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Abstract The thermal behavior of a heated win-
dow made of poly(methyl methacrylate) was investi-
gated. Two specimens with different numbers of heat-
ing lines were prepared and tested at an initial tempera-
ture of −20 ◦C. The experiments were supervised with
an infrared camera operating in the mid-wavelength
area. An estimation of uncertainty was performed,
because infrared measurements at low temperatures
may exhibit greater magnitudes in measurement error.
Subsequently, the finite element method was used for
simulation of the experiments. Boundary conditions,
like convection and power dissipation, were initially
estimated and subsequently numerically optimized.
The convection coefficient and the input power showed
to be crucial design parameters of the simulation. Com-
parison between experiments and simulations showed
temperature deviations within some Kelvin for differ-
ent heating lines, but the average experimental values
were in good agreement with simulation results. The
presented numerical model may be used henceforth
for further cost-efficient parameter studies concerning
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1 Introduction

Substitution of traditional materials with polymers has
by now been common practice for several decades in
the automotive industry. Obvious advantages of poly-
mers are low densities and easy formability. Alter-
natives for glass usually have to exhibit an amor-
phous structure considering optical properties. Com-
mon polymers fulfilling this requirement are polycar-
bonate (PC) and poly(methyl methacrylate) (PMMA).
PMMA, furthermore, shows outstanding weatherabil-
ity which makes its usage in outside application attrac-
tive. The thermal behavior of PMMAdistinguishes sig-
nificantly from that of glass. The thermal conductivity k
of conventional soda-lime glass is approximately one
magnitude greater than that of PMMA, whereas the
heat capacity c of glass is approximately half that of
PMMA. Although the application of these polymers
is widely spread for example in car headlights, most
car windows are still made of glass, because of more
complex technical requirements and safety regulations.
This shows to be a remarkable potential for further
application of amorphous polymers.
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Table 1 Thermal requirements for a heated rear window

θmax �θD �θR
60 ◦C 5 ◦C 13 ◦C

In particular, the rear window of a passenger car
bears great potential for mass reduction by the sub-
stitution of glass with PMMA. Nowadays, these rear
windows are usually connected to a heating system
for defogging and defrosting. Therefore, these win-
dows must fulfill requirements not only regarding the
mechanical properties but also the thermal behavior.
These requirements vary for different manufacturers
and countries, but may be narrowed down to

– a maximum temperature θmax that is not allowed to
be exceeded considering thermal expansion,

– a maximum temperature difference �θD consider-
ing thermal stresses and

– aminimum temperature rise�θR inside the heating
field to guarantee defrosting.

These requirements are given in Table 1 for one man-
ufacturer and are the basis for the conducted inves-
tigation. The fulfillment of the given requirements is
verified with a thermographic system. Thermography
describes the visualization of radiated energy of a sur-
face that reaches a detector, which enables to determine
the surface temperature. It is a common tool in vari-
ous applications, which is summarized for example in
Kylili et al. (2014) as well as Meola and Carlomagno
(2004).

Measurements at low temperatures, especially below
0 ◦C, exhibit additional sources of uncertainty. These
are caused by the low energy level reaching the detector
array,which leads to a low signal-to-noise ratio. Further
uncertainties result from freezing air humidity on the
surface of the measured object. These layers exhibit
an isolating effect as well as a change in the surface
emissivity. The validity of the obtained data from such
surfaces requires discussion.

To ensure a reliable and cost-efficient development
the finite element method (FEM) is a common tool to
reduce experiments but has not been found used for
this kind of application so far. Therefore, it requires
a basic evaluation of the possibilities and limitations
of this method by comparison to experimental results
coming from IR measurements. The combination of
FE simulations validated by IR thermography has been

performed for various topics like light emitting diodes
(LED) in Hsieh et al. (2011), polymer chain reaction
(PCR) chips inEl-Ali et al. (2004) or the thermal behav-
ior of a heat exchanger in Bury and Kruczek (2008).
In Lee andVachtsevanos (2002) IRmeasurements have
been found to be used for the detection of defectswithin
the electrical circuit of a heated rear window. However,
the thermal behavior of a heated automotive window
partly been treated in Rühl et al. (2014) using the FEM
in combination with IRmeasurements is a current topic
that has.

