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Abstract: An improved apparatus for measuring the spectral directional emissivity in the wavelength
range between 1 pm and 20 um at temperatures up to 2400 K is presented in this paper. As a heating
unit an inductor is used to warm up the specimen, as well as the blackbody reference to the specified
temperatures. The heating unit is placed in a double-walled vacuum vessel. A defined temperature, as
well as a homogenous temperature distribution of the whole surrounding is ensured by a heat transfer
fluid flowing through the gap of the double-walled vessel. Additionally, the surrounding is coated
with a high-emitting paint and serves as blackbody-like surrounding to ensure defined boundary
conditions. For measuring the spectral directional emissivity at different emission angles, a movable
mirror is installed in front of the specimen, which can be adjusted by a rotatable arrangement guiding
the emitted radiation into the attached FTIR-spectrometer. The setup of the emissivity measurement
apparatus (EMMA) and the measurement procedure are introduced, and the derived measurement
results are presented. For evaluating the apparatus, measurements were performed on different
materials. The determined emissivities agree well with values published in literature within the
derived relative uncertainties below 4% for most wavelengths.

Keywords: emissivity; reflectivity; infrared radiation; high temperature; FTIR-spectrometer; black-
body; uncertainty; X-point; inductive heating; direct radiative method

1. Introduction

Within the EU-funded project Hi-TRACE with the title “industrial process optimiza-
tion through improved metrological methods for the determination of thermophysical
properties” new techniques will be developed for characterizing the thermophysical prop-
erties of materials at high temperatures [1]. This includes the design of metrological
infrastructure for performing traceable measurements of the temperature of fusion T}, the
thermal contact resistance R, the thermal diffusivity 4, the specific heat capacity c, and the
emissivity ¢ at high temperatures, which leads to the acronym Hi-TRACe or Hi-TRACE.

This paper focuses on the improvement of an apparatus for measuring the emissivity.
Especially at high temperatures, the influence of the radiative heat transfer dominates
as the emitted radiation increases with the fourth power of temperature, provided the
emissivity is constant with temperature. Hence, in numerous fields, such as aerospace,
power plant technology, as well as glass and ceramics productions, the exact knowledge of
the emissivity of the deployed materials and components at their operation temperature is
of essential importance. However, the emissivity of a surface strongly depends not only
on the material but also on the morphology of the material, as well as on the roughness
and oxidation state of the surface. Literature data are often only of limited reliability
because not all relevant material and surface properties are given with the listed values.
Therefore, the emissivity of each certain specimen needs to be determined separately under
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operational conditions using a reliable, accurate and validated measurement method. In
general, there are two methods for determining the emissivity [2]:

e  (Calorimetric method: the calorimetric method can be used to determine the total
hemispherical emissivity ¢y, of a surface by measuring the total radiative heat flux
emitted from that surface [3,4].

e Radiometric method [5]: the radiometric method is used to determine the spectral
directional emissivity e4 , (direct radiometric method [6]), or the spectral directional-
hemispherical reflectivity pqn ) or spectral directional-directional reflectivity pqq 1
(indirect radiometric method [7]).

This work deals with the direct radiometric method for performing measurements at
high temperatures, which is technically more complex than the calorimetric method, but
provides more information, especially on the spectral and angular dependence of the emis-
sivity. Several working groups have already performed direct radiometric measurements,
which are described, for example, in Refs. [8-21].

A setup for determining the spectral directional emissivity at elevated temperatures
has also been developed at the Bavarian Center of Applied Energy Research (ZAE Bay-
ern) [22] and extended previously at ZAE Bayern [23]. Additionally, another setup is
available at ZAE Bayern, namely the integrating sphere (IS) setup, which is an indirect
radiometric method [24]. With this indirect radiometric method, the spectral directional-
hemispherical reflectivity and transmissivity can be determined at ambient temperature
and the spectral directional emissivity at ambient temperature can be derived subsequently.

The emissivity measurement apparatus (EMMA) at ZAE Bayern has been significantly
improved by applying new components for increasing the reliability and the temperature
range up to 2400 K. These new components are mainly a novel vacuum vessel, an optimized
beam path with movable mirrors and a new heating unit, which enables inductive heating
for reaching very high temperatures. The improved setup is presented hereafter together
with the detailed data analysis. Furthermore, selected results are presented and compared
with available data from literature.

2. Theory and Measurement Procedure
2.1. Spectral Directional and Total Directional Emissivity

The measurement procedure of the EMMA and the underlying theory was described
in detail in a previous publication [22]. Hence, only a brief introduction for measuring
opaque specimens with vanishing transmissivity is given below.

The measured spectral directional radiative intensity i) meas Of @ specimen depends on
the spectral directional emissivity €4 ,, the spectral hemispherical-directional reflectivity
Phd,\, the specimen temperature Tsp and the temperature of the black surrounding Ty, [22]

ir,meas (6, Tsps Tamb) = €d.0 (6, Tsp) - i b (Tsp) + Phd,a (6, Tsp) - irob (Tamp) - 1)

i) pb gives the spectral directional radiative intensity of a blackbody and 6 the emission
angle. The first term in Equation (1) represents the intensity emitted by the specimen itself
and the second term represents the part of the intensity coming from the hemispherical
surrounding, which is reflected by the specimen into the view of observation.

Due to the law of reciprocity (p4n = png), conservation of energy for nontransparent
specimen (a4 5 + pgn = 1) and Kirchhoff’s law, which describes the identity of spectral
directional absorptivity and emissivity (x4, = €4,1), Equation (1) can be solved for the
spectral directional emissivity [22]

iA meas (9/ Tspr Tamb) - i/\ bb (Tamb>
€ 0, Tsp) = —— . 4 . 2
a ( sp) 1) bb (Tsp) —IAbb (Tamb) ( )

Hence, the radiation coming from the black surrounding influences the measurement
and has to be considered for the analysis of the derived data. Therefore, the existence
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of a black surrounding with a constant and homogeneous temperature is inevitable for
measuring the emissivity by a direct radiometric method.

