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Abstract
Mould temperature control has a significant influence on component quality and costs in the plastic injection moulding 
process. In the case of standard applications isothermal temperature control, in which the mould temperature is maintained 
at one level, is sufficient. For special applications (e.g. plastic optics; long, thin components; moulding of microstructures) 
variothermal temperature control using cyclically changing temperatures is beneficial. Therefore, the use of infrared radia-
tors offers advantages in terms of achievable temperatures and investment costs but at low heating rates and efficiency. This 
paper therefore investigates the possibility of increasing the efficiency of energy input by infrared radiation into metals in 
particular into aluminium. For this purpose, a simulation model is developed. The numeric models used are validated by 
means of experiments. A short-wave infrared radiator is investigated, consisting of a tungsten filament in a quartz glass  
tube. The emitter power is varied from 1200 to 400 W. An aluminium sample with a thickness of 10 mm and a square base 
with an edge length of 60 mm is investigated. The temperature is measured on the non-irradiated side in the centre of the 
sample surface and at a distance of 20 mm from it while being irradiated. For the numerical model, a ray tracing simulation 
is carried out in a first step, the result of which is used as a Neumann boundary condition for a thermal simulation in second 
step. The model created can serve as a basis for the thermal design of more complex geometries.

Keywords Injection molding · Infrared radiation · Variothermal mold heating · Ray tracing

1 Introduction

Many plastics processing methods use moulds to give a 
molten plastic the desired geometry. The quality of the 
component produced in this way also depends highly on 
the mould itself. In the specific case of injection mould-
ing, the challenge is to produce uniform parts on a large 
scale that meet the requirements of strength, function-
ality, dimensional accuracy, appearance and economical 

production. The mould temperature control in particu-
lar contributes to this [1–3]. A distinction can be made 
between isothermal and variothermal mould temperature 
control. The aim of both temperature control methods is 
to avoid early solidification of the plastic melt during 
mould filling, but at the same time to cool the melt to 
below the demoulding temperature at which the compo-
nent to be produced has sufficient structural integrity. The 
requirements on the mould temperature therefore change 
depending on the process step. During mould filling step, 
the mould temperature should be as high as possible in 
order to minimise the heat transfer between the mould 
wall and the plastic melt. This keeps the plastic molten 
for a longer time, which in turn has a positive influence 
on the mould filling behaviour. During the cooling time, 
the lowest possible mould temperature is advantageous 
in order to cool the hot melt to the desired temperature 
in the shortest possible time. This can reduce production 
times and increase the economic efficiency of the process. 
Within this context of technical restrictions and economic 
requirements, concepts for mould temperature control 
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must be placed. With isothermal temperature control, the 
temperature level is kept almost constant. The set tem-
perature is a compromise between mould filling behav-
iour and short cooling time. This temperature control is 
sufficient for most applications. However, such a static 
temperature control cannot be used for the production of 
components with long, thin flow paths, parts with high 
optical requirements or to reduce the stress on the plastic 
during injection [4]. A dynamically changing, variother-
mal temperature is required. For variothermal temperature 
control the temperature level is adjusted depending on 
the requirements of the respective process step and alter-
nates between high and low temperatures. Currently, vari-
othermal temperature control is mainly used for special 
applications or in micro injection moulding [5]. Due to 
the technical advantages, there is a need to optimise vari-
othermal technology in the injection moulding process 
also with regard to economic efficiency and to make it 
accessible for large-scale production. An essential aspect 
here is the design of the temperature control with the aim 
to maximise the energy input for heating in order to keep 
the overall cycle time as short as possible. In the follow-
ing, a modelling approach for the numerical representa-
tion of infrared radiation in the background of its use as a 
heating technology for variothermally tempered injection 
moulds is presented.

1.1  Evaluation of variothermal heating 
technologies

Variothermal mould temperature control can be realised by 
different media or energy sources. The most common form, 
following isothermally tempered moulds, is the use of flu-
ids (oil, water, steam, hot gases) [6–12]. Other applications  
are induction heating [13–16], the use of resistance heating 
elements in the form of layer systems or ceramics [6, 17–19]  
and the use of radiation as an energy source (infrared radia-
tion [20–24], microwave radiation [25], laser [26, 27]). In 
addition, there are also systems that use chemical energy in 
the combustion of gases [28, 29]. Economic and technical 
factors are used to evaluate temperature control systems. 
Figure 1 shows a summary of different evaluations for the 
most relevant technologies as well as the evaluation of infra-
red radiation in detail [15, 29–32]. For this purpose, the eval-
uation criteria used in the literature were clustered by topics 
and the ratings were standardised into a point system from 
1 to 5. The rating achieved by the respective technology is 
then set in relation to the theoretically achievable maximum.

