powers, the LED-3 became even hotter than other LEDs. When LED-3
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and LED-1 are compared, a 1.1 W more electrical input power provided to PCB caused
almost 11°C difference in a range of junction to ambient temperatures of two LEDs.
The change in junction temperature over ambient temperature with respect to electrical
power supplied to the PCB is also seen in Figure 55. As it is seen in the graph, while
LED-1 and LED-2 shows almost the same behavior, the junction temperature of LED-3

iIs elevated by 37.2°C when 1.1 W more electrical power is supplied from 10 V to 12 V.
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Junction to ambient temperature rise (°C)

Figure 55:
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Figure 56: Thermal and optical behavior of Multi-LED system

under various electrical conditions
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In order to understand the effects of thermal and electrical conditions on optical

performance, electrical power of PCB and only LEDs, radiant power of LEDs,
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generated heat over the PCB and junction temperatures of LEDs were determined as it
Is seen in Figure 56.

Heat generation due to additional electrical components placed on the PCB was
obtained by subtracting electrical input power of three LEDs from total electrical power
supplied to the PCB. In addition, heat generated from all LEDs was determined by
subtracting total radiant power from electrical input power of LEDs. Thus, the
difference between orange and gray columns in Figure 56 can be regarded as the total
heat generation of LEDs, which are 0.42 W, 0.67 W, 0.95 W, 1.02 W and 1.0 W
respectively for different voltages supplied to the PCB from 10 V to 12 V in 0.5 V
intervals. The heat generation due to extra electrical components was also demonstrated
in the graph to better analyze its negative effect on the optical performance. The results
indicate that the heat loss from these parts is gradually increasing as the electrical input
power of the PCB is raised. Although the heat generation from additional components is
about 42.5% of the total radiant power at 10 V, the generated heat approaches the same
amount as the radiant power measured at 12 V as the voltage increases. This can be
considered an important thermal problem and needs to be addressed with a better circuit
design. In fact, heat generation from these components increases by 3.6 times as the
PCB voltage rises from 10 V to 12 V. Although the radiant power of the LEDs is
increased by approximately 94% in the same voltage range, higher radiant energy
output potential is prevented with more heat generation and elevated junction
temperatures of the LEDs. This is especially the case for LED-3, whose junction

temperature increased significantly compared to LED-1 and LED-2.
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Figure 57: Variation of conversion efficiency of PCB and LEDs

with voltage supplied to PCB

Radiant power of LEDs, electrical input power of the PCB and total electrical
power of LEDs given in Figure 56 was utilized to determine the conversion efficiency
of the PCB and LEDs separately in Figure 57. The reason why PCB and LEDs are
compared is to observe the negative effect of extra heating on the board due to the
electrical components. When electrical components were placed on the PCBs, the
decrease in the conversion efficiency was 12%, 13.6%, 15.2%, 18.4% and 21.9%,
respectively, from 10 V to 12 V. It was found that the conversion efficiency of the PCB
at 12 V is 21.8% while the conversion efficiency of LEDs is 27.9%.

After characterizing the optothermal behavior of the multi-chip LED system in
terms of radiant power and conversion efficiency, further research was conducted to
examine the effect of junction temperature on dominant wavelength, luminous flux and
luminous efficacy. These essential properties of LEDs are important to evaluate the

energy emitted in a spectrum that the human eye can perceive as light. Since luminous
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efficacy is directly related to the cost efficiency of the LED product, it is also important

to know the change of light efficiency with electrical power and junction temperature of

the multi-LED system operating under normal conditions.
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Figure 58: The effect of junction temperature over

dominant wavelength of the multi-chip LED system

In Figure 58, the change of dominant wavelength with respect to junction
temperature over ambient temperature is given as the PCB voltage is increased from
10V to 12 V. As it is expected, dominant wavelength shifts to the right of the spectrum
at higher junction temperatures. In the experiments, it was observed that dominant

wavelength was raised by 0.4 nm from 10 V to 12 V.
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Figure 59: Variation of luminous flux and efficacy

with electrical power supplied to PCB

Figure 59 shows the variation in luminous flux and luminous efficacy with
respect to the electrical input power of the PCB while the application voltage varies
between 10V and 12 V. It has been found that luminous flux of the LED unit has
increased significantly, especially as the voltage is increased from 10 V to 11 V. In
addition, the luminous efficacy shows a decaying trend as the electrical power and
junction temperature of LED board rises. In fact, approximately 1 W increase in the

supplied power to the PCB resulted in 23% drop in luminous efficacy.

2.4.3 Temperature Distribution and Local Hot Spots over the LED Board

While junction temperature of an LED significantly affects the performance of
the lighting systems, local hot spots that appear in different parts of an LED package or
the system components also drag down the performance of the system and lead to
shortened lifetime. Thus, especially in multi-chip systems, it is critical to investigate

thermal distribution over the system components other than measuring only the junction
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temperature of LED chips. This is even more critical in phosphor coated LEDs or the
LED systems which are composed of intensive electronics.

In this study, temperature profile of an LED board on which serially connected
LEDs, and additional heat generating components are located has been examined. These
components consist of a diode, resistor and driver. Temperature profiles in three
different regions of almost equal lengths have been examined. These are the close

regions to the LED-1, LED-2 and LED-3 as seen in Figure 60, Figure 61 and Figure 62.

Profile: Line 1
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Figure 60: Thermal image of LED-1 with an IR thermal camera
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Figure 62: Thermal image of LED-3 with an IR thermal camera

In the LED-1 region where there is no additional component that produces heat,
from the middle section of the board to the LED side, temperature profile is changing
smoothly in the form of an exponential function and temperature plummets in the region
between the LED chip and the board end. In another side of the board, from the middle
section of the board to the LED side, the exponential profile trend is disrupted due to the

additional components that generate heat in a proximity of the LED chip. In even
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another side of the chip, exponential drop of temperature is not as smooth as observed
in the region close to LED-1.

The highest temperature in the board (91.3°C) is measured on LED-3 due to the
heat generating components around it. Temperature gradually decreases from LED-3 to
LED-1 side as expected. Furthermore, surface temperatures of phosphor layers have
been found to be higher than the junction temperatures of all three LEDs as compared in
Figure 63. It was observed that the difference between junction temperature and
phosphor temperature was even getting larger as approaching local hot spots. Since the
raised temperature of a phosphor layer negatively affects the blue-to-white light
conversion, performance of the lighting system in terms of light output, color
characteristics, lifetime and efficiency of the system is considerably affected. Thus,
future studies need to improve the phosphor coating techniques to get the maximum

performance in both thermal and optical aspects.
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Figure 63: Comparison of junction and phosphor temperatures

of three LEDs on the multi-LED system
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In another study, a multi-chip LED system was operated with the application of
24 V at 23°C ambient temperature and thermal behavior of individual LEDs was
determined with junction temperature measurements to characterize thermal condition

of the LED system as seen in Figure 64.

Figure 64: A white multi-chip LED system for junction temperature measurements

It was noticed that the LED 6 has the highest temperature since it is located in a
very close position to electrical components in the lighting unit. As the distance from
the electrical units increases, junction temperatures of LEDs are observed to be
gradually decreasing; however, the junction temperature of LED 2 is measured to be the
second highest (Figure 65). This is also supported by solder point measurements with T-
type thermocouple and attributed to the inappropriate packaging of LED 2 on the circuit

board that contributed to the increase in total thermal resistance of the LED package.
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Figure 65: Junction temperature distribution of LEDs in a white multi chip LED system

73



In conclusion, findings in the temperature profile of the multi-LED system
demonstrates that thermal symmetry is significantly altered especially in multi-LED
systems with phosphor coated LEDs and heat generating elements. Thus, a reliable
junction temperature measurement method without one-dimensional heat path
assumption is useful in understanding the optothermal behavior of such an LED system

as shown in this study.
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CHAPTER III

DEVELOPMENT OF A HIGHLY FUNCTIONAL JUNCTION
TEMPERATURE MEASUREMENT SYSTEM

3.1 Technology Bottleneck

As LED systems are extensively used in a great number of niche applications,
demanding operational conditions induce significant thermal issues and thermal
management of optothermal devices increasingly play a significant role in highly
reliable systems. High heat generation rates and increased junction temperatures in LED
systems not only affect the lifetime of the products but also reduce lumen output, optical
efficiency and light quality. To combat with these problems, novel design approaches
are continuously developed to improve thermal and optical performance of lighting
products. To minimize product development cycles with the highest accuracy and rapid
quality checks, reliable measurement systems are a must for professionals in any field.
As a thermal characterization parameter that directly affects the optical characteristics,
accurate junction temperature measurement is a critical task for thermal engineers,
lighting architects and other professionals who want to get the best in their products.

Considering the measurement techniques for the junction temperature
measurement, the previous studies point out different approaches including Raman
Spectroscopy, Photothermal Reflectance Microscopy, Thermal Imaging and Forward
Voltage Change. However, Forward Voltage Change Method is suggested as the most
applicable technique in terms of yielding the highest accuracy and offering the most

practicality.
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3.2 Problems with Available T; Measurement Systems

Current measurement devices rely on Forward Voltage Change Method with
transient measurement technique which is found to be complicated, costly and time
consuming for junction temperature measurements in various studies in literature and
user experience notes [79]. Structure function utilized in transient technique is used with
the cumulative thermal resistance versus the cumulative thermal capacity plots derived

over a one-dimensional heat flow path in LED systems (see Figure 66).
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Figure 66: Thermal resistance versus thermal capacitance curve

(structure function) derived in transient measurements [l

The first step for thermal resistance measurement is to apply a step excitation
and obtain the time-dependent heating curve of an LED. Then, time-dependent thermal
impedance curve of the structure is obtained by dividing the change in temperature of
the LED with the step excitation power. After applying Laplace transformation on
thermal impedance curve, compact analytical model of the LED is obtained in terms of

thermal resistance versus thermal capacitance terms. The curve is represented by Cauer
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network which is derived with the transformation of Foster network for the
identification of a heat-flow path.

