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ABSTRACT

The purpose of this research is to reach good 
correlation between sun load simulation and solar 
focusing test for exterior automotive lighting prod-
ucts. Light coming from sun is highly collimated 
(parallel rays) and focusable from lenses with con-
cave structure. Focusing incidence leads to a hot 
spot on lens surrounding plastic parts which may 
cause melting failures at high temperature zones. 
Sun load simulation is performing to eliminate risk 
of discoloration, deformation, out gassing, coating 
failures and fire with prolonged exposure from field. 
Irradiance values in W/m2 defined in simulation as 
heat source depending of an angle of incidence of 
the sun radiation. At first step, simulation is per-
forming with 5 degree intervals to define the critical 
zones then intervals decreased to 2 degree to detect 
the critical azimuth and inclination angles. Critical 
azimuth and inclination angles is checking with ray 
trace analysis to check the bouncing of sun rays and 
possible solution to eliminate focuses with design 
solutions. After numerical analysis to release and 
validate the automotive lighting products regard-
ing the sun load test, measurement with first parts is 
necessary. Measurement is performing for all criti-
cal angles which have been detected at simulation 
with thermal camera under ultra high-collimation 
solar simulator. Measured temperatures are settled 
according to environment conditions and correla-
tion is checking with simulations.

Keywords: sun load, automotive lighting, hot 
spot, burning glass, Computational Fluid Dynamics 
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1. INTRODUCTION

Sunlight is known to melt materials in the case 
of focusing. Sunlight damage experiments were 
carried out with the help of a simple magnifying 
glass and results described as a burning glass ef-
fect. Unlike other light sources, the sun rays can 
be highly focused by the lenses due to the parallel-
ism (Fig. 1.a) [1]. In parallel with the increase num-
ber of lenses and plastic materials usage in automo-
tive sector, many new types of burning glass fault 
type have begun to be observed. The light emitting 
diode (LED) and high-intensity discharge (HID) 
bulbs, which are used in the application of high-
tech automotive lighting products, require the use 
of short focal points in terms of appropriate light 
distribution [2,3]. This necessity causes unwant-
ed focuses on the plastic aesthetic parts, which are 
used around the lenses. As a result of these focus-
es, discoloration, deformation, out gassing, and 
burns occur as a consequence of long-term loads 
on the parts.

Depending on the angles of the incoming rays, 
the focuses may occur on the front or back of the 
lenses (Fig 1.b). For this reason, the lenses used 
in automotive lighting products must be checked 
against the effects of sun load.

2. MATERIAL AND METHOD

In the studies, different types of the projectors 
(Fig. 2) and shell reflector (Fig. 3), which are fre-
quently used to hide the light source in the new 
lighting products, have been examined.
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The focuses may occur on the aesthetic parts 
around the projector lenses or shell reflectors. The 
focusing point varies depending on the interior de-
sign of the lighting product and the part characteris-
tics (coating, surface angles, etc.).

At the first step lighting project work shown in 
Fig. 4, cover panel, tubus and HID frame has been 
examined without aluminium coating and raw ma-
terials are chosen as black. In the front lighting proj-
ect work shown in Fig. 5, the black separator part 
has been examined which is designed aesthetically 
to cover shell reflector.

In accordance with the requirements of the parts 
requested by the customer, components have been 
identified that may pose a risk when subjected to the 
sun load in design reviews. In the first place thermal 
analysis; critical angle definition, ray trace analy-
sis carried out respectively, which is followed by 
the final thermal simulation with the change of tem-
perature to control the maximum operating condi-
tions. The critical angles determined in the analysis 
results have been tested by the established mecha-
nism and correlation between analysis and test has 
been performed.

2.1. Theoretical study

Direct solar radiation (assuming fresh air) based 
on the theory of optical air mass (AM) has been 
defined.

0.618

0 0.76AM
directE E= ⋅ ,	 (1)

where E0 =1353 W/m2 is the solar constant, AM ≥ 
~ 0.5 is the optical air mass.

The air mass, which is based on Kasten and 
Young [4], depends on a height of h above sea lev-
el and the zenith angle of γ with earth radius equal 
to 6378 km and hatm = 8.7 km

The latitude has been taken as 0° (21 March or 
21 September) and the zenith angle has been accept-

Fig. 1. Sunlight focusing (a) & front and rear surface 
focusing (b)

Fig 3. Shell Reflector

Fig 2. Projector types

Fig 4. Project study 
with projector
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ed at 0 ° – ​90°. The devices used in solar load mea-
surements have been placed at a height of h = 2 km 
above sea level and calculated based on the data at 
this height. Depending on the angle, the radiation 
values have been calculated and used as input for 
thermal analysis.