The highest ratings are achieved by technologies that are 
also used in isothermal temperature control or use the same 
or similar equipment and peripherals. Infrared radiation 
achieves a medium to lower rating. In particular, the homo-
geneity of the temperature distribution and the efficiency 
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Fig. 1  Overview of the technology rating of variothermal temperature control technologies. Left: Technologies in comparison; Right: Infrared 
radiation in detail
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of the energy transfer are rated below average. In contrast, 
the rating for maximum achievable temperatures lies above 
average.

The energy transfer of infrared radiation happens with-
out a medium. Therefore, infrared radiation is not bound to 
the restrictions of a medium (e.g. boiling or melting tem-
peratures). Furthermore, the costs for investment, use and 
peripherals are also rated above average.

The aim is therefore to analyse and improve the below-
average criteria.

1.2  Heating concepts for injection moulds using 
infrared radiation

The integration of infrared radiation in the injection mould-
ing process for heating the mould halves can basically take 
place as an external or integrated radiator. With external 
radiators, an infrared system is moved between the halves 
of an open mould and heats the cavity surface [20, 21, 33, 
34]. The advantage is that the energy is applied directly to 
the surface, which is also the first to exchange heat with 
the plastic melt. One disadvantage is that the cavity surface 

usually meets the requirements of injection moulding and is 
polished accordingly. This increases the proportion of radia-
tion reflected back into the environment and reduces the effi-
ciency of the system [35]. Furthermore, the radiator standing 
between the mould halves blocks further mould movements 
and thus extends the cycle time. In addition, the resulting 
temperature field can hardly be homogenised, as there is no 
three-dimensional heat exchange at the surface. In contrast, 
concepts with integrated radiators are known [23, 36]. Here, 
the infrared sources are installed in the mould in such a way 
that they can operate simultaneously to the rest of the injec-
tion moulding cycle. This means that mould movements can 
be carried out parallel to the heating, which does not further 
extend cycle times. The disadvantage is that integration is 
more complicated, especially on the moving mould half with 
for example the openings for ejectors.

With these constraints in mind, the mould concept shown 
in Fig. 2 is developed.

The design of the integrated radiator is being used. In 
addition, the optimisation approaches for improving infra-
red radiations rating as heating technology are consistently 
implemented. The mould design is divided into two parts for 
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each mould half. The mould halves consist of a high-mass, 
isothermally cold tempered main body made of steel and a 
low-mass attachment made of aluminium. Infrared radiator 
tubes are embedded in the mould body and irradiate the back 
of the attachment. The attachment itself is spring-mounted and 
separates from the body by a gap, so that both parts are ini-
tially thermally insulated from each other. The advantage of 
irradiation from the back is that the irradiated surface can be 
optimised for energy input by infrared radiation without affect-
ing the unirradiated cavity. Furthermore, heat is transported 
from the back of the attachment to the front. With a suitable 
selection of the thickness, the duration of the heat transport 
influences the cycle time only insignificantly, but causes 
a three-dimensional heat exchange and thus an improved 
homogenisation of the temperature field. Homogenisation is 
also supported by the choice of aluminium as a material with 
a higher thermal conductivity than steel. Figure 3 shows the 
implementation of the mould concept in the form of a demon-
strator mould on an injection moulding machine from ENGEL.

The demonstrator mould initially consists of simple 
geometries. The aim is to reduce the cycle times already 
achieved and in particular the heating time. This requires 
optimisation of the energy absorption by infrared radiation. 
For this purpose, a numerical model is being developed, 
with the help of which the mould geometries can be adapted.

2  Mathematical‑physical modelling of infrared 
radiation and its interaction with metals

Infrared radiation is part of the electromagnetic spectrum 
in the range from 0.78 µm up to 1000 µm. Technically 
relevant are the ranges of the near infrared spectrum (up 
to 3 µm) and the near mid infrared spectrum (up to approx. 
10 µm). The concept of the black body is used to describe 
infrared radiation. This body perfectly absorbs all inci-
dent radiation and emits it in the form of radiant energy. 
Planck’s radiation law describes the spectral specific exi-
tance of a black body

Here � is the wavelength of the emitted radiation, T is the 
temperature of the radiating body, h is Planck's quantum of 
action, c is the speed of light in a vacuum and k is Boltzmann's 
constant. Figure 4 shows the spectral exitance for black bodies 
of different temperatures from 3000 to 1500 K.