2 Experiments

The experimental setup is shown in Fig. 1. Here, a
PMMA (PLEXIGLAS®) window of 4mm thickness
was positioned inside a climate chamber (2) which is
able to operate from−45 to−10 ◦C.The climate cham-
ber was set to −20 ◦C. Heating power was induced
electrically with a power supply unit (3). The infrared
camera (IRC) (1)was placed at a distance of 2morthog-
onally to the window. Heat sources like pipes (5) were
covered with a non transmissive fabric, which is not
shown in Fig. 1. IR images were taken every second
and were stored directly in the associated notebook
(4). The upper side of the chamber had to be opened
during the experiment for the IRC to cover the whole
window. Therefore, higher temperatures were to be
expected than adjusted in the chamber and additional
uncertainties as well as a non-equilibrium temperature
state distribution inside the climate chamber had to be
accepted.

2.1 Specimen preparation

A picture of specimen A is shown in Fig. 2. It con-
sists of 13 heating lines that are supplied by bus bars
on each side. For the given specimen geometry, this
leads to a heating line or interspace distance respec-
tively of approximately 36mm. Specimen B is built up
analogously with 24 heating line resulting in an inter-
space distance of approximately 16mm. Considering
preliminary finite element (FE) calculations, specimen
A is expected to fail the fulfillment of the requirements
from Table 1 because of excessive temperature differ-
ences within the heating field. In contrast, specimen
B was calculated to match all requirements, which was
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Fig. 1 Experimental setup

affirmed by the experiments. Two thermocouples (TC),
as shown in Fig. 2, are used to verify the initial tem-
perature of the IRC. The TC are placed inside the win-
dow at approximately half thickness as shown in Fig. 2.
For that purpose, the TC were adhered with a one-
component acrylic-based reactive cement (ACRIFIX®

1R0192) inside the specimen. One TC was positioned
above one heating line, the other one in the center of the
interspace between two heating lines. TC and IRCmea-
surements showgood agreement for the initial tempera-
ture with deviations lying within the devices uncertain-
ties. However, deviations between TC and IRC began
rising during the experiment, which may be caused
by different factors. First, the cement used to adhere
the TC may lead to significant isolation effects of the
measurement spots and TC measurements. Further-
more, the TC exhibit comparatively high time constants
for establishing equilibrium temperature with the mea-
sured object. Additionally, the TC were placed in the
center of the window in thickness direction, whereas
the IRC measured the surface temperature only. This
makes a direct comparison between IRC and TC for
the transient experiment not possible without further
investigation of heat fluxes and quantification of isola-
tion effects. However, for the initial temperature, which
to be established in a thermodynamic equilibrium, the
comparison between both devices is reasonable.

2.2 Instrumentation

The IRC camera model used in the present work is the
ImageIR 5320 S, fabricated by the company Infratec

Fig. 2 Specimen A with heating lines and TC

GmbH, and is based on a mid wave (3.7–4.8µm) oper-
ating cooled mercury cadmium telluride (MCT) focal-
plane-array (FPA) detector system. Data acquisition
was performed in a full frame mode (320x256IR pix-
els) with a constant integration time of 1900µs. Cal-
ibration was performed by the manufacturer to fulfill
an uncertainty of ±1 ◦C or ±1 % within a temperature
range from −30 to 30 ◦C. The TC consist of NiCr-Ni
(type K) and have an uncertainty of ±1.5 ◦C within
the relevant temperature range. The temperature of the
climate chamber can be adjusted within an uncertainty
of ±2 ◦C for a temperature range between −45 and
−10 ◦C. However, the real uncertainty may be higher
due to inhomogeneous temperature distribution caused
by convective turbulences that are most likely addition-
ally intensified due to the open upper side.