The numerical simulation was performed un-
der steady-state conditions and the air flow was as-
sumed as laminar. The numerical solution includes 
all heat transfer nodes. The governing equations in-
cluding continuity, momentum, and energy equa-
tions for steady-state conditions of air flow with free 
convection effects can be written by using equa-
tions (3–7). The equation 8 is solved numerically 
for solid regions without heat generation. The re-
lated equations cannot be compressed in the Car-
tesian coordinate system and can be written by us-

ing the Boussinesq approach for steady-state flow 
as follows:

∂u/∂x+∂v/∂y+∂w/∂z=0, (2)

u˖∂u/∂x + v˖∂u/∂y + w˖∂u/∂z= –1/ρ˖∂p/∂x + 
+ υ(∂2u/∂x2 + ∂2u/∂y2 + ∂2u/∂z2), (3)

u˖∂v/∂x + v˖ ∂v/∂y + w ∂v/∂z= 
=–1/ρ˖ ∂p/∂y+υ˖(∂2v/∂x2+∂2v/∂y2+∂2v/∂z2), (4)

u˖∂w/∂x+v˖∂w/∂y+w˖∂w/∂z= 
=–1/ρ˖∂p/∂z+υ(∂2w/∂x2+∂2w/∂y2+ 

+∂2w/∂z2)+gβ(T-T∞),
(5)

 
u˖∂T/∂x+v˖ ∂T/∂y+w˖ ∂T/∂z=

=α˖(∂2T/∂x2+∂2T/∂y2 +∂2T/∂z2), (6)

∂2T/∂x2+∂2T/∂y2 +∂2T/∂z2+q ̇/k=0, (7)

where, u, v and w are the velocity (m/s) compo-
nents, α is the thermal diffusivity (m2/s), υ is the ki-
nematic viscosity (m2/s), β is the volume expansion 
coefficient, g is the acceleration of gravity (m/s2), 
T is the temperature (°C), ρ is the density (kg/m3) 
of fluid in the computational domain, and k and q̇ 
are the thermal conductivity (W/(m˖K)). For speed 
components, non-slip conditions are valid on all 
wall boundaries and the boundary conditions are as 
follows:

Speed on all wall boundaries, u = v = w = 0 m/s;
Pressure sphere surface, p = 1 atm;
Ambient temperature, T = T∞ = 23 °C.
In this study, the Monte-Carlo model preferred 

like similar studies in the literature because of its 
numerical stability and precision in the results for 
the calculation of the heat transfer by radiation [5].

For definition of azimuth and inclination angles 
general range of scanning for azimuth is –90° to 90° 
and inclination is –10° to 100° with consideration of 
car tilt as 10°.

First of all, thermal analysis is performed at 
5-degree intervals and the critical angle ranges are 
determined according to the temperature values on 
the parts (Fig 6).

Based on 5 degree results new scanning range 
is defined and used as input for 2-degree analysis 
to define precise angle detection (Fig 7).

After the precise angle detection taken from the 
peaks of 2 degree results, thermal analysis are re-
peated by taking the environmental ambient tem-
perature at 80 °C in order to simulate the maximum 
operating conditions.

Fig 5. Project study with the shell reflector

Fig. 7.The 2 degrees angles scan results

Fig. 6. The 5 degrees angles scan results
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3. RESULTS

3.1. Numerical Study

Latest thermal simulations were performed on 
precised angles which are taken from 2-degree anal-
ysis results. Analysis results for all related compo-
nents given at Table 1.

For tubus part (Fig 8) which is coming from a 
project, critical angle is defined as azimuth 86° and 

inclination 35°. Thermal simulation is performed 
for this precise angle with defined radiation inten-
sity and ambient temperature taken as 80 °C. Vi-
cat softening temperature of the different grades of 
polycarbonate taken into consideration for risk eval-
uation [6]. Maximum temperature on tubus was cal-
culated as 200 °C.

For HID frame (Fig 9) critical angle is defined as 
azimuth 78° and inclination 9°. Maximum tempera-
ture on tubus was reached to 178 °C.

Fig. 10. Black sep-
erator thermal analysis 
results

Fig. 9. HID frame 
thermal analysis results

Fig. 8. Tubus thermal 
analysis results
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For black seperator (Fig 10) critical angle is de-
fined as azimuth –14° and inclination 15°. Max-
imum temperature on tubus was calculated as 
190 °C.