In order to obtain the heating curve of LEDs which have a small structure, the

sampling and data collection speed of the device should be quite high. At the same time,
structure function, which shows the relationship between thermal resistance and thermal
capacity, is defined and high measurement frequency and accuracy are required since
complex calculations such as convolution, inversion and Fourier transforms are
required.
Available junction temperature measurement devices in the market measure junction
temperature of LEDs based on thermal characterization data generated with the derived
1D thermal resistance network [83]. However, the increased cost due to required
technology behind the measurement method makes this product quite expensive for
users who only want to measure the junction temperature of photonic devices. For users
who want to get a reliable and practical junction temperature data, sampling rate and
data collection resolution of the current systems (1 ps) are found to be too high since
they significantly increase the measurement costs [79]. As a result, companies who
want to test their products with junction temperature measurements are not able to
afford the existing measurement systems and improve their products without obtaining
reliable and practical thermal data.

Several doubts have also been raised recently on the accuracy of this method in
determining junction temperature due to the alteration of heat flux symmetry especially
in general lighting and electronically intensive products. Certain components in an LED
package such as phosphor layer and LED lens often impede the spread of heat flow
symmetrically [79], [62]. Considering the majority of photonic devices are equipped

with components having asymmetric thermal conditions both in the package and the
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circuit, junction temperature measurements based on the one-dimensional heat flow
path is seriously questioned.

Furthermore, measurement devices that do not include the radiometric
measurement of photonics products are suspicious in terms of determining their actual
thermal resistance values. Since an actual thermal resistance measurement requires the
subtraction of the radiated power from total electrical input power, the thermal
resistance values which are determined without performing the radiometric
measurements can be defined as reference thermal resistance, instead of real thermal
resistance of the packages [84]. However, an accurate junction temperature
measurement is only possible with the determination of the actual thermal resistance
values. Some measurement devices even claim a junction temperature measurement
accuracy of 0.01°C although the precision of their forward voltage readings is only
limited to 1 mV. In fact, when repeated tests are carried out at the steady state condition,
the difference in junction temperature results have been shown to vary between 0.3-
0.8°C if the sensitivity of the measured forward voltage data at this condition is equal to

1mV.

3.3 Advantages of EVAtherm System

In order to address the issues mentioned in the previous section and offer a
novel, user-friendly, fast and accurate junction temperature measurement system, a
measurement device named EVAtherm has been developed. The measurement method
applied in EVAtherm does not include the transient measurement technique with one
dimensional heat flow assumption. Instead, steady state junction temperature
measurements are carried in a highly automated and efficient manner with increased
flexibility for user control accounting 3D heat transfer as in real life applications. The

measurement method used in the device was described in Chapter Il, Section 2.1.1. In
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addition, the measurement steps are briefly stated in Section 3.4 in this Chapter.
Precisely controlled heating and cooling subsystem of the test chamber reduces the
measurement time, allowing a higher number of tests to be conducted in the unit. To
provide stable thermal conditions for reliable implementation of the measurements,
thermocouple probes are placed in various locations in the chamber, providing £0.2°C
steady state variation in temperature. The test chamber in a compact size of 140 mm X
130 mm x 130 mm operates in between 25°C and 100°C to offer a wide range of
calibration and measurement capabilities. With user control settings, measurements can
be conducted at various operating conditions without sacrifice in the accuracy.
EVAtherm enables the junction temperature measurements of photonic devices to be
conducted at a driving current range of 0.1-5000 mA with 1 pV precision of forward
voltage reading capability. Depending on the user preference, trade-off between
measurement time and accuracy can be made with user settings adjusted in a user-
friendly software.

Measurement data collected during the pulse current application and forward
voltage reading phases of measurements has a resolution of 1 ms instead of a sampling
rate of 1 ps, as it is also suggested in the previous study [79]. The appropriateness of
this timing was also shown in an earlier study conducted at the EVATEG center [85]. In
fact, forward voltage data is read at a precision of 1 pV with a 1.4 mV accuracy (for the
2.5 V voltage application) to ensure that the repeatable measurements can be made at
steady state condition with higher reliability.

Since junction temperature measurements are not made with any information
related to thermal resistance of the heat-flow path, practices that increase the
measurement uncertainty such as determining the thermal conductivity of the thermal

interface material are also avoided. As a result, the junction temperature, which is the
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main thermal parameter of interest for LEDs, is measured and presented to the user

without any costly process.

3.4  Measurement Approach in EVAtherm

3.4.1 Calibration Measurements

The calibration phase is important in terms of characterizing the junction
temperature versus forward voltage behavior of LEDs accurately. This phase of
measurements was studied in detail during the development process of our junction
temperature measurement device. Measurement steps are described below with the
example of default and user settings to explain the measurement procedure clearly:

e In accordance with the default settings; the oven temperature is brought to 40, 60
and 80°C respectively.

e First, heating is initiated so that the target temperature is 40°C.

e  When 40°C is reached, the maximum and minimum values of the oven temperature
measurements in the last two minutes are taken and checked to see if they are equal
to or less than 0.2°C (AT <0.2°C).

e When AT < 0.2°C becomes, the ‘Steady state’ indicator is activated, and calibration
measurements are started.

e The pulse application (1 mA for 1 ms) is repeated ten times with a 3 second-pause
between each application.

For example:

s Apply 1 mA for 1 ms - measure forward voltage (V) - wait 3 s (1)

% Apply 1 mA for 1 ms - measure forward voltage (Vs) - wait 3 s (2)

s Apply 1 mA for 1 ms - measure forward voltage (V) (10)
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The average of 10 forward voltage measurements and the oven temperatures during
these measurements are determined and matched in the calibration data list if the
following requirement is satisfied.

The maximum and minimum values of all forward voltage measurements are found
and the range in the data is determined. If the data range is less than or equal to 0.5
mV (AV: < 0.5 mV), the average forward voltage value and the average temperature
value are recorded in the calibration data list. If not, the same steps are repeated
until Vs < 0.5 mV is satisfied. This criterion indicates that the pulse application is
done in the steady state condition. When the criterion is satisfied, the averaged oven
temperature and forward voltage value are matched and added to the calibration list.
The same steps are performed for 60°C and 80°C oven temperatures. A calibration
graph is obtained such that the forward voltage (Vr) value is on the y-axis while the
oven or junction temperature is on the x-axis. First order linear equation and R?
value of this graph are also determined and shown in the software.

R? value is checked if it is equal to or greater than 0.985. If this condition is not met,
the data point that decreases the R? value is detected and the calibration
measurement is repeated at that point. When this condition is met, the test

measurement stage is started.

3.4.2 Actual Measurements

After the calibration equation of an LED (relationship between V¢ and Tj) is

established, the test stage is initiated. At this stage, the following measurement steps are

followed:

Before starting the test phase, the temperature inside the oven is brought to the

ambient temperature and the chamber temperature is maintained.
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e When a driving current of 150 mA is entered by the user for the test phase of the
junction temperature measurements, the following steps are performed:
< Apply 150 mA for 1 min, drop the current to 1 mA at the instant, apply for 1
ms and measure forward voltage (Vs).
< Apply 150 mA for 1 min, drop the current to 1 mA at the instant, apply for 1
ms and measure forward voltage (Vs).
s Apply 150 mA for 1 min, drop the current to 1 mA at the instant, apply for 1
ms and measure forward voltage (Vs).

e The range of Vs measurements (minimum and maximum) is determined and the last
3 (or more) Vs values are averaged if the last Vs measurements are in the range of
0.5 mV. This ensures that the LED reached steady state condition.

e The averaged forward voltage value is plugged into the calibration equation derived
in the previous step and the junction temperature value at the 150-mA driving

current is found.

3.5 Conceptual Design of EVAtherm

3.5.1 Design Objectives of a Test Chamber for T; Measurements

A robust and reliable test chamber (oven) with precise temperature control is
required in order to accurately generate calibration data (junction temperature versus
forward voltage) for an LED chip. Steady state condition and thermal equilibrium must
be achieved for each measurement point. Steady state condition is considered as a
temperature change of no more than 0.2°C for minimum of 10 minutes in every
temperature readings of the system at this state. The objective was to design a heating
and cooling chamber with a high temperature change speed and uniformly distributed

temperatures. Operating conditions of the design objective are given in Table 6.
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Table 6: Operating conditions for measurement device

Temperature range (°C) +25°C - 100
Temperature gradient (°C) 0.5
Steady state condition (°C) 0.2

Min heating and cooling rate (°C/min) 1.5
Cooling liquid Water

3.5.2 Initial Version of EVAtherm

In the first conceptual design of the device, the test chamber was designed to set
certain temperatures in the chamber with an only heating mechanism. Temperature
inside the oven chamber was monitored with temperature sensors placed at different
regions. PT100 temperature sensors were utilized to take measurements at ten
measurement points including internal volume of the chamber and chamber walls (4
sensors for ambient temperature and 6 sensors for wall temperature measurements).
Thus, it was aimed to achieve temperature uniformity with temperature data taken from
10 different points in the test chamber.

150 W plate heaters were used to heat the test cabinet and they were placed on
the grooves cut at the external side of each wall surface (in total six heaters). Plate
heaters were located in the grooves firmly with external wall covers made of sheet
metal plates. Heat insulation was also provided to reduce heat losses from the test
chamber. The current or voltage to be applied to an LED was provided by a sourcemeter
system, which was integrated into a separate section below the test cabinet. The
electrical connection between the sourcemeter system and an LED chip was realized by
means of the connection apparatus placed in the test cabinet.

For the calibration phase of the measurements, an LED chip is placed at the

bottom surface of the oven wall and a uniform temperature distribution is provided
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around the LED at each calibration step defined by a user in the beginning of the
measurements. Heating process is initiated from the internal oven walls with the use of
Programmable Logical Controller (PLC) modules that enable the communication
between the temperature sensors and the heaters during the process. With temperature
data received from temperature sensors, PLC module controls the heaters to set the
objective temperature inside the chamber.