2.3 Uncertainty estimation

Although the uncertainty of measurement for the IRC
is given with±1 ◦C respectively±1%, the total uncer-
taintymay be significantly higher because of additional
error sources at low temperatures. An analysis of pos-
sible errors coming from the uncertainty in emissivity
and the isolating effects because of an ice layerwas per-
formed for the PMMA surface.Measurements of trans-
missivity and emissivity respectively have not been per-
formed but according to the manufacturer of PMMA
an emissivity between 0.9 and 0.95 can be assumed.
Ice and snow show emissivities close to 1, so the error
resulting from different emissivities is low for this case,
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especially at these low temperature levels. Yet, isolat-
ing effects may lead to major deviations in the calcu-
lated temperature compared to the real surface tem-
perature. This makes direct temperature evaluation of
ice-covered objects highly questionable without great
effort in calculation of thermal behavior of the layer.
Consequently, only ice-free windows are discussed in
the present work.

The accuracyof IRmeasurementsmaybe influenced
significantly by several sources. As proposed byMink-
ina and Dudzik (2009) every IR measurement problem
should “be treated on an individual basis”. Therefore, a
simple transfer of uncertainty values fromother authors
is not necessarily possible due to the uniqueness of
every single experimental setup. An error estimation
has to be performed that includes all major contribu-
tors to the uncertainty in measurement. The manufac-
turer’s instruction gives the equation of the IRC for
determination the temperature from radiation reaching
the detector by

θ = (Φε)−1
[
I (Ω, θ) − (1 − τp)Φ(θp)

τp

−(1 − ε)Φ(θamb)

]
(1)

with I representing the intensity depending on the solid
angle Ω and the temperature θ reaching the detector,
τp and θp being the transmissivity and the temperature
of the path respectively, θr the average ambient temper-
ature of a blackbody being reflected on the measured
object, and ε being the emissivity of the considered
surface. Φ(θ) represents the calibration curve of the
IR system, which gives the intensity as a function of
the temperature θ . For a non-participating pathmedium
Eq. (1) can be simplified to

θ = (Φε)−1 [I (Ω, θ) − (1 − ε)Φ(θamb)] . (2)

It can be observed that Eq. (2) gives the calculated
temperature θ as a function of the calibration curve
Φ(θ), the emissivity ε respectively the transmissivity
τ of the object and the ambient blackbody temperature
θr . Determination of the values are always accompa-
nied by uncertainties. An absolute uncertainty in mea-
surement was calculated consisting of the instrumented
error, the error in emissivity of the measured surface
and the additional error coming from the measurement
at low temperature. The influence of the reflectivity is

included in the emissivity uncertainty. The path was
assumed as perfectly transmissive, so no influences of
humidity or scattering in the path are considered. An
absolute value for the error of measurements regard-
ing an uncertainty span in emissivity between 0.90 and
0.95 and an uncertainty span from −10 to −20 ◦C for
the ambient radiation temperature was calculated with
±1.4 ◦C for the maximum deviations. The lower limit
value for the ambient temperature is given by the tem-
perature, which the climate chamber was set to. The
upper limit of −10 ◦C is an estimation of the maxi-
mum possible average ambient temperature. Added to
the system uncertainty of the IRC a total uncertainty of
measurement was calculated to be ±2.4 ◦C.

2.4 Experimental results

Experimental results for both specimens are shown for
one comparable input power. The experiments were
performed with the heating lines on the bottom side.
Figure 3 shows an IR image of specimen A after 10
min of heating with 130W input power. Thermal con-
tours of the heating lines are clearly visible. Further-
more, the bus bars on the left and right side show a sig-
nificant increase in temperature. This indicates a loss
of input power before reaching the heating lines. The
origin of this could not be fully resolved, but is most
likely the result of a defective electrical contact, which
leads to a localized heating. Figure 4 shows the related
temperature-time distribution for specimen A. The dis-
played data represent average temperatures along the
evaluation lines shown in Fig. 3 for the curves depicted
as “heating lines”. These lines are positioned on the
opposite site of the heating lines in order to capture the
maximum temperature on the top side of the window.
Analogously, curves depicted as “interspace” represent
average temperatures in the center between two heat-
ing lines in order to measure the greatest possible tem-
perature difference within the heating field. For both
heating lines and interspaces, 3 representative curves
are labeled with the associated line or interspace num-
ber shown in Fig. 3. These curves are the maximum,
minimum and one value close to average in the tem-
perature time distribution. The measurements show a
significant deviation of the interspace temperature to
the heating lines temperature and therefore an exceed-
ing of the allowed maximum temperature difference,
which is given in Table 1. Furthermore, a major devia-
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Fig. 3 Specimen A: IR image after 10min at 130W input power
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Fig. 4 SpecimenA: experimental results forminimumandmax-
imum temperature measured with IRC for one heating line and
the neighboring interspace