Wien’s displacement law describes the progression of the 
maxima of each graph. It states that the maximum of the 
spectral radiation increases with increasing temperature and 
shifts towards shorter wavelengths.
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Fig. 3  Implementation of the 
mould concept as an injection 
mould on an injection moulding 
machine of company ENGEL
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A real body differs from Plank's law of radiation and 
reaches a lower spectral emissivity compared to the black 
body at the same temperature. The ratio of the spectral exi-
tance of the real body compared to that of a black body at 
the same temperature represents the spectral emissivity of 
the considered wavelength. Figure 5 shows the profile of the 
spectral emissivity of tungsten at a temperature of 2450 K 
and the comparison between the spectral exitance of tung-
sten and that of a black body at the same temperature.

The spectral emissivity was determined up to a wave-
length of 2.6 µm using a method by Russell and Jan [37]. 
For wavelengths beyond this up to a wavelength of 10 µm, 
the Hagen-Rubens equation is used [38]. However, the pre-
factor is modified in such a way that a steady gradient of 
the spectral emissivity is created. The spectral exitance of 
tungsten is obtained by multiplying the spectral exitance of 
the black body by the respective spectral emissivity factor 
for tungsten.

In the application, a tungsten filament in a radiator tube 
made of quartz glass has current flowing through it and is 
heated due to its own resistance (Fig. 6). The radiator basi-
cally consists of a quartz glass tube set into a ceramic socket 
at both ends. In the centre of the glass tube a tungsten fila-
ment is placed, which is held in place by support rings on 
the inside of the radiator tube. A 230 V alternating current 

is applied to the ends of the connecting cables. The power 
is adjusted by means of phase angle control.

In order to determine the resulting temperature of the fila-
ment for different electrical powers, a resistance measurement 
can be carried out [39]. To do this, the electrical resistance at 
a reference temperature (e.g. room temperature) must first be 
known. If the specific electrical resistance at this temperature 
is known, the ratio between the length of the filament and 
the diameter of the filament can be determined as in Eq. (2).

where l0 is the length of the filament, A0 is the average cross-
sectional area of the filament and R0 is the measured resist-
ance in each case at the selected reference temperature. �0 
is the specific electrical resistance of the filament material 
also at the reference temperature. Due to the heating of the 
filament material during use, there is an expansion in the 
direction of the length and diameter of the filament. The 
diameter in turn determines the cross-sectional area. The 
thermal expansion can be taken into account by the linear 
coefficient of thermal expansion. This allows the general 
relationship between filament length and cross-sectional area 
to be determined at different filament temperatures.

(2)
l0

A0

=
R0

�0

Fig. 5  Left: Calculated spectral 
emissivity curve for tungsten; 
Right: Comparison between 
the spectral radiant exitance of 
a black body and tungsten at a 
temperature of 2450 K
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where l(T) is the length of the filament, A(T) is the aver-
age cross-sectional area of the filament and �(T) the linear 
coefficient of thermal expansion each at temperature T  . The 
resulting resistance at different temperatures can thus be 
determined.

where R(T) is the electrical resistance and �(T) is specific elec-
trical resistance of the filament material each at temperature T . 
With the use of the temperature-dependent material data for 
the linear coefficient of expansion [40] and the specific electri-
cal resistance [41], a correlation between the temperature and 
the resistance that occurs can be determined (Fig. 7).

The graph can be approximated by a second-degree 
polynomial.

The factors correlate with the work of Izarra and Gitton 
[39].

During operation, the voltage is varied via phase angle con-
trol. For a sinusoidal voltage respectively a sinusoidal current, a 
time is defined within half a period in which no current flow is 
possible. By varying this gating time, the power can be adjusted. 
The current flow is interrupted again when the voltage crosses 
zero until the gating time has elapsed again. If the gating time 
corresponds to half the period time, no power is converted. The 
root-mean-square-(rms)-value of the AC voltage that occurs dur-
ing phase angle control can be described as follows:

where Urms is the rms-voltage, T is the period time of the sine 
function, to is the gating time and Û is the peak voltage for 
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√
1

2
−

t
o

T
+

1

4�
⋅ sin

(
4�

t
o

T

)

the sine function which is around 311 V in 220 V AC net-
works. In principle, the rms-value of the voltage for a specific 
gating time is described by the maximum value of the sine 
function and a constant factor. The same constant factor also 
applies to the current, except that the maximum current value 
of the sine function is used to determine the rms-value. For 
AC voltages without phase angle control, current and volt-
age are in phase without phase shift. With phase angle con-
trol, the harmonic sine function is disturbed. This results in 
a phase shift between current and voltage, which in addition 
to active power generates reactive power (especially distor-
tion reactive power). The greater the gating time, the greater 
the phase shift. By measuring the rms-value of the current for 
an ohmic load in a phase angle controlled network at different 
power levels, the constant factor and thus the corresponding 
gating time can be determined. With the gating time, the 
corresponding rms-value of the voltage can be calculated. 
The power set for current measurement corresponds to the 
apparent power. The actual power responsible for heating is 
the active power. Both are related via the phase shift angle.

where � is the shifting angle, S is the apparent power and P 
is the active power.