The first conceptual design of the oven system was designed to provide enough
space for large lighting sources in the internal dimensions of 200 mm x 200 mm x 210
mm. In addition, the material of the oven chamber was selected to be aluminum-6065
material and system electronics were included in a separate compartment behind the test

cabinet. Details of the first conceptual design are given in Figure 67.
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Figure 67: Initial conceptual design and prototype of EVAtherm
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3.5.3 Second Version of EVAtherm with Integration of Cooling System

Initial conceptual design and the manufactured prototype of the system was
successful in terms of providing constant oven temperatures at the set temperatures.
However, measurement time was elongated in transition from the calibration phase to
test phase of the measurements due to the lack of an effective cooling system. For this
reason, the oven design was improved by including both heating and cooling
subsystems in a compact form.

In order to assess the heating and cooling rate of a designed test chamber and the
related heat transfer coefficients, an ANSY'S Icepak model was created by representing

the actual design (see Figure 68).

Figure 68: Improved oven design with the inclusion of a cooling subsystem

Aluminum walls, insulation, copper cooling tubes, water and air inside the test
chamber were all modeled in ANSYS. In the design, copper tubes were placed in the

grooves over three external surfaces to provide necessary cooling from coolant water in
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the tubes to the hot aluminum walls. While half of the surface areas of the pipes touched
on the wall, the other half was covered by the insulation as seen in Figure 69.

Since the intended goal of the simulation was heat transfer analysis instead of
analysis of pressure drops in copper tubes, the curved corners of the copper tubes were
represented as straight tubes to simplify the model and increase the overall mesh
quality.

Top side

Left side

(Outlet side) Right side

(Inlet side)

Figure 69: ANSYS Icepak model for the oven system

Transient analysis was made for 5 min with inlet temperature of water at 5°C and
inlet velocity of water at 0.3 m/s. The corresponding mass flow rate was determined as
0.0108 kg/s. The flow regime is laminar since the Reynolds number was calculated as
1184. In the model, 15-mm thick oven walls have a material of aluminum 6061 with
154 W/m-K thermal conductivity. Oven walls are insulated with an insulation material
that has a thermal conductivity of 0.21 W/m-K and a thickness of 5 cm.

Before running the simulation, the model was meshed as seen in Figure 71. The
cooling tubes were meshed finer to increase the accuracy of the results. The number of

elements was optimized to get the highest efficiency with a mesh independency analysis
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of temperature of air after going through a cooling process in the test chamber (see

Figure 70). The overall model consisted of 205,080 hex-dominant mesh elements.
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Figure 70: Mesh independency analysis

Figure 71: Mesh distribution over the top and side walls of the model

After conducting transient simulations, temperature distribution over the
chamber and cooling tubes as well as local heat transfer coefficients along the cooling
tubes were obtained. Temperature distribution over the inlet, top side and outlet side of

the test chamber after 5 minutes can be seen in Figure 72.
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Inlet side Top side Outlet side

Figure 72: Temperature distribution over the inlet, top and outlet side of

the chamber after 5 minutes

The local heat transfer coefficient distributions along the tubes of inlet and outlet
walls were also obtained to assess the heat transfer at different regions of the oven walls
as seen in Figure 73. While the maximum heat transfer coefficient at the inlet wall was
3300 W/K-m?, it was 450 W/K-m? at the outlet wall. Temperature distribution of air in
the middle of the chamber was monitored in the simulation and the change in the
temperature was found to be by 33.4°C in 5 minutes from 80°C to 46.6°C. Thus, the
cooling rate was determined to be 6.7°C/min. However, the variation of the cooling rate
is significant in different regions of the test chamber in 5 minutes simulation conducted
with 0.3 m/s inlet velocity. As it is observed, heat transfer coefficients are considerably
lower at the outlet side since water at the outlet side gets hotter significantly compared
to the inlet side. This can be explained by the low mass flow rate of water and the long
heat transfer path over the aluminum walls. Thus, it was understood in this simulation
that mass flow rate and the length of the cooling channels need to be adjusted in a
proper way that temperature uniformity of air is more easily adjusted in the chamber

with a fast cooling rate.
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Figure 73: Local heat transfer coefficient distribution over the cooling channels

3.6  Manufacturing of the Second Version of EVAtherm

After conducting transient cooling simulations of the conceptual design of the
second version, it was manufactured with the same dimensions of the initial
manufactured system that only consists of a heating subsystem. However, certain
modifications were made to the oven walls to include the heating and cooling elements
together. As it was described previously, copper tubes, 18 mm in diameter, were half-
embedded over the external surfaces of three walls of the oven. On the other hand, the
grooves in which heaters are inserted at these three walls were cut over the inner
surfaces. Thus, heaters at the cooling walls were placed to the inner sides while cooling
tubes were located at the external sides of the walls. After point welding of the copper
tubes, leakage tests were made, and the cooling tubes were inserted over three external
walls of the oven system. Then, the system was insulated to minimize the heat losses.

Establishment of the second version of the oven system can be seen in Figure 74.
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Figure 74: Manufacturing process of the oven system

After manufacturing of the second design, some heating and cooling
experiments were conducted. In heating tests, steady state condition was reached
approximately in 40 minutes from 25°C to 82°C. In Figure 75, change of ambient
temperature is seen with respect to time. Temperatures of all 6 walls during the heating

process were also monitored as given in Figure 76.
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Figure 75: Change in temperature of air in the chamber during the heating process

(measured at the middle of the oven chamber)
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Figure 76: Heating curve of the oven walls

Heating rate of air in the chamber was also monitored with respect to time and
the maximum heating rate was achieved as 2 K/min. However, it decreased as the time

passes and set temperature is approached.
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Figure 77: Change in the heating rate of the system with time

Cooling experiments were also done with 72 W thermoelectric (Peltier) modules
attached to a 1 L water tank in Figure 78. As it is seen in the figure, water tank, Peltier
module, circulation pump and system electronics were all placed at the back side of the
oven system to supply cooling water to the oven system. In cooling experiments, it was
aimed to analyze the cooling performance of the system with known cooling
parameters. The water tank was very well insulated except for the interface region
where the Peltier + Heat sink + Fan system touches on the bottom surface of the water
tank. Heat sink and fan integration to the Peltier component was needed to dissipate the
generated heat at the hot side of the Peltier module and keep the temperature of the cold

side low enough.

93



Figure 78: A cooling module with a thermoelectric module

and heat sink and fan integration

Temperature of water in the water tank was lowered to 15°C with the use of a
Peltier module as seen in Figure 78. Temperature of water provided to the oven system
was monitored with a thermocouple attached at the exit of the pump while the pump
was located inside at the bottom of the water tank. Water at 15°C was supplied to the
oven at 80°C and the cooling of the air in the test chamber was monitored. As seen in
Figure 79, after circulating the oven pipes and filling up the water tank again, water
could not maintain its initial temperature due to the cooling power provided by the
Peltier modules was not enough to keep it at 15°C. In fact, temperature of water was
immediately raised to the level around 35°C and kept rising to nearly 40°C. Later, the
Peltier power achieved to cool the provided water down to ambient temperature levels;
however, it took more than one hour. Although it was understood that the Peltier
module was not successful in terms of providing water at a constant desired
temperature, the experimental study was useful in terms of keeping track of the cooling

rate of the manufactured system with known inlet temperatures of water.
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Figure 79: Change in inlet temperature of cooling liquid (water) with time

The cooling test was conducted from the air temperature of 82°C to 34°C in
approximately 70 minutes as seen in Figure 80. The cooling rate was also monitored at
0.5-min intervals in Figure 81. Due to the instability in the temperature of the provided
water and decreasing difference between ambient and water temperatures, the cooling
rate became lower as time passes. However, the maximum cooling rate was determined
to be almost 2.5 K/min when 15°C water was provided to the system. 1 K/min, the
project’s minimum acceptable cooling rate, was obtained with inlet temperature of
water around 37°C when the air temperature was 60°C. As a result, 65 °C difference
between air and water temperatures provided 2.5 K/min cooling rate, while temperature

difference of 23°C resulted in 1 K/min cooling rate.
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Figure 80: Change in temperature of air in the chamber with time during

the cooling process (measured at the middle of the oven chamber)
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Figure 81: Change in the cooling rate of the system with time

3.6.1 Design and Analysis of Cooling System Units
With the initial ANSYS Icepak analysis, heat transfer performance of an oven
system was examined with certain design parameters and it was understood that a

cooling rate as much as 6.7°C/min could be obtained with the provision of 5°C water
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temperature. Then, the conceptual design was manufactured as a second version
including the heating and cooling subsystems. Cooling experiments were conducted
with different inlet water temperatures (minimum 15°C) and the highest cooling rate of
air in the chamber was nearly 2.5 K/min.

During the experiments, thermoelectric modules were found to be insufficient to
maintain water temperature well below ambient conditions. Use of a chiller system as a
cooling unit was evaluated; however, it was not utilized since a more compact and
closed cycle system was aimed as a measurement system. Therefore, air cooled heat
exchanger was preferred as a cooler unit that can be integrated into a closed cycle.
However, in this cooling system, the coldest water temperature was limited to the initial
water temperature at room conditions. In fact, the air-cooled heat exchanger removes
the excess heat, reducing the temperature of the heated water to the initial temperature
value.

After determining the cooler of the system, other required components of the
system such as water pump, valves, pipes etc. were also identified. Design of the system

with necessary connections are described in Figure 82.
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Figure 82: System connections of the measurement unit

The main components of the overall system include an oven system (test
chamber), an air-cooled heat exchanger, a water tank and a pump. It is a closed system
with necessary cooling, piping and sensor elements to maintain the ambient temperature
of the test chamber at desired levels. If it is required to cool the test chamber down to a
set temperature, coolant (water) stored in the water tank is pumped to the oven system
with a pumping system; then, the heated water in the oven system enters the heat
exchanger system. Cooled water is obtained at the outlet of the heat exchanger and
transferred to the water tank. If heating is required to set the temperature of the test
chamber to a certain level, heaters embedded at the walls of the chamber start running
to set the desired temperature.