tion between single heating lines can be observed and
a very inhomogeneous temperature field is apparent.
Temperatures significantly above 30 ◦C are outside the
calibration curve and their real value may therefore be
higher than calculated.

Based on the evaluation of specimen A, a sec-
ond specimen was produced with respect to carefully
installed electrical contacts and a smaller heating line
distance. Figure 5 shows the temperature measurement
for specimenBwith analogousmeasurement technique
as applied for specimen A. A similar input power as
used for specimen A is used and a more homogeneous
temperature distribution and smaller temperature dif-
ferences are reached. Furthermore, no significant heat-
ing is observed at the bus bars and therefore smaller
losses than for specimen A can be assumed. Specimen
B fulfills all given requirements from Table 1 and is
therefore aim of the numerical investigation performed

Fig. 5 Specimen B: IR image after 10min at 125W input power

−20

−10

 0

 10

 20

 30

 40

 50

 0  5  10  15  20  25  30

te
m

pe
ra

tu
re

θ 
[°

C
]

time t [min]

heating lines
heating line 1
heating line 5

heating line 16

interspaces
interspace 1−2
interspace 4−5

interspace 15−16

Fig. 6 SpecimenB: experimental results forminimum andmax-
imum temperature measured with IRC for one heating line and
the neighboring interspace

subsequently. However, some inhomogeneities in the
temperature distribution could still be observed. These
are shown in Fig. 7, where the temperature distribution
of all heating lines is shown. For the same input power,
temperatures between approximately 14.5 and 18.5 ◦C
were noticed.

3 Numerical calculations

The specimenpreparation showed to bevery exhaustive
in time and resources. A numerical method in order to
estimate the amount of heating lines and input power of
upcoming specimen for further development is there-
fore desirable. In the present work, the FEM is used to
calculate the problem. In this method the considered
window and heating lines are divided into a finite num-
ber of elements that approximate the real geometry.
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at 10min

Temperatures can be calculated on an element level
by solving Fourier’s law, which is given in Lienhard
(2013) by

q = −k∇θ (3)

with q representing the heat flux and k the thermal con-
ductivity. With given boundary conditions a functional
Π can be obtained, which is used by Bathe (2002) to
express the principle of virtual temperatures with the
requirement of stationarity by

∫
V

δθ,i
T ki jθ, j dV =

∫
V

δθ q̇ B dV +
∫
Sq

δθ Sq̇ S dS

+
∑
i

δθ i Qi . (4)

Here, temperatures with a δ-prefix are virtual values.
Thermal conductivity is expressed by a second-order
tensor. Indices B and S stand for a heat source and
incoming heat flux density respectively. Integration
of the incoming heat flux density is performed with
respect to the boundary of the continuum Sq . For a lin-
ear transient calculation a time step �t is introduced
for which at a time of t + �t the principle of virtual
temperatures is calculated according to Bathe (2002)
by∫
V

δθT (ρc)t+�t θ̇ t+�t dV +
∫
V

δθT,i k
t+�t
i j δθ t+�t

, j dV

= Qt+�t +
∫
Sc

δθ Sht+�t
(
θ t+�t
e − θ St+�T

)
dS

+
∫
Sr

δθ St+�tκ
(
θ t+�t
r − θ St+�t

)
dS (5)

and can be solved for the current state temperature
θ t+�t . With mass density ρ and heat capacity c the
increase of internal energy is included. The term Qt+�t

represents external heat sources entering the system,
indices c and r stand for the convective and radiative
terms respectively. The full model is assembled by con-
necting the single elements in a matrix. The tempera-
ture θ S , θe and θr refer to the surface, environmental
and ambient temperature. Discretization to finite ele-
ments is performed and temperatures are calculated by
solving Eq. (5) numerically.

