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Abstract: Dual color emissivity free methodology by thermography allows to obtain 2D (two-
dimensional) temperature maps by using local grey body hypotheses and narrowband filters. By
using a suitable pair of filters is possible to obtain the ratio between two thermal camera input signals
that depend only on the temperature and not on the emissive properties of the investigated surface.
The aim of this concise review paper is to summarize and discuss the developments and applications
from long- to mid-near infrared ranges and in a wide range of temperature values of the dual-color
thermographic technique that has been analysed through the use of an analytical model based on the
integration of Planck’s law and attenuated with the transmission curves of sensors, optics, filters,
and attenuators during the last years. Moreover, the applicability to the non-stationary temperature
conditions and finalized to the materials mainly used in the aerospace plasma wind tunnel (PWT)

re-entry are shown.

Keywords: infrared physics; thermal technologies; emissivity free temperature determination; aerospace
material; thermal protection system; aerospace re-entry; plasma wind tunnel applied methodologies

1. Introduction

The use of infrared (IR) thermography as a radiometric technique is of great interest
thanks to the capability to be a full-field, real-time, and contactless investigation method.
Using radiation techniques for quantitative temperature measurements can be difficult
due to the dependency of the surface radiation on the emissivity, ¢, (a surface property
that changes with several parameters such as the direction of radiation, temperature, and
wavelength, and it is also strictly dependent on the state of the surface) [1].

During the plasma wind tunnel (PWT) tests, the thermal protection system (TPS)
articles undergo thermal stresses, leading to high-temperature values (up to 2500 °C). Con-
tactless, non-intrusive techniques are needed, and in order to predict information about the
distribution of temperature over surface objects that are subject to the hypersonic plasma,
proper tools have to be developed capable of solving problems such as the emissivity
knowledge that, in most cases, is mainly due to the of the chemical feature variations
occurring during the test and the innovativeness of the used materials. In the last years, a
wide variety of techniques have been developed in order to obtain accurate and precise
temperature measurements. Intrusive techniques, including the use of thermocouples,
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gardon gauges, pressure sensors, and non-intrusive techniques through infra-red (IR) py-
rometers, spectroscopy [2], and IR cameras [3] have been used for the monitoring of the
phenomena in the hypersonic motion conditions.

The use of thermocouples needs direct contact with the material for which the temper-
ature is measured [3,4]. Moreover, the application requires a priori knowledge of the spots
of interest and the detection of high temperatures. Moreover, the mechanical features of
the test article can be affected by the thermocouple’s application and for this reason, they
cannot always be used because they are often placed under the surfaces of the material
exposed to the flow jet.

Methodologies based on thermal radiation belong to two main methods—pyrometry
and thermography. The first is able to provide point-like information in terms of the object’s
thermal state, while thermography can be used to detect a 2D (two-dimensional) surface
map of temperature. The attention in recent years is focused on IR thermography due to
features such as being a contactless, full-field, and real-time inspection method [1].

Nevertheless, for the temperature measurement of test articles in PWT, pyrometry is
well known and often used, but it is characterized by the limitation to provide information
relative to a limited number of target surface points. This is mainly due both to its intrinsic
limitations and to the limited number of the PWT optical accesses. So, if an operator
wanted to build a 2D map of the temperature of the target, by interpolating the pyrometer
measurements associated with several spots, a huge number of pyrometers should be
used and the result could hardly be compared in terms of spatial resolution to the ones
obtained through the modern thermographic devices characterized by a resolution up to
640 x 512 pixels.