To determine the cooling capacity and the required heat transfer area of the air-
cooled heat exchanger system, analytical study was conducted with an Engineering
Equation Solver (EES) program. System dimensions, operating conditions and cooling

targets are defined in the EES program as shown in Appendix B.
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For the analytical calculation of the required cooling performance, a cooling rate
objective has been set as 5 K/min. Accordingly, total dissipated thermal energy was
calculated considering the temperature of air in the test chamber is reduced from 80°C
to 25°C. As a division of total dissipated thermal energy with the cooling rate objective,
cooling time was found. Then, the total dissipated thermal energy was divided to the
cooling time and the required cooling performance was determined.

In order to find the required heat exchanger surface area, logarithmic mean
temperature difference was calculated with certain assumptions on total heat transfer
coefficient, temperature of water at inlet and outlet of the heat exchanger and
temperature of air at inlet and outlet of the fan. Reasonable assumptions were made
based on experimental observations given in Section 3.6 to have an initial idea before
manufacturing the heat exchanger system and other components.

As a result of the analysis, a cooling requirement of 1.1 kW and 5.741 m? heat
transfer surface area has been identified for the design of heat exchanger as it is seen in
Appendix B. A 2.3 kW air cooled heat exchanger with 5.9 m? heat transfer surface area
and a circulation pump capable of providing 13.2 L/min flow rate were selected to
ensure that the sufficient cooling is provided considering the uncertainties and

deviations in results due to the assumptions utilized in the analysis.

3.7 Design, Analysis and Manufacturing of the Third Version
After prototype manufacturing and performance tests of the conceptual and
initial designs, a significant understanding has been gained with heating and cooling
tests of the test chamber. Considering the objective of the project as a single chip
junction temperature measurement, further study continued with improving the latest

design based on minimizing the size of system components and measurement time of

99



the system. With the previous analyses and lessons learned, some modifications have
been made in the system design and the performance of the system was increased.

In the previous designs of the test chamber, dimensions of the system were
larger than needed and this was increasing the heating and cooling performance
requirements as well as the size of heating and cooling components. In addition, cooling
pipes were adding extra thermal resistance to the heat removal path especially if the
pipe to wall contact is not smooth enough. On the other hand, providing smooth and
leakage-free contact was bringing difficulties and increasing manufacturing costs.
While liquid seal was successful in attaching the pipes each other, it led to leakage at
some points over heating and cooling cycles. Although point welding of the pipes
prevented leakage at all points, it added additional thickness at the connection points
leading to contact resistances or manufacturing difficulties in cutting grooves over the
wall surfaces. Moreover, embedding only the half surface area of pipes in the oven
walls was not maximizing heat transfer and plate resistances embedded in the oven
walls were taking a large place but providing limited heating power. These were one of
the major problems behind designing a compact test chamber including heating and
cooling subsystems.

To tackle all these issues, the test chamber has been re-designed with major
improvements. First of all, plate resistances were replaced with cartridge resistances at 6
mm in diameter and 100 mm in length. All heaters were located in the bottom wall of
the oven to benefit from the effect of natural convection currents from bottom to upper
positions and provide faster and more uniform temperature distribution in the chamber.
The number of heaters required to heat the test chamber at the desired heating rates was
decided based on the experiments conducted on a test chamber with minimized internal

volume of 14 cm x 13 cm x 13 cm. Internal volume of the test chamber was reduced in
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dimensions to the smallest possible volume that could be suitable for junction
temperature measurements of a single LED chip. In addition, copper tubes were
removed from the design and cooling channels at 6 mm in diameter were created with
drilled holes extending from one end to another end of the cooling walls. Cooling
channels were connected each other from the external surface of the walls with leakage
free and thermally durable connectors. This approach greatly simplified the design of
the cooling channels by reducing the manufacturing costs. At the same time, liquid
coolant (water) was able to remove the excessive heat from the hot walls directly
without any additional thermal resistance. The previous approach that requires the
placement of copper tubes over the wall grooves was limiting the overall heat transfer
surface area between water, copper tubes and aluminum wall due to the large bending
radius of tubes even at the smallest diameter of the tube. New design approach gave
much more flexibility to adjust the distance between cooling channels and increase the
total heat transfer surface area at the water-wall interface. Drilled cooling channels and

connection elements can be seen in Figure 83.

Figure 83: Drilled cooling channels and connection elements
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Steady state condition in the test chamber is set with the use of a PLC module
that runs the heaters based on temperature data received by temperature sensors located
on various places in the oven. While three K-type temperature sensors were placed in
the bottom wall, another three were located on the ceiling wall of the chamber. In
addition, two T type thermocouples were utilized to measure temperature in the test
chamber. Thus, thermal condition of the oven system was monitored to provide
uniformly distributed temperature profile at steady state condition during the junction
temperature tests. For the proper placement of LEDs in the oven, an LED mounting
table was formed with multiple electrical connectors and the extension cables were
properly removed from the back wall of the oven system. The oven system is also
insulated with a 20 mm thick insulating material (stone wool) that is durable in a
temperature range between -50°C and 600°C. The new system concept is shown in

Figure 84.

Figure 84: The improved design concept of a compact oven system

An Engineering Equation Solver (EES) program (see Appendix C) was created
for the new design approach and the impact of diameter of coolant channels, total
channel length and volumetric flow rate on pressure drop and required pumping power

was investigated. An initial analytical calculation with EES was done considering the
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real operating conditions with some reasonable assumptions. One of those assumptions

include a temperature difference of 5°C between inlet and outlet water (coolant)

temperatures and it is decided based on computational simulations conducted for the

last version of the design.

In order to investigate the impact of temperature difference on pressure drop and

pumping power, a parametric table has been created and interpreted with a graph as

seen in Figure 85. The analysis shows that when the assumption of temperature

difference is shifted from 5°C to 50°C, the change in pressure drop becomes 0.0135 Bar

while the variation in pumping power becomes 0.095 W. This shows that the

assumption of temperature difference of inlet and outlet water does

affect pressure drop and pumping power calculations.
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Figure 85: The impact of temperature difference (between outlet and inlet water)

on pressure drop and pumping power

The initial calculation was made with a coolant channel diameter of 6 mm, total

coolant path length of 1.32 m and volumetric flow rate of 4.2 L/min. The volumetric

flow rate utilized in analytical calculations was selected based on experimental

measurements during the initial tests of the test chamber in manufacturing phase. In
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addition, surface roughness of the drilled coolant channels was assumed to be 3 x 107,
which is the typical surface roughness value of an aluminum drawn/pressed tube.
Furthermore, mean velocity of water was calculated and utilized in pressure drop
calculations in every region of the oven system. However, the velocity profile may
significantly change along the coolant path. Thus, although reasonable assumptions
were made, they may cause to significant variations between analytical and
experimental results. However, the analysis was useful to understand how various
variables of the cooling system affect pressure drop and pumping power requirements.

According to the initial calculation of the designed test chamber, pressure drop
of 0.54 Bar and pumping requirement of 3.8 W were determined for the maintenance of
water flow along the coolant channels. Analysis demonstrated that diameter of coolant
channels, total coolant channel length and volumetric flow rate critically affect the
results. Thus, pressure drop and power requirements were also examined for other cases
of these variables in Figure 86, Figure 87 and Figure 88. (Detailed results of the
analytical calculations are given in Tables in the Appendix C.)

First, the effect of diameter of coolant channels on pressure drop and pumping
power was significant especially if channel diameters are designed smaller than 6 mm.
In the analysis, total cooling channel length and volumetric flow rate of coolant water
were kept constant as 1.32 m and 4.2 L/min respectively. As seen in Figure 86, pressure
drops at higher diameters show much lower and closer results compared to the results of
diameters below 6 mm. In transition from 6.1 mm to 5 mm, pressure drop increases by
more than two times and 5.1 W more pumping power is needed in comparison with the

3.5 W pumping power requirement at 6 mm.
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In Figure 87, the relationship between channel length and pressure drop as well

as pumping power shows a linear trend. 0.18 Bar pressure drop is observed at each 1 m

channel length, while 1.2 W more pumping power is needed over the same length

interval.
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Figure 87: The impact of total channel length on pressure drop and pumping power

Another significant finding is obtained when the impact of volumetric flow rate
of the coolant on pressure drop and pumping power requirement is examined at a
cooling channel diameter of 6 mm and total cooling channel length of 1.32 m. As seen
in Figure 88, pressure drop and the needed pumping power are increasing exponentially
in a range of 0.5 to 9.5 liter per minute (L/min) volumetric flow rates. Thus, it is critical
to assess the heat transfer performance and pumping power requirement together in

order to avoid too large pumping costs.
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Figure 88: The impact of volumetric flow rate on pressure drop and pumping power

Transient thermal analysis was made to determine design parameters that result
in a desired heating and cooling rate of the test chamber. Thus, the oven model was
created in ANSYS Icepak [77] (see Figure 89) including heating and cooling
subsystems and the changes of air temperature in the oven and water in the drilled holes
were observed. It was aimed to achieve over 1.5°C/min heating and cooling rate of the
air. After the analysis, it was decided that cooling channel diameter of 6 mm, three 200
W capacity heaters, the provision of 17°C inlet water, 14x13x13 cm?® internal volume
chamber and 15 mm thickness insulation layer satisfy the heating and cooling rates over

1.5°C/min.
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Figure 89: ANSYS Icepak model of the oven system (a), Temperature distribution of
air inside the oven system during transient simulations (b), Temperature distribution of

cooling liquid inside the drilled holes in the oven walls (c)

Considering the analytical and numerical analysis as well as manufacturing ease,
system specifications, assembly components and connections have been determined to
yield the desired heating and cooling rates. A closed system cycle similar to the
previous design version has been created with the main components of an oven system,
heat exchanger, water tank, and circulation pump. As seen in Figure 90, temperature
sensors are located at the inlet and outlet section of the oven while the pressure sensors
are placed at the inlet and outlet section of the circulation pump. Different components
of the system are connected with thermoset hoses.