Finally, the total directional emissivity 4 can be calculated from the spectral directional
emissivity eq )y using Equation (3) [22]

0 0, Tsp) - i Tsp) - dA
£g (9, Tsp) _ fo €41 (001. sp) 1/\,bb( sp) . 3)
Jo iapb (Tsp) - dA

Usually, the directional emissivity of electrically non-conducting materials decreases
with increasing emission angle whereas the directional emissivity of electrically conducting
materials increases with increasing emissions angle. For visualization, the directional emis-
sivity is shown in Figure 1 for different values of the complex refractive index m = n +I-k
(with the real part n and the complex part k of the refractive index), which are typical
for electrically conducting materials (left side of Figure 1) or electrically non-conducting
materials (right side of Figure 1). The calculations have been performed using the formula
given in [25] for metals and dielectric materials (with non-vanishing, but very small values
of k).

—— Tiat A=5pum: —— ALO, at 1=5 pym:
emission n=2 k=8 emission _ _ 4
angle 6 angle 6 B eCy =
0o S Pd at/l=5|Jm: 0c TIO at/1=5|.lm
0254+ . 300 N=3, k=21 1.0 == 30° z .
| ~ ] ' n=23,k=110
0.20 0.8
0.157_\—%, -y N 60° O'Gi 0
0.10- \ 0.4 \
0.05 ""-\\ 0.2 \
: | 1 \
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directional emissivity ¢4 (60)

0.00 0.05 0.10 0.15 0.20 0.25

directional emissivity ¢4 (8)
Figure 1. Directional emissivity at ambient temperature as a function of the emission angle between
0° to 90° (relative to the surface normal) for electrically conducting materials (on the left side) and
electrically non-conducting materials (on the right side). The calculations have been performed for

selected materials with the respective refractive indices taken from [26], assuming opaque specimen
with sufficed thicknesses.

Besides the angular dependence it can be seen, that electrically conducting materials
usually have emissivities below ca. 0.5, whereas electrically non-conducting materials
exhibit emissivities above ca. 0.5 in the infrared spectral region at most emission angles.

2.2. Calibration of the Emissivity Measurement Apparatus

Prior to performing measurements with the EMMA, the apparatus has to be calibrated.
For this purpose, the measured intensity i) meas, Which has been introduced in Equation (1),
has to be derived from the so-called detected intensity i) getected, Which is the signal received
by the detector. i) getecteq i influenced by additional factors, as explained previously in
Ref. [23]. Referring to the detailed derivation in Ref. [23] one obtains the measured intensity
iy meas from the detected intensity i) getected by the following equation

. i —Cy(A
i meas = A,detecéeld()\) ( ) ) (4)
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C1(A) quantifies the attenuation of the emitted radiation by mirrors, apertures, etc.,
whereas Cp(A) quantifies the gain of detected radiation due to thermal radiation, which
is emitted from spectrometer components at near-ambient temperature [27]. Exemplarily,
both calibrating functions C;(A) and C;(A) are depicted in Figure 2 as function of the
wavelength derived from test measurements. The calibration procedure and the derivation
of the calibrating functions C;(A) and C,(A) from the calibration measurements on a
reference blackbody at three different temperatures are described in detail in Ref. [23]. The
resulting relative uncertainty o at these three temperatures are given in Figure 3 as function

of the wavelength. It can be seen that the relative uncertainty due to the calibration lies
below 0.2% and is therefore only of minor relevance.
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Figure 2. Typical calibrating functions C; and C, derived from a calibration of the apparatus versus

wavelength.
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Figure 3. Spectral relative uncertainty of the calibration of the improved EMMA for three calibration
temperatures Tq, T and Ts.

3. Experimental Details
3.1. Configuration of the Emissivity Measurement Apparatus

The improved emissivity measurement apparatus (EMMA), which has been build up
with novel customized components, provides an enhanced performance, especially higher
accessible temperatures due to an inductive heating unit. Additionally, a new vacuum
vessel and an optimized beam path with movable mirrors have been installed. A detailed
description of the improved EMMA is given below, whereas a sketch and a photorealistic
drawing are depicted in Figures 4 and 5, respectively.
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Figure 4. Sketch of the improved EMMA. The inductor is placed in the vacuum vessel on the right,
which is coupled to the FTIR-spectrometer Vertex 70v on the left by an additional vacuum chamber
in the middle. The intensity emitted by the specimen is detected by the spectrometer. The whole
beam path can be evacuated.

Figure 5. Improved EMMA. The vacuum vessel with the inductive heating unit on the right is
attached to the FTIR-spectrometer on the left via the vacuum chamber in the middle.

The developed apparatus consists of a double-walled stainless-steel vessel with the
internal dimensions (600 x 600 x 900) mm?®. Working in vacuum eliminates the influence
of infrared-active gases such as water vapor or carbon dioxide (see Figure 6) and avoids
oxidation of the specimen. The temperature of the double walls of the vessel can be
tempered very homogeneously with a stability of 0.5 K using a heat transfer fluid and a
thermostat. This provides a constant and homogeneous temperature of the surrounding,
which is essential for deriving the spectral directional emissivity according to Equation (2).
A black paint, the Nextel-Velvet-Coating 811-21, serves as high emitting coating which is
applied on the interior of the vacuum vessel. This coating exhibits a spectral emissivity of
0.975 £ 0.010 in the relevant infrared spectral region [28].