The time step �t may be selected freely but is cru-
cial for the solver to find the equilibrium. By choos-
ing a time step of 1second, the calculation interval is
adjusted to the data acquisition rate of the IRC. With
this time step, no instabilities in equilibrium determi-
nation were found and the time step remained at its
maximum value at all times. The problem investigated
in the present work contains furthermore contact mod-
eling between heating line elements and the window
elements which additionally increases complexity of
the numerical model. For time efficient calculation the
commercial solver LS-DYNA, version 971 R7.0.0 in
double precision and single memory processing (SMP)
mode, is used for a fully implicit calculation. The ther-
mal time step of the solutionwasmodeled to be variable
with possible time step reduction if the equilibrium cri-
teria are not fulfilled.

3.1 FE modeling

A reduced FE model was set up in order to use the
model’s symmetries in the simulation and is shown in
Fig. 8. Both window and heating lines were modeled
with solid elements. The contact between heating lines
and window is modeled as perfectly closed at all times.

For the heat, which is dispersed by convection,
the ambient temperature, which is assumed in para-
graph 2.3 to be between−20 and−10 ◦C, and the coef-
ficient of convection for the upper and bottom side of
the window had to be specified. To simplify the model,
heat conduction to the periphery is modeled within this
coefficient of convection. The heat flux, which is based
on the electrical input power used in the experiment,
was multiplied with a constant scale factor in order
to take into account power losses before reaching the
heating lines. Additionally, experiments showed slight
deviations in input power due to changes in electrical
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Fig. 8 Reduced FE model

resistance with rising temperature, which was modeled
by using time-dependent tabulated values for the input
power obtained from the experiment.

The initial temperature is calculated as an average
value of all heating lines and interspaces and the emis-
sivity of PMMA was set to 0.92. Taking into account
the uncertainty in power loss and convection, the val-
ues input power scale factor, ambient temperature and
the two coefficients of convection were assumed to
be within a certain range and had to be determined
to obtain one final set of parameters. This was per-
formed by numerical optimization using the commer-
cial software LS-OPT. Here, the results of the simula-
tions are compared and adjusted to average experimen-
tal temperature-time curves for the heating lines and the
interspace values from Fig. 6 using the least-square fit
method. Final values for the thermal boundary condi-
tions are summarized in Table 2.

3.2 Material modeling

A thermal isotropic material model was used for
PMMA and the heating lines. Values for thermal con-
ductivity k and heat capacity cwere obtained byEvonik
Industries AG and are shown in Fig. 9. Thermal con-
ductivity was determined using regulations from DIN
52612-1, heat capacity determination followed the reg-
ulation ofDINEN ISO11357-4. For room temperature,
these results are published in Evonik (2013). Here, a
significant change of the heat capacity can be observed,
while thermal conductivity only performs small devi-
ation for a large temperature range. For a temperature
range of −20 ◦C to approximately 60 ◦C a change in
heat capacity of approximately 20 % is to be expected.
Thermal properties of PMMAhave already been inves-
tigated several times for example byAssael et al. (2005)
or Sargsyan et al. (2007). Results from both authors

Table 2 Thermal coefficients used in FE-simulation

Upper side

Emissivity 0.92

Coefficient of convection 2.58W/(m2 K)

Ambient temperature −15.7 ◦C
Bottom side

Emissivity 0.92

Coefficient of convection 1.0W/(m2 K)

Ambient temperature −15.7 ◦C
Heating lines

Initial heat flux 19.59mW/mm2

Scale factor 0.91
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Fig. 9 Thermal conductivity k and heat capacity c for PMMA

show to be in good agreement with the values of the
present work. In the simulation, thermal conductivity k
and heat capacity c are used with a load curve respect-
ing temperature dependency.