The active power can generally be regarded as the mean 
value of the time-varying power consumption of a load and 
thus as the mean value of the time-varying product of current 
and voltage.

The time dependant profiles of current and voltage can be 
expressed with the help of a sine wave, taking into account 
the phase shift of the current.

(7)cos(�) =
P

S

(8)P = p(t) = u(t) ⋅ i(t)

(9)u(t) = Û ⋅ sin
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Fig. 7  Resistance ratio as a 
function of temperature
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The negative sign of the phase shift in the argument of 
the sine function of the current indicates that the current 
lags the voltage.

The phase shift angle is not known. Therefore, the deter-
mination of the active power is initially carried out under 
the assumption that there is no phase shift. From the active 
power determined in this way, a phase shift angle can be cal-
culated, which in return is used for the next iteration to deter-
mine the active power. This iteration is repeated until the  
shift angle no longer changes. The needed resistance of the 
ohmic load is determined by the real part of the imaginary 
impedance. From the rms-values of current and voltage, the 
impedance can be determined.

where Irms is the rms-value of the current. The resistance 
(reactance) can be determined by the phase shift angle.

Table 1 lists the measured rms-value of the current for the 
respective apparent power together with the values deter-
mined from it. In particular, this allows the temperature of 
the filament to be assigned to a power setting. The infrared 
radiators are operated in a 220 V electrical network at a 
frequency of 50 Hz.

With the known temperature of the filament, the spec-
tral radiant exitance of the infrared radiator can now be 
determined.

(10)i(t) = Î ⋅ sin
(
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)

(11)P = Û ⋅ Î ⋅
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t

T
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2
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(
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T

)]}

(13)||Z|| =
Urms

Irms

(14)R = Re
{
Z
}
= cos� ⋅

||Z||

When radiation reaches a surface, it can interact with the 
irradiated body via three different mechanisms. Radiation 
can be reflected, absorbed or transmitted. The proportion of 
the radiation that is subject to the respective interaction is 
described by means of a coefficient

A denotes the absorbed portion of the radiation and 
describes the radiation energy converted into thermal energy 
at the surface of the irradiated body. T describes the transmit-
ted portion, which first penetrates into deeper layers of the 
body and is absorbed there. R represents the reflected portion, 
which is returned back from the surface into the environment.

The following applies to the irradiation of metals with 
sufficient thickness [42, 43]:

This simplifies Eq. (15) to:

Therefore, if the spectral reflectance is known, the spec-
tral absorptance can also be determined. Thus, the energy 
input by radiation into metals depends only on the absorp-
tion and the wavelength or wavelength distribution of the 
radiating source. Metallic surfaces can be modelled as a 
structure consisting of several layers. In front of the actual 
substrate material there are natural oxide layers and chemi-
cal impurities that influence the absorption [44]. Figure 8 
shows the comparison of the degrees of reflection between 
pure aluminium [45] and aluminium oxide  Al2O3 [46].

To take into account the influence of oxide layers on 
irradiated surfaces, the mixing rule

is applied. Here, Rtot(�) denotes the spectral reflec-
tance of the total layer structure of metal oxide and pure 
metal,Rox(�) the spectral reflectance of metal oxide and 
Rbulk(�) the spectral reflectance of the pure metal. The fac-
tor � describes the share of the oxide layer in the total 

(15)�(�) + �(�) + �(�) = 1

(16)�(�) ≅ 0.

(17)�(�) + �(�) = 1.

(18)����(�) = � ⋅ ���(�) + (1 − �) ⋅ �����(�)

Table 1  Determined temperature of the filament at different power levels

rms-value 
current
I
rms

/(A)

rms-value 
voltage
U

rms
/(V)

apparent power
S/(VA)

active power
P/(W)

phase shift 
angle
�/(°)

gating time
t0/(ms)

reactance
R/(Ω)

resistance ratio
�(�)∕��/(-)

filament 
temperature
T/(K)

0 0 0 0 90.0 10 3.6 1.0 300.0
1.957 77.6 400.0 271.8 47.2 7.17 26.95 7.49 1537.8
3.089 122.8 600.0 507.7 32.2 5.94 33.57 9.32 1850.7
4.038 160.5 800.0 743.6 21.6 4.79 36.88 10.24 2004.9
4.853 192.6 1000.0 977.8 12.1 3.50 38.79 10.77 2093.3
5.500 218.2 1200.0 1200.0 0 0 39.67 11.02 2134.2
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reflectance and reaches values from 0 (pure metal) to 1 
(oxide only).

