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ABSTRACT

In the past, the major part of transmissive LEDiagptvas made from injection molded polymers like @Mor PC.
Recent LED developments now show constantly inangagvels of luminous flux and energy densitiebjch restrict
the usability of such polymer optics due to thainifations in thermal stability. Thermal simulat®have shown that
light guiding/mixing structures (rods) made fromlypoer materials can easily reach temperatures abiwie melting
point due to the absorption characteristics. Howebhere is a great demand for such light rods fthenautomotive and
entertainment industry and thus glass is beconmiageasingly important as an optical material.

Glass has typical transformation temperatures ofdheds of degrees Celsius and therefore withstéregonditions
seen with LED without any problems. Square-shapasgsdight guides show temperature advantages roverd light
rods, which are known for being able to producestias inside the material causing absorption angp&ature hot
spots, respectively.

This paper presents some comparative thermal siimugaby means of the Finite Element Method foighatlconductor
as an example and gives corresponding assistan@mn fappropriate material and light guide shapecsein for high-
power LED optics.
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1. INTRODUCTION

Until now, most of the refractive optical comporeiibr low-power and low-flux LED applications wensade of
transparent polymer materials like Polymethylmethlate (PMMA) or Polycarbonate (PC) mainly caused the
already well-known plastic production processes available injection molding machinery for electimoomponents.
Recent LED developments, however, come with sug himinous fluxes that some polymers are not apple
anymore. Chip manufacturers are even trying toh@urtincrease the LED light output density, in pauttr for
automotive and stage lighting systems which oftea high-power LEDs in conjunction with light guidesgain the
desired light distribution and color mixing. In ertto exploit the maximum potential of the systepgcial attention has
to be paid to the material choice of these secgnalatical elements. Thermal simulations in this kvaill show that for
a typical application example, light guides made pmlymers easily reach temperatures above theilect&n
temperature due to their absorption characteristics

Furthermore, outdoor applications like street ligitor architectural lighting require long-lastiogtics with constant
optical properties. In these scenarios, the materiaxposed to short-wave light (UV, blue) as wasl chemical and
mechanical stress. Typical degradation effects afiyrpolymer optics are yellowing by short-wave tjgétratches on
the surfaces, e.g. by cleaning, corrosion by enwirental influences like corrosive gases (nitrogeides, etc.), acid
precipitations, soot particles and cleaning agemisich reduce the overall optical performance. With special

stabilizers and recipes against aging, respectiyalymers would already not be found in this aaagmore. Their new
challenge now is to survive the higher temperatames higher luminous fluxes when switching to hpgwer LEDs,

which cause higher diffusion velocities of the aggive, low-molecular substances into the polymatrimand put

higher thermal load into the material. Recentlyneaoplastic manufacturers brought moldable optidelosies on the

market, which have the advantage to withstand évgher temperatures up to 150°C, but at the same 8how

significantly higher thermal expansion coefficielgading to noticeable changes in the volume (l&ngt the optics as a
function of temperature.
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Glass, on the other hand, is known for its usabaibhd strong resistivity even in extreme aggressirreironmental
conditions. The high mechanical stability and stefdardness as well as the high chemical resistamsgre constant
optical properties and surface brilliance for agdifetime. Because of the high glass transitiangerature, e.g. for the
borosilicate glass Suprax 8488, above 500°C, thgsgk able to easily survive higher LED powers.