This study is a concise review paper regarding the 2D free emissivity dual-color IR
methodology with the novelty to expand the technique to the unsteady conditions for
different emissivity classes, in a very distinctive environment as in the aerospace field.
To our knowledge, this technique has never been developed to get 2D thermographic
images and is also never applied in the aerospace field. So, a state of the art of diagnostic
methodology that is applied to thermal conditions compatible with the ones connected to
the atmospheric re-entry has been summarized and compacted in several IR spectral ranges
(medium [5-7], long [6], and near [7] wavelength ranges) for a deeper understanding of
the readers. Moreover, as a novelty, the analyses have been performed considering an
unsteady temperature scenario for a specific device (FLIR Orion 7600) and for different
classes of materials in terms of their emissivity (i.e., low, medium, and high emissivity
materials). The main aim consists of establishing for which material classes, the dual-color
(DC) methodology can be adopted for a more precise and accurate temperature detection
especially compared to the other standard techniques. The results compared with the ones
from the use of standard techniques, considering the same model and the same features for
IR camera, allow us to focus the benefits of the DC methodology on the basis of non-grey
body materials behavior. The great potential of the dual-color thermography allows us to
estimate the object’s temperature without the need to know or assume the emissivity value.
The application to a thermographic system (in this context, the response curve of detectors
and filters compatible with thermal cameras commercially available), gives the capability
to provide two dimensional thermographic maps free from the emissivity knowledge, by
applying pixel by pixel of a focal planar array (FPA) the criteria described in this work.

2. Dual-Color Theory

The thermal signal G,j(Topj, €0b7), the infrared radiation reaching the detector of the
camera for several passband filters, can be obtained by the integration of the Planck’s law
for a real surface in the working spectral range of the IR camera (A’ e A”) and considering
transmissivity functions, respectively, for the sensor (Rt(A)), the optics (Rof(A)), the applied
filter (F(A)), and for the attenuators (A(A))
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where A is the wavelength of the radiation, e is the surface emissivity, Top; is the surface
temperature, and C; and C; are the first and second Planck radiation constants, respectively.
If Gpp 1(T) and Gy »(T) are the infrared radiations that reach the detector (considering
a black body as source) associated with filters F1 and F2, we have
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which is only a temperature function and the calibration curves can be obtained by calcu-
lating the ratio as

/\//
Gui(T) = [ Ri(A) - Ra(A) - Fi(A)

SR(T) = Gy (T)/ Gpp o (T).- ®)

naturally, the real signal ratio between the radiation coming from a real target captured by
two adjacent filters can be expressed as

SRreal(T) = Greall(T)/GreaZZ(T) (4)

Now if we make a grey body assumption the Equation (3) can be used also to deter-
mine the SR (signal ratio) for a real surface whether the two filters are chosen in order
to remove the emissivity dependence. So, the important thing is always to evaluate the
accuracy committed by the DC technique applied to the thermography for different classes
of materials and non-stationary conditions by using Equations (3) and (4).

3. Materials and Method
3.1. Long Wavelength Range Analysis: Experimental Results

The first attempt on the use of the dual-color technique was performed with a long
wavelength (LW) range camera (FLIR A655sc), equipped with two SPECTROGON filters
applied through an external wheel in front of the camera [6]. On the left side of Figure 1,
the object signal (OS; OS1 and OS2 represent the object signal that is the radiation captured
by the IR sensor in W/m?sr) experimental trends as a temperature function is shown.
Note that the OS corresponds to the Gy, ; in Equation (2), and the first notation (i.e., object
signal, OS) is used to be coherent with the denomination of the parameter used by FLIR
ResearchIR Max software that has been adopted in the performed measurements. The
calibration phase was performed with the MIKRON black body [8] M305) up to 625 °C.
On the right side of Figure 1, the SR (OS2/0S1) trend as temperature function has been
also reported.
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Figure 1. (Left)—the experimental object signal (OS); OS1 = BP-10400-737, OS2 = BP-10500-775, respectively, with the center
at 10.454 pm and 10.464 pm; trends versus temperature. (Right)—the experimental SR = OS2/0S1 curve [6].
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With this configuration and this camera, on the right side of Figure 1, the object signals
ratio is not adequate to obtain a single temperature value. In this case, the environmental
temperature (Teny = 20 °C) was negligible compared to that of the black body, and filters
were located next to the camera in order to avoid reflection coming from the external
environment. However, the signal ratio is affected significantly by reflection phenomena.
Mathcad simulation tool has been used to obtain the reflection mean value coming from the
environment. A comparison between the experimental and the theoretical data is shown
in Figure 2.
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Figure 2. Mathcad simulation and OS1 experimental comparison, see text. For a better understanding
of the shift between the curves see [6].