For translucent materials, the intensity of the radiation 
decreases with increasing penetration depth. According to 
Lambert–Beer's law, the following applies to the decrease 
in radiation intensity

where It represents the radiation intensity at a certain point 
of the irradiated material, I0 is the initial intensity, � is the 
absorption coefficient and t  is the considered thickness of 
the irradiated material. Thus, with a known, wavelength-
dependent absorption coefficient, the intensity decrease dur-
ing transmission can be determined.

3  Simulation of heating of metals by using 
infrared radiation

Based on the fundamentals for the characterisation of a radi-
ating source and an irradiated body, the modelling of both 
parts is carried out. The aim is to predict the temperature 
distribution of an irradiated metal sample of defined thick-
ness when irradiated by an infrared source with defined ray 

(19)��(�) = �0(�) ⋅ �
−�(�)�

characteristics and position relative to the irradiated body by 
means of the finite element method (FEM). For this purpose, 
the two-step computational approach depicted in Fig. 9 is 
carried out.

In the first step, a ray tracing simulation is carried out. 
In this process, the surfaces to be irradiated and the radi-
ating source are provided with optical properties. Due to 
the Lambertian radiation characteristic of the radiator, it is 
possible that the surfaces of the specimen that are perpen-
dicular to the x-axis can also be irradiated. The side sur-
faces perpendicular to the y-axis (shadow area) are never 
reached by any ray and can therefore be disregarded for 
heating. Due to the symmetry of the system, the power 
components for heating the surfaces perpendicular to the 
x-axis are equal. It is therefore sufficient to evaluate one of 
the two surfaces in ray tracing. The emitted wavelengths 
of the radiation source are divided into discrete wave-
lengths in the range from the minimum to the maximum 
wavelength of interest. Each wavelength is then assigned 
a number of rays to be simulated limited by the specified 
maximum number.

The total radiated power is then distributed to the wave-
length packages and within the packages again to the indi-
vidual rays. Chang and Hwang proceeded in such a way 

Fig. 8  Spectral reflectance 
of pure aluminium (left) and 
aluminium oxide  Al2O3 (right) 
in the wavelength range from 
0.24 µm to 3 µm
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that each wavelength package was assigned the same num-
ber of rays to be simulated and each ray was assigned the 
same proportion of the total power of the radiator [47]. Fur-
thermore, optical parameters were assigned independently 
of wavelength. This can lead to absorption or reflection 
maxima of the body to be irradiated not being taken into 
account and the power input being inaccurate. In this study, 
the spectral distribution of optical parameters are therefore 
applied.

For this purpose, a distribution method is developed 
based on the spectral radiation of the radiating source

where g(�,T) is the temperature-dependent distribution fac-
tor for the respective wavelength. The power Pr(�,T) trans-
ported by a single ray of a certain wavelength is determined 
by

The total power of the radiator is Ptot , the number of rays 
to be calculated of the respective discrete wavelength is n(�) . 
This procedure defines the radiation source with regard to 
the radiation characteristic. In a next step, the radiation 
direction must be specified. Mathematically, a radiation 
source can be described as a Lambertian radiator. Here, 
every point on the surface of the radiator can emit radia-
tion in any spatial direction of the half-space. For a discrete 
description, a Monte Carlo model is used in which a point on 
the surface of the radiator is randomly selected and the radi-
ation angles are also randomly determined. In this way, the 
model maps the direction of the radiation. In order to achieve 
significant results, it is necessary to use a sufficient number 
of rays for the simulation. Assuming that each emitted ray 
can hit each surface element of the irradiated surface with 
equal probability Ph and the requirement applies that each 
surface element is hit with a probability Ph of at least one 
ray of each wavelength, the minimum required number of 
rays kr(�) of the respective wavelength results according to

Here, p is the basic probability for hitting a surface ele-
ment and results as the reciprocal value of the total num-
ber of all surface elements if all elements are of the same 
geometry.