In order to study the materials’ heat resistancenare detail, this paper focuses on the couplingpifcal raytracing
with thermal simulations to predict the temperatuaeges occurring in secondary optical elements.aAsactual
example, a light guide is irradiated by a high-ppR&BW LED. The optical volume absorption inside tight guide is
investigated for different materials and geometvisoptical simulations and the results are usedtarting condition
for thermal simulations by means of the Finite EdatnMethod (FEM). The solutions of this analysisttme are
feasible to evaluate high-power LED systems in seofmran appropriate material and optics geometojceh

2. MATERIALS

The market offers several material possibilities fight guides. However, when it comes to high-powdED
applications, one should take a deeper look intodifferent material characteristics, which in el can be decisive
for the performance, the functioning or failure tbe whole lighting system. This applies not onlylight guides
discussed here, but also to other secondary dikeegollimators or lenses in high-power LED sysgern this work a
closer look is taken on the most commonly usedcaptlastics, i.e., Polymethylmethacrylate (PMMAgrePlexiglas
from Evonik, and Polycarbonate (PC), histakrolon from Bayer, and a comparison is drawn to an opsitiaone, here
MS-1002 from Dow Corning and a borosilicate gle&gprax 8488 from Auer Lighting. The following sections give a
brief overview about their different optical anétmal properties.

2.1 Optical properties

For determining the optical losses inside a mdtetiee wavelength-dependent material absorptiorwell as the
wavelength-dependent refractive indeX/), is important. Absorption follows Beer's law, = exp(az), with the
absorption coefficien@(1), and the propagation distanee Figure 1 compares for PMMA, PC, silicone and glass.

PC shows the lowest absorption above 600 nm, valfitest similar values t8uprax are observed between 450 nm and
580 nm. In the short-wavelength region from 330tord50 nm,Suprax shows the smallest absorption among the four
materials. PMMA shows values which are almost oreioof magnitude lower over the visible spectegion, but a
strong absorption increase below 425 nm.
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Figure 1. Absorption coefficient versus wavelenfgththe four different materials PMMA (dashed), Ridtted), silicone
(dash-dotted) and glass (solfd.



Taking a look onto the refractive index, opticdiceine shows the lowest value with 1.424 at 587 amd room
temperature, PMMA and Suprax provide almost simit@ues with 1.491 and 1.482, respectively, whi@ $hows a
significant higher value of 1.584. This leads tdrastically increased reflectand®, and accordingly decreased light
transmittance, when light is hitting and crossihg boundary between material and aiRa®llows R=(n-1)2/(n+1)2 in
case of normal incidence. A higher refractive indéso results in a smaller Abbe number and thuslarger dispersion
for polymers®

For the optical simulations done here, all matenigre assumed to be perfectly homogeneous, itbowt anisotropic
density fluctuations or impurities, which would sawadditional light scattering inside the material.

2.2 Thermal properties

Transmissive LED optics require a high thermal ifitghin order to ensure stable mechanical and agbtproperties.
Table 1 lists important thermal properties for tmaterials compared here. Optical polymers provieemanent
operating temperatures below 80°C for PMMA and ©265r PC, while glass (here: Suprax) is even ableithstand
400°C. Optical silicone is well suited for highemperatures up to 150°C, but shows an almost 6dstiarger linear
thermal coefficient of expansion than glass and alson-neglectable temperature dependence oéfteetive index. In
lighting situations involving large environmentdianges, these properties can have a huge impggctoe. the focal
distance of the optics or the length of a lightdguiFor instance, a 70 mm long light guide madenfeidicone would
gain additional 1.05 mm in length when increasimg temperature from 20°C to 80°C, while it is O for glass. It
is necessary for the optical designer to consitkesé facts when developing optical elements andsihg materials.

Table 1. Overview of some important thermal matgmiaperties.

PMMA®""® pC>"? Silicone®® Glass'
Thermal conductivity [W/(m K)] 0.19 0.20 0.31 1.20
Density [kg/m?3] 1190 1190 1020 2310
Heat capacity [J/(kg K)] @ 25°C 1470 1170 1370 785
Thermal expansion coefficient [£0X] 80 70 250 4.1
Permanent operating temperature [°Q] 80 120 150 400
Thermo-optic coefficient [1¢/(dn/dT)] -1.1 -1.07 -5.0to-1.5 0