For the heating lines, no measurement of thermal
properties were performed. Therefore, constant values
given inHowell et al. (2011) for silverwere used,which
approximates the heating line material.
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Fig. 10 Topography of
temperature distribution
along 6 top-down lines for
experiment and simulation
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3.3 Simulation results and discussion

Figure 10 shows the temperature topography compari-
son between simulation and experiment at a time of 10
min. The temperature distribution along 6 lines, which
are drawn from top downon thewindoware shown for a
time of 10min. The interspaces in the simulation curve
result from deviations in the heating line distance of the
experiments. Here, the peak value of each heating line
was used as a reference for offsetting the simulation.
It is clearly visible that the simulation overestimates
the temperature level as well as the peak temperatures
(above the heating lines) towards the edges of the win-
dow. At the center of the window simulation represents
the topography well for most heating lines. A small
overestimation of the experiment can be observed for
every heating line.

Further discrepancies between simulation andexper-
iment are caused by several factors. First, an inhomoge-
neous temperature distribution on the window surface
is visible even before starting the experiment. This is
due to the modeling with a constant initial tempera-
ture. Furthermore, the convection is neither a constant
value for time or location nor was it experimentally
determined. For the optimized coefficients of convec-
tion significant deviations to the real values are pos-
sible. As a third reason, the loss of power, which is
approximated with an optimized scale factor, has great
influence on the simulation results.

In Fig. 3, a distinct heat generation can be observed
at the bus bars that still contributes to the heating
of the window. With respect to the significant inho-
mogeneities in temperature distribution observable in
Figs. 3 and 5, only heating lines close to the average
value are approximated by the simulation. Therefore,
a central conclusion drawn from these results is the
requirement of improving the experimental setup pri-
marily with respect to homogenization of the tempera-
ture distribution.
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Fig. 11 Comparison of simulation and experiment forminimum
and maximum surface temperature

Figure 11 shows the final results of the simulation
of the minimum and maximum temperature in com-
parison to the temperatures of the heating lines and
the interspaces. Here, the heating lines 1–4 and 19–24
are neglected for showing little temperature rise. This
may have been caused by insufficient conduction of
the input power to both ends at the window. The initial
temperature of the simulation was idealized to be the
same for minimum and maximum. Simulation shows
to be within the range of scattering of the heating lines
and the interspaces. This shows that the simulation is
able to reproduce the experimental results well. Note
that simulation slightly overestimates the experimen-
tal values at a time of 10 min, which corresponds to
overestimation observed for the simulation in Fig. 10.

To sum up the simulation results, the presented
model is able to predict the average thermal behav-
ior well. Though it lacks in a local analysis, especially
when experimental values show significant inhomo-
geneities. Modeling of inhomogeneities would require
additional effort and a significant complication of the
numerical model. Against this background, the pre-
sented model appears to be in accordance to good engi-
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neering practice and as a useful tool for the thermal
outlaying of windows with heating lines.

4 Summary

Experimental and numerical investigation regarding
the thermal behavior of a heated PMMA window have
been performed. Two specimens were manufactured
and supervised with an infrared camera. The low ambi-
ent temperature of−20 ◦C lead to additional uncertain-
ties of the IR measurement but results showed to be
reliable although a greater range of uncertainty had to
be accepted. Thermal behavior of iced windows were
also investigated but showed too high deviations from
each other mainly caused by the ice layer. The ice layer
distorts the temperature determination of the window
significantly, which made quantitative measurements
only trustworthy for ice-free areas. Subsequently, a fea-
sibility study was performed using the finite element
method in order to reduce the experimental effort for
future developments. Some thermal values like convec-
tion, heating line material properties and input power
had to be estimated. A numerical optimization adjusted
the parameters of the simulation in a good agreement
to the experimental results. This validated finite ele-
ment model can now be used in engineering practice
for design and dimensioning of heated PMMA win-
dows.
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