The result of the ray tracing simulation is the distribution 
of heat flux densities on the irradiated surface. Depending on 

(20)�(�,�) =
�0�(�,�)

∑�

�=1
�0�

�
��,�

�

(21)��(�,�) =
���� ⋅ �(�,�)

�(�)

(22)��(�) =
��
(
1 − ��

)

��(1 − �)

the optical properties of the irradiated material, the propor-
tion of reflected radiation is not taken into account. Accord-
ing to Eq. (17), only the portion absorbed on the surface 
remains. This is transferred to a thermal transient simulation, 
where the heat flux density is applied as a Neumann bound-
ary condition. In addition, radiation losses to the environ-
ment due to the body's own radiation as a result of tempera-
ture increase and a convective heat transfer are defined. With 
the help of temperature-dependent material properties, the 
temperature distribution of the irradiated body can then be 
determined.

4  Numerical results and experimental 
validation

4.1  Results of the optical simulation

Following the simulation sequence, an optical simulation 
using the ray tracing software TracePro was carried out first. 
The simulation model follows the radiators structure as shown 
in Fig. 6. Figure 10 shows the structure of the model with the 
essential geometric dimensions. The model represents a sim-
plification of a test setup on which the results are validated.

The setup consists of a short-wave infrared radiator 
installed in a reflector holder. The reflector is coated with 
gold. As in the actual structure (Fig. 6), the infrared radiator 
consists of a tube made of quartz glass in which a tungsten 
filament is stored in the centre. In the model, it is assumed 
that the filament formed as a spiral is a continuous cylinder 
with a diameter of 1 mm. The support rings of the filament 
on the radiator tube are neglected. The quartz glass thick-
ness is assumed to be 1 mm. The irradiated surface is given 
the optical properties of aluminium and aluminium oxide 
according to Eq. (4) with δ = 0.65. The optical properties 
of the gold coating are taken from the TracePro database. 
The quartz glass to be irradiated obeys Lambert–Beer's law 
with a wavelength-dependent absorption coefficient [48]. 
Temperature-dependent radiation properties of tungsten 
are assigned to the filament (Fig. 4; Eq. (21)). The filament 
temperature at the corresponding (apparent) power is taken 
from Table 1. The surface to be irradiated is divided into 
elements with an edge length of 1 × 1 mm, resulting in a 
minimum number of rays per wavelength of 2500 with a 
required probability of 50% (Eq. (22)). For the wavelength 
range to be simulated from 0.34 µm up to 10 µm, the simu-
lation of 5,000,000 rays due to symmetry conditions fulfils 
this requirement. The result of the ray tracing simulation for 
a radiator power of 1200 W to 400 W is shown in Fig. 11.

The power of the radiator was varied in 200 W increments 
from 1200 W down to 400 W.
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4.2  Results of the thermal transient simulation 
and experimental validation

The distributions for the heat flux density generated are 
transferred to a thermal finite element analysis (FEA) 
using the software ANSYS as boundary conditions. 

Further boundary conditions were free convection on all 
six side surfaces of the specimen with a heat transfer coef-
ficient of h = 50W∕m2K [49] and radiation losses on all 
surfaces with an hemispherical emissivity factor of � = 0.4 
for oxidised aluminium [50]. Heat transfer by conduction 
can be neglected since the specimens were placed on thin 

Fig. 10  Layout of the optical 
simulation model for ray tracing 
simulation; left: schematic illus-
tration; right: simulation model 
in the TracePro software
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6082 The International Journal of Advanced Manufacturing Technology (2022) 119:6073–6089



1 3

peaks in the test set-up. The material parameters specific 
heat capacity and thermal conductivity are deposited as 
a function of temperature for an aluminium alloy 7075 
[51]. The density is assumed to be � = 2800kg∕m3 [52]. 
The ambient temperature is set to 22 °C. The model con-
sist of a cuboid with an edge length of 60 × 60 mm and a 
height of 10 mm, of which the height is divided into five 
equally distanced layers. Each layer is discretised with 
elements of an edge length of 1 mm, so that a total of 
14,400 elements with 71,800 nodes are used. Figure 12 
shows the three-dimensional temperature distribution after 
the target temperature of 100 °C has been reached in the 
centre of the sample on the non-irradiated side (origin of 
the shown coordinate system) for the power levels from 
1200 to 400 W. Furthermore, the time t  at which the target 
temperature was reached for the first time is shown. The 
longitudinal axis of the radiators is parallel to the X-axis 
shown. The figure shows the temperature distribution of 
the non-irradiated side.

Due to the longer irradiation time at lower power levels, 
the temperature field is more homogenised and thus the 
body is heated in larger area than at high radiator powers. 
However, it takes significantly longer to reach the target 
temperature.