After manufacturing the system, temperature and pressure measurements have
been made to evaluate the performance of the system. The oven system was
manufactured to be durable at the maximum temperature of 100°C and steady state tests
have shown +0.2°C temperature sensitivity at different regions of the oven system at
steady state condition. In addition, pressure measurements have been performed from
inlet and outlet section of the oven wall to measure the pressure drop in the system and

2 Bar (3 Bar inlet pressure to 1 Bar outlet pressure) was measured in the system.
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Figure 90: System connections and the cooling subsystem of the measurement device

Temperature at the middle of the internal air volume of the system was
monitored with respect to time for both heating and cooling processes in a range of 24.4
to 100°C. While 4.5°C/min heating rate is achieved in this range, a larger rate of cooling
(7.2°C/min) was obtained in the same range.

Cooling behavior of the system was also predicted with the CFD study and the
results were compared with the experimental values. In the manufactured design, the
coolant channels were connected outside of the oven walls with proper connectors while
those connectors, in the CFD model, were represented at the same plane with the
coolant channels in order to simplify the numerical analysis. On the other hand, other
geometrical details including the total length of channels, diameter of channels and the
volume of the oven etc. were modeled with the same dimensions to have a
representative heat transfer analysis. Due to the difference in the cooling path model,
velocity profiles in the experiment and CFD model was expected to be different

especially at the connector sides. Accordingly, a number of inlet water velocity values
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were set in numerical simulations and the case that gives approximate results with
experimental data was investigated. The simulation case with inlet water velocity of 0.7
m/s was successful in terms of predicting the changes in air temperature with respect to
time as seen in Figure 91. While the results showed a closer behavior in a range from

70°C to 40°C, variations were more significant towards ambient temperature level.
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Figure 91: Comparison of computational and experimental results during transient test

After conducting computational and experimental studies, it was understood that
a volumetric flow rate of 4 L/min provides fast cooling rate of air in the system and a
circulation pump that maintains the flow against a pressure drop of 2 Bar at the
specified flow rate can be selected. Then, according to the operating pressure-flow rate,
the nominal flow rate of the circulation pump was determined. A circulation pump
capable of providing a flow rate of 10 L/min was selected.

Cooling is done with the help of a fan driven plate type heat exchanger, of which
the plate distance and dimensions are determined from the required cooling capacity of
the chamber to operate with a rate of 5°C/min. As a result, the cooling capacity and heat

transfer area of the heat exchanger were chosen to be 1.5 KW and 6 m? respectively.
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With the specifications given above, the oven system and the associated cooling
elements of the system have been manufactured and assembled as seen in Figure 92. In
the figure, inlet and outlet connections of the oven system, temperature sensor
placements over the ceiling wall, a 20 L water tank-heat exchanger connection as well

as cartridge heaters used to heat the oven system can be seen clearly.

Figure 92: Oven system, water tank, heat exchanger, temperature sensors

and heaters of the third version of EVAtherm

After manufacturing, assemblying and testing of the measurement system,
sourcemeter integration have also been made and a measurement software was created
based on the measurement methodology defined in Section 3.4. Depending on the user
settings, the measurement system has been operated and junction temperatures of
various LEDs have been measured and validated at different driving currents. The

complete system can be seen in Figure 93.
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Figure 93: Components and assembled version of the junction

temperature measurement system (EVAtherm)

3.8 Junction Temperature Measurements in EVAtherm
Junction temperature measurements of single high-power LEDs were conducted
in the second and final version of EVAtherm with repeatability and comparison tests to

increase the reliability of the results.
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3.8.1 Repeatability Tests in the Second Version of EVAtherm

Junction temperature measurements of a single blue LED were conducted two
times at different ambient conditions from 30°C to 80°C with 10°C increments and
driving currents (300, 400 and 500 mA) to observe the repeatability of tests. The LED
system was operated at a steady state condition, which is defined as the change in board
temperature by 0.1°C for a 15 minutes time period in this study. Results are tabulated
in the Table 7 and plotted in Figure 94 with various ambient temperature and
application current conditions. As a result, the results have shown a good agreement

with a maximum variation of 1.6°C between two measurements.
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Figure 94: Evaluation of repeatability of results with a single blue LED driven with

300, 400 and 500 mA operating currents at different ambient temperatures
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Table 7: Repeatability tests of a single blue LED in the second version of EVAtherm

Driving current (mA) Tamb (°C) Test1 Test 2

Ti (°C) T (°C)
300 303 410 418
400 30.3 46.1 46.9
500 30.3 51.6 52.3
300 39.2 E07 16
400 39.6 562 56.7
500 40.0 62.0 62.3
300 50.7 61.8 611
400 50.5 66.7 65.4
500 50.5 72.1 705
300 59.2 711 70.6
400 59.5 76.4 75.8
500 5.7 82.3 815
300 70.8 814 80.7
400 69.2 86.0 85.9
500 69.4 917 017
300 79.2 91.1 90.9

3.8.2 Measurements in the Final Version of EVAtherm
3.8.2.1 Repeatability Tests

In the final measurement system, the tests of high-power blue and white LEDs
were carried out for two different tests at the same ambient conditions (25.5°C ambient
temperature and 130x130x20 mm aluminum block), and the differences between the
results were examined. As shown in Table 8 and Figure 95, the maximum difference

was determined to be 0.7°C as a result of the tests performed at 3 different currents.
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Table 8: Repeatability tests of the high-power blue LED

in the final measurement system

Blue LED — Junction temperatures (°C)

Current (mA)
Test 1 Test 2
200 35.1 35.8
350 41.1 41.1
500 a47.7 48.2
50
:(_')\ 48 /!
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32
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Figure 95: Repeatability tests of the high-power blue LED

in the final measurement system

Repeatability tests were also performed for high power white LEDs in the same
ambient conditions (on an aluminum block of 130x130x20 mm at 25.5°C ambient

temperature). The maximum difference in the results was 0.6°C (Table 9 and Figure

96).
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Table 9: Repeatability tests of the high-power white LED

in the final measurement system

White LED — Junction temperatures (°C)

Current (mA)
Test 1 Test 2
200 27.4 28.0
350 335 34.0
500 40.5 40.6
43
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Figure 96: Repeatability tests of the high-power white LED

in the final measurement system

3.8.2.2 Comparison Tests

In order to evaluate the accuracy of the measurements performed with the
integrated final measurement system, the final measurement data were compared with
the previous experimental data for the blue and white LEDs. Measurement results for
the blue LED are shown in Table 10 and Figure 97 while the results for the white LED

are given in Table 11 and Figure 98.
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The maximum difference between initial experimental data and measurement
device data for the blue LED was 3.1°C while it was 2.6°C for the white LED. The
difference in measurement results (maximum 7.4%, minimum 2.8%) is related to the
variations in experimental conditions and in-device conditions as expected (such as

differences in test environment temperatures and LED positioning).

Table 10: Comparison of the results between the previous experiments

and final measurement device for the high-power blue LED

Blue LED — Junction temperatures (°C)

Current Previous Final EVAtherm o
) Variation (%)
(mA) experimental data measurement
200 36.1 35.1 2.8
350 43.0 41.1 4.4
500 50.8 47.7 6.1
54
__ 52 T
© 50
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S 44 I
g 42 L
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-E 38 T Previous experimental data
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32
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Driving current (mA)

Figure 97: Graphical comparison of the final EVAtherm data of the high-power

blue LED with the previous experimental data
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Table 11: Comparison of the results between the previous experiments

and final measurement device for the high-power white LED

White LED — Junction temperatures (°C)

Current Previous Final EVAtherm o
) Variation (%)
(mA) experimental data measurement
200 29.6 27.4 7.4
350 35.9 335 6.7
500 43.1 40.5 6.0
47
) jg Previous experimental data T
i‘)’ a1 Final version of EVATHERM F
2 39 I
o 37 T
£ 35 t
2 33 ¢
s 3 ;
‘g 29 i
2 27 ?
25
50 200 350 500 650

Driving current (mA)

Figure 98: Graphical comparison of the final EVAtherm data of the high-power

white LED with the previous experimental data
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CHAPTER IV

SUMMARY AND CONCLUSIONS

While LEDs offer unique advantages, their rapid penetration into our lives posed
new challenges especially in thermal management. LED junction temperature affecting
both lumen output and lifetime is a critical parameter that needs to be identified
carefully along with the analysis of its impact on optical performance of lighting
systems.

The thesis aims to fill an important gap in the literature by investigating:

e Accurate measurement techniques of junction temperature in single RGB and
white multi-LED systems and comparison of various measurement methods.

e Optothermal interactions in high power single red LEDs with a clear
understanding of the impact of an LED dome and generated heat on the
performance of an LED package.

e Variation in forward voltage drop and optothermal characteristics of high power
RGB LEDs due to various materials used in the light-emitting layer.

e A new junction temperature measurement technique for multi-LED systems and
investigate the impact of electronics and local hot spots on optical performance.

e Effective design and manufacturing techniques for the development of a
junction temperature device that is competitive enough to provide fast and
reliable measurements compared to other products in the market.