3. OPTICAL SIMULATIONS

3.1 Source preparation and analysis

The OSRAM Ostar RGBW LERTDUW S2W LED is used adghipower LED light source, which is available ¢t
market and can be driven up to 15 W electrical powee source rayfiles and corresponding specttd ¢or optical
simulations are freely accessible from OSRAM andtaim rays which are already traced towards theroestit surface
of the cover glass and are then shifted by +90 mmdirection:* Table 2 lists the characteristics of the respectiZD
chips which were implemented in an optical rayitrgsoftware. The electrical and optical propertiéthe single chips
were weighted towards their maximum allowed valwéth respect to the specified data for 1 A diraatrent and 85°C
junction temperature provided by the LED manufaamtuFor the simulations in connection with the tigiuide, the
distance between LED cover glass and light guideaaoe is 0.4 mm. Only rays hitting the entran@nelare included
in the calculations.



Table 2. Characteristics of the LED sources for dir&ct current per chip and 85°C junction tempesatur

color 4 of ravs radiant power electrical power radiant efficiency
Y (mw) (W) (%)
deep blue 500,000 919.9 3.42 26.9
true green 500,000 304.9 3.52 8.7
red 500,000 308.2 2.65 11.6
ultra white - blue 500,000 270.0
_ 3.42 20.9
ultra white - yellow 500,000 446.4
total 2,500,000 2249.3 13.10 17.3

3.2 Light guides

Three different light guide geometries are invedid. All designs provide the same typical lengttv@ mm with
parallel side walls, but different entrance and exirface geometries, which are shown in FiguréSguare” (left),
“square with rounded corners” (middle) and “rourfdght) shapes are used to evaluate their influeorcehe optical
absorption inside the light guide material. Theramte and exit surface areas are kept constantrah®in order to
ensure an almost similar entrance light flux, wiiile surface areas of the side walls vary accorddirige different input
shapes.
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Figure 2. Overview of the different light guide eflade shapes: square (left), square with roundetees (middle) and
round (right). The entrance and exit surface aoéa#l geometries are equal.

3.3 Calculation of the optical volume absor ption

In order to determine the optical volume absorptimide the light guides, the flow of power asiibpagates through
the volume is recorded. Therefore the light guidd #@s surrounding space are subdivided into a runol 3D cells

(voxels) and the spatial distribution of power sfm between adjacent cells is captured duringrdlyérace. In more
detail, the absorbed power per voxel is the raygrosum for all rays incident on the cell surfacessithe sum for all
rays leaving the cell surfaces. Figure 3 shows avigiv of the absorbed flux on a light guide enteamdane with

rounded corners. In this example, the volume wdxlisided into 20 x 20 voxels for the calculatioffhe optical

absorption behavior of the three different lightdgs is compared in Figure 4 by looking at sele@Bdslices through
the 3D voxel grid. It appears that the introductamounded corners and the round shape resultdifferent volume

absorption with pronounced absorption regimes ahbgearising caustics inside the light guide.

The power density is obtained by dividing the abedrpower by the volume of each cell, which is (U®3F. This
resulting 3D grid of heat sources is then transféinto the thermal FEM simulations.
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Figure 3. 2D view of the absorbed flux on a lighidg entrance plane with rounded corners. The veluas subdivided
into 20 x 20 voxels for the calculations.
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Figure 4. 2D slices through the 3D voxel grid shuyviibsorbed fluxes for the three different lighidgs. Top: square
shape; Middle: square shape with rounded cornepBi: round shape. The shades of grey refer téetfend of Figure 3.