To validate the numerical results, temperature pro-
files are measured and compared with the corresponding 
profiles from the simulation. For that, two pints A and 
B depicted in Fig. 13 are selected for the temperature 
evaluation. Both measuring points are located on the non-
irradiated side of the sample. The first measuring point 
is in the centre of the non-irradiated surface, the second 
measuring point is shifted by 20 mm in the y-direction.

The measurement was carried out starting from an 
initial temperature of 30 °C representing the mould base 
temperature in case of the application in injection mould-
ing up to a target temperature of 100 °C. The radiator 
power is varied in steps of 200 W from 400 to 1200 W in 
analogy to the numerical model. The results and the com-
parison with the simulation data are shown in Table 2. 
Furthermore, the average difference ΔT  and the maxi-
mum difference ΔTmax of the temperature of the numeri-
cal results from the measurement results are given for 
each profile.

For low radiator power and the associated lower fila-
ment temperature, the profiles between simulation and 
measurement differ up to 11.6 K. With increasing radiator 
power the difference decreased to 5.5 K and the simula-
tion fits well the experiments. To estimate the simulation 
quality, a maximum difference ΔTmax of 10% between the 
measured and simulated temperature is defined as a crite-
rion for the prediction quality of the numerical model. For 
a maximum temperature of 100 °C, a limit value of 10 K 
for both measuring points applies, which is fulfilled up to 

Fig. 12  Temperature distribu-
tion of an aluminium sample of 
alloy 7075 after irradiation with 
an infrared source
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Fig. 13  Schematic overview of the measuring points in the heating 
test
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Table 2  Comparison between measured and simulated temperature curve for different radiator powers and measuring points in the range from 
30 °C to 100 °C
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a radiator output of 600 W. For a power level of 400 W the 
model is only partly applicable. One explanation could 
be the neglect of the support rings (Fig. 6). They are not 
taken into account in the model. The rings provide the 
filament with direct thermal contact to the quartz glass 
tube. A heat exchange takes place between the glass and 
the filament, which causes the temperature of the fila-
ment to be partially lower and therefore emitting with less 
exitance at these points according to Planck's radiation 
law (Fig. 4). Figure 14 shows this effect for two different 
radiator powers. In both cases, a darker area forms around 
the support rings compared to the surrounding filament, 
which has a lower temperature. However, these areas are 
wider at a power of 200 W than at a power of 1200 W. 
The heat transfer resistance between the quartz tube and 
the tungsten filament limits the heat flow that can pass 
from the filament into the glass. At an electrical power of 
600 W and higher, the heat flow to increase the filament 

temperature grows disproportionately to the heat flow into 
the glass due to this limitation. The temperature differ-
ence to the surrounding filament is not as high as in the 
case of powers less than 600 W.

Figure 15 shows the comparison of the average heating 
rate at different radiator powers for both measuring points 
A and B. Within the measurement from 30 °C to 100 °C, 
the highest intermediate heating rate of 1.46 K/s reaches 
the irradiation with the highest power of 1200 W. This 
heating rate corresponds to the heating rate of applications 
for variothermal temperature control in injection mould-
ing with steam as the heating medium with similar energy 
input [53].

As the radiator power increases, the energy consumption 
decreases. This is because the maxima of the radiation of 
the radiator and the maxima of the absorption of the alu-
minium body continue to converge. As a result, a greater 
amount of energy can be absorbed in the same time.

Fig. 14  Cold spots on the 
filament’s support rings at a 
radiator output of 200 W (top) 
and 1200 W (bottom)

Radiator at 200 W power

Radiator at 1200 W power
Cold spots

Fig. 15  Intermediate heating 
rates of the simulation data 
for different radiator powers 
with indication of the required 
energy
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5  Optimising energy input by surface 
modification

The capability of energy absorption can be further improved 
by a suitable modification of the surface. The spectral 
absorption coefficient of the irradiated surface can be 
raised by using a special absorption coating [54]. For this 
purpose a thermally stable coating is investigated, which 
among other components consists of copper chromite black 
as a colour pigment. A spectral reflectance of 0.051 can be 
assumed for this coating for wavelengths in infrared region 
[55]. The transmittance is not taken into account due to 
the low spectral transmittance in relation to the spectral 
absorptance [56]. A simulation was carried out according 
to the methodology described in Sect. 3. However, instead 
of the spectral absorption of the aluminium and respec-
tively aluminium oxide, the spectral absorption of the coat-
ing was assumed on the irradiated surface. Furthermore, 

an hemispherical emissivity of � = 0.8912 was used for 
the coated surface in the thermal transient analysis for heat 
exchange with the environment [57]. Figure 16 shows the 
computed distributions of irradiance and temperature dis-
tributions of a coated sample.