The inductor, which is used for heating the specimen and the blackbody, respectively,
consists of a copper coil, which is internally water-cooled (see Figure 7). A high frequency
alternating current induces eddy currents either inside the specimen itself or inside a
supporting graphite cylinder on which the specimen can be placed. The graphite cylinder
(20 mm diameter and 100 mm length) with a conic cavity is placed inside the inductor coil.
Therefore, the graphite cylinder serves as a blackbody, too. The walls of the cavity exhibit
an emissivity significantly above 0.5. This leads to an emissivity of the cavity larger than
0.99 [29]. At first, the apparatus can be calibrated using the described graphite cylinder,
which is heated to the desired temperature (see left sketch in Figure 8). Afterwards the
emissivity of a specimen can be measured by closing the graphite cylinder with a cap
and positioning the specimen on the cap (see right sketch in Figure 8). Depending on the
material of the specimen, the specimen can then be heated either directly by induction
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or indirectly from the backside, where the hot graphite cylinder is located. The radiation
coming from the blackbody or the specimen, respectively, is guided by different mirrors
to the FTIR-spectrometer and is finally detected by the integrated IR-detector. For this
purpose, the vacuum vessel is coupled to a Bruker FTIR-spectrometer Vertex 70v as shown
in Figure 4. The three mirrors in Figure 8 are mounted on a moveable mirror arm. By tilting
the mirror arm around the rotation axis, it is possible to measure the spectral directional
emissivity at different angles up to 90° (relative to the surface normal).

There are several advantages of the improved EMMA in comparison with the previous
ones: mainly the inductor for extending the temperature range, but also the completely
automatically rotating mirror arm for enhancing the angular dependent measurements and
the optimized cooling system of the vacuum vessel for ensuring constant and homogenous
surrounding temperatures.
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Figure 6. Three measurements of the spectral directional emissivity were realized with a reference
blackbody at T = 873 K. For the first measurement the beam path was evacuated, then either the H,O
or the CO; content in the beam path was consecutively increased.

Figure 7. Scheme of the setup of the inductor inside the vacuum vessel with movable mirror arm on
the left and photo of inductor with heated reference blackbody on the right.



Sensors 2021, 21, 6252

7 of 17

plane 4 —~\ parabolic plane ‘ ~ parabolic
mirror / A\ |mirror mirror / A\ |mirror
to FTIR- to FTIR-
spectrometer| i A spectrometer i i
rotation axis graphite rotation axis
V H specimen
___g'%.__ cylinder ___g%.__ o
/ with V4 _on
cavity cylinder
plane inductor plane inductor
mirror coil mirror coil

Figure 8. Sketch of the inductor with the movable mirror arm. Configuration for the calibration of
the FTIR-spectrometer with a graphite cylinder, which serves as blackbody on the left. Configuration
for measuring the emissivity of a specimen, which is heated from the backside, on the right.

3.2. Temperature Measurement

The radiation emitted by a surface of an opaque specimen depends on the emissivity
and the temperature of the specimen according to Planck’s law. For determining one of
the two parameters, the other one usually has to be known. Hence, the knowledge of the
respective temperature is of essential importance for determining the emissivity of surfaces
and the resulting accuracy is substantially affected by the accuracies of the determined
temperatures.

A contact thermometer (platinum resistance thermometer Pt100) was used to de-
termine the temperature of the coated inner wall of the vacuum vessel, whereas the
temperature of the blackbody was measured by a radiation thermometer (Sensortherm
Metis MY84 for temperatures below 700 K or Sensortherm Metis M316 for temperatures
above 700 K), which is additionally used to control the heating power. The adjustment of
the heating power enables a continuous variation of the heating rates and holding times at
certain temperatures. The power of the inductor is configured for 5 kW, which ensures fast
heating rates if needed.

The measurement of the surface temperatures of the specimens depends on the mate-
rials, which are investigated. For oxide ceramics, the so-called Christiansen wavelength
can be used for determining the surface temperature, without using further temperature
sensors, as described in [30]. To extrapolate the surface temperature of other types of mate-
rials from the temperature gradient inside the specimen, usually two holes been prepared
in the specimen. For measuring the temperature at the position of the holes, radiation
thermometers were focused on the cavities. Figure 9 shows a cross section of two different
types of specimens with and without coating together with the locations of the holes. The
distance between both positions is 2 = 2 mm and the distance between one position and
the interface is b = 1.5 mm. A copper specimen serves as a specimen with low emissivity,
whereas a black paint (Nextel Velvet 811-21), which is applied on an aluminum substrate,
serves as a specimen with high emissivity. Furthermore, a tungsten specimen, which is a
refractory metal, serves as high-temperature resistant material.

For thin specimens (thickness << diameter), one dimensional heat transfer dominates
and Fourier’s law simplifies to [23]

. aT
q= —Amaterial * a . @)

g gives the local heat flux and Apaterial the thermal conductivity of the material.
During the measurement, a stationary temperature gradient is achieved for each surface
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temperature, at which the emissivity has to be determined. For the metal specimen or the
metal substrate (Figure 9), respectively, the surface temperature is calculated as follows:

f=A .y D-Ts
qb . r]r}aterlal a material b (6)
= =T, - 20D _ 1, L5mmO0K _ T)_ 00075 K ~ Tp.

The measured difference between the temperatures T1 and T is very small and lower
than 0.01 K (i.e., T1 — T, < 0.01 K). The small discrepancies of the temperatures T1, T» and
T3 are due to the high thermal conductivities of aluminum and copper, which are above
200 W/(m-K) and 350 W/(m:K) for temperatures up to 800 K, respectively [31]. Tungsten
exhibits also a high thermal conductivity between 175 W/(m-K) at ambient temperature
and 93 W/(m-K) at a temperature of 2400 K [32].