3.2. Optical Study

The optical system is created according to the 
critical angles found in the result of thermal analy-
sis for the detection of the focusing levels of the so-
lar rays that make up the hotspot. An optical stage is 
prepared by using the module written by Automo-
tive Lighting Company.

The module lens used in the prepared optical 
system, peripheral parts (HID frame, tubus, etc.) 
and the outer lens absolutely must be. A central 
point is created on the module lens and the axis sys-
tem is created on this point. This axis system must 
be exactly the same as the axis of the light source 
used. By using this axis system, lines are formed 
according to  the critical angles determined later 
and the axis system is created for the future region 
of the sun rays. The direction of the destination of 

the new axis system formed is determined accord-
ing to the light source and a previously simulated 
solar.dis file (luminous distribution file, belonging 
to the module) is inserted into this axis system. The 
optical stage is simulated on the front of the light-
ing product. The name of this stage is determined 
as measure screen. The lights coming from the light 
sources used and the lighting product in a refract-
ed or reflected way hit this stage, and in this way, 
it’s possible to simulate the illumination on the road 
[7]. The surfaces that are hotspots in the optical sys-
tem are taken as mandatory and ray traces analy-
sis is initiated by using at least 1million rays. The 
places of the hotspots on the measurement screen 
are detected by the back ray traces analysing from 
which surfaces the rays coming out of the solar light 
source by refracting from the module lens.The con-
trols carried out as a result of the optical system es-
tablished according to the angles found as risky in 
the results of thermal analysis and the focusing lev-
els have been given in Fig 11.

3.3. Test Studies

The analysis of the completed samples validat-
ed by the test setup prepared at the critical angles. 
The front lighting product is placed on the goni-
ometer and exposed to the solar load. The goniom-
eter, which can move horizontally and vertically, 
is brought to the critical angles determined by the 
analysis and the solar load at this point is adjusted 

Fig. 13. Thermal camera results of black seperator
Fig. 12. Front lighting test mechanism (goniometer (1), 

front lighting (2), thermal camera (3), solar load device (4)

Table 1. Critical Angles

Part Description Critical angles
Tubus Az.: 86° Inc.:35°

Black Separator Az.:-14° Inc.:15°
HID Frame Az.: 78° Inc.:9°
Cover Panel Az.: 3° Inc.:69°

Fig. 11. Hotspot 
analysis results 
tubus (a), HID 
frame (b), black 
separator (c)
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from the test device and the measurements are per-
formed on the parts, Fig 12.

In Fig. 13 and Fig. 14 thermal measurement re-
sults of black separator and HID frame have been 
given, respectively. Measurements have been per-
formed with thermal camera at ambient temperature 
23 °C. According to the thermal camera measure-
ments on black seperator maximum temperature 
is found as 148,68 °C and on HID frame found as 
144,40 °C.

4. DISCUSSION AND EVALUATION

As the tests have been carried out at ambient 
temperature, the offset values have been added 
to the test results in order to obtain an ambient tem-
perature of 80 °C depending on the inclination an-
gle determined to be compatible with the analysis 
results.

In Table 2, the analysis and the test results have 
been given. The results of the analysis have been 
compared with the measurements carried out with 
a thermal camera and the error rates have been ex-

Table 2. Analysis and Test Results

Part
Description

Critical
Angles

Sim.
Res.
(°C)

Test
Res. (°C)

Difference
Rate
(%)

Tubus Az.: 86°
Inc.: 35° 200 194 3,00

Black
Seperator

Az.:-14°
Inc.:15° 190 188 1,05

HID Frame Az.: 78°
Inc: 9° 178 184 3,37

Cover Panel Az.: 3°
Inc.:69° 129 131 1,55

Fig. 14. Thermal camera results of HID frame

amined. The maximum difference rate has been de-
termined on the HID frame part with 3.37 %. Dif-
ference rates resulting from plastic parts warpage, 
assembly and production tolerances may vary in a 
negative or positive direction. Therefore, according 
to the temperature values determined after analysis, 
a minimum security margin of 10 °C is predicted for 
the softening temperatures of plastic materials, thus 
preventing the deviations specified to cause damage 
on the part.

5. CONCLUSION

The determined rates of difference are within the 
5 % range and the correlation of the analysis and 
test results have been provided. The selected ther-
moplastic materials have been prevented from being 
exposed to colour fading, deformation, gas output 
and burns generated as a result of long-term loads 
under the maximum solar load to be exposed in the 
field. In the subsequent studies, the conduct of stud-
ies for different raw material colours, the optimiza-
tion of the analysis inputs and the correlation with 
the test results are planned.
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