Figure  17 shows the experimental validation of the 
numerical computation of the temperature distribution 
for the central measuring point A on the unirradiated and 
uncoated side of the sample.

The previously defined criterion of a maximum difference 
between measured and calculated temperature of 10 K is 
fulfilled. The heating rate achieved could be increased from 
1.46 K/s to 1.96 K/s compared to the uncoated sample with 
the same radiator power of 1200 W. The energy consumption 
was reduced by 36% to 11.5 Wh due to the coating.

Figure  18 shows the comparison of the heating rate 
achieved by irradiating a black painted surface by an infra-
red radiator with a power of 1200 W as well as the energy 
consumption used for a temperature lift of 60 K with other 
heating technologies. In particular, the model (infrared heat-
ing (model)) has already improved in comparison to the state 
of the art (infrared heating (SotA)). The heating rate was 
increased by approx. 130% and the energy consumption was 
reduced by approx. 66%.

In general, the energy consumption is estimated con-
servatively. This is due to the sample geometry (square 
base with edge length of 60 mm). The filament in the emit-
ter has a length of 165 mm and therefore extends beyond 
the edges of the sample. As a result, only a certain pro-
portion of the radiated rays reach the specimens surface. 
The remaining rays are emitted to the surroundings and do 
not contribute to the heating of the specimen. The heating 
rate is also not yet optimised. It can be increased through 
geometric modifications. The developed model contrib-
utes to determine optimal geometries for the respective 
application.

Fig. 16  Distribution of the 
irradiance (left) and simulated 
temperature distribution (right) 
of a sample coated with copper 
chromite black
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Fig. 17  Experimental validation of the heating simulation of a coated 
sample for maximum radiator power of 1200 W in the range from 30 
to 100 °C
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6  Conclusion

Compared to previous approaches, the presented simula-
tion model takes into account the spectral distribution of 
optical parameters: spectral radiant exitance of the radiator 
and spectral reflectance as well as spectral absorptance of 
irradiated surfaces. This allows more specific optical effects 
to be investigated, especially with regard to the superposi-
tion of maxima of the absorption of irradiated bodies and 
maxima of the exitance of radiating sources. In Experiment 
and numerical simulation the radiator power was varied from 
400 to 1200 W. The filament temperature resulting in each 
case could be determined by considering the electrical AC 
system. Due to the better convergence of the maxima of the 
exitence of the radiator and the absorption of the irradiated 
aluminium surface and the phase shift that appears or the 
reactive power that is generated by it, the temperature rise 
from 30 °C to 100 °C could be achieved with increasing 
radiator power in a shorter time and with decreasing energy 
input.

The presented model was validated in the range from 
30 °C to 100 °C for radiator powers of 600 W and higher 
with maximum temperature differences of 8.9 K to the meas-
urement results. Power levels below 600 W can only be mod-
elled to a limited extent and reach temperature deviations 
of up to 11.6 K using the presented model. In general, the 
numerically determined temperature curves show a higher 
increase compared to the measurement, especially at low 
radiator powers. For verification purposes, it would there-
fore be necessary to measure the radiation sources optically 
using a spectroradiometer in order to identify differences 
between the optical characteristics used as a basis for the 
model, especially at lower powers.

The heating rate of 1.46 K/s achieved for uncoated sur-
faces already shows an improvement compared to the state 
of the art in terms of heating systems for variothermal injec-
tion moulding, but still needs to be validated for the special 
application case using geometries that are more complex. 

To maximise this heating rate and minimising the necessary 
energy input, a coating using copper chromite black was also 
investigated and experimentally validated for the maximum 
radiator power of 1200 W. By this, an increase of the heating 
rate to 1.96 K/s and a decrease of the energy consumption by 
36% can be achieved. Comparing these model results with 
the state of the art for various heating technologies, there is 
a high potential for the use of infrared radiation as a heat-
ing system. However, the achievable heating rates and the 
energy required must be evaluated for a specific application. 
It should also be taken into account that thermally induced 
stresses can occur due to the inhomogeneous temperature 
distribution in the irradiated parts. This leads to the deforma-
tion of mould parts, particularly for use as injection mould-
ing moulds, which can have an effect on the dimensional 
accuracy of the components to be produced.

The approach presented here for numerically modelling 
the heating of metals by infrared radiation offers a possibil-
ity for the detailed design of heating systems in industrial 
applications such as injection moulding. The model is an 
optimisation of previous approaches and shows an increased 
accuracy.
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