The surface temperature of the Nextel-Velvet-Coating 811-21 on an aluminum sub-
strate can be determined analogously

T, - T, Ts — Top
= ANextel : f .

q=2Aar" 7)

According to Equation (6) it can be assumed that T3 ~ T, and the surface temperature
of the paint Tsp can be determined

Aal x-(Ty —Tp)

Tp = Tr — :
P z )\Nextel a

®)

The thermal conductivity of the Nextel-Velvet-Coating 811-21 depends slightly on
temperature and has a value of Anextel = 0.192 W/(m-K) at a temperature of 393 K [33]. The
thickness x of the measured paint was determined by a micrometer gauge with a resulting
value of x = 110 um. For this measured thickness and Aa; = 220 W/(m-K) [31] one gets
Tsp = T2 — 0.63 K from Equation (8).

paint
metal metal
T T
‘/IZ/;/ T2 :
T3 Ty
Tso
bi a xibi a

Figure 9. Determination of the surface temperatures of two different specimens by extrapolation,
namely a metal (shown on the left) and a paint, which is applied on a metal substrate (shown on the
right). T1 and T, are the temperatures, which are detected by two radiation thermometers. T3 and
Tsp are calculated subsequently.

3.3. Measurement Accuracy

The standard uncertainty u.,, and the expanded standard uncertainty U, ,, respec-
tively, can be derived from Equation (2) using the law of propagation of uncertainties. In
this work the expanded standard uncertainty U;, , = k; - u¢, , is calculated and discussed
for a coverage factor of k;, =2 ’ ’

ey (i mess Tops Toms) — 1 (=252 ) 022 2ar )y o (2ean ) 9
£dA (ZA,meaS, Sp amb) - m ' iA,meas + aTSp ' TSP + aTamb . Tamb’ ( )
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Ued,/\ (i)\,meaS/ Tsp/ Tamb) =

which leads to the following equation for the expanded standard uncertainty of the result-
ing spectral directional emissivity eq 5

2

’ Imeas
2
; : 2 | iapn(Top) e"P(kBﬁTﬁ)' 5 2
+ |1 Tep, T, —1 T, . . -u
[ A,meas ( sp amb) A,bb ( amb)] [ Tszp exp ( - ‘;';;scp‘/\)

liapb (Tsp) — irbb(Tamb) ] 2

By
o]
>

|
—

| &=
dc
| I—
N
g
o

. . 2 | irpb (Tamb) eXp(kB‘Th.Cb*)'k z
+ i Tsp, T, —1 T . : am
\ [ meas (Tsp, Tamb) = 2,00 (Tsp) ] [ T exp<7k3-7£;;bd\ 1

(10)

lixpb (Tsp) — irbb (Tamb)] ?

The expanded standard uncertainty of the spectral directional emissivity depends
mainly on three components:

e  Expanded standard uncertainty of the measured spectral directional intensity U;, .
This uncertainty depends on the uncertainty of the detected signal and the calibration,
as well as on the uncertainty of the three different temperatures of the reference black-
body, which are used for the calibration. The relative expanded standard uncertainty

Ui) eas
of the measured spectral directional intensity is about -2 = (.015.

I\, meas

e Expanded standard uncertainty of the measured temperature of the specimen surface
Ur,,. This uncertainty depends on the uncertainty of the radiation thermometer
and the uncertainty of the evaluation procedure. The relative expanded standard

uncertainty of the measured temperature of the specimen surface is approximately
Ur,

T;P = 0.015.

e  Expanded standard uncertainty of the measured temperature of the black surrounding
Ur, - This uncertainty depends on the uncertainty of the contact thermometer and
the homogeneity of the temperature distribution. The relative expanded standard
uncertainty of the measured temperature of the black surrounding can be estimated

u
to -2z = 0.010.
Beside the absolute expanded standard uncertainty of the spectral directional emissiv-
ity Ue, ,, the relative expanded standard uncertainty of the spectral directional emissivity

Uey '85,1)\ can be determined.

The relative expanded standard uncertainty of the spectral directional emissivity Uk, ,
has been calculated at two temperatures (T = 1200 K and T = 2400 K) for a high emissivify
of g4, = 0.9 and a low emissivity of 5, = 0.1 as a function of wavelength, respectively.
The resulting relative uncertainties are depicted in Figure 10. The relative uncertainties lie
significantly below 10% for all wavelengths and below 4% for most wavelengths.

In general, the relative uncertainty decreases with increasing temperatures. Further-
more, the relative uncertainty increases for shorter wavelengths below 8 um, as well as for
longer wavelengths above 12 um for low emissivities. The tendentious course of the rela-
tive uncertainties is similar to the characteristics of the relative uncertainties of emissivities
measurements, which can be found in the literature [34].
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Figure 10. Relative expanded standard uncertainty of the spectral directional emissivity at two
different temperatures for a low emissivity of 0.1 and a high emissivity of 0.9.

3.4. Investigated Specimens

For validating the improved emissivity measurement apparatus (EMMA) three types
of specimens were investigated and the results were compared with data from literature.
The emissivity was measured at an emission angle of 0° (normal to the surface) as well as
at different emission angles up to 70°. A Nextel-Velvet-Coating 811-21 was chosen as an
example for a high emitting surface. The Nextel-Velvet-Coating 811-21 was applied on an
aluminum disc with a diameter of 20 mm and a thickness of 5 mm. The thickness of the
coating was determined to 110 um. A polished copper specimen (20 mm diameter and
5 mm thickness) with a surface roughness below 0.1 um was prepared as an example for
a low emitting surface. Furthermore, a tungsten specimen (19 mm diameter and 4 mm
thickness) was selected as refractory metal, which is temperature resistant up to high
temperatures. Prior to the measurements, the tungsten specimen was exposed to a defined
heat treatment (2400 K for several hours).