The reflection amount evaluated through Mathcad simulation has been subtracted
from the single OS for each of two filters, which in this way, makes it possible for the two
signals ratio to be free from the reflection. Moreover, despite the subtracted reflection con-
tribution, an SR experimental ratio variation is still observed (Figure 3). The discrepancies
between the experimental and the Mathcad results are related to the OS variations due to
the black body stability and camera sensitivity,

dSR 2 dSR 2
ASR = \/(aosz s AOSZ) + <8051 < AOSl) &)
1 2 082 2

with this filter characteristic, it can be assumed that OS1 =~ OS2 ~ OS and AOS2 ~ AOS1 =~
AOS because the central wavelength are close,

AOS
ASR = ——=/2 7
and
SR — ASR < SR < SR + ASR. (8)

in the temperature range between 100-650 °C and OS oscillation of £0.5 counts on the last
digit of a signal of 250 W/m?Sr (T = 400 °C) was observed. Hypothesizing a temperature
invariant ratio of the AOS/OS with temperature, the uncertainty of the signal ratio ASR
can be obtained and the dispersion curve can consequently be represented (Figure 3).
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Figure 3. Experimental SR, depleted from the reflection contribution, where a huge variability due to
the black body stability and camera sensitivity is shown. The Mathcad simulation with uncertainties
is shown [6].

A way to reduce the dispersion related to the OS uncertainty can be achieved through
the increase of the sensitivity (e.g., slope) related to the SR curve expressed as a temperature
function. The two filters” central wavelengths, in this case, have been spaced out of one
order of magnitude (up to 0.1 um). Two filters centered at 10.400 um and 10.500 pm were
considered and in Figure 4 the ratio trend is reported.
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Figure 4. On the (left) side, the simulated SR trend is shown for 10.454 pm and 10.464 um filters and for 10.400 pm e 10.500
pum. On the (right) side, the dispersion is shown for the last couple of filters [6].

On the left side, the ratio curve is more sensitive with temperature (considering the
black curve instead of the red curve), and for this trend (the black curve on the left), the
dispersion of data related to OS oscillations (the right side) are not able to guarantee
a determination of the temperature with acceptable accuracy. Moreover, if we tried to
increase the distance between the central wavelengths of another order of magnitude, we
would obtain an excessive distance to keep valid the grey body hypothesis. The performed
analysis shows great limitations that do not allow the use of dual-color in the LW range
(having considered a maximum filter difference of 0.1 um). So, it is necessary to investigate
the capability to use this technique in the medium wavelength (MW) spectral range.

3.2. Medium Wavelength Range Analysis: Experimental Results

In the MW range (2.5-5.1 um), Mathcad simulations have been carried out first, for
the FLIR SC5500 research (with an internal drum and a variable integration time) Stirling
cooled camera, to implement the technique in such a way to choose directly both the
best couple of filters and the best usable SR sensitivity [5,6]. Briefly, the SR uncertainty
propagation of the camera output gives ASR = 0.1% and if an accuracy T = 2% is needed
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I'hermal Camera (FLIR SC5500) _

Type K Thermocouples

Target Surface

on the temperature value (AT < T T), it has to be satisfied for each couple of filters and
T value [6] the following:
dSR(T) > 0.001 ©)
oT T

Therefore, the goodness of the couples of filters chosen (3.80-3.90 pm, 3.80-3.97 um)
has been evaluated through experimental verifications. In particular, the temperature of
an aluminum plate, heated through a heating slab, was measured with a thermal camera
through the DC technique and with K-type thermocouples [5,6].

The heating plate [9] was set at T = 500 °C (where the effects of reflected radiance
could be neglected). In order to verify the DC methodology, a square plate with a length
of 10 cm and a thickness of 0.5 cm, composed of rough aluminum alloy was used as the
surface seen from the camera, as shown in Figure 5.

= Taverage
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'
- Data Acquisition
i [—— System
i i}
T

. Heating Surface
(laboratory ceramic hotplate)

Figure 5. (Left)—the aluminum plate scheme used for the dual-color (DC) measurement. (Right)—the aluminum plate

heated by the ceramic plate [5,6].