4. THERMAL SIMULATIONS

The three different light guides shown in Figurar@ modelled in the FEM simulation software COMS@ultiphysics
in conjunction with the Heat Transfer Module packaghe thermal calculations are done for ambienperatures from
20°C to 120°C in 10°C steps. Heat radiation togimeoundings and additionally natural external emion flow of air
are assumed using the built-in heat transfer adeffts. Therefore, the long light guide side igréid horizontally. The
3D grid of heat sources obtained from the optieaitracing is embedded into the FEM system. Dataidetof the
specified grid is calculated by an interpolatiomdtion. The heat transfer by conduction for all theaurcesQ, is
calculated via the heat equation:

oT
Q=-pC, - +D-kT), 1

with the material densityp, the heat capacity;,, the thermal conductivityk, and the temperatur@, In this work, an
isotropic and homogeneous material and a steatlystadel is assumed, i.e., the temperature doeshaoige with time
and thus the first term vanishes:

Q=00-kOT). )
The material specific thermal conductivity valuee daken from Table 1. For the heat flux for suefém-ambient
radiation the general formulation of the Neumanuarutary condition is used:
~AL-KOT) = g +h(T, ~T)+e0(T4,-T%). @

amb

with the normal vector of the boundarfi, the inward heat flux, normal to the boundaty,, the convective heat

transfer coefficienth, relative to a reference temperatufg;, a constant emissivity af= 0.86, the Stefan-Boltzmann
constantg, the starting ambient temperatufig,,, and the temperatur&, In order to simulate the heat flux from the
LED on the entrance face of the light guide, théLiE assumed to behave as a black body with a @onhsmperature,
Top This means that emissivity and absorptivity egdalnd reflectivity equals 0. Fog, = 85°C the inflowing heat flux
is then given by, = cTop"' = 932.9 W/m2. No mechanical contacts or holdegstaken into account.

5. RESULTS

Figure 5 shows an iso-surface view of the occurtargperature ranges for all three light guide gaop®emade from
Suprax at a constant LED operating temperafgse 85°C, and a constant ambient temperaiugg= 60°C, which is a
typical temperature (at the lower end), e.g. inL&D stage lighting system. It is clearly visibleatHor the light guide
having a square entrance and exit shape the lomesmum and maximum temperatures occur among theeth
versions. This is mainly caused by the 13% largefase area of the four lateral surfaces compaweithé round side
area (11% larger compared to the square shape raithded corners), which increases the heat exchémdhe
surroundings. The twenty iso-temperature surfagesige additional information about the temperatdistribution
inside the light guides and hence reveal the inffeeof the different shapes. A variation of the Embtemperature
from 20°C to 120°C results in temperature bandsvshim Figure 6. For a constant LED operating terapee and
constant distance between LED and light guide rdlued light guide always shows the highest tempeeat while the
square shape shows the lowest. Therefore, theesghape was used as reference shape and evaloiathed flifferent
materials. It should be kept in mind, that for treason, the following calculated temperatures terlge an estimation
downward. Figure 7 shows the comparison versug&ambient temperature. At the samg, usage of silicone yield
the highest simulated temperatures inside the tighte, while PMMA yields the lowest.
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Figure 5. Iso-surface plots for the three differégtit guides made from Suprax at a constant LEBrafing temperature
Top = 85°C, and a constant ambient temperalysg= 60°C. Top: square shape; Middle: square shatferaiinded
corners; Bottom: round shape.
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Figure 6. Simulated temperature ranges insideighé guides for different ambient temperatures simapes for a Suprax light guide.
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Figure 7. Simulated temperature ranges insideighé guides for different ambient temperatures diffgrent materials for
a square-shaped light guide.