4. Results and Discussion

Initially, measurements at temperatures below 1200 K and subsequently at higher
temperatures up to 2400 K have been performed in order to evaluate the improved EMMA
in the whole temperature region from near-ambient temperature to high temperatures.

4.1. Measurement of a High Emtting Specimen

At first, the results of the measurements of the Nextel-Velvet-Coating 811-21 are
presented. The spectral directional emissivity &4 5 of the paint was measured normal to
the specimen surface at different temperatures from 325 K to 420 K. In this temperature
range g4 ) of the Nextel-Velvet-Coating is almost constant. Figure 11 presents the resulting
spectral directional emissivity normal to the surface between 6 pm and 18 pym at T = 372 K
in comparison with £4 , measured at ambient temperature using an integrating sphere (IS).
Additionally, the spectral directional emissivity measured previously at the Physikalisch-
Technische Bundesanstalt (PTB) at T = 363 K [33] is plotted in Figure 11. Thereby, the values
presented in Ref. [33] are in agreement with recent measurements of PTB published in
Ref. [35]. One can see that ¢4  is almost independent of wavelength and lies around 0.975.
Furthermore, the values derived in this work and the values taken from literature are in a
good accordance.
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Figure 11. Spectral directional emissivity of a Nextel-Velvet-Coating 811-21 normal to the surface
measured with the EMMA at elevated temperature in comparison with the emissivity measured with
an integrating sphere (IS) at ambient temperature and with the emissivity measured at PTB [33].

Besides, the spectral directional emissivity of the Nextel-Velvet-Coating 811-21 was
measured at different emission angles from 6 = 0° (normal to the surface) to 6 =70° at a
temperature of T = 372 K (Figure 12). g4 5 decreases with increasing emission angle, as
expected for an electrically non-conducting material. The spectral trend of the emissivity is
similar for all emission angles.
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Figure 12. Spectral directional emissivity of a Nextel-Velvet-Coating 811-21 measured with the
EMMA at a temperature of T = 372 K and different emission angles. The emissivity decreases with
increasing emission angle as expected for an electrically non-conducting material.

Finally, the total directional emissivity ¢4 at T = 372 K was calculated according to
Equation (3). The resulting total directional emissivities are shown in a polar diagram
(Figure 13) for different emission angles. For comparison the corresponding values derived
at PTB at T = 363 K [33] are also depicted in Figure 13. There is also a good agreement
between the values presented in Figure 13. Only for emission angles above 30° slight
differences between the total directional emissivity determined at ZAE Bayern and PTB are
visible, which are within the expected uncertainties.
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Figure 13. Total directional emissivity of the Nextel-Velvet-Coating 811-21 measured with the EMMA
at a temperature of T = 372 K and different emission angles in comparison to published data of PTB
derived at T = 363 K [33]. Additionally, the uncertainty bars are given for the values, which have
been derived from the EMMA measurements.

4.2. Measurement of a Low Emitting Specimen

Second, a polished copper specimen with a low emissivity was investigated. The
configuration of the surface (such as surface roughness and degree of oxidation) drastically
influences its emissivity. To ensure a comparison of the measurements performed in
this work with published values, the surface of the copper specimen was polished to a
roughness lower than 0.1 pm.

Figure 14 reports the spectral directional emissivity near-normal to the surface for
wavelengths between 3 pm and 18 pm measured at a temperature of T = 598 K together
with g4 , measured at ambient temperature using an integrating sphere (IS). Additionally,
published data taken from Ref. [36] is given in the graph for comparison. The spectra
measured at ambient temperature show a CO,-peak at A = 4.3 um and H,O-bonds around
3 um as well as between A =5 pm and A = 8 pm, which are not present in the spectrum
measured at T = 598 K with the EMMA (Figure 14). This is because the integrating sphere is
placed outside the evacuated compartment. Again, a good agreement between the values
can be seen. g4 , measured at ambient temperature is slightly lower than the one measured
at elevated temperature. This is because the emissivity of a metallic surface increases with
increasing temperature.

In Figure 15 the spectral directional emissivity near-normal to the surface is plotted for
different temperatures between 2 um and 18 um. The increase of the emissivity with increas-
ing temperature is correlated with a decrease of the electrical conductivity with increasing
temperature. Furthermore, the spectral emissivity decreases with increasing wavelength,
which is correlated with the frequency dependency of the electrical conductivity.
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Figure 14. Spectral directional emissivity of polished copper near-normal to the surface measured
with the EMMA together with the emissivity measured by an integrating sphere (IS). Additionally,
values taken from Ref. [36] are given in the graph for comparison.
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Figure 15. Spectral directional emissivity of polished copper near-normal to the surface measured
with the EMMA at different temperatures. The emissivity increases with increasing temperature and

with decreasing wavelength.

The spectral directional emissivity of the polished copper specimen measured at a
temperature of T = 973 K and different emission angles between 5° to 70° (relative to the
surface normal) is depicted in Figure 16. The emissivity increases with increasing emission
angle, as expected for an electrically conducting material. In this case, the measurement
was performed at an angle of 5° instead of 0° to avoid that radiation from the spectrometer
or the detector, respectively, and was reflected directly back to the detector by the specular
reflecting copper surface. No significant oxidation of the copper specimen occurred as the
measurements were performed under vacuum with a pressure below 10~ mbar.
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Figure 16. Spectral directional emissivity of polished copper measured with the EMMA at a tempera-
ture of T = 973 K and different emission angles. The emissivity increases with increasing emission
angle as expected for an electrically conducting material.