Four thermocouples of K-chromel type (Ni-Cr) (+)/alumel (Ni-Al) (—), able to per-
form the measurement in a temperature range of 200-1260 °C were used to validate the
experimental results as well as to calculate the target emissivity. A DC pyrometer [8] was
used as a temperature regulation system with a temperature accuracy of 0.75% for the
thermocouples [10]. The accuracy of the average value obtained by the four thermocouples,
as shown in Table 1, is 2% considering both the accuracy due to the K-type used and the
oscillations (in terms of standard deviation) of the different measurements indicated. Data
acquisition is detailed in [11]. In order to acquire the DC temperature, a FLIR SC5500 was
used, on a 20 x 20 pixels square matrix centered on the central pixel of the thermal camera
and calculating the average digital level (DL), i.e., the signal output that is proportional
to the radiation impinging the IR sensor. The camera is provided with an internal wheel
having the capability to host up to four filters, but three filters have been used in this case
(3.80 um, 3.90 pm, 3.97um), in such a way to analyse two couples of filters 3.80-3.90 pm
and 3.80-3.97 um. The switch between them can happen in few tenths of a second. So, the
'~ is used to separate and to specify the two filters of the couple considered for the dual
color measurements. The filter transmittance is shown in Figure 6.

The results, obtained through the dual-color technique, are reported in the follow-
ing Table 1.

At the same wavelength (3.80 um), a difference in emissivity value has been obtained
in the two experiments and the most likely cause is the oxidation of the plate after the
first experiment. For the first test (with AA equal to 0.17 um), a 5% percentage accuracy
was obtained. For the second experiment (with AA equal to 0.10 um), an 18% percentage
accuracy was obtained. In this last case, the error is mainly due to the extremely close
bandwidths determining DL signals very similar to each other and though their closeness
should be able to keep valid the local grey body hypothesis. The SR sensitivity is reduced
and consequently the error increases.
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Table 1. Experimental test results column is referred, respectively, to the test number, central wavelengths of the filter couples, signal

ratio values, emissivity for different filters, dual-color measurements (Tij), thermocouple measurements, and relative temperature

accuracy of dual-color (Tc) with respect to the thermocouple measurements [5,6].

Test A (pm) SR & € Tij (OC) TC (OC) % =1 (Tll — TC)/TC |
1 3.80-3.97 0.6704 e307 =0.3094 €550 = 0.3069 429 409 + 8 ~4.9
2 3.80-3.90 1.0958 €300 = 0.2070 &350 = 0.2047 341 414+ 8 ~17.7
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Figure 6. On the (left), the 3.80-3.90 um filters transmissivity curves are shown and, on the (right), the 3.80-3.97 pm filters

transmissivity curves are shown [5,6].

3.3. Near-Medium Infrared Wavelength Analysis: Theoretical Results

Finally, in order to increase the sensitivity of the ratio between the signals captured at
two close wavelengths, a camera with a working range starting from the near wavelength
(NW) spectral range (1.5-5 pm) was chosen. It consists of a FLIR ORION SC 7600 multi-
spectral camera operating in MW and filled out with an internal filter wheel that can rotate
fast enough in such a way to consider the object thermal state unchanged, thus, meeting the
requirements needed to apply the dual-color technique [7]. The validated numerical model
has been used to determine a proper couple of filters in order to make the thermocamera
operational in the DC technique experimental applications. In order to achieve this, a
virtual camera has been built using Equations (1-4) implemented in Mathcad code.