Analysis technique and the conclusions drawn are described below with greater details:

In the thesis, the impact of operating current/junction temperature/heat

generation on forward voltage, electrical power, radiant power and conversion
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efficiency was investigated for a high-power red light-emitting diode. As a part of the
study, the effect of an LED dome, a significant component in the package, was also
studied to further characterize a red LED package and understand thermal, optical and
electrical interactions in the package. The comparison of the LED with and without
dome cases gives future studies or applications a good reference and insightful analysis
of the dome’s thermal and optical role to further improve the high-power red LED
packages. In fact, well-understanding of the behavior of these systems is needed for
designing future applications. As more 10T sensors and related electrical components
are included in lighting systems, thermal challenges become more significant to address
due to additional heat loads in the circuits. Therefore, as the development of
monochromatic lighting sources and the lighting control systems accelerate, thorough
understanding of monochromatic high-power LED systems helps scientists, engineers
and developers design more effective lighting systems considering optical performance
at various thermal conditions. In addition, the comparison of high-power red LEDs with
high power blue LEDs also paves the way for the future research and development
studies to consider red LEDs as an alternative in a number of applications where they
can replace the blue LEDs.

The study also proves that thermal imaging method gives approximate results for
the junction temperature when the LED dome is removed. Thus, it can be used to verify
the results obtained from forward voltage method. However, in the case of the LED
with dome, temperature of the chip surface cannot be directly measured by the IR
thermal camera and the junction measurement results may not be reliable. In fact, the IR
camera measures the dome temperature when the dome is kept, and it is quite different

from the junction temperature.
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In addition, the effect of the LED dome on thermal, electrical and optical
characteristics was investigated with respect to various operating currents. One of the
most remarkable findings was to observe an increase in the junction temperature even
though less heat was generated when the dome was removed from the LED. This was
mainly attributed to the effect of an LED dome on thermal characteristics of the chip.
When the LED dome is removed, one of the conductive paths is lost and the heat
generated over the junction region is conducted less effectively. As a result, junction
temperature is increased and leads to a further voltage drop and less radiant energy.

It was also observed that the ratio of radiant energy to electrical energy
decreases as the operating current is increased and the difference between two
configurations (with a dome and without a dome) decreases at higher operation currents.
Furthermore, a red LED was compared with a blue LED in terms of their junction
temperatures, radiant powers and conversion efficiencies. It was found that the blue
LED has a higher junction temperature and the difference between two LEDs gets larger
by 13.7°C from 200 to 500 mA. However, the blue LED has a higher light output and
conversion efficiency than the red LED at each application current.

The junction temperatures of a red LED were compared with three different
measurement techniques including FVCM, TIM and computational methods. Junction
temperature results of red LEDs operating at three different currents and configurations
are seen in Table 12. The LED configurations are represented by the numbers in the
table: the LED with dome (1), the unpainted LED without dome (2) and the painted
LED without dome (3). Relative errors of thermal imaging and CFD methods are also

given with respect to FVCM.
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Table 12: Comparison of three different methods

Junction temperature results of three methods (°C)
Currents LED

(mA) configuration FVCM TIM Relative CFD Relative
error (%) error (%)
1 31.8 - - 31.7 0.5
200 2 335 358 6.9 33.1 1.2
3 393 395 0.6 38.7 1.5
1 414 - - 41.1 0.7
350 2 448 459 2.5 43.6 2.7
3 547 548 0.1 52.5 4.0
1 52.0 - - 52.0 0.0
500 2 579  57.7 0.4 54.8 5.4
3 71.1 709 0.2 66.7 6.2

A close examination of findings shows that the greatest relative errors obtained
with thermal imaging and numerical methods were respectively 6.9% and 6.2%
compared to the results from forward voltage method. In general, the measurement
errors were found in an acceptable range for the junction temperatures of the red LED.

In another study, experiments have been performed to understand the
relationship between forward voltage, junction temperature, heat generation and optical
behaviors of RGB LEDs. Junction temperatures of RGB LEDs were measured with
forward voltage method and the change in optothermal characteristics were analyzed
between two driving currents of 100 mA and 200 mA. A 1 mV change in forward
voltage readings of a calibration data has shown a variation of 0.3 to 0.8°C in junction
temperatures of LEDs. Therefore, obtaining accurate forward voltage results especially
in calibration phase is very critical in order to have reliable junction temperature results.
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Based on the calibration equations, the largest slope was observed in the green LED,
while the smallest slope was found for the blue LED chip. Therefore, it was understood
that green LEDs were electrically more sensitive to the junction temperature changes
since larger forward voltage drops were measured for the unit change in junction
temperature.

In the thesis, a new approach was introduced to measure junction temperature of
a serially connected multi-LED systems using Forward Voltage Change Method.
Frequently, average junction temperatures are reported to describe thermal behavior of
LEDs in multi-chip systems. However, thermal conditions of one LED may differ than
the others significantly and the performance, and lifetime predictions of the lighting
system could be underestimated especially in serially connected systems. In addition,
frequently used transient measurement method is not applicable for junction
temperature measurements of serially connected multi-chip systems [55]. The proposed
novel approach in this study is related with the practical determination of junction
temperature of each LED in a multi-chip system. While controlling each serially
connected LED, individual LED junction temperatures are measured. In the study,
thermal, electrical and optical measurements were also performed to show how certain
performance parameters interact with each other.

According to the findings, it was understood that junction temperature
measurement of individual LEDs in a multi-chip system is possible and useful to
evaluate the selection of electrical components and their relative positions on the PCB.
In fact, determination of an average junction temperature of LEDs may not be useful for
these systems. As it is observed in the case of LED-3 in the Section 2.4.2, additional
electrical components placed on the PCB may increase the junction temperature of a

certain LED much higher than other components. Thus, enough care should be given to
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thermal issues since optical performance is considerably affected by thermal loads in
multi-chip systems. In fact, it was shown that 0.39 W heat generation due to additional
electrical components in the circuit was approximately equal to total amount of radiant
flux during 12 V application and it decreased the conversion efficiency of the system by
6.1% compared to the conversion efficiency of the LEDs. Drop in the performance of
the lighting unit was also observed in luminous efficacy of the multi-LED system. It
was shown that 30.9°C increase in average junction temperature of LEDs led to 23%
drop in luminous efficacy (Im/W). Furthermore, phosphor temperature was found to be
even higher than junction temperature. Local hot spots were identified with an IR
thermal camera and the surface temperature of phosphor layers were measured for each
LED. As a result, the temperatures of the phosphor layers were clearly higher than
junction temperatures for each LED with the biggest difference in LED-3 which is close
to the additional electronic components. Temperature distribution over the LED system
showed the contribution of heat generating components to the additional increase of
junction and phosphor temperatures of LED-3.

With the experimental tests and experiences in junction temperature
measurements, it was aimed to develop a junction temperature device that is user
friendly and simple, highly automated, accurate and fast. The measurement method
applied with the introduced device does not include the transient measurement
technique with one dimensional heat flow assumption. Instead, steady state junction
temperature measurements are carried out with the pulse current application in a novel
rapid measurement chamber. The measurement system could play a significant role in
reliable measurements of junction temperature that directly affects the optical
performance and lifetime of LEDs and offer a practical solution to the determination of

junction temperature of individual LEDs in multi-chip systems. These measurements
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are believed to be even more significant in future applications when Internet of Things
(10T) sensors and associated electrical components are more frequently included in LED
lightings units. Thus, the measurement system can characterize the thermal condition of
an LED unit and allow researchers, engineers and experts to optimize the design of their

LED products considering various heat generators in their modules.
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CHAPTER V

RECOMMENDATIONS FOR FUTURE WORK

In future studies, optimization of electrical components in these systems can be
made by using the improved junction temperature measurement method introduced in
this study. Furthermore, junction temperature measurements can be made more
sensitively if supply and measure probes are developed and used instead of the soldered
electrical connections in the current study. It is believed that the current technique
introduced in the study can pave a way for experimental optimization techniques of
multi-chip systems and contribute to the reduction in energy costs of LED lighting
systems. In addition to the measurement technique for serially connected multi-LED
systems, highly accurate and fast measurement method can be developed for parallelly
connected multi-LED systems as well.

Last but not least, junction temperature test chamber could be improved even
more with humidity control mechanisms in order to examine the performance of newly
developed LED packages at forced conditions. This requires even more compact design
to reduce the need for higher cooling requirements of the chamber. In addition, machine
learning models can be developed and adapted to the measurement software based on
the electrical and thermal data collected at the early stage of the measurements to
predict the junction temperature at steady state. This could significantly reduce total
measurement time of the measurement device.

Another version of junction temperature measurement device can also be
developed with the inclusion of robotic arms in the test chamber to touch and measure

the junction temperatures of the specific LEDs over an LED board. With this
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improvement, the measurement device can be automatized for the multi-LED systems

and create a significant advantage over traditional measurement methods.
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APPENDIX A

A.1 Uncertainty Analysis of Junction Temperature Measurements

A number of factors including the conditions of a measurement equipment and
an experimental test affect the uncertainty of experimental results. Deviations in
experimental results may stem from the fluctuations in test conditions, calibration of an
experimental equipment, or knowledge and experience of an experimenter. In an
uncertainty analysis, all possible factors that may affect the experimental results need to
be evaluated as an uncertainty contributor. Systematic and random errors are the main
categories of sources of errors observed in an experiment. Systematic errors affect the
experimental results in a systematic way and may include the improper use of an
experimental method or an experimental device with no calibration. On the other hand,
random errors are considered as the unpredictable variations in the course of
experiments. A combination of these errors constitutes the total error of an experiment.
While the calculation of random errors in an experiment determines the precision of an
experiment, systematic (bias) errors are typically included in uncertainty calculations
with a calibration and manufacturer data including the accuracy and resolution of an
experimental equipment.