4.3. Measurement of a Refractory Metal

Finally, tungsten, which is a refractory metal, serves as a high-temperature resistant
material and has been investigated at temperatures up to T = 2373 K. For this purpose,
Laboratoire National de Métrologie et d'Essais (LNE) has provided tungsten specimens,
which have been further prepared by Physikalisch-Technische Bundesanstalt (PTB). Prior
to the measurements reported in this work, the tungsten specimen has been annealed at
ZAE Bayern at a temperature of 2400 K for several hours to assure defined properties
and reproducible results together with a roughness of about 1 um. The resulting spectral
directional emissivity normal to the surface measured with the EMMA can be found in
Figure 17. For comparison a curve derived by the Institut fiir Angewandte Materialtechnik
(IAM) at the University of Duisburg-Essen at a temperature of T = 1283 K [37] is additionally
plotted in Figure 17. It can be seen that the emissivity derived at JAM is in a good agreement
with the emissivity measured with the EMMA at a similar temperature.

06 1 M 1 M 1 M 1 M 1 M 1 M 1 M 1 M 1

— EMMA at T=2373K
(. EMMAat T=1923K
--EMMAat T=1373K

o
(@]
1
T

— IAM [37] at T=1283K

o
i

emissivity &4 4 (T)
o
R

o
-
1

o
o

12 4 6 8 10 12 14 16 18 20
wavelength A / pm

Figure 17. Spectral directional emissivity of tungsten normal to the surface measured with the EMMA
at different temperatures between T = 1373 K and T = 2373 K together with the emissivity measured
at IAM at a temperature of T = 1283 K [37].
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For a more detailed discussion, a logarithmic plot of the spectral directional emissivity
is depicted in Figure 18. It is clearly visible that the spectral curves of the emissivities
at different temperatures are all intersecting in one point, the so-called crossover point
or X-point. The wavelength of the X-point can be determined to Ax = 1.47 um. For the
resulting spectral directional emissivity at the X-point the temperature-independent value
4,0, = 0.384 has been achieved by the EMMA measurements. In Ref. [37] the wavelength
and the emissivity at the X-point are given as Ax = 1.41 pum and &4 5, = 0.380, which is in a
good accordance with the EMMA measurements, too.
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Figure 18. Logarithmic plot of the spectral directional emissivity of tungsten normal to the surface
measured with the EMMA at different temperatures between T = 1373 K and T = 2373 K. The X-point
is clearly visible at a wavelength of Ax = 1.47 pm.

Tungsten reveals the typical infrared-optical behavior of metallic surfaces. The emis-
sivity increases with increasing temperature at wavelengths above Ax. For wavelengths
below Ax the dependency changes and the spectral emissivity decreases with increasing
temperature. This characteristic can be observed for many metals, whereby the position of
the X-point varies within the near infrared region depending on the respective material [38].

5. Summary and Conclusions

An improved device for determining the spectral directional emissivity at tempera-
tures from near-ambient temperature up to 2400 K, the emissivity measurement apparatus
(EMMA) has been developed. Especially the temperature range of an existing setup has
been extended by implementing a new inductor for heating up specimens and reference
blackbodies, respectively. Furthermore, a double-walled vacuum vessel with a temperature-
controlled black surrounding has been installed. This vacuum vessel contains a novel
movable mirror arm for performing angular depended measurements of the emissivity for
emission angle between 0° and 90° (relative to the surface normal).

Test measurements have been performed on different specimens to evaluate the
improved EMMA in the whole temperature range. The results of these measurements are
in good agreement with data from literature as the discrepancies are below the expanded
standard uncertainties given above. Relative uncertainties below 3% can be reached at a
temperature of 2400 K and at wavelengths above 5 um. At lower temperatures and shorter
wavelengths, the relative uncertainty increases, but remains below 4% at a temperature
of 1200 K at most wavelengths and significantly below 10% at all wavelengths. Thus,
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measurements of the spectral directional emissivity can be done with defined accuracies at
high temperatures using the EMMA.

In future, the apparatus will be further improved in the EU-funded project Hi-TRACE
to reach even higher temperatures up to the temperature of fusion of the investigated
materials or up to 3300 K, respectively, which will be supported by round robin tests.
Moreover, the accuracy will be further improved, especially at shorter wavelengths.

Author Contributions: Conceptualization, M.A., J M., T.S,, ].H. and H.-P.E.; methodology, M.A., .M.
and T.S.; software, M.A,, ].M. and T.S,; validation, M.A., ].M. and T.S.; formal analysis, M.A., ].M.
and T.S; investigation, M.A., .M. and T.S.; resources, M.A., ] M., T.S., ] H. and H.-P.E.; data curation,
M.A., .M. and T.S.; writing—original draft preparation, M.A., .M. and T.S.; writing—review and
editing, M.A., ] M., TS, ].H. and H.-P.E,; visualization, M.A., T.S. and ].M.; supervision, ].M., ].H. and
H.-P.E.; project administration, ].M., ].H. and H.-P.E.; funding acquisition, ].M., ].H. and H.-P.E. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by EMPIR program co-financed by the Participating States
and from the European Union’s Horizon 2020 research and innovation program, grant number
17IND11—Hi-TRACE.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data supporting the reported results are available on request from the
corresponding authors.

Acknowledgments: Tungsten Specimen have been provided by Laboratoire National de Métrologie
et d’Essais (LNE) and have been further prepared by Physikalisch-Technische Bundesanstalt (PTB).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hi-TRACE: Project Description. Available online: www.hi-trace.eu (accessed on 25 July 2021).