In Figure 7, on the left side, different trends of SR with temperature for different
couples of filters are reported. A Gaussian form was used to replicate the filter response
curves that match with typical response curves of real narrow bandpass filters available on
the market. The purple curve presents a greater slope than the others. Hence, filters that
work at 2.1 pym and 2.2 pm have been chosen as the best combination for the SR sensitivity.
Note that Figure 7 refers to filters centered at 2.0 pum and 2.1 um, while the final choice
consists of filters centered at 2.1 um and 2.2 um. In order to use these kinds of filters at
high temperatures, it is necessary to couple them with an attenuator. A market survey
showed that it was not easy to get attenuators below 2 pm. We found most attenuators
work starting from 2 um. An attenuator working from 2 um does not match with the left
part of the filter response function centered at 2 um, hence in order to keep the benefits of
the spectral region and the same distance between the two filters (0.1 um), we shifted the
two filters ahead of 0.1 um, considering two filters centered at 2.1-2.2 um. They also keep
the same features in terms of signal ratio sensitivity of the couple centered at 2-2.1 pm.
The more the SR varies with temperature, the more it can be associated with a single
temperature value. In fact, when two wavelengths are close to each other, the SR trend
becomes flat with temperature and the association to a single temperature value becomes
more difficult due to oscillation of the calibration curve connected to the sensitivity. On
the contrary, when the filters’ central wavelengths are too far, the grey body hypothesis
fails and the ratio principle cannot be used. In addition, FLIR Orion 7600 has an internal
rotatable wheel (up to 100 Hz) synchronized to the acquisition system, allowing it to work
in non-stationary conditions. The calibration curve obtained for the filter couple, on the
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Signal Ratio

right in Figure 7, is shown in Figure 8. In this case, the curve decreases since the signal
ratio has been considered as OS2/0S1, while in Figure 7, it was considered as OS1/0S2,
where the subscript 1 and 2 are referred to the lower and higher wavelength, respectively.
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Figure 7. (Left)—the SR trend versus T for different pairs of filters analysed. (Right)—the Gaussians of the response curves

of the best filter combination.
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Figure 8. SR trend versus T for the best filter combination.

3.4. Hypersonic Test Temperature Trend and Feasibility Study

Taking a curve with black squares in Figure 9 as the reference for an experimental
temperature trend versus time collected during a hypersonic test (data acquired through
dual-color pyrometer), a curve (interpolating the red circles in Figure 9) with a similar
shape and slope of the experimental one at higher temperature values (up to 2500 °C)
has been defined in order to cover heating conservative conditions using the following
analytical law:

T(t) = —1216 ¢~ — 1215¢™ 2 + 2500 (10)

the curve is characterized by the total duration of the heating phase up to the maximum
value of temperature and a slope, such as to make an evaluation of the change, in a time
interval of 5 x 1073 s, that corresponds to the time necessary for the wheel to capture the
adjacent filters frame. At first, it is necessary to specify that despite the wheel rotation
presents a 100 Hz frequency, the wheel balance during rotation and the detection syn-
chronization is guaranteed by filters at close wavelengths positioned in a diametrically
opposite wheel position [7], hence half rotation is required to acquire two adjacent frames.
In this time interval, a variation in temperature of about 10=3 °C, at 2500 °C, and of about
2 °C, at 500 °C, can occur (Equation (5)). These variations are within the precision of the
measurement technique that is around 1% [6]. These results lead to the conclusion that the
ratio principle might be used in unsteady conditions in a hypersonic test.

The most critical effort, however, consists in the evaluation of the accuracy due
to a non-grey body hypothesis at the two adjacent wavelengths. The spectral trend of
material emissivity found in the literature (right side of Figure 10) was used to make
a prevision of the accuracy committed by the dual-color technique due to the non-grey



Appl. Sci. 2021, 11, 1385 90f 13

body condition. Differences between the dual-color simulated results (marks) and real
trend (black curve) are shown on the left of Figure 11. Percentage accuracy errors between
dual-color measurement (T,,;) and real temperature value (T},,;) are defined as

Toual — T,
Err — Tana = Treal 1 (11)
Trear
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Figure 9. Typical trend of temperature over a spot of a target subjected to hypersonic jet (black-square
points). Moreover, the most critical condition, in terms of heat flux extracted numerically from the

previous curve, is shown in the red-circle points, see text.
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Figure 10. (Left)—DC temperature evaluation process (Tpc), see text [7]. (Right)—material emissivity trends versus

wavelength found in the literature [6].
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Figure 11. Trend of temperature measured with DC technique for different materials is shown on the (left), and DC
temperature trend for C/SiC material including error bars is shown on the (right).
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The analysis has been performed determining the SR detected by the virtual camera,
with the filter indicated as F1 (2.1 pm), F2 (2.2 pm) when the object is at temperature T,
for a black body emission and using the actual material emissivity curves, associated to the
same SR detected for a black body in the same camera configuration. On the left side of
Figure 10 is shown a representation of the Tpc process—the T, temperature value is used
to enter in the real surface SR curve for a, SRyeqir1 p2(T), and the value is then used to enter
into the SR for a black body SRypr; g2(T) and find the correspondent Tpc.