Following procedure is followed to include the impact of experimental variables
or uncertainty contributors on uncertainty of experimental results ([86] - [92]):

First of all, precision errors of repeated measurements are calculated by using

student t-distribution at 95% confidence interval with the (n-1) degrees of freedom:
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Table 13: Calculation procedure of precision errors

— 1
x=2 ¥ x (1)

o= [ -9 @

Ox 23—% @)

Py = tm-1)950 0z (4)

where

X = Average of measurement data

xx = Measurement data of an independent variable
n = Total number of measurements

o, = Standard deviation of measurement data

0x = Mean standard deviation

tm-1)959% = student t-distribution at 95% confidence interval with the (n-1) degrees of

freedom
P, = Precision limit

After the calculation of precision errors for each independent variable, bias
errors are also calculated with data provided by manufacturer including resolution and
accuracy of a measurement equipment. The formula used to calculate the bias error is

given as follows:

B= F[(0.5R) + (A)?]°° (5)
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B = Bias error

R = Resolution

A = Accuracy

While certain contributors directly affect junction temperature measurements
and are included in precision error calculations, other contributors are not included in
the equations but affect sourcing of pulse and driving currents. Only bias error
calculations are made for those contributors. Repeated measurement data is used in the
calculation of precision errors for the contributors that are directly involved in
equations. Uncertainty contributors or variables and their associated error types and the

sources of errors are given in Table 14.

Table 14: Experimental variables and the sources of errors

Variable Error type Source of systematic Source of random
error error
Vi, Bias + precision error Sourcemeter Repeatability tests
Vi, Bias + precision error Sourcemeter Repeatability tests
DAQ + Thermocouple
T, Bias + precision error + Computer Repeatability tests
+ Oven system
Iy, Only bias error Sourcemeter -
Ip, Only bias error Sourcemeter -
ty. Only bias error Sourcemeter -
tp, Only bias error Sourcemeter -
I; Only bias error Sourcemeter -
where

V. = Forward voltage data at the calibration phase of measurements
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Vi, = Forward voltage data at the actual test phase of measurements

T;. = Junction temperature data at calibration phase of measurements
I, = Pulse current magnitude at the calibration phase of measurements
I, = Pulse current magnitude at the actual test phase of measurements
t,. = Pulse current duration at the calibration phase of measurements
t,, = Pulse current duration at the actual test phase of measurements

I, = Driving current magnitude at the actual test phase of measurements

In the calculation of bias errors, resolution and accuracy of a measurement equipment

are taken from the manufacturer data sheets and presented in Table 15.

Table 15: Resolution and accuracy of measurement equipment

Variable Resolution Accuracy
V¢ (Sourcemeter) (V) 0.00001 0.001375
V¢, (Sourcemeter) (V) 0.00001 0.001375
T;. (DAQ) (°C) 0.1 0.014
T;. (Thermocouple) (°C) 0.1 1
T;. (Computer) (°C) 0.1 0.015
T;. (Oven system) (°C) - 0.5
I,.(Sourcemeter) (mA) 0.00002 0.0006
I, (Sourcemeter) (mA) 0.00002 0.0006
tp. (Sourcemeter) (ms) 0.001 0.005
tp (Sourcemeter) (ms) 0.001 0.005
I; (Sourcemeter) (mA) 0.02 1.9
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If an experimental variable is involved in the calculations with a group of
measurement data, then precision errors are calculated for each group of data and then

the final precision error is calculated with the given formula:
P= [PZ+P;+--+P2]%  (6)
where
P = Final precision error
Pn = Precision error of a group of data
Likewise, the final bias error is calculated with the formula below:
B= [BZ+B3+--+B2]* (7)
where
B = Final bias error
Bn = Bias error of a group of data

After the calculation of final precision and bias errors for each variable, absolute

uncertainty is calculated as follows:
Ug= £[B2+p2]" (8
where
Ux = Absolute uncertainty
Bx = Bias error

Px = Precision limit
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The relative uncertainty can also be calculated with the absolute uncertainty and

measurement data as a percentage value:
Uxo, _ 4 (Ux
Ur % = 2% = +(=X) x 100 (9)
where
Ug, = Relative uncertainty
Ux = Absolute uncertainty

X = Measurement data of an independent variable

If one variable is dependent on a multiple of independent variables, then the

following formulas are used to describe the absolute and relative error expression [86]:

Uor = [(220,)" + (20,) + -+ (Zu,)] o

6X1 6X2

o = ()" () ()]

where

OP = Objective parameter to be measured

Uor = Uncertainty of objective parameter to be measured

Un = Uy = Absolute uncertainty of the n'" independent variable
Xn = Measurement data of the n'" independent variable

In junction temperature measurements, uncertainty contributors are forward
voltage at calibration and test phase, junction temperature at calibration phase, pulse
current at calibration and test phase, pulse duration at calibration and test phase and
driving current at test phase. Thus, uncertainty of the measured junction temperature
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with actual tests is dependent on the individual uncertainties of these variables as

represented in the formula below:

U_T_ UVfc UVft UTjC +UIPC _I_UIPt Utpc _I_Utpt +ﬁ (12)
T Vi, Vi, T Ip. Ip tpe Uy It
where
Ur, = Absolute uncertainty of junction temperature at the actual test phase:

objective parameter

Uy, = Absolute uncertainty of forward voltage data at the calibration phase
vat: Absolute uncertainty of forward voltage data at the actual test phase

Ur, = Absolute uncertainty of junction temperature data at calibration phase
Uy, = Absolute uncertainty of pulse current magnitude at the calibration phase
UIpt: Absolute uncertainty of pulse current magnitude at the actual test phase
Uy, = Absolute uncertainty of pulse current duration at the calibration phase
Utpt: Absolute uncertainty of pulse current duration at the actual test phase
Uy, = Absolute uncertainty of driving current magnitude at the actual test phase

A.2 Uncertainty Analysis of Optical Measurements

In the uncertainty calculations of optical measurements, an appropriate statistical
distribution method is determined for each measurement uncertainty component. The
uncertainty values from the reference documents are used for each measurement

uncertainty component and the calculations of standard measurement uncertainty follow
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with the referenced uncertainties as described below. Then, compound uncertainty and

extended uncertainty calculations are performed [93].

First of all, the relationship between input and output sizes is determined as

shown:

y = F(Xq1,X3,X3, .., Xp) (13)
where
y = output value

Xn = N input value

A rectangular or normal distribution is assumed for each component of

uncertainty. These distribution variations give information about the intervals at which

measurement results are likely to be more and/or less frequent. In the estimation of

measurement uncertainty, distribution coefficients specific to

distributions are also considered.

For rectangular distribution,

aj
uXxi) = — 14
(x1) \E( )
For normal distribution,
a;
uix) = 7 (15)

formulas are used;

where

u(xi) = Standard measurement uncertainty,

ai = Reference uncertainty value from referenced documents

these statistical
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k = Coverage (expansion) factor (typically 2 for 95% confidence level).

A.2.1 Uncertainty Calculations of Repeatability Tests
Arithmetic mean, experimental standard deviation and standard measurement
uncertainty calculations are made to determine the uncertainties in repeated

measurements. These calculations are carried out with the following formulas:

Experimental standard deviation value:

n ¥, —X)2
S = —1—115 — ) (16)
where
S = Experimental standard deviation value,
Xi = Input value that affects the measurement result,
X = Average of input values,
n = Total number of measurements.
Deviation of the average value:
Sg = ] 17
Vi

where
Sg = U (i) = Standard measurement uncertainty,

Sq = Experimental standard deviation,

n = Total number of measurements.
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A.2.2 Determination of Uncertainty Contributors and Their Variance
Values

For all specified uncertainty components, uncertainty values given or estimated
from sources such as calibration certificate, reference documents, measurement
activities are taken. The statistical distribution type is determined for each uncertainty
component. Standard uncertainty of measurement is obtained using uncertainty values
and distribution types for each uncertainty component. The sensitivity coefficient is
calculated by taking the derivative of the output parameter with respect to the input
variable for each uncertainty component. The uncertainty contribution is obtained by
multiplying the standard measurement uncertainty and the sensitivity coefficient.
Variance is also obtained by squaring the uncertainty contribution obtained for each
uncertainty component. The sum of the variance values gives the compound (total)
measurement uncertainty, and the compound measurement uncertainty multiplied by the

expansion factor yields the expanded measurement uncertainty.

Compound uncertainty value:

= Y[ v s

where
Uc(y) = Compound uncertainty,
u?(xi) = Uncertainty magnitude,

n = Total number of measurements.

Ci = 53— (19)
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ci = Sensitivity coefficient

Expanded uncertainty value:

where

U=k X uc(y)

U = Extended measurement uncertainty

k = Coverage factor

Uc(y) = Compound uncertainty

(20)

In line with the calculation procedure described above, measurement uncertainty of

luminous flux is calculated and presented as an example of optical measurements in

Table 16.