2. Monchau, J.P; Hameury, J.; Ausset, P; Hay, B.; Ibos, L.; Candau, Y. Comparative study of radiometric and calorimetric methods
for total hemispherical emissivity measurements. Heat Mass Transf. 2018, 54, 1415-1425. [CrossRef]

3.  Hameury, J.; Hay, B.; Filtz, ].R. Measurement of total hemispherical emissivity using a calorimetric technique. Int. J. Thermophys.
2007, 28, 1607-1620. [CrossRef]

4. Beens, W.; Sikkens, M.; Verster, ].L. An emissometer with high accuracy for determination of the total hemispherical emissivity of
surfaces. J. Phys. E Sci. Instrum. 1980, 13, 873-876. [CrossRef]

5. Mehling, H.; Kuhn, J.; Valentin, M.; Fricke, ]. Change of Infrared Emissivity of Metal Surfaces during Oxidation. High Temp. High
Press. 1998, 32, 333-341. [CrossRef]

6.  Lillesoeter, O. Simple radiometric method for measuring the thermal broadband emissivity of material samples. Appl. Opt. 1991,
30, 5086-5089. [CrossRef] [PubMed]

7.  Hanssen, L. Integrating-sphere system and method for absolute measurement of transmittance, reflectance, and absorptance of
specular samples. Appl. Opt. 2001, 40, 3196-3204. [CrossRef] [PubMed]

8.  Redgrove, ].S. A new method for accurate measurement of spectral emissivity. High Temp. High Press. 1985, 17, 145-151.

9.  Zhang, B.; Redgrove, |.; Clark, ]. New apparatus for measurement of the spectral, angular and total emissivity of solids. High
Temp. High Press. 2004, 36, 289-302. [CrossRef]

10. Lohrengel, ].; Todtenhaupt, R.; Ragab, M. Determination of the directional spectral emissivity of solids in the spectral range from
2.5 pm to 45 pmm at temperatures between 80 °C and 350 °C. Wiirme Stoffiibertraqung 1993, 28, 321-327. [CrossRef]

11.  Neuer, G. Measurement of the total emissivity of graphite, molybdenum, tantalum and tungsten in the temperature range from
1200 K to 2400 K. Wirme Stoffiibertragung 1971, 4, 133-141. [CrossRef]

12. Lopes, R; Delmas, A.; Sacadura, J.-F. A New Experimental Device to Measure Directional Spectral Emissivity of Semitransparent
Media at High Temperatures. High Temp. High Press. 2000, 32, 369-376. [CrossRef]

13. Bauer, W.; Moldenhauer, A. Device for spectral emissivity measurements of ceramics using a FT-IR spectrometer. In Proceedings of
SPIE Interferometry XII: Applications; International Society for Optics and Photonics: Bellingham, WA, USA, 2004; p. 5532.

14. Labuhn, D.; Kabelac, S. Measurement of emissivity and degree of polarisation of surfaces for solar energy converters. High Temp.
High Press. 2000, 32, 677-686. [CrossRef]

15. Hanssen, L.; Mekhontsev, S.; Khromchenko, V. Infrared Spectral Emissivity Characterization Facility at NIST. In Proceedings of

SPIE Thermosense XXVI; International Society for Optics and Photonics: Bellingham, WA, USA, 2004; p. 5405.


www.hi-trace.eu
http://doi.org/10.1007/s00231-017-2238-6
http://doi.org/10.1007/s10765-007-0213-z
http://doi.org/10.1088/0022-3735/13/8/018
http://doi.org/10.1068/htec140
http://doi.org/10.1364/AO.30.005086
http://www.ncbi.nlm.nih.gov/pubmed/20717325
http://doi.org/10.1364/AO.40.003196
http://www.ncbi.nlm.nih.gov/pubmed/11958259
http://doi.org/10.1068/htjr124
http://doi.org/10.1007/BF01539529
http://doi.org/10.1007/BF01443671
http://doi.org/10.1068/htwu133
http://doi.org/10.1068/htwu196

Sensors 2021, 21, 6252 17 of 17

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.
26.
27.
28.
29.
30.

31.
32.

33.

34.

35.

36.
37.

38.

Hay, B.; Hameury, J.; Fleurence, N.; Lacipiere, P.; Grelard, M.; Scoarnec, V.; Davee, G. New Facilities for the Measurements of
High-Temperature Thermophysical Properties at LNE. Int. ]. Thermophys. 2014, 35, 1712-1724. [CrossRef]

Del Campo, L.; Perez-Saez, R.B.; Esquisabel, X.; Fernandez, I.; Tello, M.]. New experimental device for infrared spectral directional
emissivity measurements in a controlled environment. Rev. Sci. Instrum. 2006, 77, 11311. [CrossRef]

Rozenbaum, O.; De Sousa Meneses, D.; Auger, Y.; Chermanne, S.; Echegut, P. A spectroscopic method to measure the spectral
emissivity of semi-transparent materials up to high temperature. Rev. Sci. Instrum. 1999, 70, 4020-4025. [CrossRef]

Furukawa, T.; Iuchi, T. Experimental apparatus for radiometric emissivity measurements of metals. Rev. Sci. Instrum. 2000, 71,
2843-2847. [CrossRef]

Monte, C.; Gutschwager, B.; Morozova, S.P.; Hollandt, J. Radiation Thermometry and Emissivity Measurements Under Vacuum
at the PTB. Int. ]. Thermophys. 2009, 30, 203-219. [CrossRef]

Monte, C.; Hollandt, J. The determination of the uncertainties of spectral emissivity measurements in air at the PTB. Metrologia
2010, 47, 172-181. [CrossRef]