In case of PMMA, the maximum allowed operating tenapure ofT,,(PMMA) = 80°C is reached for an ambient
temperature slightly above 60°C within the abovatiomed boundary condition$,,.{PC) = 120°C is reached for 90°C
ambient temperature, while Silicone withstands ambtemperatures up to 130°C in this setup. Suplass shows a
narrower band of maximum and minimum temperatuygsylin between all other materials. With maximuhowed
permanent operating temperatures around 400°Cligall guide shapes and designs can be used. Inréd&juthe
simulated temperature curves which occur in axi@ation through the center of a square-shaped tigide are shown
for the different materials (left) as well as fafferent temperature conditions when using a lighide made from
Suprax (right). Here, the differences in thermahductivity and optical absorption are clearly visibThe highest
thermal conductivity of Suprax, 1.20 W/(m K), rasuh a flat temperature curve along the light guidth a maximum
simulated temperature of 87°C at the light guidgagte and a minimum temperature of 80°C at thet ligiide exit.
Also the lowest absorption in the blue spectrabeaaround 400 nm has an impact on this behavia.ld\est thermal
conductivity (0.19 W/(m K)) and lowest spectral atpgion in the visible spectral range of PMMA ledadsthe lowest
starting temperature of 78°C and a fast temperalemease in the first 10 mm dropping down to 62tGhe light
guide’s end. Again, silicone shows the highest emrapres inside the light guide, but the lowestatigg curve slopes at
the light guide entrance among the polymers, becafigs highest thermal conductivity of 0.31 W/Khn
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Figure 8. Comparison of the simulated temperatocesrring in axial direction through the centetlu# square-shaped
light guide for the different materials (left) adifferent temperature conditions in case of squuaped Suprax light guide
(right).

The PC curve is located in the middle, but showsralar behavior towards the light guide ends assfiicone. Figure 8
(right) shows the calculated maximum temperatune&le a square-shaped Suprax light guide for @iffetemperature
conditions. The ambient temperature was increase@d3C starting from 20°C and going up to 80°C. TltED
temperature was always assumed to be 25°C abowarthient temperature.

6. CONCLUSION

This paper uses a method which couples opticataeiyly results, i.e. 3D spectral absorption data jht guide, with
thermal FEM calculations, where the absorption \@aee used as small heat sources. The method pgdischto light
guides of three different shapes and four differaaterials in order to evaluate their practicakfieity. It was shown,
that a square-shaped light guide of similar eneaartd exit areas provides the lowest occurring &aipres, because of
the highest surface area and better mixing praggettian, e.g. the round light guide, which showsgstics in the light
distribution. It must be noted that the obtainesutes can be influenced by a number of boundarglitioms including
the electrical power of the LED, which can vary fawal LEDs, the influence by mechanical contacts tbhe
temperatures, e.g. the mounting of the LED chipyoforced convection, e.g. from active cooling bfaa. Furthermore,
the calculated luminous fluxes for the LED chipge@vbased on the mean values given by the manuéactusing their
given maximum values would increase the used flotalby a factor of 1.4 and hence also the tempeealoads on the
light guides.

However, the results of this technique give someegad insights into the stability of glass versuaspcs for
transmissive high-power LED optics. For LED systeragy. in the automotive and stage lighting areambient
temperatures of up to 80°C can already occur irsyflstems and might further increase in the neardutThe coupled
simulations have shown that in such cases PMMA davbel not applicable anymore and also PC would cdose to its
thermal limits. Figure 9 shows a photograph of meviersibly damaged PMMA light guide caused by atdn of the
physical counterpart to the LED used for the sirtioites here. The difference in optical power deasitf the four LED
chips is noticeable and leads to different degodetamage. Only optical silicone and glass, heesttbrosilicate glass
Suprax, are able to withstand the highest theromdd of the discussed optical setup. Silicone, kiew&omes with the
disadvantage of its 61 times higher thermal exmensioefficient compared to Suprax, which makesxiresnely
difficult to use it in systems with changing envirental and thermal conditions, respectively.

In addition, glass shows the higher mechanicalamnical resistance: It does not gas out, resigst®sive gases in the
atmosphere, shows no yellowing by short-wave ramidrom the sun or even the LED itself, is easilganable due to
its hardness and chemical stability against cleadetergents and shows no water absorption.



Future work will focus on the implementation of teenperature dependent spectral refractive index.

Figure 9. Photograph of an irreversibly damaged PMight guide caused by LED radiation.
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