Table 16: Measurement uncertainty of luminous flux (Im)

Given or o Standard o )
Distrib. Sensitivity | Uncertainty )
Expected Measure. Variant
Type ) Constant | Constant
Data Uncertainty
Reference Device or
Related Uncertainty
Components
Spectrometer
0.7 Normal 0.35 1 0.35 0.123
(Wavelength Calibration)
SCL 1400 Lamp 1 Normal 0.5 1 0.5 0.25
LPS 150 Power Supply
0.005 Normal 0.0025 1 0.0025 0.000006
(Direct Voltage)
LPS 150 Power Supply
0.005 Normal 0.0025 1 0.0025 0.000006

(Direct Current)
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LPS 100 Power Supply

0.005 Normal 0.0025 0.0025 0.000006
(Direct Voltage)
LPS 100 Power Supply
0.005 Normal 0.0025 0.0025 0.000006
(Direct Current)
Agilent Power Supply
0.06 Normal 0.03 0.03 0.0009
(AC Voltage)
Agilent Power Supply
0.01 Normal 0.005 0.005 0.00003
(Frequency)
SCL 1400 Lamp Lifetime
3.2*10° | Rectangle 1.9*10° 1.8667*10° | 3.5*10°0
Uncertainty Constant
Spectrometer Non-linearity
0.06 Normal 0.03 0.03 0.0009
Uncertainty Constant
Spectrometer Light Leakage
0.05 Rectangle 0.029 0.03 0.0008
Uncertainty Constant
Spectrometer Drift
0.05 Normal 0.025 0.025 0.0006
Related Uncertainty
Sphere Space Absorptivity
0.5 Normal 0.25 0.25 0.063
Uncertainty Constant
Sphere Non-uniformity
0.2 Normal 0.1 0.1 0.01
Uncertainty Constant
Method Based Uncertainty
Temperature
0.78 Rectangle 0.448 0.448 0.2
Related Uncertainty
Air Velocity
0 Rectangle 0 0 0

Related Uncertainty

149




Experiment Repeatability

2.51 Normal 1.256 1 1.256 1.578
Related Uncertainty
2.6
Overall Measurement
Uncertainty 1.6
Expanded Measurement
Uncertainty 3.2
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APPENDIX B

B.1 Dimensions of the Initial Design of the Oven System

Aluminum Oven

Block 3
Block 1 a3 = 220 [mm]
al = 220 [mm] b3 = 200 [mm]
b1 = 240 [mm] c3 = 20 [mm]
ct = 20 [mm] n3 = 2
=2 V3 = a3 - b3 -¢3 -n3 - |1.0x107° m?
. = a C n X m
Vi = at -bt -¢1 -n1 - 10~
Space for air
Block 2
a4 = 200 [mm]
a2 = 200 [mm]
b4 = 200 [mm]
b2 = 200 [mm]
cd = 210 [mm]
c2 = 20 [mm] 3
9 m
V4 = a4 - b4 - c4 - [1.0x10 —
n2 _ 2 a Cc X mm
m3
V2 = a2 - b2 - ¢c2 - n2 - |1.0x107°
mm>

B.2 Formulation of the Required Cooling Performance and Heat
Transfer Area of the Cooling System

Tinitia = 80 C

Tfinal =B e

& = Tinitial ~ Thnat C

Tmean = Tmltial 2+ Tﬁnal c

Pair = 101.325 kPa
VAI=V1+V2+V3m3

Vo = V4 m3

pa = 2700 kg/m3

Pair P (Airha' T=Thean P~ Pair)
Cp = 902 J/kg-C

calr = Cp (A"ha'T: Tmean' p:Paw)
Ma = Pa " Va

Mair = Pair ~ Vair

Q, = m, - Ccp- ST joule
Qi = My - G4 - 1000 - 5T joule
Qtotal o Qal i Qalr joule
Goalrate = 5 C/min
ST
t = — - 60 sec
process Goalrate
Q
Qdot = —total \yuts
tprot:ess
U = 30 total heat transfer coefficient
8T, - aT
5Tm = 1—T2
)
In =1,
3T,
8Ty = Twater,in_ Tair,out
kikgC . _ 7
8l = Twater,out. air,in

.
=
.
o

water,

water,

in~

out™

Logaritmic mean Temperature Difference
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B.3 Determination of Heat Transfer Area and Cooling Performance
of the Cooling System

Unit Settings: SI C kPa kJ mass deg

a1l =220 [mm]
b4 =200 [mm]
5TIim = 6.452
n3 =2

Tairjin =25

U =30

A =5.741

c4 =210 [mm]
m,;, = 0.009106
Q, =732958
Tmean =52.5
V4 =0.0084

a2 =200 [mm]

c1 =20 [mm]

5T1 =15

Pair = 101.3 [kPa]

Tair out =40

V1 =0.002112
b1 =240 [mm]
Cair = 1.008
Mg =14.77

Qiotal = 733463

torocess = 660
V,ir = 0.0084

1.1 kW

a3 =220 [mm] a4 =200 [mm]
c2 =20 [mm] c3 =20 [mm]
dTp =2 Goalate =5 [C/min]
Qdot = 1111 W
Tfinal = 25 [C] Tinitial = 80 [C]
V2 =0.0016 V3 =0.00176
b2 =200 [mm] b3 =200 [mm]
cal =902 5T =55
nl =2 n2 =2
pair = 1.084 pAlI = 2700
Twaterin =55 Twaterout =27
Vp = 0.005472
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APPENDIX C

C.1 Equations of the Problem

Tin = 25 [C] assumedinlettemperature of water

T = 5 [C] assumed deltaT between inlet and outlet temperature of water
Tot = Tin + T assumed outlet temperature of water

_ Tuut + Tin . .
Tonsan = 2— temperature atwhich water properties are evaluated

Paster = 101325 [kPal  pressure at which water properties are evaluated
p o= plwater \ T=T oo P= Poier J

o o= Cv (water , T=Toean, P= Pugter |

k = k(water , 7= T P= Poster )

w o= Visc (water \ T=T 0. P= P J

v = KinematicViscosity (water | T= T ean. P = Poster ]l

Fr = Pr I:WEItEF + T= Tean: P = Pyater }

Constants

(=]
"

981 [m/s2] acceleration of gravity

e = 3- 10" ° m,surface roughness for Al, drawn/pressed tube
Correction coefficients for bends and valves

Keeng 120 = 02

Keenaso = 02

Kyaive = 02

KOFI'FIDE = 06
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Oven system calculations

Tube specifications
Dioies = 0.006 [m] hydraulic diameter
Lopsmne = 132 [m]  length of tube

2

Dioies )
A = g - —=%=__  cross sectional area
channel 4

Niend 180.0ven= 0O  number of 180 degree return bends
Ngand s0.oven= 20 number of 90 degree bends

Nysiveoven= 0 number of valves

e

eoverD =
D holes

Turbulent flow assumption when Re ==10000

"u’;men: 4.2  userinput, volumetric flow rate in lpm

1""2 ,OWEN

‘L-’,“EEIWE,, = 50000 volumetric flow rate in m3/s

1'u’|..,,,,..ar. = 3600 - 1;-"'"135.9-,.9“ valumetric flow rate in m2h

‘I“'e.wen = 022 - ‘ILF;J,.,.E,. volumetric flow rate in gpm

Vpas |
Vieanoven = ———— mean velocity of water

"E"c:hanriel

vman.u'.len © Digies
W

Re =

6.9 [eoverD
+

= —-18 - log [—
Jfom Re 3.7

1.11
] ] Turbulent flow, rough surface

S. E. Haaland, 1983 - Yunus Cengel Heat and Mass Transfer Textbook
2

T )
(TR— . —mesnoven  major headloss
' Dholes 2%\
v - v s
h - = 2 3 meanoven e 3 mean.oven
minor,oven —  Mbend,180,0ven bend, 180 2 . g Nbend 20,0ven bend, S0 2 - g

2

Bl K- Jmeanoves  minorheadloss
valve,oven valve 2 . g

Ntotaloven = hmajor.oven + Npinoroven total head loss

Piotalpascaloven = P - O ° Nygaioven Pressure drop in pascal
P = Wddeie: " 10~ % pressure drop in bar

oven

Wpump.oven = Viyzzoven” Sptotal.pascal.oven required pump power
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C.2 Solution of the Problem

Unit Settings: SI C kPa kJ mass deg

Achannel = 0.00002827
Dholes = 0.006 [m]

Nmajor,oven = 2.388

Kbend.90 = 0.2
v = 8.44TE-07

Pwater = 101.3 [kPa]
Tout = 30

cv=4.128
e = 0.00003
Prminor,oven = 3.124
Korifice = 0.6

Npend,180,oven = 0

Re = 17585

Vi,oven = 0.252

Vmean,oven = 2.476 [mf s]

Woump,oven = 3. 771 (W]

5p total,oven = 0.5387 [bar]

eoverD = 0.005

Kvalve = 0.2

Npend,90,oven = 50
p =994

vz.uven =42 [Ipm]

foven = 0.03474
k=0.6105

Lenannel = 1.32 [m]

MNyaive,oven = 0
To =25 [C]
va_ove" = 0.924

dr=5[C]
g=9.81 [m/s?]
Kbend, 180 = 0.2
pu =0.0008417
Pr=5.763
Tmean =275

Vs oven = 0.00007
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C.3 Impact of Different Variables on Pressure Drop and Pumping
Power

Table 17: The impact of temperature difference (between outlet and inlet water)

on pressure drop and pumping power

AT (°C) AP (Bar)  Wpump (W)

5 0.5387 3.771
10 0.537 3.759
15 0.5354 3.748
20 0.5338 3.736
25 0.5322 3.726
30 0.5307 3.715
35 0.5293 3.705
40 0.5279 3.695
45 0.5265 3.686
50 0.5252 3.676
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Table 18: The impact of coolant channel diameter on pressure drop and pumping power

Diameter of coolant )
Pressure drop (Bar) Pumping power (W)

(mm)

5.0 1.227 8.59
5.3 0.942 6.59
5.7 0.664 4.65
6.1 0.500 3.50
6.5 0.389 2.72
7.2 0.243 1.70
7.9 0.159 1.11
8.6 0.108 0.76
9.4 0.076 0.54
10.1 0.055 0.39
10.8 0.041 0.29
11.6 0.031 0.22
12.3 0.024 0.17
13.0 0.019 0.13
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Table 19: The impact of total channel length on pressure drop and pumping power

Channel Pressure Pumping

length (m)  drop (Bar) power (W)

0.4 0.376 2.63
0.7 0.429 3.00
1.0 0.482 3.38
1.3 0.535 3.75
1.6 0.588 4.12
1.9 0.641 4.49
2.2 0.694 4.86
2.5 0.747 5.23
2.8 0.800 5.60
3.1 0.854 5.97
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Table 20: The impact of volumetric flow rate on pressure drop and pumping power

Volumetric '
flow rate Pressure Pumping
(Limin) drop (Bar)  power (W)
05 0.009 0.01
15 0.074 0.18
2.5 0.197 0.82
3.5 0.378 2.20
4.5 0.617 4.62
5.5 0.913 8.37
6.5 1.268 13.74
7.5 1.680 21.00
8.5 2.151 30.47
9.5 2.679 42.41
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