High accuracy is obtained with SiC material (0.13% at 2500 °C), and lower accuracy
is obtained with C/SiC (9.3% at 2500 °C). The C/SiC curve with lower accuracy shows a
trend that increases with temperature. A minimum of 3% at 500 °C and a maximum of
9.3% at 2500 °C has been revealed (right side of Figure 11). Finally, a comparison between
standard thermography (single color) simulated data and dual-color simulated data for
several emissivity classes of materials has been performed [7]. The results are represented
in Figure 12. In particular, three classes of materials have been analysed (at low, medium,
and high emissivity), enclosed in three rectangular boxes. An error band of £5% has
been associated with the real temperature, while dual-color temperature and single-color
temperature (obtained with a systematic error of —40% committed over the real emissivity
value) were represented by circular and triangular spots, respectively. It is possible to
observe that for low emissivity materials dual-color measurements are away from the real
values (they do not fall in the error band). In any case, also the single-color measurements
with a systematic error are not acceptable. For medium and high emissivity classes the DC
measurements fall, in the most part of cases, in the error band and they give back a better
value than single-color measurements that instead fall in every case at the external of the
error band.
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Figure 12. Dual-color versus standard thermographic techniques performance at high temperature
for different emissivity classes of materials in the near-infrared spectral range.

4. Results and Conclusions

The results have shown that long infrared ranges present limitations. The signals ratio in
the LW spectral range was not very sensitive and too noisy to be properly detected by the
FLIR A655sc thermal camera (both for 0.01 um and for 0.1 pm central wavelengths distances).

The investigation continued in the mid-near infrared spectral range. The experimental
analysis, obtained with the FLIR SC5500 thermal camera, showed that this novel mea-
surement technology guarantees the surface temperature with a measurement accuracy
lower than 5% when proper narrow filters with limited bandwidths were used. Finally,
in order to increase the sensitivity of the signal ratio between two near wavelengths, a
camera with a working range starting from the NW spectral range (i.e., Orion SC 7600
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working in 1.5-5 um) was chosen. The curves, in Figure 11, were obtained interpolating
the data from the dual-color simulation using the Orion SC 7600 as reference instrumenta-
tion. The goodness of the results was assessed on the basis of how the signals ratio curve,
obtained analytically for the material, approximates the signals ratio curve of the black
body. Figure 12 showed a comparison of the two approaches. The results were obtained
using DC (circular points) and the single color (triangular points) with —40% of uncertainty
on the effective emissivity values. An error band of 5% was also reported to graphically
quantify the goodness of the different approaches. The choice of the best thermographic
approach depends on the degree of knowledge of emissivity curves. Therefore, the dual-
color technique was preferable in applications at high temperatures, for which a relative
temperature accuracy lower than 5% was obtained for medium-high emissivity (e > 0.4)
materials. It has been found that when the emissivity was higher than 15% from the real
value, the DC technique was preferable with respect to the single-color (SC) technique.
For low emissivity (e < 0.4) materials, instead, the emissivity had to be higher than 40% of
the real value to guarantee that the DC technique was preferable with respect to the SC
technique with a DC temperature accuracy of the order of 30-40%.

Furthermore, the DC technique has to be used in applications where the emissivity
of the materials is not well known, such as in the case of the test performed in the PWT
facilities to verify the TPS withstanding the hypersonic plasma interactions [12-15]. Before
testing the methodology in the PWT aerospace field, the Center for Isotopic Research on
the Cultural and Environmental heritage (CIRCE) accelerator [16-19], upgraded both to
perform accelerator mass spectrometry (AMS) up to actinides [20-24] and for experimental
nuclear astrophysics [25-32] as other AMS systems [33], can be used for the preliminary
test at temperature values reaching 1500 °C, with materials that, at the beginning of the
process, are characterized by a low emissivity, and increase their emissivity value with a
carbon ions implantation.
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