Manara, J.; Brandt, R.; Kuhn, J.; Fricke, J.; Krell, T.; Schulz, U.; Peters, M.; Kaysser, W.A. Emissivity of Y203 stabilised ZrO2
thermal barrier coatings prepared by electron-beam physical-vapour deposition. High Temp. High Press. 2000, 32, 361-368.
[CrossRef]

Rydzek, M.; Stark, T.; Arduini-Schuster, M.; Manara, ]J. Newly Designed Apparatus for Measuring the Angular Dependent
Surface Emissivity in a Wide Wavelength Range and at Elevated Temperatures up to 1400 °C. J. Phys. Conf. Ser. 2012, 395, 012152.
[CrossRef]

Manara, J.; Arduini-Schuster, M.; Hanssen, L. Infrared-optical intercomparison measurements for evaluating the accuracies of the
achieved results. High Temp. High Press. 2009, 38, 259-276.

Siegel, J.R.; Howell, J.; Mengtig, M.P. Thermal Radiation Heat Transfer, 3rd ed.; CRC Press: Boca Raton, FL, USA, 2011.

Palik, E.D. Handbook of Optical Constants of Solids; Academic Press: San Diego, CA, USA, 1998.

Pérez-Saez, R.B.; Del Campo, L.; Tello, M.]. Analysis of the Accuracy of Methods for the Direct Measurement of Emissivity. Int. J.
Thermophys. 2008, 29, 1141-1155. [CrossRef]

Lohrengel, J.; Todtenhaupt, R. Warmeleitfahigkeit, Gesamtemissionsgrade und spektrale Emissionsgrade der Beschichtung
Nextel-Velvet-Coating 811-21 (RAL90015) tiefschwarz matt. PTB-Mitteilungen 1996, 106, 259-265.

Bauer, G.; Bischoff, K. Evaluation of the Emissivity of a Cavity Source by Reflection Measurements. Appl. Opt. 1971, 10, 2639-2643.
[CrossRef] [PubMed]

Manara, J.; Arduini-Schuster, M.; Keller, M.H. Infrared-Optical Characteristics of Ceramics at Elevated Temperatures. Infrared
Phys. Technol. 2011, 54, 395-402. [CrossRef]

Wagner, W. Wiirmeiibertragung, 4th ed.; Vogel Buchverlag: Wiirzburg, Germany, 1993.

Shabalin, I.L. Tungsten. In Ultra-High Temperature Materials I: Carbon (Graphene/Graphite) and Refractory Metals; Shabalin, I.L., Ed.;
Springer: Dordrecht, The Netherlands, 2014.

Lohrengel, J. Warmeleitfadhigkeit und Emissionsgrade der Beschichtung Nextel-Velvet-Coating 811-21. In Proceedings of the
Physikalisch-Technische Bundesanstalt (PTB), Frithjahrstagung VDI Thermophysik; Lausanne, Switzerland, 13-15 September 1995.
Gonzalez de Arrieta, I.; Echaniz, T.; Fuente, R.; Campillo-Robles, ].M.; Igartua, ] M.; Lépez Del Campo, G.A. Updated measure-
ment method and uncertainty budget for direct emissivity measurements at the University of the Basque Country. Metrologia
2020, 57, 045002. [CrossRef]

Adibekyan, A.; Kononogova, E.; Monte, C.; Hollandt, J. High-Accuracy Emissivity Data on the Coatings Nextel 811-21, Herberts
1534, Aeroglaze Z306 and Acktar Fractal Black. Int. J. Thermophys. 2017, 38, 89. [CrossRef]

Touloukian, Y.; DeWitt, D.P. Thermal Radiative Properties: Metallic Elements and Alloys; Plenum Press: New York, NY, USA, 1970.
Cagran, C.; Pottlacher, G.; Rink, M.; Bauer, W. Spectral Emissivities and Emissivity X-Points of Pure Molybdenum and Tungsten.
Int. J. Thermophys. 2005, 26, 1001-1015. [CrossRef]

Ronchi, C.; Hiernaut, ].P.; Hyland, G.J. Emissivity X Points in Solid and Liquid Refractory Transition Metals. Metrologia 1992, 29,
261-271. [CrossRef]


http://doi.org/10.1007/s10765-013-1400-8
http://doi.org/10.1063/1.2393157
http://doi.org/10.1063/1.1150028
http://doi.org/10.1063/1.1150701
http://doi.org/10.1007/s10765-008-0442-9
http://doi.org/10.1088/0026-1394/47/2/S14
http://doi.org/10.1068/htwu68
http://doi.org/10.1088/1742-6596/395/1/012152
http://doi.org/10.1007/s10765-008-0402-4
http://doi.org/10.1364/AO.10.002639
http://www.ncbi.nlm.nih.gov/pubmed/20111406
http://doi.org/10.1016/j.infrared.2011.06.001
http://doi.org/10.1088/1681-7575/ab84ff
http://doi.org/10.1007/s10765-017-2212-z
http://doi.org/10.1007/s10765-005-6680-1
http://doi.org/10.1088/0026-1394/29/4/001

	Introduction 
	Theory and Measurement Procedure 
	Spectral Directional and Total Directional Emissivity 
	Calibration of the Emissivity Measurement Apparatus 

	Experimental Details 
	Configuration of the Emissivity Measurement Apparatus 
	Temperature Measurement 
	Measurement Accuracy 
	Investigated Specimens 

	Results and Discussion 
	Measurement of a High Emtting Specimen 
	Measurement of a Low Emitting Specimen 
	Measurement of a Refractory Metal 

	Summary and Conclusions 
	References

